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PROBLEMS ARISING IN THE ANALYSIS OF THE 
H202-T1(III) SYSTEM

NEW INDUCED REACTIONS

L . J .  Cs á n y i , F . Cs e h , Z s . S zil an d  Zs. B oti

(In s titu te  o f  Inorganic  and A n a ly tica l Chemistry, A .  J ó zse f U niversity, Szeged) 

R eceived N o v em b er 1, 1971

N ew  in d u ced  reactions hav e  b een  o bserved  du ring  th e  1 -equ iva len t o x id a tio n  
[w ith  cerium (IY ) su lfa te  and /o r p o tass iu m  p e rm an g an a te ] and  red u ctio n  [by  iro n (II)  
ions] o f th e  H 20 2-T 1 (III) system . T he c h arac te ris tic s  and  th e  possible m echan ism s of 
in d u ced  reac tio n s  are  given.

D epen d in g  on its  reac tion  p a r tn e rs , hyd rogen  peroxide is cap ab le  o f  1- 
an d  2 -eq u iv a len t o x id a tio n -red u c tio n  reac tio n s. I t  is also know n th a t  th e  re 
d u c tio n  o f th a ll iu m (I I I )  ions can  ta k e  p lace v ia  2- or 1 -eq u iv a len t s tep s . 
T herefo re , we considered  i t  in te re s tin g  to  s tu d y  th e  k inetics of th e  re a c tio n  b e 
tw een  th a ll iu m (I I I )  an d  hydrogen  pero x id e . This reac tio n  has long been  used 
in  chem ical analy sis  fo r th e  red u c tio n  o f th a lliu m (T lI) , b u t even so n o th in g  is 
know n  as to  its  m echanism .

F o r  th e  k in e tic  in v estig a tio n  p lan n ed  th e re  was need for an  a n a ly tic a l 
p ro ced u re  w h e reb y  b o th  com ponen ts of th e  quenched  reac tio n  m ix tu re  could  
be  d e te rm in ed  sim p ly  an d  rap id ly . E x p lo ra to ry  stud ies have  show n th a t  a 
m ed iu m -ra te  h y d ro g en  peroxide—th a lliu m (I I I )  reac tio n  in  a perch lo ric  acid  
m ed ium  can  be  effec tively  quenched  b y  th e  ad d itio n  o f a 20—50-fold excess o f 
su lfa te  ions a n d  b y  cooling to  0 °C [1]; we th u s  concluded  th a t  o u r p ro ced u re  
suggested  earlie r [2] fo r th e  analysis o f th e  H 20 2- H 2S20 8 system  m ig h t also be 
u sed  to  s tu d y  th e  p re se n t system . T he essence o f th is  p rocedure  is th a t  a rsenous 
acid  is a d d ed  in  a know n  excess to  th e  re a c tio n  m ix tu re , an d  in  its  p resence  
th e  h y d ro g en  p e ro x id e  is d e te rm ined  cerim etrica lly . A fter th is  t i t r a t io n  th e  
excess a rsenous acid  is also d e te rm in ed  cerim etrica lly  in  th e  p resence  o f 
osm ium  te tro x id e  as c a ta ly s t. I t  was th o u g h t possible to  de term ine  th a ll iu m (I I I )  
b y  th is  l a t te r  s tep  because th e  o therw ise  slow reac tio n  betw een  arsenous acid  
an d  th a ll iu m (I I I )  w as found  to  be p ra c tic a lly  in s tan tan eo u s  in  th e  p resence  
o f osm ium  te tro x id e .

C o n tra ry  to  ex p ec ta tio n s, how ever, a large neg a tiv e  d ev ia tio n  w as o b 
served  in  th e  re su lts  fo r hydrogen  p e ro x id e  an d  th a ll iu m (II I )  b o th  in  th e  p re s 
ence a n d  absence o f  arsen ite . In  ou r v iew , th is  d ev ia tio n  is caused b y  chem ical 
in d u c tio n  a n d  in  th e  p resen t p a p e r we w ish  to  re p o rt on these  new  in d u ced  
reac tio n s .
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Experim ental

T he chem icals u se d  in  th e  m easu rem en ts w ere stab ilizer-free  M erck P erh y d ro l, an d  
o th e r  M erck and F lu k a  p .a . g rad e  p ro ducts . T he so lu tio n s w ere p rep ared  w ith  d o u b ly  d is tilled  
w a te r . T he titra tio n s  w ere  carried  o u t b y  m eans of a  M etrohm  D osim at a u to m a tic  b u re tte , 
w i th  effic ien t stirrin g , a t  a  r a te  o f 1.0 m l/m in. In  th e  im pu lse  t it ra tio n s  use w as m ade  of a p u ls 
in g  re la y  w hich a c tu a te d  th e  b u re tte  a t  5 sec in te rv a ls , a n d  th e n  caused th e  a d d itio n  of 0.Ó1 or 
0 .05  m l p o rtions o f th e  re ag e n t. The cerim etric  d e te rm in a tio n s  w ere carried  o u t in  th e  p resence  
o f  fe rro in  as in d ica to r, w hile  in th e  p e rm a n g an a te  t i t r a tio n s  th e  colour o f p e rm an g an a te  was 
u s e d  as in d ica to r. D isreg ard in g  those  m easu rem en ts  in  w h ich  th e  dependence on  th e  in it ia l  
v o lu m e  and th e  acid  co n ce n tra tio n  were s tu d ied , th e  t i t r a tio n s  w ere perform ed in  an in itia l 
v o lu m e  of 60 ml in so lu tio n s 0.5 M  w ith  re sp ec t to  su lfuric  acid , th e  t i t r a n ts  being  0.05 N  ceri- 
u m (IV )  su lfa te  or p e rm a n g an a te . A fter th e  t i t r a t io n  o f h y drogen  peroxide th e  resid u al th a l-  
l iu m ( I I I )  was red u ced  w ith  excess arsenous acid ; th is  excess w as th en  d e te rm in ed  w ith  ce- 
r iu m (IY ) su lfa te  in  th e  p resence  of osm ium  te tro x id e  as ca ta ly s t. In  th e  in v estig a tio n s w ith  
i ro n ( I I ) ,  th e  ab so rp tio n  o f th e  iro n (III)  fo rm ed  w as m easu red  w ith  a U nicam  S P  500 sp ec tro 
p h o to m e te r  a t  304 n m  in  1 cm  silica cells.

Experimental results

The data in T able I show th at in the m easurem ents w ith  cerium (IV) 
su lfate the change o f  th e  concentration ratio ([T l(III)]/[H 2O2])0 from 0 to 0.5 
results in a linear increase of the H 20 2 error, hut at higher ratios a lim iting

Table I

Induced reaction occurring in  the H 20 2— T l ( I I I ) — C e (IV )  system

0.025 M  Н20 2, ml 0.025 M  T12(S04)3, ml
F i

/  [XI(III)] \
V [НА! /о

Manner
of

titrationTaken Found Difference Taken Found Difference

9.89 7.05 — 2.84 10.00 7.24 — 2.76 0.40 1.011 a ,  C

9.89 7.31 — 2.58 10.00 7.38 — 2.62 0.35 1.011 a, c

9.92 8.87 — 1.05 1.02 0.05 — 0.97 0.12 0.103 a

9.92 7.83 — 2.09 2.05 0.06 — 1.98 0.27 0.206 a

9.92 6.80 — 3.12 3.07 0.06 — 3.01 0.49 0.309 a

9.92 5.78 — 4.14 4.10 0.05 — 4.14 0.72 0.423 a

9.92 5.55 — 4.37 5.12 0.84 — 4.28 0.79 0.516 a

9.92 5.63 — 4.29 6.10 1.88 — 4.22 0.76 0.614 a

9.92 5.44 — 4.48 10.24 5.84 — 4.40 0.82 1.032 a

9.92 5.23 — 4.69 20.48 15.82 — 4.66 0.90 2.064 a

4.945 2.92 — 2.02 4.00 1.96 — 2.04 0.69 0.809 b

9.89 5.71 — 4.18 8.00 3.86 — 4.14 0.73 0.809 b

9.89 5.63 — 4.26 20.00 15.64 — 4.36 0.76 2.022 b

9.92 5.46 — 4.46 20.48 15.98 — 4.50 0.82 2.064 b

a —  continuous t i t r a tio n  (1 m l/m in) 
b  —  im pulse t i t r a t io n  (0.01 ml/5 sec) 
c —  in the  p resence  of 1 mM arsenous acid
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va lu e  is reach ed . W ith in  th e  lim its  of ex p e rim en ta l e rro r, th e  T l(III)  e rro r  
agrees w ith  th a t  fo r H 20 2. I t  can  be seen from  th e  d a ta  t h a t  th e  ad d itio n  o f th e  
t i t r a n t  so lu tion  in  im pulses of 0.01 m l/5 sec changes th e  values of th e  e rro rs  
on ly  sligh tly . I f  th e  t i t r a t io n  e rro r is ch a rac te rized  b y  an  induc tio n  fa c to r  
Ft =  Л [H 20 2]/ [H 20 2]f0unct (equ iv ./equ iv .), th e n  th is  show s a rap id  increase in  
th e  presence o f sm alle r am o u n ts  o f th a ll iu m (I I I ) ,  b u t  i t  does n o t reach  th e  
lim itin g  v alue  o f u n ity .

O n th e  increase  o f  th e  su lfuric  acid co n cen tra tio n  th e  values of th e  e rro rs  
decrease s ligh tly , w hile th e  d ilu tio n  o f th e  so lu tio n  increases th e  m ag n itu d es 
o f  th e  errors o n ly  to  an  in sign ifican t e x te n t.

I t  is w o rth  m en tio n in g  th a t  if  c e riu m (III)  is a d d ed  (in ab o u t a 4-fo ld  
excess over h y d ro g en  perox ide), th e  H 20 2 e rro r, an d  w ith  i t  th e  T l(III)  e rro r 
to o , increases co n sid e rab ly  (T able I I ) .

I f  tita n iu m (IY ) su lfa te  is added  to  th e  so lu tio n  in  a b o u t a 4-fold excess 
over hyd ro g en  p e ro x id e , th e  v alue  of th e  H 20 2 e rro r varies  p rac tica lly  lin ea rly  
up  to  a ([T 1(III)]/[T 1(I)])0 ra tio  of u n ity  an d  a t  h ig h er ra tio s  a tta in s  a sa tu -

ТаЫе II

In fluence o f c e r iu m fI I I )  and t i ta n iu m fIV )  ions on the induced reaction occurring in  the 
H 20 2— T l ( I I I ) — C e (IV )  system

0.025 M H ,0 2, ml 0.025 M Tl2(SO«)3, ml
Ft /[Т1(Ш)]\

V [НА] Л
Manner

of
titrationTaken Found Difference Taken Found Difference

10.00 4.91 — 5.09 10.00 4.88 — 5.12 1.04 1.000 a, c

9.92 3.78 — 6.14 10.24 4.34 — 5.90 1.62 1.032 b , c
9.89 3.81 — 6.08 15.00 8.78 — 6.22 1.60 1.517 b, c

10.00 4.41 — 5.59 20.00 14.24 — 5.76 1.27 2.000 b , c
9.92 8.92 — 1.00 1.02 0.0 — 1.02 0.11 0.103 a, d
9.92 7.84 — 2.08. 2.05 0.02 — 2.02 0.27 0.206 a, d
9.92 6.72 — 3.20 3.07 0.07 — 3.00 0.48 0.309 a, d
9.92 5.50 — 4.42 4.10 0.17 — 4.02 0.80 0.423 a, d
9.92 5.01 — 4.91 5.12 0.16 — 4.96 0.98 0.516 a, d

9.92 1.38 — 8.54 10.24 1.94 — 8.30 6.19 1.032 a, d
9.92 1.05 — 8.87 15.36 6.80 — 8.56 8.45 1.550 a, d
9.92 4.86 — 5.06 5.12 0.05 — 5.07 1.04 0.516 b , d
9.92 0.47 — 9.45 10.24 0.44 — 9.80 20.11 1.032 b , d
9.92 0.38 — 9.54 15.36 6.00 — 9.36 25.11 1.550 b , d
9.92 0.38 — 9.54 20.48 11.14 — 9.34 25.11 2.064 b , d

a  —  continuous t i t r a tio n  (1 m l/m in) 
b  —  im pulse t i t r a tio n  (0.01 ml/5 sec) 
c —  in th e  p resence of 1 m M  ceriu m (III) su lfa te  
d —  in th e  presence of 1 m M  titan ium (IV ) su lfa te
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Table III

Induced reaction occurring in  the H 20 2—T l ( I I I ) — K M n O t system

2.5x10"* M H 20 2, ml 2.5 X 1 0 -2 M  T12(S04)3, ml
F i

(  [Tl(IH)] \ Manner
of

titrationTaken Found Difference Taken Found Difference \  [H ,OJ Л

10.17 9.11 — 1.06 1.06 — — 0.12 0.104 a

10.17 8.13 — 2.02 2.11 — 0.25 0.207 a

10.17 7.05 — 3.12 3.16 — — 0.44 0.312 a

10.17 6.00 — 4.17 4.12 0.05 — 4.17 0.70 0.415 a

10.17 4.96 — 5.21 5.27 — — 1.05 0.518 a

10.17 3.92 — 6.25 6.33 0.15 — 6.18 1.59 0.622 a

10.17 1.21 — 8.96 10.56 — — 7.41 1.038 a

10.17 1.28 — 8.89 21.12 12.22 — 8.90 6.95 2.077 a

10.04 1.62 — 8.42 15.00 — — 5.20 1.494 a ,  b

10.04 1.58 — 8.46 20.00 — — 5.35 1.992 a ,  b

10.04 2.39 — 7.65 15.00 7.52 — 7.48 3.20 1.494 a ,  c

a —  im pulse t i t r a tio n  (0.05 ml/5 sec) 
b —  in  th e  presence o f titan iu m (IY ) su lfa te  
c —  in  th e  presence of ceriu m (III) su lfa te

r a t io n  value. In  c o n tin u o u s  t i t ra t io n s , a lto g e th e r 10%  o f th e  h y d ro g en  p e r
ox id e  can be d e te rm in ed  in  th e  lim it, w hile in im pulse t i t r a t io n s  th is  va lu e  is 
o n ly  5 % . F o r b o th  t i t r a t io n  m eth o d s th e  in d u c tio n  fac to r  con sid erab ly  exceeds 
u n i ty  (Table I I ) .

A sim ilar b e h a v io u r  w as o b se rv ed  in  th e  t i tra tio n s  w ith  p e rm a n g a n a te  
(T ab le  I I I ) ,  w ith  th e  difference th a t  th e  H .,02 erro r ap p ro ach es its  lim itin g  
v a lu e  only  a t  low er ( [T l( I I I ) ] / [H 2O2] )0 ra tio s  (ab o u t 0.7). T h e  value  o f  F t in  
th is  case is la rg e r th a n  u n ity . On th e  ap p lica tio n  o f tita n iu m (IV ) su lfa te  an d  
o n  th e  add itio n  o f c e r iu m (III)  a c e r ta in  decrease can*be observed  in  th e  v a lu e  
o f  F f

Table TV

Spectrophotometric estimation o f  the total oxidizing capacity o f  the 
H 20 2— T l ( I I I )  system w i th i r o n ( I I )  sulfate reagent

S u b stan ces •®calcd. ■^found Л Е

F e(II) +  T l( I I I ) — 0.204 —

F e(II) +  H 20 2 ■ — 0.229 —

F e(II) +  H 20 2 +  T l(III) 0.433 0.431 — 0.002

F e(II) +  T l( I I I )  +  H 20 2 0.433 0.402 — 0.031

[T l(III) +  H 20 2] +  F e (III) 0.433 0.330 — 0.103
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In  th e  d e te rm in a tio n  of th e  to ta l  oxidizing c a p a c ity  o f  th e  T l( I I I )—H 20 2 
sy s tem  [th e  a b so rp tio n  o f th e  i r o n ( I I I )  fo rm ed  was m easu red  a t  304 nm  a f te r  a 
w a itin g  period  of 24 h o u rs], a sy s te m a tic  negative e rro r  w as observed. T h is 
e rro r  depends on th e  o rd er of m ix in g  th e  reag en ts : th e  e rro r  is la rg e r w hen  th e  
o rd e r of a d d itio n  o f th e  reagen ts is iro n ( I I ) ,  th a ll iu m (II I ) , H 20 2, th a n  w hen  i t  
is iro n (II) , H 20 2, th a ll iu m (I I I ) ;  th is  can  be seen from  T ab le  IV .

D iscussion

I t  m ay  be concluded  from  th e  ag reem en t of th e  H 20 2 a n d  T l(III)  e rro rs 
th a t  th ese  come a b o u t as a re su lt o f  a reac tio n  w ith  th e  s to ich io m etry

T l( I I I )  +  H 20 ,  =  T1(I) +  0 2 +  2 H  - (1)

H ow ever, our m easu rem en ts show  th a t ,  in  th e  presence o f  a 20-fold excess o f 
su lfu ric  acid over th a ll iu m (II I ) , th is  re a c tio n  is so slow (tg% =  960 m in) t h a t  
even  in th e  case of a t i t ra t io n  la s tin g  fo r 30 m in th e  re su ltin g  e rro r scarce ly  
exceeds 1— 2% . I t  m u st be said , th e re fo re , th a t  th e  co m p o n en ts  reac t in  a 1 : 1 
m o lar ra tio  in  some o th e r m an n er, e.g. v ia  an  induced  re a c tio n . The o ccu r
rence  of induced  reac tions can be e x p e c te d  in  every  case w h en  d ifferen t n u m 
bers o f e lectrons are  involved  in  th e  o x id a tio n -red u c tio n  couples tak in g  p a r t  in  
th e  reac tio n s [3]. T his holds in  th e  p re se n t system , since th e  o x id a tio n  o f 
h y d ro g en  peroxide an d  th e  red u c tio n  o f th a lliu m (III)  can  b o th  be ach ieved  in  
2- o r 1 -equ ivalen t s teps. In  ad v an ce , h ow ever, it is no t possib le  to  say  w h e th e r 
a coup led  or an  in d u ced  chain  re a c tio n  w ill develop.

T he p rim ary  H 20 2—Ce(IY) re a c tio n  giving rise to  th e  in d u ced  red u c tio n  
of th a ll iu m (II I )  has been  stu d ied  in  g rea t de ta il [4— 7]. In  a su lfuric acid  
m ed ium  th e  reac tion  can  be c h a ra c te riz e d  by  the  follow ing m echanism :

H 20 2 +  Ce(IY) ^  H O , +  H + +  C e(III) (2)

H 0 2 +  Ce(IV)  * 0 2 +  H +  +  C e(III) (3)

H 0 2 +  C e(III) C e (III)  • H 0 2 (4)

C e (III) • H 0 2 +  Ce(IV)  ► 0 2 +  H +  +  2 C e(III) (5)

H 0 2 +  H 0 2 — > H 20 2 +  0 2 (6)

2 C e(III) • H 0 2 — V H 20 2 +  0 2 +  2 C e (III) (7)

k2 =  (1.0 ±  0.1) X 10е 1 • m o l - 1 • s e c - 1, 

k _ 2 =  (1.0 +  0.3) X 10е 1 ■ m o l-1 • s e c -1 , 

k 3 =  1.5 X 107 1 • m o l-1  • sec-1 ,
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к 4 = 6 0  +  18 1 • m o l-1 ,

к6 =  (0.9 +  0.1) X lO 6 1 • m o l-1 • sec -1 ,

k-j =  (4.0 +  0.4) X 10fi 1 • m o l-1  • sec-1

D epending on th e  re a c tio n  p a r tn e r  p resen t, th e  H 0 2 rad ica l form ed in  
re a c tio n  (2) m ay be  a s tro n g  re d u c ta n t ( £ o2/ho2 =  — 0.3 У) o r a s trong  o x id an t 
( £ h o 2/h 2o2 =  1.7 Y) [8]. B eing a 2 -eq u iv a len t reag en t, th e  th a lliu m  ion  can  
b e  classified as a fa ir ly  s tro n g  o x id an t (-Eti(H1)/ti(1) =  1.22 Y  [9]), while in  1- 
e q u iv a le n t reac tions i t  c an  be considered  on ly  as a w eak  o x id a n t since in  th is  
case  th e  strongly  o x id iz in g  an d  w eakly  reduc ing  th a ll iu m (II )  in te rm ed ia te  is 
fo rm ed . The fo rm a tio n  o f  th a lliu m (II)  h as  been  con firm ed  o p tica lly  [10]. T he 
p o te n tia ls  of th e  T l ( I I I ) —'T l(II)  and  th e  T l( I I )—T1(I) red o x  couples have n o t 
b e e n  determ ined  b u t  i t  is know n th a t  th a lliu m (II)  can  he  oxidized to  th a l-  
l iu m (I I I )  very  ra p id ly  b y  cerium (IV ) [11], and  fu r th e r , t h a t  reac tion  (14) 
le a d s  to  equ ilib rium  [14]. A ccord ingly , th e  following ro u g h  estim ate  can  be 
g iv e n  for the  o x id a tio n -re d u c tio n  p o te n tia ls :

£ t i(i i i )/t i(i i) 0.83 V, -Et i(i i )/ti(i) 1-61 Y

T aking in to  c o n s id e ra tio n  w h a t has been  said , th e  following m echa
n ism  can be g iven fo r  th e  induced  reac tio n . T he H 0 2 ra d ic a l fo rm ed  in reac tio n
(2) a tta c k s  th e  th a l l iu m ( I I I )  p resen t:

H O , +  T l( I I I )  ---- 1 0 2 - f  H + +  T l(II)  (8)

(M . . . H 0 2) +  T l( I I I )  — f M +  0 2 +  H -  +  T l( I I )  (8 ')

T h e  ra te  coefficient o f  re a c tio n  (8) is n o t know n, b u t  on  th e  basis of th e  o b 
se rv e d  behav iour i t  m u s t  be  concluded  th a t  i t  c an n o t be  ap p rec iab ly  slow er 
th a n  step  (3). T he th a ll iu m (I I )  form ed in  reac tio n  (8) re a c ts  w ith  th e  hyd rogen  
p e ro x id e  p resen t in  excess to  give H 0 2 again :

T l( I I )  +  H 20 2 — F T1(I) +  H O , +  H +  (9)

k 9 =  (2.5 ±  1) X 107 1 • m o l-1  • sec-1 .

W ith  th e  re p e ti t io n  o f chain  step s  (8) and  (9) considerab le  H 20 ,  an d
T l( I I I )  error in  a m o la r  ra tio  of 1 :1  can  com e ab o u t. A cco rd ing  to  our m eas
u rem en ts , how ever, ev e n  in  th e  case o f t h a t  ( [T l( I I I ) ] /[H 2O2] )0 ra tio  w hich  is 
th e  m ost fav o u rab le  fo r  th e  induced  re a c tio n , th e  v a lu e  o f  F t does n o t reach  
u n i ty ,  and  thus i t  m u s t be  assum ed  th a t  F t is lim ited  n o t o n ly  b y  th e  con tro lling  
ro le  o f the  ra tes  o f re a c tio n s  (3) and  (8) b u t  also b y  th e  ch a in  te rm in a tio n  steps.
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A m ong these , and  especia lly  in th e  p resen ce  o f a little  h y d ro g e n  perox ide , t h e  
d ism u ta tio n  of th a ll iu m (II )  can  be a ssu m ed :

T l(II)  +  T l(II)  — F T l( I I I )  +  T1(I) (10)

k 10 =  (2.3 +  0.8) X 10e 1 • m o l-1 • s e c -1 , 

to g e th e r  w ith  th e  s im ila rly  v e ry  fa s t re ac tio n :

T l( I I )  +  H 0 2 ---- F T1(I) +  0 2 +  H +  (11 )

k n  =  (2.5 +  1.0) X 10» 1 • m o l-1 ■ s e c - 1 .

S tep  (12) m ay  also lead  to  sho rten in g  o f th e  chain :

Ce(IV) +  T l(II) ---- 1- C e(III) +  T l( I I I )  (12)

I t  was found th a t  th e  value of F ,• is affec ted  only s lig h tly  b y  th e  m a n n e r  
o f  t i t r a t io n , con tinuous or im pulse. T h is  is p ro b ab ly  re la te d  to  th e  fa c t t h a t  
th e  v a lu e  of k8 does n o t d iffer s ig n ifican tly  from  th a t  o f &3.

R eac tio n  (13) w ould  give rise to  H 20 2 an d  T l(III)  e rro rs in a ra tio  d if
fe re n t from  1 : 1

2 Ce(IY) +  T1(I) =  2 C e(III) +  T l( I I I )  (13)

b u t  th is  is slow u n d e r  th e  ex p e rim en ta l conditions ap p lied  (г1/2я^2 7 0 0  h) 
th u s  i t  c an  be d isregarded  com pletely .

T h e  ad d itio n  of c e riu m (III)  in creases  th e  value  o f F ). I f  c e r iu m (III)  
m ere ly  reverses step  (2), th e n  a decrease o f F t should  be  observed . H ow ever, 
c e r iu m (I I I )  also form s a com plex w ith  th e  H 0 2 rad ica l (reac tio n  (4)) [6], a n d  
hence  its  re a c tiv ity  is changed  co n sid e rab ly . This is e v id e n t from  th e  fa c t 
t h a t  re a c tio n  (7) w as fo u n d  to  be 4 tim e s  fa s te r  th a n  re a c tio n  (6). I t  follow s 
d ire c tly  from  th is  th a t  th e  re la tiv e  r a te  coefficient fc3/fcg fo r  th e  case o f free  
H 0 2 rad ica ls  differs from  fc5//%, valid  in  th e  presence o f  a large a m o u n t o f 
c e r iu m (II I ) . In  p rac tice  th e  la t te r  is fo u n d  to  be sm aller th a n  к3/к8.

To exp la in  th e  ex ten s iv e  increase o f th e  H 20 2 e rro r in  th e  p resence of 
tita n iu m (IV ) , we can se t o u t from  th e  o b serv a tio n s of Cz a ps k i  et al. [12]. I t  
has b een  found  th a t  th e  H 0 2 rad ica l, th e  p recu rso r o f w hich  in  th e  p re s 
ence o f titan iu m (IY ) is th e  p e ro x o titan iu m (IV ) com plex , form s an  a d d u c t 
[T l(IV ) . . . H ,0 ,  . . . H 0 2]. This com plex w as observed to  be  ab o u t one o rd e r 
o f m a g n itu d e  m ore s ta b le  th a n  th e  com plex  form ed w ith  c e riu m (III) . R e 
ac tio n  (8 ') is fav o u red  b y  th e  fo rm a tio n  o f th e  com plex C e (III) • H 0 2 a n d , 
th e re fo re , in  th e  case o f th e  even m ore s ta b le  titan iu m (IV ) com plex a fu r th e r  
decrease  o f th e  re la tiv e  r a te  coefficient k j k s, i.e. an  even la rg e r induced  change ,
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m a y  be  expected . T h is is fo u n d  to  be so in  p rac tice , an d  u n d e r  su itab le  co n 
d itio n s  th e  value o f F t increases to  25.1 (a n d  th e  H 20 2 e rro r  to  ab o u t 9 6% ).

I t  should  also be  m en tio n ed  th a t  th e  d e te rm in a tio n  o f  th e  to ta l  oxidizing 
c a p a c ity  of th e  H 20 2—T l( I I I )  system  is n o t  possible w ith  arsenous acid . A l
th o u g h  th e  ra te s  o f th e  in d iv id u a l reac tio n s  of hyd rogen  p e rox ide  and  th a l-  
l iu m (I I I )  w ith  arsenous acid  becom e a lm o s t in s ta n ta n e o u s  in  th e  presence o f 
osm ium  te tro x id e  as c a ta ly s t ,  a t  th e  sam e tim e  th e  ra te  of th e  reac tio n  b e tw een  
th e  p a r tn e rs  to  be d e te rm in e d  is in c reased  to  an  even g re a te r  ex ten t. As a 
re su lt, th e  value o f th e  to ta l  oxidizing c a p a c ity  is o b ta in e d  w ith  a n eg a tiv e  
e rro r. This erro r can  be  e lim inated  b y  th e  a d d itio n  o f tita n iu m (IV ) su lfa te , 
because  owing to  th e  fo rm a tio n  of th e  p e ro x o tita n iu m (IV ) com plex, th e  ra te  
o f  th e  ca ta lyzed  re a c tio n  betw een  th e  p a r tn e r s  rem ains low er th a n  th e  ra te s  o f 
th e  in d iv id u a l reac tio n s  w ith  arsenous ac id .

P o tassium  p e rm a n g a n a te  can ac t as e ith e r  a 2- o r a 1 -eq u iv a len t reag en t. 
F o r  th is  reason , an d  also on the  basis o f  o th e r  o b serv a tio n s [2], it can  ju s t i 
f ia b ly  be assum ed th a t  th e  H O , rad ica l is also form ed in  th is  case during  th e  
re a c tio n  w ith  h y d ro g en  perox ide , an d  w ith  i ts  help th e  in d u ced  red u c tio n  o f 
th a ll iu m (II I )  tak es  p lace  in  th e  p rev iously  rep o rted  w ay. I t  h as  been  fo u n d  in  
co n n ec tio n  w ith  in d u ced  reactions invo lv in g  peroxy  co m pounds th a t ,  w ith o u t 
ex cep tio n , th e  e x te n t o f  th e  induced ch an g e  is alw ays g re a te r  in  th e  case of 
p e rm a n g a n a te  th a n  in  t h a t  of cerium (IV ) su lfa te . T his re g u la r ity  also p ro v ed  
to  be va lid  in  th e  p re se n t system . In  o u r v iew , th is  is re la te d  to  th e  fa c t t h a t  
th e  p rim ary  reac tio n  w ith  p e rm an g an a te  h as  a low er ra te  th a n  in  th e  case o f 
cerium (IY ). H ow ever, th e re  are no d a ta  ava ilab le  in  th e  l ite ra tu re  fo r th is  
a ssu m p tio n  to  he checked . In  ad d itio n , l i t t le  is know n as y e t  ab o u t th e  m ech 
an ism  o f th e  H 20 2—M n 0 4 reac tion , an d  so i t  appears to o  ea rly  to  look fo r an  
e x p lan a tio n  of th e  ro les o f titan iu m (IV ) a n d  c e riu m (III)  in  decreasing  (p e rh ap s 
o n ly  ap p aren tly ) th e  v a lu e  o f F t.

Sim ilarly , to o  few  q u a n tita tiv e  d a ta  a re  ava ilab le  fo r  th e  in te rp re ta tio n  
o f  th e  negative  e rro r o bserved  w hen th e  to ta l  oxidizing c a p a c ity  is d e te rm in ed  
w ith  iro n (II) . A ccord ing  to  J o h n so n  [13], com pared  to  th e  iro n (II)—H 20 2 
re a c tio n  (k =  53 1 • m o l“ 1 • sec-1 ) th e  th a ll iu m (I I I )—iro n (I I )  reac tio n  (k =  
=  1.6 x lO -2 1 • m o l-1  • se c -1) is rea so n ab ly  slow and , th e re fo re , it  is su rp ris in g  
a t  f irs t glance th a t  a d is tu rb in g  induced reac tio n  should  ta k e  place in th e  p re se n t 
sy s tem . H ow ever, i f  th e  m echanism  o f A s h u r s t  and  H ig g in s o n  [14] (w hich 
in te rp re ts  th e  av a ilab le  exp erim en ta l d a ta  fo r th e  la t te r  reac tio n ) is se lec ted  
as th e  basis:

T l( I I I )  +  F e (II)  ^  T l( I I )  +  F e ( I I I )  (14)

T l( I I )  +  F e (II) ---- ► T1(I) +  F e ( I I I )  (15)

o u r experim en ta l o b se rv a tio n s  can be re a d ily  exp la ined . I n  th e  p resence o f  
h y d ro g en  peroxide th e  T l(II)  form ed in  s tep  (14) can  re a c t no t only  as in
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re a c tio n  (15) b u t also as in  reac tio n  (9), an d  in th is w ay  th e  H 0 2 rad ica l is 
fo rm ed . This la t te r  re a c ts  e ith er b y  re a c tio n  (8) or re a c tio n  (16)

H 0 2 +  F e (III)  -----► F e (II)  +  0 2 +  H +  (16)

k 1B =  1 .0 2 x l0 5 l • m o l-1  • sec-1 ,

an d  th u s  d irec tly  or in d ire c tly  b rings a b o u t a decrease o f  th e  iro n (III)  co n 
c e n tra tio n , i.e. it  leads to  a n eg a tiv e  e rro r .

*

T h e  au th o rs  express th e ir  th an k s to  M rs . M. P alotai fo r  v a lu a b le  assistance in  th e  
e x p e rim e n ta l w ork.
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VERGLEICH EINIGER AUF ANGABEN THERMISCHER 
KURVEN BERUHENDER REAKTIONSKINETISCHER 

BERECHNUNGSMETHODEN

T. F lóra

( Forschungsinstitut f ü r  Chemische Schwerindustrie, Veszprém )

E ingegangen  am  14. S ep tem b er 1971

A us den D a ten  v o n  d e riv a to g rap h isch en  K u rv en  w u rd en  n a ch  den  M ethoden  
v o n  F r eem a n  u n d  Ca rro ll , H orow itz  u n d  Metzg er  sow ie K is s in g e r , u n te r  A n 
w endung  v ersch iedener A ufheizgeschw indigkeiten , die A k tiv ie ru n g sen erg ien  u n d  die 
R eak tio n so rd n u n g en  de r th erm isch en  Z ersetzung  von  N ick el(II)h ex am m in ch lo rid , 
S ty ro l-D iv iny lbenzo l-K opo lym er u n d  T rich lo rfon  berech n et. D ie  n ach  v e rsch iedenen  
M ethoden  hei R e ak tio n en  v e rsch ied en er T y p en  e rh a lte n e n  E rg eb n isse  w urden  m it
e in an d er verg lichen  u n d  ausgew erte t.

D ie B erechnung  d er reak tio n sk in e tisch en  D a ten  d er bei k o n tin u ie rlich e r 
A ufheizung  ab lau fenden  Z erse tzungsvorgänge b e sc h ä ftig t die F o rsch er in 
le tz te re r  Zeit in  zunehm endem  M aße, da eine solche B erechnung  fallw eise 
w esen tlich  w eniger V ersuche u n d  Z eit e rfo rd e rt, als die B erech n u n g  aus Iso 
th e rm e n .

A u f th e rm o a n a ly tisc h e n  K u rv en  b eru h en d e  B erech n u n g sm eth o d en  
s ind  von  m ehreren  A u to ren  en tw ick e lt w orden . Bei ih ren  A b le itu n g en  gehen 
sie aus der G eschw indigkeitsg leichung u n d  aus der die T e m p e ra tu rab h ä n g ig k e it 
d e r  G eschw ind ig k e itsk o n stan te  angeb en d en  A rrh en iu ssch en  G leichung aus. 
N ach  versch iedenen  m a th em a tisch en  O pera tio n en  gelangen  sie zu dem  in  den  
k in e tisch en  B erechnungen  v e rw en d e ten  E n d zu sam m en h an g . In  den m a th e 
m atisch en  O pera tio n en  w erden  jen e  G lieder (z. B. F re q u e n z fa k to r , K o n zen 
tra tio n )  aus d er G eschw ind igkeitsg leichung  bzw . aus d e r A rrhen iusschen  G lei
ch u n g  elim in iert, deren  B estim m u n g  aus den  th e rm isch en  K u rv e n  m it Schw ie
rig k e iten  v e rb u n d e n  is t. D ie rich tig e  W ah l d ieser G lieder b e s tim m t die B ra u c h 
b a rk e it der M ethode.

In  der vo rliegenden  A rb e it w u rd en  die k in e tisch en  P a ra m e te r  von drei 
R eak tio n en  v e rsch iedenen  T yps m it H ilfe von  d rei, v o n  versch iedenen  V er
fassern  en tw ick e lten  u n te rsch ied lich en  Z u sam m en h än g en  berech n e t. D ie 
n ö tig en  D a te n  w u rd en  d e riv a to g rap h isch en  K u rv en  e n tn o m m en . D ie th e rm i
sche Z erse tzung  w urde  in  säm tlich en  V ersuchen  in  e iner S tick s to ffa tm o sp h ä re  
d u rch g e fü h rt.
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M echanismus der untersuchten therm ischen R eaktionen

D er th e rm isch e  Z erfall von  N ic k e l(II)h ex am m in ch lo rid  w urde  u n te r 
su c h t. Diese V erb in d u n g  w ird  in  einem  v e rh ä ltn ism äß ig  d e u tlic h  abgesonderten  
V organg , u n te r  A b sp a ltu n g  von  v ie r M olekülen gasfö rm igen  A m m oniak , zu 
festem  N ick e l(II)d iam m in ch lo rid  zerse tz t, wie in  der au fgesch riebenen  R e a k 
tionsg le ichung  angegeben  is t [1]:

[N i(N H 3)e] Cl1((est) -  [N i(N H 3)2]Cl2({est) +  4 N H 3(0as)

In  A bhäng igkeit v o n  d er A ufheizgeschw indigkeit v e r lä u f t  die Z ersetzung  
b e i 150— 200 °C m it d e r h ö ch sten  G eschw indigkeit.

Die nächste  u n te rsu c h te  V erb in d u n g  w ar das S ty ro l-D iv iny lbenzo l- 
K o p o ly in er, dessen Z erse tzungsm echan ism us n ich t genau  b e k a n n t is t. A us den 
b e i versch iedenen  T e m p e ra tu re n  e rh a lten en  E rh itz u n g s rü c k s tä n d e n  k o n n te  
jed en fa lls  m it IR -sp e k tro m e tr isc h e n  U n te rsu ch u n g en  fe s tg e s te llt w erden , daß  
aussch ließ lich  gasförm ige Z e rse tzu n g sp ro d u k te  e n ts te h e n ; das S p ek tru m  der 
b e i versch iedenen  Z e rse tz u n g s te m p era tu re n  e rh a lten en  R ü ck s tän d e  w ar 
n ä m lic h  in  säm tlich en  F ä llen  m it dem  IR -S p e k tru m  des A u sgangsm ateria ls  
id e n tisc h  [2]. D ie R e a k tio n  k a n n  form ell wie fo lg t au fgesch rieben  w erden :

S tyro l-D iv iny lbenzo l-K opolym er^festj — Gas -)- Gas

J e  n ach  der A ufheizgeschw ind igkeit is t die Z erse tzungsgeschw ind igkeit bei 
360— 440 °C m ax im al [3].

Die d r itte  u n te rsu c h te  V erb indung , das u n te r  dem  N am en  D ip te rex  oder 
T rich lo rfon  b ek a n n te  P f la n z e n sc h u tz m itte l, schm ilzt be im  E rw ärm en  u n d  zer
s e tz t  sich dann  gem äß  fo lgender R eak tionsg le ichung :

CH30 4  * 0

/ P \  —  СНзСК X C H — CC13
I

O H
(Schm elze)

C H 30 4  . 0
> P <  + H C 1  , r  .

С Н 30 /  4 ) — CH =  CC12
(flüssig)

w obei gasförm ige S a lzsäu re  ab g esp a lten  w ird  und  flüssiges D D V P e n ts te h t. 
D ie therm ische  D isso z ia tio n  des D D V P b eg in n t sozusagen  p a ra lle l m it seiner 
E n ts te h u n g ; die b e id en  Z erse tzungsvorgänge ü b erdecken  sich  gew isserm aßen. 
D er Z erfall von  D ip te re x  v e rlä u f t —  in  A b h äng igke it v o n  d er A ufheizge
schw ind igkeit — bei 166— 216 °C m it d e r H ö ch stgeschw ind igke it [4].
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In den k inetischen Berechnungen verwendete Zusam m enhänge

Die Z erse tzu n g sk in e tik  der g e n a n n te n  d re i R e a k tio n e n  versch iedenen  
T yps w urde n ach  d en  M ethoden v o n  F r e e m a n  u n d  Ca r r o l l  [5], H o ro w itz  
u n d  Metzger  [7] sow ie von K i s s i n g e r  [8] b e rech n e t.

N ach F r e e m a n  u n d  Carroll  [5] k a n n  die A k tiv ierungsenerg ie  E *  aus 
d er R ic h tu n g s ta n g e n te  (— E * jR ) d er d u rch  D ars te llu n g  d er zusam m engehö
ren d en  X  und  Y -W erte  der Gl. (1)

Д
— -----------Ъ---------yn ( i )
A l n ( W - w i )  R  A ln  ( I F -  w<) W

erh a lten en  G eraden  berechne t w erden . D er S c h n ittp u n k t d er G eraden m it d er 
Y -A chse g ib t die O rd n u n g  n der R e a k tio n  an . In  Gl. (1) b e d e u te t ht d en  zu 
versch iedenen  T e m p e ra tu re n  Т,- z u g eo rd n e ten  D T G -G alvanom eteraussch lag  in 
m m , ívI den G ew ich tsv e rlu st bei v e rsch ied en en  T e m p e ra tu re n  T h W  den  ge
sam ten  G ew ich tsv erlu st, R  die un iverse lle  G ask o n stan te .

D er g en an n te  Z usam m enhang  is t e igen tlich  eine b e re its  m o d ifiz ie rte  
F o rm  des u rsp rü n g lich en  Z usam m enhangs v o n  F r e e m a n  u n d  Carroll  [6]. 
D iese V erfasser b e s tim m en  die G eschw ind igkeit d er G ew ich tsv erän d eru n g  
(hudelt von  P u n k t zu  P u n k t aus d e r T G -K u rv e . D er A b s ta n d  der e inzelnen  
P u n k te  der d eriv a to g rap h isch en  D T G -K u rv e  v o n  der G rund lin ie  h is t d er G e
schw indigkeit d er G ew ich tsveränderung  p ro p o rtio n a l. D a in  der G leichung 
von  F r e e m a n  u n d  Carroll  m it d e r D ifferenz  von  L o g arith m en  g erech n e t 
w ird , k a n n  m an  an  S te lle  des A bso lu tw ertes d er G eschw ind igkeit der G ew ich ts
v e rän d e ru n g  m it d em  diesem  p ro p o rtio n a le n  D T G -G alv an o m eterau ssch lag  h 
a rb e iten ; le tz te re r  W e rt (in m m ) is t vom  D eriv a to g ram m  le ich t ab le sb a r.

N ach  der M ethode  von H orowitz  u n d  Me tzg er  [7] w ird  die A k tiv ie 
rungsenerg ie  aus d e r R ich tu n g stan g en te  d e r d u rch  D ars te llu n g  der X -  u n d  
Y -W erte  gem äß Gl. (2)

W  E*
ln l n ---- ------- =  - 0  (2)

W -  ic, R T f

e rh a lten en  G eraden  b erech n e t. In  Gl. (2) is t W /(JV  —  wt) die K o n z e n tra tio n  des 
noch  u n ze rse tz ten  M ateria ls  bei d er T e m p e ra tu r  T), T s die S p itz e n te m p e ra tu r  
u n d  f)  =  T( —  T s .

D ieser Z u sam m en h an g  k an n  n u r  d a n n  angew en d et w erden , w enn  die 
R eak tio n  e rs te r O rd n u n g  ist, oder w enn  bei d er Z erse tzung  ausschließ lich  
gasförm ige P ro d u k te  en ts teh en , die so fo rt aus dem  S ystem  entw eichen.

I s t  die R e a k tio n  n ich t erster O rd n u n g , bzw . en ts te h e n  bei der Z erse tzung  
flüssige oder fes te  In te rm e d iä rp ro d u k te , so k a n n  die A ktiv ie rungsenerg ie  
n ach  H orowitz  u n d  M etzger  aus fo lgendem  Z u sam m en h an g  b e re c h n e t 
w erden:
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w  w, \ l~ n

W  E*
In -----------------------------=  -  —  ■ в  (3)

1 n R T 2S

Z u r B erechnung  is t  —  au ß er den  b e re its  g en an n ten  D a te n  —  die K e n n t
n is d e r  R eak tio n so rd n u n g  n  no tw end ig . D e r W ert von  n  w ird  aus dem  Z u sa m 
m e n h a n g  zw ischen dem  zum  In f le x io n sp u n k t der T G -K u rv e  geh ö ren d en
K o n z e n tra tio n sw e rt u n d  der R e a k tio n so rd n u n g  b es tim m t.

In  K enn tn is  d er S p itz e n te m p e ra tu re n  T s, die aus m it v e rsch ied en en  A u f
heizgeschw ind igkeiten  Ф au fgenom m enen  D eriv a to g ram m en  ab le sb a r sin d , 
k a n n  die A k tiv ierungsenerg ie  n ach  d e r M ethode v o n  K i s s i n g e r  [8] aus je  
zw ei zusam m engehörenden  W erten  o d e r aus der R ic h tu n g s ta n g e n te  d er
d u rc h  D arste llu n g  d er zu sam m en g eh ö ren d en  X -  und  Y -W erte  der G leichung

ф „ E *  1
d ln  — —- = - - -------  •d —  (4)

[ Ts j R  Ts

e rh a lte n e n  K urve  b e re c h n e t w erden . K i s s i n g e r  b e s tim m t die R e a k tio n s 
o rd n u n g  aus dem  Z u sam m en h an g  n  =  1,26 ]/s, wo s d e r S hape-In d e x  is t, 
dessen  B erechnungsm ethode der V erfasser ausfüh rlich  an g ib t.*

Ergebnisse der B erechnungen

A ktivierungsenergien  der Zersetzungsreaktionen

D ie aus m it versch iedenen  A ufhe izgeschw ind igkeiten  aufgenom m enen  
D eriv a to g ram m en , m it versch iedenen  M ethoden  b e rech n e ten  A k tiv ie ru n g s
en erg iew erte  sind in  T ab . I  zu sam m en g este llt.

D ie A ktiv ie rungsenerg ie  d er Z erse tzu n g  des N ic k e lf  I I  Jhexam m in-  
chlorids  n im m t —  n ach  der M ethode v o n  F r e e m a n  u n d  Car r o l l  b e re c h n e t —  
m it  ste igender A ufheizgeschw ind igkeit an fän g lich  ab u n d  n ä h e r t  sich  d an n  
e in em  G renzw ert u m  e tw a  14 kcal/M ol. M u r g u l e s c u  u n d  S e g a l  [9] fa n d e n  in  
u n te r  iso therm en  B ed ingungen  au sg e fü h rte n  M essungen fü r  diese V erb in d u n g  
e in en  W ert von  14,34 kcal/M ol; die Ü b e re in s tim m u n g  m it un seren  E rg eb n issen  
i s t  also v e rh ä ltn ism äß ig  gu t.

* In  der vo rliegenden  A rb e it w urde, v o n  d e n  O rig inalbezeichnungen  in  den G eschw in
d igkeitsg le ichungen  d e r versch iedenen  V erfasse r abw eichend, eine B eze ich n u n g sart an g e
w e n d e t, in  der G rößen id en tisch er B ed eu tu n g  m it  id en tischen  B u ch stab en  beze ich n e t w erden . 
So bezeichnen  z. B. H o ro w itz  u n d  Metzg er  die G röße W  m it W 0 fü r  den  F a ll, w enn au ssch ließ 
l ic h  gasförm ige Z erse tzu n g sp ro d u k te  e n ts te h en  bzw . m it (W 0— WÇ), w enn  au ch  flüssige u n d  
fe s te  P ro d u k te  geb ildet w erden . ( W — u >j )  w ird  bei F reem a n  u n d  Ca rro ll  m it W c— W =  W r, 
b e i H orow itz u n d  Me t zg er  m it ( W  — W ft) b eze ich n e t.
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Tabelle I

Nach verschiedenen Methoden berechnete Aktivierungsenergimverte

V erbindung
Aufheiz

geschwindigkeit
°C/Minute

E*

K i s s i n g e r
H o r o w i t z  — 
M e t z g e r  1

H o r o w i t z  — 
M e t z g e r  2

F r e e m a n —
C a r r o l l Literatur

[N i(N H 3)6]Cl2 0,7 20,7 21,3

4,1 17,0 18,3

5,1 (44,6)° 16,7 14,4 14,34

6,9 14,5 16,3

9,2 15,3 14,2

S tyrol-D ivinylbenzol-

K opolym er 0,9 29,6 28,3

29,0

2,6 34,6 33,8

5,3 (24,0)" 36,3 34,2

8,6 36,3 36,2

20,8

10,3 37,4 36,1

T rich lorfon 1,6 29,9 33,7

6,4

2,2 28,2 23,5 24,8

18,1 ± 0 ,5

• 7,4 33,0 23,0

11,1 (17,8)a 38,8 23,2

a A us der K urve b e rech n et

D ie nach  der B erech n u n g sm eth o d e  y o n  H orowitz  u n d  Metzger  erziel
te n  W e rte  zeigen eine g u te  P a ra lle litä t zu den  m it der F r e e m a n — Ca r r o l l - 
M ethode e rh a lten en  A ktiv ie rungsenerg ien . Zw ischen den  m it diesen beid en  
M ethoden  e rh a lten en  A k tiv ierungsenerg ien  ergab  sich  ein U n tersch ied  v o n  
h ö ch sten s 2,3 kcal/M ol.

B ei A nw endung d e r M ethode v o n  K i s s i n g e r  erh ie lten  w ir bei der B e 
rech n u n g  aus je  zwei experim en te llen  P u n k te n  in  ein igen F ä llen  E rgebn isse , 
die in  d e r N ähe des L ite ra tu rw e rts  lag en . Bei d er B erech n u n g  aus der R ic h 
tu n g s ta n g e n te  der aus m ehreren  P u n k te n  au fg eze ich n e ten  K u rv e  ergab sich 
ein W e rt von  44,60 kcal/M ol, also v o n  den  ü b rig en  E rg ebn issen  w esen tlich  
abw eichend .

D ie n ach  den M ethoden  von  F r e e m a n  u n d  Carr oll  bzw . H orowitz  
u n d  Metzger  b e re c h n e ten  W erte fü r  d ie  A k tiv ie ru n g sen erg ie  der th e rm isch en  
Z erse tzung  von  S ty ro l-D iv in y lb en zo l-K o p o ly m er zeigen eine gu te  Ü berein -
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S tim m ung . Im  G egensatz  zu d er v o ran g eg an g en en  V erb indung  zeigte sich h ier 
eine Z unahm e der A k tiv ie ru n g sen erg ie  m it der A ufheizgeschw ind igkeit, und  
zw ar eine Ä nderung  v o n  28,3 kcal/M ol b is 37,40 kcal/M ol.* M it d er M ethode 
v o n  K is s in g e r  w u rd en  in  d er M ehrzah l d e r F älle  w esen tlich  k le inere  W erte  
e rh a lte n  als m it den b e id en  an d eren  M ethoden .

F ü r  die A k tiv ie ru n g sen erg ie  d e r Z erse tzu n g  des Trichlorfons w u rd e  bei 
A n w en d u n g  der M ethode v o n  F r e e m a n  u n d  Carr oll  —  abgesehen  v o m  W ert 
v o n  33,7 kcal/M ol bei d er A ufheizgeschw ind igkeit v o n  1,6 °C /M inute —- ein 
W e rt u m  23 kcal/M ol gefunden . D ieser is t in  v e rh ä ltn ism äß ig  g u te r  Ü b ere in 
s tim m u n g  m it dem  W e rt von  24,8 +  0,5 kcal/M ol, der d u rch  sow jetische  V er
fa sse r  [12] in w äßriger L ösung, u n te r  A nw endung  einer p o la ro g rap h isch en  
M ethode  gem essen w u rd e . D ie E rg eb n isse  bei der A nw endung  d er M ethoden  
v o n  H orowitz  u n d  Me t z g e r  bzw . v o n  K i s s in g e r  w ichen  in  m eisten  F ä llen  
w esen tlich  von  den n a c h  F r e e m a n  u n d  Carroll  e rh a lten en  W erten  ab.

O rdnung der Zersetzungsreaktionen

A us der B estim m u n g  d er R eak tio n so rd n u n g  n ach  versch ied en en  V er
fa h re n  w urde fe s tg e s te llt, d aß  die R eak tio n so rd n u n g  v o n  der A ufheizge
sch w in d ig k e it abhän g ig  is t (T ab . I I ) .  D ie O rdnung  d er Z e rse tzu n g sreak tio n  
b e tr ä g t  bei N ick e l(II)h ex am m in ch lo rid  0— 0,6, bei dem  S ty ro l-D iv iny lbenzo l- 
K o p o ly m eren  0,5— 1, be i T rich lo rfon  u n g e fä h r 1.

D iskussion der Ergebnisse

A ktivierungsenerg ie

D ie nach  der M ethode v o n  K i s s i n g e r  erh a lten en  E rgebn isse  w eichen 
—  wie ersich tlich  —  be i allen  drei u n te rsu c h te n  R eak tio n en  in  d er M ehrzahl 
d e r  F älle  von  den  n a c h  an d eren  M ethoden  e rh a lten en  E rg eb n issen  ab .

B ek an n tlich  k a n n  d er T em p era tu rm eß feh le r  der D eriv a to g rap h ie  bei ge
g eb en er E m p fin d lich k e it (im  F a ll v o n  T rich lo rfon  300 °C) sogar + 6  °C b e 
tra g e n . D a die M ethode v o n  K i s s i n g e r  die genaue K e n n tn is  des A bso lu t-

* E s soll h ier e rw äh n t w erden , d aß  die th e rm isc h en  E ig en sch aften  dieses K op o ly m eren  
a u c h  v o r  v ier Ja h re n  u n te rs u c h t  w orden  sind . D am als fan d en  w ir eine höhere  th erm isch e  S ta 
b i l i tä t  u n d  eine höhere A k tiv ie ru n g sen erg ie  d e r Z ersetzung . Bei e iner A ufheizgeschw indigkeit 
v o n  u n g efäh r 5 °C/M inute e rh ie lten  w ir einen W e rt von  48 kcal/M ol, in  ziem lich  g u te r  Ü b e r
e in s tim m u n g  m it den  W erten  von  F ree m a n  u n d  Carroll  [5] sowie J e l l in e k  [10], näm lich  
46 bzw . 44 kcal/M ol. D ie A b n ah m e der th e rm isc h en  S ta b ili tä t  u n d  de r A k tiv ie ru n g sen erg ie  
d e r Z ersetzung  w urde d u rc h  d ie A lte ru n g  des K opo lym eren  im  L aufe  de r v e rg an g en en  v ier 
J a h r e  v e ru rsach t. Ü ber d ie U n te rsu ch u n g  d e r A lte ru n g  von  P o ly m eren  m it H ilfe  d e riv a to - 
g rap h isch e r M ethoden h a b en  w ir in  u n se rer M itte ilu n g  ü b e r die U n te rsu ch u n g  de r th e rm isch en  
E ig en sch aften  des P o ly p ro p y len s b e r ic h te t [11].
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Tabelle II

N ach verschiedenen Methoden berechnete Reaktionsordnungen

Aufheiz-
geschwindigkeit

°C/Minute
Verbindung

K i s s i n g e r
H o r o w i t z  — 

M e t z g e r

F r e e m a n  — 
C a r r o l l

[N i(N H 3)6]Cl2 0,7 0,25 0,25 1

4,1 0,34 0,32 о д
5,1 0,37 0,36 — 0,6

6,9 0,60 0,50 0,2

9,2 0,61 0,54 0.2

Styrol-D i vinylbenzol- 

K opolym er 0,9 0,58 0,47 0

2,6 0,64 0,70 0

5,3 0,75 0,74 0

8,6 0,98 0,95 0

10,3 0,97 0,88 0

T richlorfon 1,6 1,07 0,87 1

2,2 0,93 0,78 1

7,4 1,14 1,00 1

11,1 1,00 0,80 1

Werts der S p itz e n te m p e ra tu r  e rfo rd e rt, fä llt ein  M eßfehler bei ih re r B estim 
m ung  im  E n dergebn is schw er ins G ew icht. Zugleich  m uß  au ch  die A ufheiz
geschw indigkeit g en au  b e k a n n t sein. U m  diese E in flü sse  zu  k lären , w urden  
B erechnungen  d u rc h g e fü h rt, w elche Ä nderungen  im  W e rt d er A k tiv ie ru n g s
energie du rch  einen  F e h le r  von  5 °C bei d er T em p era tu rb es tim m u n g  bzw . 
du rch  einen F eh le r v o n  0,3 °C/M inute bei d er B estim m u n g  d er \u fh e izg e- 
schw indigkeit b e d in g t w erden .

U nsere B e rech n u n g en  zeig ten , d aß  F eh le r von  + 5  °C bzw . + 0 ,3  °C/ 
M inute einen F eh le r v o n  10—20 kcal/M ol im  W ert der A k tiv ierungsenerg ie  
v eru rsach en  können . J e  h ö h er die T e m p e ra tu r  is t, bei d er d e r M eßfehler v o n  
5 °C begangen  w ird , desto  g rößer is t der F eh le r bei der B erech n u n g  der A k ti
v ierungsenerg ie.

W ie e rw äh n t w u rd e , s tim m en  die A k tiv ie rungsenerg iew erte  nach  
F r e e m a n  und  Ca rr o l l  bzw . nach  H orowitz  u n d  Metzger  b e i der Z ersetzung  
von  N ick e l(II)h ex am m in ch lo rid  u n d  S ty ro l-D iv iny lbenzö l-K opo lym er ziem 
lich g u t übere in  bzw . sie w eisen n u r  geringe A bw eichungen  vone in an d er au f, 
w ährend  bei der Z erse tzu n g  von  T rich lo rfon  au ch  diese M ethoden  s ta rk  a b 
w eichende W erte  ergeben .
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B ei der M ethode von  H orow itz  u n d  Metzger  m üssen  die S p itzen 
te m p e ra tu re n , die zu  d en  v e rsch ied en en  T em p era tu ren  T t gehö renden  K o n 
z e n tra tio n sw e rte  u n d  be i b e s tim m te n  R e a k tio n s ty p e n  d e r A b so lu tw ert der 
R eak tio n so rd n u n g  g en au  b e k a n n t sein.

F ü r  den W ert de r R e ak tio n so rd n u n g  bei d e r  Zersetzung von  T rich lo rfo n  ergab  sich, n ach  
v e rsch ied en en  M ethoden  b e rech n e t, s te ts  e tw a  1. W urde die R eak tio n so rd n u n g  n ic h t  ganz 
g en au  b es tim m t, d .h . ih r  W e r t k ö n n te  0,8 o d e r a u c h  1,2 b e trag en , so e rfü llt  die d u rc h  D a rs te l
lu n g  d e r experim en tell b e s tim m te n  X -  u n d  Y -  W erte  e rhaltene K u rv e  d ie  in  Gl. (3) e n th a lte n e  
R e d in g u n g  n ich t, d .h . sie g e h t n ich t d u rc h  d e n  K o o rd in a ten au sg an g sp u n k t (A bb. 1). D u rch

A bb. 1. N ach H o ro w itz  u n d  M etzg er  b e rec h n e te  kinetische K u rv e n  de r Z ersetzung  von 
T rich lo rfon  bei v e rsch ied en en  W erten  von  n  u n d  T s

E in se tz en  versch iedener W erte  von n  k a n n  je n e  R eak tionso rdnung  gefunden  w erden , bei der 
d ie  ex p erim en tell b e s tim m te  K urve  —  bei d e r  gem essenen S p itz e n te m p e ra tu r  —  den  F o rd e 
ru n g e n  en tsp rich t. A u f diese W eise k ö n n te  d e r  rich tige  W ert de r R e ak tio n so rd n u n g , fa lls die 
S p itz e n te m p e ra tu r  r ic h tig  gew ählt w urde , a n g e n ä h e rt  werden. Im  g e p rü ften  F a ll e rg ib t sich 
f ü r  n  der W ert 0,9.

W urde  die S p itze n tem p era tu r  u n g e n a u  b e s tim m t u n d  ih r r ich tig e r  W e rt b e tr ä g t  z. B. 
186,5 °C, so v e rsch ieb t sich  die K u rv e n sc h ar u n d  eine andere K u rv e , d ie e inem  geringeren  
n -W e rt  als 0,9 e n tsp r ic h t, w ird durch  den  K o o rd in a te n au sg an g sp u n k t gehen.

U nsere B erech n u n g en  au fg ru n d  d e r K u rv en sch ar zeig ten , d aß  —  falls 
d ie  S p itz e n te m p e ra tu r  genau gem essen  w urde —  ein I r r tu m  von  0,1 im  W ert 
d e r  R eak tio n so rd n u n g  eine A bw eichung  von  1 kcal/M ol in  der A k tiv ie ru n g s
energ ie  b e rv o rru ft. W u rd e  die R eak tio n so rd n u n g  genau  b e s tim m t, so erfo lg t 
aus einem  I r r tu m  v o n  5 °C in  d er S p itz e n te m p e ra tu r  ebenfalls ein  F e h le r  von  
u n g efäh r 1 kcal/M ol im  W ert d er A k tiv ierungsenerg ie . W ie ersich tlich , v e ru r
sach en  also F eh le r in  der B estim m u n g  d er R eak tio n so rd n u n g  u n d  d er S p itzen 
te m p e ra tu r  keine w esentlichen  F e h le r  in  der B erechnung  d er A k tiv ie ru n g s
energie nach  der M ethode von H o ro w itz  und Me t z g e r .
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D agegen sind  bei diesem  B erechnungsverfah ren  U n g en au ig k e iten  in  d e r 
B estim m u n g  d er zu  den einzelnen  T e m p e ra tu ren  T, g eh ö ren d en  K o n z e n tra 
tio n sw e rte n  von  g rö ß erer B ed eu tu n g  h insich tlich  des F eh le rs  des E n d e rg e b 
nisses.

Bei der B esp rechung  des Z erse tzungsm echan ism us v o n  T rich lo rfon  
w u rd e  b e m e rk t, d a ß  der th e rm isch e  D issoziationsprozeß  d e r V erb in d u n g  se lb st 
u n d  ih re r  Z erse tzu n g sp ro d u k te  e in an d er überdecken . D em zufolge is t es u n 
m öglich , die K o n z e n tra tio n  des noch  u n zerse tz ten  T rich lo rfons bei e iner 
b e s tim m te n  T e m p e ra tu r  rich tig  anzugeben .

A 2 0 -2 -A -6 -8 -10 -12 -IA

A bb. 2. N ach  H o ro w itz  u n d  M et zg er  b erech n ete  k inetische K u rv e n  de r Z ersetzung  v o n  
T rich lo rfon  bei v e rsch iedenen  W erten  von W  u n d  гг,-

D er rich tige  W e rt  d ieser K o n z en tra tio n  k ö n n te  au f folgende A r t  a n g en äh ert w erden : 
Bei einer E inw aage  von  100 m g erzeug t d ie A bspaltung  von  e inem  S alzsäurem olekül 

e in e  G ew ich tsabnahm e v o n  W  =  14,2 m g. D ie M enge de r in  der e rs ten  Z ersetzungsstufe  e n t 
w eich en d en  flü ch tig en  Z erse tzu n g sp ro d u k te  is t jed o ch  —  infolge d e r Ü b e rlap p u n g  d e r Z er
se tzu n g sv o rg än g e  —  w esen tlich  höher. W ird  in  d e r G leichung nach  H o ro w itz  u n d  Me t z g e r  
(G l. 2) m it  einer G esam tm enge v o n  W  — 61,6 m g an  flüch tigen  S to ffen  g e rechnet, so g e lan g t 
m a n  he i de r D a rs te llu n g  de r X - u n d  Y -W erte  zu K u rv e  1 in A bb. 2. W ird  de r W ert von  W  
z u  14,2 m g gew ählt u n d  die B erechnung  n u r  bis zu jen e r T em p era tu r (e tw a  200 °C) g e fü h rt, 
b e i d e r  die P robe  d iesen  G ew ich tsverlust e rre ich t, so gelang t m an  zu K u rv e  2 in  A bb. 2. K e in er 
d ie se r  F ä lle  is t rich tig , d a  die Z ersetzung  v o n  T rich lorfon  bis zu D D V P  n ic h t 61,6 m g, so n d ern  
14,2 m g flüch tige  S toffe  e rg ib t, w obei dieser V organg  n ich t bis 200 °C, sondern  bis 240 °C 
d a u e r t .  D ie rich tige  k in e tisch e  K u rv e  de r T rich lorfon-Z ersetzung  k ö n n te  K u rv e  3 in  A bb. 2 
se in , d ie  u n te r  V erw endung  zweier P u n k te  gezeichnet w urde. D er eine is t  P u n k t  1 von  K u rv e  2, 
d a  angenom m en  w erden  k a n n , d aß  de r G ew ich tsverlust am  A nfang des V organges aussch ließ 
l ic h  au s de r Z ersetzung  des T rich lorfons s ta m m t. Bei der B erechnung  des an deren  P u n k te s  
g in g en  w ir von  der A n n ah m e aus, daß  bei 233 °C zum  völligen Zerfall v o n  T rich lorfon  b is  zu 
D D V P  noch  2,4 m g (JE — г*,- =  2,4 m g) S alzsäure  ab g esp alte t w erden m üssen . A us der R ich 
tu n g s ta n g e n te  der a u f  diese W eise e rh a lten en  G eraden  e rg ib t sich fü r  d ie  A k tiv ierungsenerg ie  
e in  W e rt von  28,6 kcal/M ol; dieser s te ll t  b e re its  eine bessere A n n äh eru n g  des rich tig en  W ertes  
d a r , als der aus K u rv e  1 e rh a lte n e  W ert v o n  38,8 kcal/M ol, bzw. de r au s K u rv e  2 e rh a lten e
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W e rt von  43,6 kcal/M ol. (D ie  B erechnungen w u rd en  m it den P u n k te n  d e r bei einer A ufheizge
sch w in d ig k eit von  11,1 °C /M inute aufgenom m enen  K u rv e  d u rch g efü h rt.)

Bei der B erechnung  d e r in  T ab . I an g e fü h rten  E rgebnisse  w urde  fü r  W  die G esam tm enge 
des in  der ersten  Z ersetzu n g sstu fe  en tw eichenden  flü ch tig en  A nteils, d . h. 61,60 mg eingese tz t. 
D a ra u s  ergab sich d e r v o n  dem  in der L ite ra tu r  angegebenen W ert w esen tlich  abw eichende 
b e rech n e te  W ert n ach  H o ro w itz  u n d  Me t z g e r .

Bei der Z erse tzu n g  des N ick e l(II)h ex am m in ch lo rid s  u n d  des S ty ro l- 
D iv iny lbenzo l-K opo lym ers spielen sich  keine ü b e rla p p e n d e n  V orgänge ab , 
fo lg lich  k an n  die K o n z e n tra tio n  des noch  u n ze rse tz ten  S toffes bei versch iede
n e n  T em p era tu ren  bzw . in  versch iedenen  Z e itp u n k te n  g en au  b es tim m t w erden . 
D a rau s  e rg ib t sich  die g u te  Ü b ere in stim m u n g  der n ach  F r e e m a n  und Carr oll  
bzw . nach  H orowitz  u n d  Metzger  b e rech n e ten  E rgebn isse .

M erkw ürdigerw eise w urde nach  d er M ethode v o n  F r e e m a n  und  Carroll  
b e i höheren  A ufheizgeschw ind igkeiten  au ch  im  F a lle  d e r T richlorfon-Z er- 
se tzu n g  eine m it d en  L ite ra tu ra n g a b e n  [12] ü b ere in stim m en d e  A k tiv ie ru n g s
energie gefunden, obw ohl die ü b e rla p p e n d e n  V orgänge au ch  in der B estim 
m u n g  bei dieser M ethode  b en ö tig ten  D a te n  (w/ u n d  ht) zu F eh lern  fü h ren .

U n te r den e x p e rim e n te ll b estim m ten  D a te n  en tsp rec h en  d ie T ,-W erte  an n äh e rn d  den 
rich tig en  W erten , da  d ie Z erse tzu n g  von  T ric h lo rfo n  im  beze ich n e ten  T em p era tu rb ere ich  v e r
lä u f t .  D a  m it de r D ifferenz  v o n  L o g arith m en  g erech n et w ird, b e e in f lu ß t der beim  A blesen de r 
G ew ich tsv erm in d eru n g  W/, bzw . d e r m it de r G eschw ind igkeit d e r  G ew ich tsveränderung  p ro 
p o rtio n a len  hf-W erte  b e g an g e n e  F eh ler den W e r t  d e r A k tiv ierungsenerg ie  in  dem  F a ll n ich t, 
w en n  die aus de r Z e rse tz u n g  des D D Y P s ta m m e n d en  G ew ich tsveränderung  bzw. d e ren  Ge
sch w in d ig k eit, die au s  d e r  Z ersetzung  des T rich lo rfons stam m en d en  G ew ich tsveränderung  bzw . 
d e ren  G eschw ind igkeit be i je d e r  einzelnen T e m p e ra tu r  T, p ro p o rtio n a l e rh ö h t. (Es k a n n  ange
n o m m e n  w erden, d a ß  d ies  ta tsä ch lich  der F a ll is t.)

Bei der B e rech n u n g  der A k tiv ie rungsenerg ie  d er zw eiten  Z erse tzungs
s tu fe , d. h. der Z erse tzu n g  des D D V P m e ld e t sich der infolge der Ü b erlap p u n g  
d e r Z erse tzungsvorgänge en ts teh en d e  F e h le r  der B estim m u n g  der ex p erim en 
te lle n  P u n k te  v iel d eu tlich e r.

Die A k tiv ie ru n g se n e rg ie  de r re inen  D D V P-Z ersetzung  erg ab  sich  nach  F reem a n  u n d  
Ca rro ll  —  je  n ach  d e r  A u f he izgeschw indigkeit —  zu 6— 10 kcal/M ol. W urde  die A k tiv ie ru n g s
energ ie  aus der zw eiten  S tu fe  des T rich lo rfo n -D eriv a to g ram m s b e rech n e t, so e rh ie lten  w ir 
be i höheren  A ufheizgeschw ind igkeiten  (5— 10 °C /M inute) 22— 31,5 kcal/M ol. Im  le tz te ren  F a ll 
w u rd e n  die in  de r B e rech n u n g  v e rw en d e ten  A u sg an g sd aten  T 0, h 0 u n d  s0 bei dem  K n ic k p u n k t 
d e r  D T G -K urve (die d ie  T re n n u n g  der beiden  Z ersetzungsvorgänge anze ig t) abgelesen. W egen 
d e r  Ü b erlappung  d e r V org än g e  k e h r t  d ie D T G -K u rv e  n ach  B eend igung  de r T richlorfon-Z er- 
se tzu n g  n ich t zu r G ru n d lin ie  zu rü ck , so n d ern  d e r K n ic k p u n k t b e f in d e t sich in einem  b e stim m 
te n  A b stan d  h 0 von  d e r G ru n d lin ie  (A bb. 3). D er h a-W ert is t h ö h e r als de r der Z ersetzungsge
schw indigkeit des re in e n  D D V P  bei de r abgelesenen T e m p e ra tu r  T 0 en tsp rechende  W ert. 
W ird  m it einem  h 0-W e rt g e rech n et, de r h ö h e r  als de r rich tige  W e r t  is t, so e rh ä lt m an  n ach  
u n se ren  B erechnungen  fü r  die A k tiv ie ru n g sen erg ie  einen n ied rig eren  als ih r rich tig er W ert.

A uch der in  d e r  B e rech n u n g  v e rw en d e te  T 0-W ert lieg t h ö h e r als die A n fan g stem p era tu r 
d e r  D D V P -Z ersetzung , d a  diese Z ersetzung b e re its  bei einer w esen tlich  u n te rh a lb  des K n ick 
p u n k te s  de r D T G -K u rv e  liegenden  T em p era tu r  7 / beg inn t. W ird  m it einem  o b e rh a lb  des 
r ic h tig e n  W ertes lie g e n d en  T 0-W ert gerech n et, so e rh ä lt m an  fü r  d ie A k tiv ierungsenerg ie  ei
n e n  höheren  W e rt als ih r  rich tig e r W ert. D ie  be im  A blesen v o n  h 0 u n d  T 0 begangenen F eh ler 
k ö n n en  e in ander im  G lü ck sfa ll ausgleichen; p ra k tisc h  dom in ie rt jed o c h  —  je  n ach  dem  M aß 
d e r  Ü b erlap p u n g  d e r V org än g e  —  e inm al d ieser, das andere  M al je n e r  F eh ler. A uch d e r F e h le r  
d e r  B estim m ung  v o n  w,- b e e in flu ß t den b e rech n e ten  W ert de r A k tiv ierungsenerg ie  w esen tlich .
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R ea ktio n so rd n u n g

D ie n ach  den  M ethoden  von  H orow itz  u n d  Metzg er  bzw . von  K i s s i n g e r  
e rh a lte n e n  W erte  d e r R eak tio n so rd n u n g  sin d  verläß lich er als die n ach  F r e e 
man  u n d  Carroll  e rh a lten en , weil im  le tz te re n  F a ll eine geringfügige V e r
sch iebung  der R ic h tu n g s ta n g e n te  d er k in e tisch en  K u rv e  (eine solche V er
sch iebung  e rg ib t sich  aus der S treu u n g  d e r V ersu ch sp u n k te) bere its  zu e in er 
w esentlichen  Ä n d eru n g  im  W ert des A ch sen ab sch n itts  fü h r t .

Acta Chim. ( Budapest) 75, 1972
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Schlußfolgerungen

D u rch  V ergleich  d er v e rsch ied en en  M ethoden  zur B erech n u n g  der A k ti
v ie ru n g sen erg ie  d er Z erse tzung  k ö n n te  fe s tg e s te llt w erden , d aß  die M ethoden  
v o n  F r e e m a n  u n d  Carr oll  sowie v o n  H orow itz  und  Me t z g e r  in  F ä llen , wo 
die th e rm isch en  V orgänge g u t g eso n d ert s in d , g leicherm aßen  g u t a n w e n d b a r 
s in d . Ü b e rlap p en  sich die th e rm isch en  V orgänge, so d ü rfen  die e rh a lte n e n  
W e rte  d er A k tiv ie ru n g sen erg ie  n u r  m it V o rb eh a lt a k z e p tie r t w erden . D ie A n 
w en d u n g  der v e rh ä ltn ism ä ß ig  ein fach  zu h an d h a b e n d e n  M ethode von  K i s s i n g e r  
w ird  d u rch  den  U m sta n d  b e sc h rä n k t, d a ß  eine genauere K e n n tn is  der S p itz e n 
te m p e ra tu re n  n o tw en d ig  is t als die G en au ig k e it der d e riv a to g rap h isch en  T e m 
p e ra tu rm e ssu n g .

H in sich tlich  d er W ah l d er zu r B erech n u n g  b e n ö tig te n  D a te n  is t es e in  
V o rte il der M ethode v o n  F r e e m a n  u n d  Ca r r o l l  gegenüber den  beiden  a n d e re n  
M eth o d en , d aß  diese V erfasser m it d er D ifferenz von  L o g arith m en  a rb e ite n , 
w o d u rc h  keine A b so lu tw erte  d er D a te n  (K o n zen tra tio n , S p itz e n te m p e ra tu r , 
G eschw ind igkeit des G ew ich tsverlu stes), so n d ern  n u r  die K en n tn is  p ro p o r tio 
n a le r  G rößen  (G ew ich tsverlu st, T e m p e ra tu r , G alvanom eteraussch lag) b e n ö 
t i g t  w erden . E in  w e ite re r V orte il d ieser M ethode b es teh t d a rin , daß aus e iner 
e inz igen  A ufn ah m e g ea rb e ite t w ird . A u ch  H orowitz  u n d  Metzger  a rb e ite n  
au s  e iner A u fn ah m e, jed o ch  is t die K e n n tn is  des A bso lu tw ertes  der S p itz e n 
te m p e ra tu r , d er K o n z e n tra tio n  u n d  d e r R eak tio n so rd n u n g  erforderlich . D ie 
A n w en d u n g  der M ethode von  K i s s i n g e r  b e n ö tig t m ehrere , bei v ersch ied en en  
A u fh e iz te m p e ra tu re n  aufgenom m ene K u rv e n . In  seiner G leichung re c h n e t 
K i s s i n g e r  zw ar m it der D ifferenz v o n  L o g arith m en , jed o ch  m eldet sich  d e r 
b e i d e r B estim m u n g  d er A b so lu tw erte  d e r S p itz e n te m p e ra tu ren  begangene  
F e h le r  tro tz d e m , da  d ieser F eh le r n ic h t in  säm tlichen  F ä llen  gleich is t.

Die B erech n u n g en  w u rd en  m it e inem  C om puter d u rch g e fü h rt, fü r  d en  
w ir ein  en tsp rech en d es P ro g ram m  a u sg e a rb e ite t h ab en . Die L au fze it des 
P ro g ram m s b e trä g t  3— 5 M inuten .
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A s tu d y  w as m ad e  of th e  v isib le a n d  in fra red  spectra  an d  th e  m ag n e tic  p ro p 
e r tie s  o f [ISi(<1n).i]X n (jj =  1, 2; X  =  C l~, B r“ , I “ , S ,0 ? ,', P tC lf-  ) an d  [Ni(ere)2]Y„ 
(n  =  1, 2; Y =  Cl- , B r“ , A gljf, C u l^ , H g l f - ,  A g(CN )r, Z n (C N )D , C d(C N )i-). 
Som e of th e  e x p erim en ta l re su lts  a re  in te rp re te d  on th e  basis o f th e  lig an d -fie ld  th eo ry . 
T h e  p ro b a b ility  o f d e tec tin g  th e  b an d s re la tin g  to  th e  r(N iN ) v ib ra tio n s  is discussed in 
d e ta il;  fo r th e  above com pounds these  b a n d s  a re  to  be found a t  500— 540 cm - 1 .

Introduction

O f th e  e thy len ed iam in e  (en) com plexes o f  n ickel(II) th e  tr is  com plex has 
b een  s tu d ie d  in  th e  g re a te s t de ta il. Since th e  ligand  is b id e n ta te , th e  com plex 
io n  N i(en )Y  belongs to  th e  D 3 sy m m etry  g roup , b u t  its  sp ec tra l, m ag n etic  an d  
o th e r  p ro p e rtie s  can  also be w ell t r e a te d  on  th e  basis of th e  o c ta h e d ra l m odel.

U n d e r su itab le  cond itions sq u are  p la n a r  n ickel(II)-en  com plexes ex is t 
to o . I f  [N i(en)2(H 20 ) 2]2+ is h e a te d  in  alcohol, square p la n a r  [N i(en)2]2+ is 
fo rm ed ; th is  is p ro v ed  b y  th e  s tru c tu re  o f th e  abso rp tion  sp e c tru m  [1]. T he 
sq u a re  p la n a r  form  can  be stab ilized  a n d  iso la ted  b y  reac tio n  w ith  com plex 
an io n s in  th e  case of su itab le  s to ich io m etric  ra tio s  of the  co m p o n en ts  [2].W ith  
th e  u se  o f  A g B rD , AgI<T, C u l, , H g l2~ o r A g(CN)2 , for in s tan ce , com pounds 
o f th e  ty p e  [Ni(en)2]X n can  be iso la ted ; th e se  are s tab le  on ly  in  th e  solid 
s ta te , how ever, an d  in  so lu tio n  th e y  d issocia te  an d  undergo  tra n s fo rm a tio n .

In  th e  p resen t p a p e r  th e  visib le an d  in fra red  spectra  a n d  th e  m ag n etic  
p ro p e rtie s  are rep o rted  fo r com pounds of th e  ty p e  [Ni(era)3]X n (n  =  1, 2; X  =  
=  Cl - ,  B r - ,  I -  ( ty p e  a} , P tC lY ) a n d  [Ni(en)2]Yn (n =  1, 2; Y  =  C D ,
B r -  { type  b}, A g l2- ,  C u l2- ,  H g i r  { type c}, A g(C N )f, Z n (C N )iN  Cd(CN)2~ 
{ type  d}), an d  th e  re su lts  a re  in te rp re te d  o n  th e  basis of th e  lig an d -fie ld  th eo ry .

Experim ental

T h e  com plexes w ere p re p are d  b y  m eth o d s a lre ad y  rep o rted  in th e  l i te ra tu re  [2, 3], o r 
b y  m e th o d s  analogous to  th ese . T h e ir  com positions w ere checked b y  analysis o f C, H  an d  N i.

T he visib le an d  n ear-in fra red  sp ec tra  w ere o b ta in e d  w ith  a B eckm an D U  sp ec tro p h o to 
m e te r. F o r  th e  tr is  com plexes th e  so lv en t co n ta in ed  5%  en; in th e  case o f th e  com plexes 
[N i(en)2]Cl2 a n d  [Ni(en)2]B r2 m easu rem en ts  w ere carried  o u t b o th  w ith  an d  w ith o u t an  en excess.

Acta Chim. ( Budapest) 75, 1972



24 CSÁSZÁR: ETHYLENEDIAMINE COMPLEXES

A  MgO stan d ard  was a p p lied  in  th e  course o f de te rm in in g  th e  re flec tio n  sp ec tra , a n d  th e  
K u b e l k a —Mu n k  re la tio n  [4] was used  in  th e  calcu la tions.

T he in frared  sp e c tra  w ere m easured  in  th e  ran g e  375— 8750 cm “ 1 a t  room  te m p e ra tu re  
w ith  a  U nicam  SP  100 sp ec tro p h o to m ete r, u sing  K B r p e lle ts . A  400-m g pe lle t co n ta in ed  
2 m g  com plex. The w a v e le n g th  was checked w ith  p o ly sty ren e .

T he m agnetic  p ro p e rtie s  w ere stu d ied  b y  th e  G ouy m e th o d , on  a W eiss-type  m a g n e t 
a t  room  tem p era tu re , w ith  a  f ie ld -s tren g th  of 6000 Gauss. T h e  in s tru m e n t was ca lib ra ted  w ith  
a n  aqueous solution o f  N iC l2 [5] and  w ith  Co[Hg(SCN)4] [6].

A previously  r e p o rte d  m eth o d  [7] w as follow ed in  th e  ca lcu la tio n s based on th e  lig an d -
field .

Results and discussion

Visible spectra

T he visible s p e c tra  of th e  com plexes [N i(en)3]X 2 an d  [Ni (en)2]Y2 (X  =  
=  Y  =  halogen) a re  ch a rac te rized  (b o th  in  th e  solid  a n d  in  th e  dissolved s ta te )  
b y  th e  th ree  m e d iu m -in ten s ity  h an d s  o f  h e x aco o rd in a ted  com pounds (F ig . 1). 
O n th e  basis o f th e  o c tah ed ra l m odel th ese  w ere assigned  to  th e  tra n s itio n s  
3Tog •*— 3A 2g(v1), 3T lg -i— 3A 2g(v2) an d  3T lg(P ) ■*— 3A 2g(v3). A num ber of in flec tions 
can  be  observed, m a in ly  on th e  descend ing  sides o f th e  and  v2 b a n d s ; th e se  
a re  p ro b ab ly  co n n ec ted  w ith  sp in -fo rb idden  tra n s it io n s  (Table I).

Table I

Spectral data fo r  the complexes [Ni(en)3] X 2 and [Ni(en)2] Y 2 and the calculated parameters

Complex a)
Band maxima b)

B 3i c-d> «> C °)
Vl v3

[N i(en)3]Cl, r 11.50 13.50 18.50 29.00 867 — —

e 11.45 13.40 18.70 29.10 897 862 3315

[N i(en)3]B r, r 11.50 13.60 18.50 29.20 880 — —
e 11.35 13.40 18.50 29.20 910 862 3287

[N i(en)3] I2 r 11.50 13.60 18.40 29.40 887 — —

e 11.30 13.45 18.65 29.10 923 862 3248

[N i(cn)2]Cl2 r 10.20 12.00 17.10 27.10 907 — —
IV 11.30 12.40 18.65 29.10 857 — —

e 11.50 13.00 18.60 29.10 880 835 3171

[Ni(ere),]Br2 r 10.10 12.00 17.10 27.00 920 — ‘ ---
IV 10.90 12.50 17.70 28.30 887 — —
e 11.30 13.00 18.50 29.20 920 836 3032

r: reflection d a ta ;  e: aqueous so lu tion  w ith  5%  en excess; w: in pu re  w a te r  
b> in kK  

in cm- 1
d> B 0 =  1084 cm “ 1
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The sligh t a sy m m e try  of th e  b a n d s , an d  th e  occasional w eak in flec tio n , 
p o in t to  th e  co m p lex ity  of the b an d s  (w hich is to  be ex p ec ted  because o f  th e  
low  sy m m etry ), b u t  i t  is not possible to  in te rp re t th is  in  th e  sp ec tra  m easu red  
a t  room  te m p e ra tu re . T h e  th e o re tic a l n u m b e r o f b an d s  co rrespond ing  to  th e  
low  sy m m etry  c a n n o t be detec ted .

n m
1000800 600 400
ч  1 I—I— I------1--------- '—

Fig. 1. R eflec tio n  (a )  and  so lu tio n  (b )  sp ec tra  o f [Ni(era)3]Cl2

nm
1000 800 600 400T-r-1—I--1---1---- 1-------1---------- 1---

F ig. 2. [Ni(en)2]Cl2: (a )  re flection  sp ec tru m , ( b)  sp ec tru m  of th e  aqueous so lu tio n , 
(c )  sp e c tru m  of th e  aqueous so lu tio n  in  th e  p resence o f 5%  en

I t  can be seen fro m  T able I  t h a t  th e  sp ec tra l d a ta  o f  th e  solid an d  d is
so lved  com plexes sca rce ly  differ; th e  an io n -effec t is m in im al. T he sh ifts o f th e  
b an d s  are  m ore s ig n if ican t in  th e  re flec tio n  sp ec tra  o f  [N i(en)2]Cl2 a n d  
[N i(en)2]B r2, b u t  th e  sp e c tra  of th e ir  aq u eo u s so lu tions (even  w ith o u t an  excess 
of era) are  a lready  p ra c tic a lly  iden tica l w ith  th o se  o f th e  tr is  com plexes (F ig . 2).

T he q u o tien ts  v2lv1 (and  also v3/v2), w hich  can  be reg a rd ed  as a m easu re  
o f th e  dev ia tio n  fro m  o c tah ed ra l sy m m e try , d iffer from  th e  ideal v a lu e  of
1.80 [8, 9], being  1.60— 1.65 and 1.56— 1.60, re sp ec tiv e ly ; th e  d is to rtio n  of th e  
m olecules can th e re fo re  be  no longer n eg lec ted . In  som e sp ec tra  ta k e n  a t  low
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te m p e ra tu re  th e  s p lit t in g  o f th e  jq a n d  v2 b an d s  can he observed , an d  th u s  th e  
p resen ce  of th e  lo w -sy m m e try  co m p o n en ts  is doubtless.

T h e  p a ram e te rs  B 35 a n d  C show  th e  ch a rac te rs  o f th e  b o n d s te n d in g  to  be  
s tro n g ly  ionic. In  th e  v a r ia t io n  o f th e  B 35 va lues (ca lcu la ted  on  th e  basis of th e  
L ap o rte -fo rb id d en  b a n d s ) , th e  re la tio n s

B (soln.) >  B (re fl.) ; B (tris) <  B (b is); B(C1“ ) <  B ( B r ~ )  <  B ( I “ )

ca n  c learly  be recogn ized . T hus, th e  ea rlie r find ing  [10] is v a lid , accord ing  to  
w h ich  a low er ionic c h a ra c te r  arises in  th e  c ry s ta l s ta te  as a re su lt of th e  la t t ic e  
e ffec ts , w hile in  th e  case o f th e  sam e an io n  th e  bonds fo rm ing  th e  tr is  com plexes 
a re  m ore  covalen t. T h e  sequence C l-  <  B r~  <7 I -  co rresponds to  th e  o rd e r 
o f  p o la rizab ility  of th e  an ions; th e  e ffec t o f  th e  anions in  th e  sp ec tra  is sm all.

T he p a ra m e te r  C has va lues in  th e  range  3310— 3250 c m -1 , a n d  th e  
ra t io  C/ В  is 3.5— 3.7 in s te a d  o f th e  th e o re tic a l 4.

W ith  th e  use o f th e  average  10Dq, B 35 an d  C values fo r th e  tr is  com plexes 
(11.37 k K , 910 c m -1  a n d  3280 c m ^ 1), th e  positions w ere ca lcu la ted  fo r th e  
se v e n  in te rc o m b in a tio n  b an d s  ex p ec ted  th eo re tica lly , b u t  w hich  c a n n o t be  
d e te c te d  in  th e  sp e c tra . T he positions ca lcu la ted  fo r th e  b an d s  vj}l— r Ij7 are  
in  t u r n  13.40, 24.40, 26 .80, 28.80, 37.90, 38.20 and  60.90 k K . W ith  th e  above 
Dq, B 35 and  C va lu es  th e  energies o f th e  b an d s iq, v2, v3 can  be  reca lcu la ted  
w ith  sa tisfac to ry  accu racy .

T he B 35 va lu es  c a lcu la ted  from  jq  -|- v2 or from  iq  v3 are h igh  (larger 
t h a n  B l0n), and  in  a d d itio n  th e  tre n d  o f th e ir  change is also d iffe ren t, in d ic a tin g  
t h a t  th e  ground an d  ex c ited  s ta te s  are  co rrec tly  described  b y  d iffe ren t v a lu es  
o f  Dq, В  and  C.

T he positions o f  th e  vitl b a n d  (xE g 3A 2g) in  th e  so lu tio n  sp ec tra  o f th e
tr is  com plexes can  be  q u ite  well d e te c te d , an d  th u s  th e  B 33 va lues [11, 12] to o  
co u ld  be  calcu la ted . T h e  values o b ta in e d  w ith  th e  fo rm u la  E(vitl) =  16B 33 —  
—  6 B 2i3/lODq for th e  C l- , B r~  an d  I -  com plexes h a rd ly  d iffer an d  are  sm alle r 
th a n  th e  B 35 values. I t  c an  be concluded  from  th e  B 35 an d  B 33 v a lues t h a t  th e  
л -c h a ra c te r  in  th e  N i—N  bonds is n o t s ig n ifican t, in d e p e n d e n tly  of (X ).

T he bis com plexes, w ith  th e  ex cep tio n  of th e  C l-  a n d  Br"" com plexes, 
a n  o n ly  be s tu d ied  in  th e  solid s ta te . T h e ir  sp ec tra  up  to  320 n m  show  s tru c -  
u res  ch a rac te ris tic  o f  d iam ag n e tic , sq u a re  p lan a r com plexes.

M agnetic properties

O nly th e  tr is -(e th y len ed iam in e) a n d  th e  d iha logeno-b is-(e thy lened iam ine) 
com plexes are p a ra m a g n e tic ; th e  o th e r  exam ined  com pounds o f th e  ty p e  
[Ni(ere)2]Yn are d iam ag n e tic . T he m ag n e tic  m om ents m easu red  fo r th e  co m 
p lex es [Ni(en)3]X 2 in  so lu tio n  an d  in  th e  solid s ta te  are  g iven  in  T ab le  I I .
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The v alues are  ch a rac te ris tic  o f h e x a c o o rd in a ted  n ick e l(II) com plexes. 
S im ilarly  to  o th e r  com plexes, e.g. those of C o(II) [13], th e  p BM values increase 
a long  th e  series C l- , B r “ , I - . W hen ц вм  an d  10Dq  a re  know n, th e  spin- 
o rb ita l coupling c o n s ta n t A can be ca lcu la ted . I t  can  be concluded from  th e  
c o n s ta n ts  A’ ca lcu la ted  w ith  th e  tw o ty p e s  o f re la tio n  [14, 15] th a t  th e  sy m 
m e try  of th e  N iN 6 g roup  is low er th a n  Oh. I n  th e  case o f an  ideally  o c tah ed ra l 
s tru c tu re , o r one ap p ro ach in g  th is , a v a lu e  sm aller th a n , h u t  ap p ro x im a te ly  
eq u a l to  — 324 c m -1  shou ld  be o b ta in ed  from  th e  fo rm u la  (c) in  th e  la s t  
co lum n  of T ab le  I I .

Table II

Complex
ИВМ ^(soln.) âml A/Aq — a2

solid Soln.a) Ь) C)

[Ni(en)3]Cl, 3.21 3.22 190 (0.59) 326 (1.01)

[Ni(en)3]B r2 3.22 3.25 197 (0.61) 352 (1.08)

[Ni(en)3] I2 3.30 3.34 204 (0.63) 444 (1.37)

a) aqueous so lu tion  con tain ing  5%  
hi ,  0.27

e n

Dq used for the

ci 1 1 ] /  Й М 2.085 T 10 Dq calcula tion

Á ^  [ 8 lO B g 4

Infrared spectra

T he in te rp re ta tio n  o f th e  m any  b an d s  in  th e  in fra red  sp ec tru m  of th e  
lig an d  is d ifficu lt. R eference  is m ade to  th e  w ork  o f S a b a t in i  an d  Ca l if a n o

[16] w ho re p o rt d a ta  fo r era an d  d e u te ra te d  era m easu red  in  th e  v ap o u r, liq u id  
a n d  solid s ta te s . Som e ch a rac te ris tic  frequencies fo r th e  ligand  an d  its  s tu d ie d  
com plexes are g iven in  T ab les I I I  and  IV.

O f th e  th re e  con fo rm ations of era (cis, trans  an d  gauche), th e  trans fo rm  
is n o t su itab le  fo r com plex  fo rm ation . In v e s tig a tio n s  of th e  la ttic e  s tru c tu re
[17] have  in d ica ted  th a t ,  sim ilarly  to  [Co(era)3] 3+ [18], th e  gauche fo rm  is 
p re se n t in  th e  com plex  [Ni(era)3]2+ (see also [19]).

A ccord ing  to  P o w el l  an d  Sh e p p a r d  [20], th e  sp ec tra  of h ex aco o rd in a ted  
nickel(II)-era com plexes (ty p e  B)  have sim p ler s tru c tu re s  (F ig. 3) th a n  for in 
s tan ce  tho se  o f [Co(era)3] 3+ com plexes ( ty p e  A ) .  I t  is ch a rac te ris tic  o f th e  
sp e c tra  of ty p e  В  t h a t  a v e ry  in tense  b a n d  is to  be fo u n d  a t  ab o u t 1030 c m -1 , 
w hile i t  is a b se n t from  sp ec tra  of ty p e  A  [20, 21]. A su b s ta n tia l difference can  
also be observed  in  th e  regions 400— 650 an d  1250— 1400 c m -1 ; th e  reason  
fo r th e  difference has n o t y e t  been clarified .

I t  can  be s ta te d  th a t  th e  in fra red  sp e c tra  o f era an d  its  n ickel(II) com 
plexes do n o t differ e ssen tia lly . One of th e  m o st im p o r ta n t regions is th a t  o f
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th e  r(N iN ) v ib ra tio n s . N um erous co m p ila tio n s can be found  fo r th e  N i— N 
s tre tc h in g  frequencies (e.g. [22]), b u t  th e  d a ta  an d  b an d  assignm en ts re p o rte d  
b y  th e  in d iv idua l a u th o rs  d iffer. I n  th e  com plexes [M(en)2X 0] tw o v(MN) 
v ib ra tio n s  are  in fra red -ac tiv e , a n d  in  th e  m icrosym m etry  o f sq u a re  p la n a r  
M N 4 one r(M N ) v ib ra tio n  is in fra re d -ac tiv e .

D u r ig  et al. [23] give values o f 430— 520 c m “ 1 for th e  r(M N ) v ib ra tio n  
in  Pd-ere com plexes. I f  th is  is tru e , th e n  these  b ands are to  be ex p ec ted  below  
500 c m -1 for m eta ls  o f th e  f irs t tra n s i t io n  series. The b an d s o f th e  m e ta l-N

Table III

Characteristic spectral data o f  param agnetic n ickelf I I ) - e n  complexes

Compound v(NH.) v(CH,) y«(NH,) W N H ,) v(NiN)

en 3335

3246

2930

2858

1360 1305

1298

980 647 525

[Ni(ere)3]Cl2 3324 s 

3288 s 

3240 s 

3164 s

2948 s 

2880 s

1329 m 1277 m 984 m 662 m 525 и.

[Ni(ere)3]B r, 3330 s 

3287 s 

3245 s 

3245 s

2947 s 

2880 s

1329 m 1277 m 982 m 660 m  

623 m

525 m

[N i(en)3]I2 3320 s 

3282 s 

3240 s 

3149 s

2940 s 

2881 s

1329 m 1277 m 982 w 662 m  

624 m
523 m

[N i(en)3]S20 3 3280*s 

3168 s

2918 s 

2872 s

1327 m 1269 m 994 m 660 m 538 in

[N i(en)3]P tC l6 [6] 3342

3292

3188

2947

2897

1332 1282 972 653

640

617

?

[Ni(ere)2]CI2 3325 s 

3290 s 

3120 s

2952 s 

2940 s 

2875 s

1326 m 1271 m 979 m 682 m 526 m

[N i(en)2]B r2 3326 s 

3296 s 

3255 s

2960 s 

2945 s 

2885 s

1332 m 1281 m  984 m 680 m  527 m

s =  strong , m  =  m edium , w =  w eak -in ten sity  band 
* =  com plex ban d
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Д00 600 8 0 0  ' 1000 1200 U 0 0  1600 1800 200o' 2200 2600 3000 '
cm '1

Fig. 3. In fra re d  sp ec tru m  of [N i(en)3]B r2 in  th e  ran g e  375— 4000 cm “ 1

Table IV

In frared spectral data o f  complexes o f  the type [N i(en)2] Y n

Y v(NH2) t>(CH2) 7,(NH2) r«(CH 2) 7»,(NIL) /W n h 2) v(NiN')

[Ag(CN)2]“ 3338 s 

3279 s

2957 m 

2910 m 

2836 m

1316 w 1272 w 957 m 673 w 525 w

[Zn(CN)4]2” 3340 s 

3277 s

2951 m  

2914 m  

2866 m

1318 m 1272 w 958 m 672 m 522 m

[Cd(CN)4]2- 3354 s 

3294 s

2991 m  

2954 m 

2922 m 

2872 m

1309 w 1271 w 957 w 638 m 518 m

[A gl2]“ 3241 s 

3196 s 

3092 m

2940 m 1300 w 1254 w 977 m 588 w 488 w

[C ul2]~ 3243 s 

3193 s 

3089 m

2942 m 1300 w 1254 w 978 m 584 m 490 w

[H g l4]2- 3242 s 

3194 s 

3093 m

2938 m 1303 w 1258 w 979 m 588 w 488 w
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v ib ra tio n  are given as a b o u t 400 c m -1 in  com pounds of en w ith  Zn2+, Cd2+ 
a n d  H g 2+. In  th e  case o f  Cr2+-ere a v a lue  below  450 c m -1  has been rep o rted
[2 4 ] . I t  is generally  a c c e p ted  th a t  th e  en erg y  o f th e  j>(MN) v ib ra tio n  in  th e  
M -e/i com pounds is a p p ro x im a te ly  th e  sam e, o r a l i ttle  less th a n  in M— N H 3 
com plexes.

F o r th e  co m pounds [N i(N H 3)e]X 2 (X  == Cl~", B r~ , I - ) S acconi et al.
[25] give th e  r(N iN ) b a n d  a t  334, 327 an d  322 c m -1 , re sp ec tiv e ly , w hereas in 
th e  hexam m ines o f M n2+, F e 2+, Co2+, e tc . th is  b a n d  lies in  th e  range  270— 340 
c m -1 . In  co n tra s t w ith  th is , va lues o f 520— 540 c m -1  are fo u n d  in  th e  com plexes 
[Cu(era)2]2+ [26].

I t  appears p ro b a b le  from  th e  p re sen tly  rep o rted  d a ta  th a t  th e  b a n d  of 
th e  N i— N  stre tch in g  v ib ra tio n  m u st be in  th e  range 500— 540 c m -1 for all o f 
th e  com pounds s tu d ie d . T h is assignm ent co rresponds w ith  t h a t  rep o rted  b y  
P o w e l l  and  Sh e p p a r d  [20]. The sp ec tra  o f th e  tr is  and  th e  b is com plexes are  
v e ry  sim ilar.

A very  in ten se  b a n d  a t  ab o u t 400 c m -1  w as found  b y  B l y h o l d e r  and  
V e r g e z  [27] for [N i(en)3]Cl2, and  was assigned  to  th e  r(N iN ) v ib ra tio n ; th is  
b a n d  does no t a p p e a r in th e  spectrum  o f th is  com plex in  th e  p resen t m eas
u re m e n ts .

In  th e  range  1028— 1155 cm -1 a c h a ra c te ris tic  b a n d  system  is to  be  
fo u n d ; th is  is due to  sk e le ta l s tre tch in g  an d  yas(N H 2) v ib ra tio n s . The r(C H 9) 
an d  r(N H 2) v ib ra tio n s  a p p e a r  sharp ly  a t  2870— 3170 and 3240— 3320 c m -1 , 
re sp ec tiv e ly .

T he bis-en com plexes can  be stab ilized  b o th  b y  th e  lin ea r  [Ag(CN)2]~  
com plex  [28] and  b y  th e  te tra h e d ra l com plexes [Zn(CN)4]2_ an d  [Cd(CN)4]2~ 
[29]. The r (C = N ) b a n d  o f th e  com plex an ion  is a t 2159, 2150 and  2140 c m -1  
fo r th e  com plexes [Ni(ere)2] [Ag(CN)2]2, [N i(en)2][Zn(C N )4] an d  [N i(en)2], 
[Cd(CN )4], re sp ec tiv e ly , in  good ag reem en t w ith  th e  v alues o f 2164, 2149 an d  
2141 c m -1 , re sp ec tiv e ly , fo r  th e  free ions [30— 32]. T he sp e c tra  of th e  com 
p o u n d s  iso lated  w ith  th e  I -  com plexes are  also m ark ed ly  s im ila r to  th o se  o f 
th e  o th e r bis com plexes, a n d  m ore or less agree w ith  tho se  re p o rte d  earlie r b y  
L e v e r  et al. [2].

I f  th e  sp ec tra  o f  com plex  m olecules o f th e  various ty p e s  are com pared , 
sev e ra l regions can  be  fo u n d  w here th e  d ifference is considerab le :

(1) In  th e  ra n g e  375— 800 c m -1 th e re  are  tw o , tw o , fo u r and  th re e  
m ed iu m -in ten s ity  b a n d s  fo r th e  com pounds o f ty p es a, b, c an d  d, respective ly .

(2) F o r th e  a ty p e , one b an d -sy stem  is o b ta in ed  a t  1100— 1200 c m -1 , an d  
a n o th e r  a t  1570— 1640 c m -1 ; in  c o n tra s t w ith  th is , th e  com plex b a n d  a t  
1100— 1200 c m “ 1 does n o t occur for th e  o th e r  ty p es , while on ly  a single b a n d  
ap p e a rs  a t  1570— 1640 c m -1 .

(3) The sp e c tra l s tru c tu re s  differ con sid erab ly  in  th e  ran g e  2500— 3400 
c m -1 . The b ands b e tw een  2800 and  3000 c m -1  ap p ea r m o st stro n g ly  in  ty p es
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a a n d  b, an d  h av e  su b s ta n tia lly  lo w er in ten s itie s  in  ty p e s  c an d  d. A bove 3100 
c m -1  th e  r(N H 2) an d  th e  H 20  b a n d s  fo r  ty p e s  a and  b a re  found  in  th e  fo rm  of 
one w ide, com plex  b a n d , while for ty p e s  c an d  d th e  b a n d  system  is m u c h  m ore  
sh a rp ly  sep a ra ted  (F ig . 4).

1.

I I I ■ 1---- L_
3000 3400

cnv1

2 .

................ ....
3000  3400

end

3.

3000 3400
r  rrd

Fig. 4. Spectra in the range 2500—4000 cm 1 of (1) [Ni(en)3]Cl2, (2) [Ni(en)2] [Zn(CN)4
(3) [N i(en)2][H g I4]
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I t  is show n th a t ,  sim ilarly  to  th e  N a v ie r  — Stokes e q u a tio n  of viscous flow , also 
th e  R ey n o ld s eq u a tio n s  of tu rb u le n t  flow  are  deducib le  from  th e  Gy a rm a ti in te g ra l 
p rin c ip le  o f n o n -eq u ilib riu m  th e rm o d y n am ics . I n  th e  course of th e  deduction  L o r en tz’s 
d iss ip a tio n  p o te n tia l  is som ew hat genera lized , an d  i t  is d em o n s tra ted  th a t  th e  L ag ran - 
g ian  d e n s ity  in  th e  Gy arm ati p rin cip le  can  he sp lit in to  tw o sep a ra te  p a r ts  be long ing  
to  th e  m ean  m o tio n  an d  th e  f lu c tu a tin g  m o tio n , respec tive ly . T he v a lid ity  o f Gy a r - 
MATl’s su p p le m e n ta ry  theo rem  is d iscussed  in  th e  case o f quasi-linear c o n s titu tiv e  
e q u a tio n s , th e  v a r ia tio n a l p rincip le  is p ro v ed  to  rem ain  o p era tiv e  in such cases, too.

1. Prelim inaries

I t  is w ell know n  th a t  th e  N av ie r— S tokes eq u a tio n  of viscous flow7 w as 
no t d educ ib le  from  a v a ria tio n a l p rin c ip le  fo r a long tim e . A lthough  g rea t 
efforts w ere m ade to  draw  up  th e  p rob lem  w ith in  th e  scope of a su itab le  
v a r ia tio n a l ta s k  [1— 4], th e  researches —  exclud ing  som e v e ry  special cases —  
did  n o t le ad  to  a n y  p ositive  re su lt. T he n eg a tiv e  resu lts  w ere ch a rac te rized  b y  
Se r r in  in  h is exce llen t artic le  [5]: “ O th e r n eg a tiv e  re su lts  concern ing  v a r ia 
tio n a l p rin c ip les  y ie ld ing  N av ier— Stokes eq u a tio n  are  due to  Ge r b e r  [6] an d  
B a t e m a n  [7 ].”  O f course, th e  p o ssib ility  of deducing  th e  R eynolds eq u a tio n s  
o f tu rb u le n t  flow  from  a v a ria tio n a l p rin c ip le  could  n o t arise u n til  th e  p rob lem  
of d e riv a tio n  of th e  N av ie r— Stokes eq u a tio n  was solved.

In  1965 th e  tid e  w as tu rn e d ; s ta r t in g  from  an  a lte rn a tiv e  fo rm  of 
O n s a g e r ’s p rin c ip le  of m in im um  energy  d iss ip a tio n  [8], Gy ar m ati fo rm u la ted  
th e  in te g ra l p rinc ip le  o f d issipa tive  processes [9, 10] w ith in  th e  fram ew ork  o f 
n o n -eq u ilib riu m  th e rm o d y n am ics. F ro m  th is  p rinc ip le  V e r h á s  [11] f irs t  d e 
duced  th e  sim ple N av ie r— Stokes eq u a tio n , th e n  B öröcz [12] derived  also th e  
genera lized  h y d ro d y n a m ic  eq u a tio n  of m o tio n  belonging  to  th e  a n tisy m 
m etric  p a r t  o f  th e  p ressu re  ten so r an d  describ ing  th e  in te rn a l ro ta tio n  too . 
A fte r th e se  re su lts  Gy a r m a t i w ro te  a lread y  in  1967 [13]: “ I t  is ev id en t th a t  th e  
R eyno lds eq u a tio n s  o f tu rb u le n t flow  can  also be derived  from  th e  in te g ra l 
p rinc ip le , an d  th e  s itu a tio n  is sim ilar w ith  re sp ec t to  th e  fu n d am en ta l eq u a tio n s  
of m ag n e to h y d ro d y n am ics , p lasm a physics, e tc .”
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Likew ise in  1967, fu r th e r  s ig n ifican t p rogress was m ade. Gy a r m a t i 
recogn ized  th a t  i t  is m ore fav o u rab le  to  fo rm u la te  th e  in teg ra l p rinc ip le  in  th e  
u n iv e rsa l form  f i r s t  g iven b y  On s a g e r  an d  Ma c h l u p  fo r th e  special case of 
a d ia b a tic a lly  closed d iscon tinuous system s [14]. T he u n iv e rsa l form  o f th e  
in te g ra l p rinc ip le  o f  d iss ip a tiv e  processes is m an ifo ld ly  ad v an tag eo u s com pared  
w ith  th e  p a r tia l  fo rm  p rev iously  used . I t s  m a in  ad v an tag e  lies in  rem ain in g  
v a lid  in  th e  case o f q u asi-lin ear p ro b lem s, t h a t  is, w hen  th e  co n d u c tiv ities  an d  
re s is tan ces  depend  on s ta te  p a ra m e te rs , such  as te m p e ra tu re , co n cen tra tio n s , 
v e lo c ity , etc. T his w as f irs t p ro v ed  is th e  case o f h e a t co n duc tion  in  solids [15], 
th e n  its  general v a lid ity  was show n b y  Gy a r m a t i w ith  th e  recogn ition  o f a 
new  theo rem  [16]. Special exam ples fo r d iscussing  q u asi-linear problem s 
b a se d  on th e  Gy a r m a t i princ ip le  an d  on th e  su p p lem en ta ry  th eo rem  w ere 
g iv en  b y  Sá n d o r  [17], fo r th e  case of m u ltico m p o n en t iso th e rm al d iffusion, 
w hile  in  case o f th e rm o h y d ro d y n am ics  b y  th e  a u th o r  [18]. I t  shou ld  be 
m en tio n ed  th a t  re c e n tly  N ih o u l  [19] ra ised  th e  prob lem  of d e riv ing  th e  
b as ic  equa tions o f  tu rb u le n t flow  from  a v a r ia tio n a l p rinc ip le , b u t  he d id  n o t 
re a c h  essen tia l p rog ress, because  —  obv io u sly  being  u n fam ilia r w ith  th e  
co m p le te  li te ra tu re  —  he n eg a ted  th e  ex istence  of an  a p p ro p ria te  v a ria tio n a l 
p rin c ip le  [17]: “ U n fo rtu n a te ly , no such  v a r ia tio n a l p rinc ip le , m a th e m a tic a lly  
e q u iv a le n t to  th e  N av ie r— Stokes e q u a tio n s , has y e t been  found  fo r tu rb u len ce , 
b u t  we m ay  hope t h a t  a refined  s tu d y  o f th e  ph y sica l in sigh t of th e  phenom enon  
m a y  suggest a ‘th e rm o d y n a m ic a l’ p rin c ip le  a p p ro x im a tin g  sa tis fac to rily  its  
e x a c t  d e sc rip tio n .”

In  th is  p a p e r  i t  will be show n th a t  Gy a r m a t i’s govern ing  p rinc ip le  of 
d iss ip a tiv e  processes is eq u iv a len t to  th e  R eyno lds equ a tio n s rep resen tin g  th e  
b as ic  equa tions o f  tu rb u le n t flow , an d  th e y  are  deducib le  from  th e  fo rm er. 
S ta r tin g  even from  th e  un iversa l form  o f th e  Gy a r m a t i princip le  [13, 15, 
16— 18] and  d e m o n s tra tin g  —  so to  say , as an  exam ple —  th e  v a lid ity  o f th e  
su p p le m e n ta ry  th eo rem , our re su lts  w ill rem a in  v a lid  fo r tu rb u le n t p h en o m en a  
t h a t  can  be described  b y  R eyno lds eq u a tio n s  w ith  n o n -co n stan t coefficients. In  
s h o r t , i t  will be d e m o n s tra te d  th a t  th e  Gy a r m a t i princip le  is a fu n d a m e n ta l 
one , n o t only  fo r lin ea r tu rb u le n t flow s, b u t  fo r th e  m uch  m ore genera l n o n 
lin e a r  ones to o . T h e  in co m pressib ility  o f th e  flu id  w ill be  used  as a single 
s im plify ing  assu m p tio n ; th is , how ever, does n o t in v a lid a te  th e  g en era lity  of 
o u r  resu lts.

2. On th e  G yarm ati principle

The tu rb u le n t  flow  of th e  flu id  w ill be  described  b y  th e  m e th o d  o f c las
sica l co n tin u u m  physics. T he fa c t o f tu rb u le n c e  w ill be ta k e n  in to  acco u n t b y  
in tro d u c in g  s ta te  p a ram e te rs  th a t  can  be re la te d  to  th e  s ta tis tic a l b eh av io u r 
o f  th e  tu rb u le n t d r if t  space. In  o rd e r to  deduce  th e  R eyno lds eq u a tio n , we
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sta rt from  th e  fo llow in g  form  o f  th e  Gy a r m a t i p rin cip le g iven  in  en erg y  
p ictu re

ô \ 4 d V  =  0 ;  £  =  Т о  — Ч ' -~ Ф  (1)
V

since th is  is th e  m ost su itab le  form  fo r describ ing  in e rtia l m otions [12, 13, 18, 
20]. T h u s in  E q . (1) th e  L ag ran g ian  d e n s ity  £  is reg ard ed  as a fu n c tio n  o f th e  
energy  d iss ip a tio n  Т а  (w here T  is th e  te m p e ra tu re  and  a is th e  e n tro p y  p ro 
d u c tio n  p e r  u n it vo lum e an d  u n it  tim e) a n d  of th e  d iss ip a tio n  p o te n tia ls  У7 
an d  Ф. T hese q u a n titie s  are defined  w ith  th e  a id  o f th e  c u rren t densities / ,  an d  
th e  th e rm o d y n a m ic  forces JSC, as follow s:

Т а  =  V  • X i; V  =  -±- 2  L ik X t - X k ; Ф =  - i -  > ' R tk I i • I k
i  i ,  к  £  i , k

( 2)

F o r sim p lic ity , here , a v ec to r n o ta tio n  w as app lied , th e  coefficien ts L ik an d  
R ik w ere, for th e  e lem ents of th e  ten so rs  [L ik] an d  [f?(i£], resp ec tiv e ly , su b m itte d  
to  O n s a g e r ’s rec ip ro c ity  re la tio n s [13]. I t  is im p o r ta n t to  n o te  t h a t  in  th e  
lin ea r th e o ry  of n o n -equ ilib rium  th e rm o d y n am ics , th e  coefficients L ik a n d  R ik 
a re  considered  as co n stan ts , w hereas in  th e  quasi-linear case th e y  m a y  d ep en d  
on th e  s ta te  p a ra m e te rs  (such as te m p e ra tu re , flow  ra te , e tc .). In  th e  case o f 
tra n s p o r t  processes such  p a ram e te rs  can  alw ays be given from  w hich  th e  
th e rm o d y n am ic  forces can be g en e ra ted  as g rad ien ts , th a t  is, X t =  V7"). 
H ence  in  E q . (1) th e  L ag rang ian  d e n s ity  £  has to  be regarded  as a fu n c tio n  o f 
th e  q u a n titie s  7 ], V • / ,  and  V Г i.e.

£ =  £ (/] ., V / [ , / , , V  ■/,.).

In  th e  case of in d ep en d en t v a ria tio n  o f  p a ra m e te rs  T t and  c u rre n t densities /,• 
th e  tr a n s p o r t  equ a tio n s

9£ 8£

97]. V 9V 7]

an d  th e  c o n s titu tiv e  equations

9£

9T,

_  8£

dV ■ 7,-
=  0 (4)

belong  to  v a ria tio n a l p rincip le  (1) as E u le r— L agrange eq u a tio n s.
O u r ta s k  is now  to  determ ine  th e  L ag ran g ian  d en sity  of (1) fo r th e  case 

of a o ne-com ponen t flu id . D isregard ing  th e  a n tisy m m etrica l p a r t  o f th e  v iscous 
p ressu re  ten so r P ;, th e  energy d iss ip a tio n  can  be given in  th e  fo rm  [12, 13, 18, 
20, 21]:

T a  =  ~ p v у  • v  -  P ,,s : { V v f ^  0 . (5)

3 * Acta Chim. (Budapest)  75, 1972



36 VINCZE: REYNOLDS EQUATIONS OF TURBULENCE

H ere  th e  scalar q u a n t i ty  p ” rep resen ts  one th ird  of th e  trace  of th e  v iscous 
p re ssu re  ten so r P®, P '4 is th e  sy m m etrica l p a r t  o f P !’, v  is th e  v e lo c ity , and  
( v i ) s is the sy m m etrica l p a r t  o f th e  v e lo c ity  g rad ien t ten so r Vv>, from  _ 
w h ich  V ■ V  is su b tra c te d . T he re la tio n s  b e tw een  th e  cu rren t densities an d  
fo rces in  E q . (5) in  th e  case of a S tokes f lu id  (using th e  energy  p ic tu re ) are  
g iven  b y  th e  c o n s titu tiv e  equa tions [5, 12, 13, 18, 20, 21]:

Pv =  —L„ V - v ;  Lvv =  R^1 =  r)v

Ps = —I/«) (■V v )s ; L<"> = =2 rj (6)

w h ere  rjv an d  r] a re  th e  coefficients of b u lk  an d  sh ear v iscosity , re sp ec tiv e ly , 
w h ich  are now  considered  in d ep en d en t o f th e  s ta te  p a ram e te rs . L a te r  th is  
re s tr ic tio n  will be  ab an d o n ed .

T ak in g  in to  acco u n t c o n s titu tiv e  e q u a tio n s  (5) an d  (6), th e  d iss ip a tio n  
p o te n tia ls  are

W  =  (V • v ) 2-\-rj(Vv)s : (Vu)s ;>  0 ,  (7)

an d

Ф = — />й + — P is : P 's > 0  (8)
2 rjv 4 r\

u sin g  th e  energy  p ic tu re  [12, 13, 18, 19]. T hese form s are  n a tu ra lly  reg a rd ed  
as a  p rio ri given w ith  resp ec t to  v a r ia tio n a l p rin c ip le  (1).

L e t now th e  sp littin g  of th e  p ressu re  te n so r  P  be considered:

P = p 6  +  P® =  (p + p ® ) S  +  P !s. (9)

F u rth e rm o re , we use th e  v ec to r a n a ly tic a l id e n tity

V • (P r • v) =  p® V • v  +  P iS : CV v )s +  v  • V- P B, ( 10 )

w h ere  p  is th e  h y d ro s ta tic  p ressu re  an d  6 is th e  u n it ten so r. T he te rm  V ■ P" 
in  th is  id e n tity  can  be  expressed  from  th e  b a lan ce  o f m om en tum

e - ^  +  v - p  =  e / ,  ( i i )
dt

w h ere  q is th e  m ass d en sity  and  /  is th e  b o d y  force. B y  using  поле fo rm ulas
(5)— (11) and  a p p ly in g  G auss’ th eo rem  fo r th e  te rm  V ^ P "  • v ) ,  v a r ia tio n a l 
p rin c ip le  (1) can  be  o b ta in ed  in  th e  fo rm
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r í dvJ o — + v p  - e f
at

V

1 1 о c l-pV2 pi-s . pvs 1
2 Vv Ц  ' J

- ^ ( V ' ü ) 2 - r i ( V v ) s : (V r)s 
2

d V  - й ф ( Р - ® ) - й П  =  0 ,

Q

( 12)

w hich is th e  e x a c t v a ria tio n a l p rin c ip le  of N av ier— Stokes flu ids u n d e r th e  re' 
s tr ic tio n  rep re sen ted  by  the  b a la n c e  o f m o m en tu m  (11) [11, 12, 13, 18, 20].

3. The Gyarmati principle for turbulent m otion

I t  will now  be  shown how  expressions (5), (7) an d  (8) are  m od ified  b y  
ta k in g  in to  acco u n t th e  case of tu rb u le n t  m otion .

To ch a rac te rize  th e  s ta te  p a ra m e te rs  of th e  tu rb u le n t d rift space, th e  
m ean  values w ith  respect to  t im e  a n d  th e  f lu c tu a tio n s  a ro u n d  th e se  m ean  
values will be u sed  following th e  fu n d a m e n ta l w orks o f R e y n o l d s  [22] a n d  
L o rentz  [23]. As a basic a ssu m p tio n , i t  w ill be accep ted  th a t  in  th e  case o f  
developed  tu rb u le n c e  the  f lu c tu a tio n s  are  sm all w ith  resp ec t to  th e  m ean  
va lues. T hus th e  tu rb u le n t s ta te  p a ra m e te rs  are:

v = v + v ' i  p v =  p v+ pv'

p  = p + p '  ; F ’s =  Р и + Р 05' (13)

w here  th e  b a rs  d en o te  the  re sp ec tiv e  m ean  values, w hile th e  dashes re fe r to  
th e  f lu c tu a tio n s . F o r  sim plicity , th e  m ass d en sity  q w ill be  considered  n o n 
f lu c tu a tin g , th a t  is, d en sity -p rese rv in g  m o tio n  will be in v es tig a ted :

Q =  c o n s ta n t. (14)

L e t us tu r n  now  our a t te n t io n  to  th e  fo rm u la tio n  of th e  G y a r m a t i  

prin c ip le  for th e  case of tu rb u le n t m o tio n . This can  be done b y  su b s titu tin g  
expressions (13) o f  th e  s ta te  p a ra m e te rs  accoun ting  fo r tu rb u len ce  in to  fo rm
(12) of th e  p rin c ip le  va lid  in th e  la m in a r  case. H ence we o b ta in  th e  expressions 
of th e  energy d iss ip a tio n  (5) an d  o f  th e  d issip a tio n  p o ten tia ls  (7), (8), sp lit in to  
tw o  p a r ts :  one can  be  assigned to  th e  m ean  values of th e  s ta te  p a ra m e te rs  (to  
th e  m ean  m otion ), th e  o ther to  th e ir  f lu c tu a tio n s  (to  th e  f lu c tu a tin g  m o tio n ). 
H ence th e  v a r ia tio n a l princip le (1) can  be  given as

à f (£*  +  £ ')  d V  = 0 ,  (15)
V

w here
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£* =  Та* — Ч>* Ф* =  - p ' V - v  -  ¥ vs:{ V v )s

-» ? (V r ) s:(Vé)s -  - L p * 2 -  —  F * .P "  (16)
2 ъ  4r?

is th e  L agrang ia ii d e n s ity  belonging to  th e  m ean  m otion , w hereas

£ ' =  T V  Ф' =  F vs' : ( V r ') s- - —  (V - » ') 2

* î(V » ')* :(V ® ')* -—  J»’ -2-  —  P ',s' : P tV (17)
2»ir 4»?

is  t h a t  belonging to  th e  f lu c tu a tin g  p a r t ,  a n d  th e  q u a n titie s  а * ,Ф * ,Ф *  an d  
<x', W ',  Ф' have s im ila r  m eanings. I t  has to  be  m en tio n ed  th a t  th e  sp littin g  o f 
th e  L ag ran g ian  d e n s ity  rep resen ted  b y  E q s  (16) and  (17) is a consequence of
(13), (14) and  o f th e  c o n s titu tiv e  eq u a tio n s  (6). F o r exam ple th e  te rm  —p V  • v '  
o f  th e  energy d iss ip a tio n  will be cancelled  o u t b y  th e  te rm  —l/»yB p l p v o f th e  
d iss ip a tio n  p o te n tia ls  because of th e  c o n s titu tiv e  e q u a tio n  >ry„ V • v ' =  p  . 
T h e  correctness o f o u r s ta te m e n t can  b e  p ro v ed  sim ilarly  fo r o th e r m ixed  
te rm s  includ ing  m e a n  values as well as f lu c tu a tio n s .

As in  th e  case o f  form  (12) o f th e  v a r ia tio n a l p rinc ip le , th e  re s tr ic tio n  
d e riv e d  from  th e  b a la n c e  of m o m en tu m  (11) has to  be ta k e n  in to  acco u n t now , 
to o . H ow ever, in  th e  case of tu rb u le n t m o tio n  we m u st tu rn  from  th e  su b s ta n tia l 
tim e  d e riv a tiv e  d/d t  invo lved  in  th e  b a la n c e  of m o m en tu m  (11) to  th e  su b 
s ta n t ia l  tim e  d e r iv a tiv e  (î/dt ta k e n  on a “ p a r tic le ”  o p era tin g  on m ean  v e lo c ity  
V  w ith  th e  aid  o f  th e  tra n sfo rm a tio n :

d v  d v  . r, r .1  d ti . . / т п \
—  =  —  + [(»  - K ) - V ] t > =  — +  (®'-V)r.  (18)

dt dt dt
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T h e  s itu a tio n  is s im ila r  to  th e  case o f m u ltico m p o n en t c o n tin u a  w ith  d if  
fu s io n  processes, w h ere  every  single c o m p o n en t has a p ro p e r ve lo c ity  fie ld  
[13, 24]. T ak in g  n o w  in to  acco u n t exp ressions (13) an d  (18), th e  balance  o f 
m o m en tu m  (11) c a n  he  sp lit in to  th e  b a la n c e  equa tions

fT/t*i ------------
e — + v - ( e ® v + P )  =  o / (19)

dt
a n d

в
d v '

dt
+  V -(qv' v  +  P ' )— qv(V ■ v') +  gv' (V -v )  =  0 ( 20)
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belonging  to  th e  m ean  an d  th e  f lu c tu a tin g  m o tion , respective ly . W ith  th e  a id  
of th ese  balance  eq u a tio n s  and  (10), th e  L ag ran g ian  densities (16) an d  (17) 
can be g iven in  th e  f in a l form

<p * 0  +  V • ( p b  +  q v 'v ') - o f
d t

V ' IV • v )2 -

ry(Vv)s : (Vu)s
4r/

P : P s V - ( P ' - d ) , ( 21 )

and

<P' _ dv'
+  V • ( p '  6  +  q v ' v )  —  q v ( V  - v ' )  +  g v ' { V  • v )

dt

rj(Vv')s : (Vv')

( V - « ') 2

2% 4»7
F IS : P os' V - ( P c' - r ' ) , ( 22)

w here th e  te rm  g v ' v '  in  th e  L a g ra n g ia n  d en sity  of th e  m ean  m o tio n  is 
R e y n o l d s ’s tu rb u le n t  stress tenso r [22, 24 ] ,  w hile th e  expression

0 t u r b = —« ' - [ ^ ' ( V - t ? )  Qv(V-v') +  V - ( q v ' v)] (23)

can be reg a rd ed  as a generalization  o f L o r e n t z ’s tu rb u le n t d issipation  p o te n 
tia l  [23, 24]. T he la t te r  is equal to  th e  en e rg y  d iss ip a ted  from  th e  m ean  m o tio n  
to  th e  f lu c tu a tin g  m o tio n  p e r u n it v o lu m e  an d  u n it  tim e.

4. Deduction of the Reynolds equations

T ak in g  in to  considera tion  th e  L a g ra n g ia n  densities (21) and  (22), v a r ia 
tio n a l p rinc ip le  (15) can  be given in  th e  fo rm

6 -Ï3- g  + V  • ( p b - \ - g v ’v ' )  —g f  
d t

J h . ( V . v Y ~ r , m s : ( V v Y  - ^ — p ”
2 2 rjv

^ p i 's  . p c s  _ ,
4»7

d v '

d t
- f  V - ( p ' b  +  q v 'v ) —  gv{V •®')+{?®'(V - v )

Vv ( V - f ' ) 2 -r){Vv'Y:{S7v'y
2Vv

-  —  P rs' : P cs' j  d V — ô (J) (P c • v  +  P v ■ V )  ■ d£i =  0 ,

Q

(24)

w hich rep resen ts  G y a r m a t i ’s “ govern ing  p rinc ip le  of d issipative  p rocesses”  
for th e  case of tu rb u le n t  m otion. T h e  E u le r— L ag ran g ian s belonging to  th e
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p rin c ip le  ívül be —  in  co rrespondence to  g enera l equa tions (3) an d  (4) —  th e  
e q u a tio n s  of th e  tra n s p o r t  o f m o m en tu m  a n d  th e  c o n s titu tiv e  eq u a tio n s . In  
b o th  cases tw o sets o f eq u a tio n s can  be  d is tin g u ish ed , those  re la te d  to  the  m ean  
a n d  th e  f lu c tu a tin g  m o tio n , re spec tive ly .

L e t th e  com p o n en ts  Vß (ß  =  1, 2, 3) o f  th e  m ean v e lo c ity  v  be reg a rd ed  
as “ /Л ”  p a ra m e te rs : Г /  =  Vß. T h en  th e  E u le r— L agrange eq u a tio n

(J*»} ____  о

Q--------f-V- ( p b + Q v 'v ' ) — q f  — V(fjv V - v ) ~  V- [2»?(Vt5)s] — 0 (25)
dt

b e lo n g in g  to  v a r ia tio n a l p rinc ip le  (24) is id e n tic a l w ith  th e  tra n s p o r t  eq u a tio n  
o f  m o m en tu m  of th e  m ean  m otion .

R egard ing  com p o n en ts  Vß (ß  =  1, 2, 3) o f th e  velo c ity  f lu c tu a tio n  v '  as 
“ jT,”  p a ra m e te rs : 1 \  =  v'ß, th e  E u le r— L a g ra n g ia n  belonging  to  (24)

ÖLi*/
Q---------1-^ ’ (p ’ 8 + p r 't? )

d t
qv{ V - v ' ) + Q v ' ( y v ) -  V(»jrv v ' ) — V  2r](Vv')s ] =  0

(26)

is e q u a l to  th e  tr a n s p o r t  eq u a tio n  of m o m en tu m  of th e  f lu c tu a tin g  m o tio n . 
N a tu ra lly , v a r ia tio n a l p rinc ip le  (24) h a s  to  be considered  b y  v a ry in g  th e  
q u a n tit ie s  Vß an d  v'ß s im u ltan eo u sly  b u t  in d ep en d en tly  o f each  o th e r. I n  a 
sense  sim ilar to  th e  in d ep en d en t v a r ia tio n  o f th e  c u rre n t densities o f m o 

m e n tu m  p ”, P BS, p  , P  s , th e  c o n s titu tiv e  equa tions

-----• v  =  0 ;
Vv

1 P BS+ (V i?)s = 0 ;
2 r]

—  p ' + V - v '  = 0 ;
Vv

— F s4 ( v » ' f = 0
2 rj

(27)

b e lo n g  to  th e  g enera l sy stem  of E u le r— L ag ran g ian s g iven in  E q . (4).
T he “ n a tu ra l  b o u n d a ry  co n d itio n s”  belonging to  v a ria tio n a l p rin c ip le

(24) are

[ V v V - v + 'p v]n =  0 ; [VvV ■v’+ p v']n =  0 ;

[24(V r)»+F ’*]„ =  0 ; [2ij(Vt:')s+ P ,,s']n= 0 ;

w h ere  n  is th e  e x te rn a l no rm al of th e  b o u n d a ry  surface Q.
B y considering  th e  viscous coeffic ien ts in d ep en d en t of th e  space coo r

d in a te s , and  b o th  th e  m ean  an d  th e  f lu c tu a tin g  m otions incom pressib le , t r a n s 
p o r t  equations (25) an d  (26) are reduced  to  th e  R eynolds eq u a tio n s com m only  
u sed :
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Q -------- \ - V ( p b - \ - Q v ' v ' ) — 7 ] A v - g f  =  0  (29)
d t

an d

q -------- \ - V  ■ ( p ' b - ^ - Q v ' v ) — r j A v '  =  0 .  (30)
d t

T h u s Gy a r m a t i’s “ govern ing  p rinc ip le  o f d iss ip a tiv e  p rocesses”  is p ro v ed  to  
be  eq u iv a len t to  th e  corresponding e q u a tio n s  o f m o tio n  even in th e  case of 
tu rb u le n t  phen o m en a .

5. Quasi-linear constitutive equations

I t  w ill he sh o w n  as a fu rth er g en e ra liza tio n  th a t  th e  Gy a r m a t i p rin c ip le  
c a n  be  reg ard ed  as a n  ex ac t in teg ra l p rin c ip le  for tu rb u le n t phenom ena even  
in  th e  general an d  p rac tica lly  im p o r ta n t  case w hen  in co n stitu tiv e  eq u a tio n s
(6) th e  v iscosity  coeffic ien ts depend o n  th e  h y d ro s ta tic  p ressu re , v e lo c ity  a n d  
p o ssib ly  on th e  te m p e ra tu re . In  th e  l a t t e r  case th e  d is tr ib u tio n  o f te m p e ra tu re  
is supposed  to  be u n ifo rm  in the f lu id , b u t  i t  has to  be m en tio n ed  th a t ,  b a sed  
on  o u r fo rm er w o rk  [18] these re su lts  can  be fu r th e r  generalized  to  non-iso- 
th e rm a l tu rb u le n t sy stem s.

W ith  th e  aim  o f discussing th e  a b o v e  case le t us consider Gy a r m a t i’s 
su p p lem en ta ry  th e o re m , which g u a ra n te e s  th e  v a lid ity  of v a ria tio n a l p rin c ip le
(1) even  in  case o f so-called  quasi-linear c o n s titu tiv e  eq u a tio n s, th a t  is, w h en  
th e  coefficients d e p e n d  on sta te  p a ra m e te rs .

T he su p p le m e n ta ry  theorem  asse rts  t h a t  th e  v a r ia tio n  of th e  d iss ip a tio n a l 
p o te n tia ls  (2) w ith  re sp e c t to  sta te  p a ra m e te rs  7") v an ishes in  real processes, i.e.

d r j ( V + 0 ) =  У  Э(У + Ф ) <5Г; =  0 (31)j эг;.

is v a lid . H ow ever, th e  L i k  and R ik coeffic ien ts  m ay  d ep en d  on p a ra m e te rs  Г  j  

[15, 16, 17, 18].
Follow ing Gy a r m a t i’s reflec tions, th e  v a lid ity  o f th e  su p p le m e n ta ry  

th e o re m  will now  b e  p ro v ed  — so to  sa y  as an  exam ple  —  for th e  case of 
tu rb u le n t  p h en o m en a  w ith  n o n -co n stan t coefficients.

T ak in g  in to  a c c o u n t Eqs (16) a n d  (17), th eo rem  (31) can be g iven  in  
th e  d e ta iled  form :
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ôv (V • v ) 2 + -^2- (У • r ' ) 2 -f : (VÎ3)S+  r?(V»/)s : {V v ')s+
2 2

_j__L  p»2_j_ L  p v '2  _J_____ р т а  . p*s_ |_  JL p»s' : P ”
2Vv 4ry Ц  32^

ôv. ^ - { V - v ) 2 + - ^ ( V - r ' ) 2+ >?(Vr)s :(V í) + í?(yí5')s :(Vv')s +

+  —  y 1 +  — p v'2 +  —  P*s : P rs+  —  Pcs' : P " ' l .
2 Vv 2 r)v 4ry

S im ila r expressions are  o b ta in ed  fo r th e  v a r ia tio n  w ith  re sp ec t to  all s ta te  
p a ra m e te rs  ( te m p e ra tu re , p ressu re , e tc .) on  w hich th e  coefficients rjv an d  r] 
m a y  depend . (O bviously  th e  v a lid ity  o f  th e  theo rem  for s ta te  p a ra m e te rs  o f 
hom ogeneous d is tr ib u tio n  —  as, in  o u r case, fo r te m p e ra tu re  —  or fo r ones 
w hose  g rad ien ts  do n o t cause irrev e rs ib le  processes —  such  as h y d ro s ta tic  
p re ssu re  —  is tr iv ia l  [18].)

W ith  th e  aim  o f p rov ing  th e  a c tu a l fo rm  (32) of th e  th eo rem , le t th e  
p a r ts  re la te d  to  th e  b u lk  v iscosity  o f  th e  m ean  m otion  be re m o te d  from  E q . 
(32). T h en  th e re  follows expression

\  M p -  c*  • ®)2+  I p r  —  Г  Sv  +  ~  (V • r ) 2+  f-^7 - — ) r  1 *> '2 [ 9® \d v  rjv , J 2 ! dv ( Эv rjv j
(33

o r a f te r  som e re d u c tio n

• v ) 2 p*2 1 ô v '  (34)
2 av [ Vv \ 2 dv rjl

w hich  van ishes because  of th e  second c o n s titu tiv e  e q u a tio n  in  (27). I t  can  be  
d e m o n s tra te d  in  a sim ilar w ay  th a t  th e  v a ria tio n s  o f th e  o th e r te rm s in  E q . 
(32) also v an ish  in  a rea l process, t h a t  is , w hen  th e  fluxes a n d  forces o f th e  fie ld  
o f  flow  are  connected  b y  c o n s titu tiv e  e q u a tio n s  of th e  ty p e  (27). R ecen tly , th e  
Gy a r m a t i th eo rem  h as been  generalized  b y  F ar k a s  an d  N o szticzius  fo r n o n 
lin e a r  c o n s titu tiv e  eq u a tio n s m uch m ore  g enera l th a n  th e  lin ea r  (or in  case o f 
n o n -c o n s ta n t coefficients quasi-linear) ones in  (27) [26]. I t  is re m ark ab le  t h a t  
o u r  re su lts  are easily  generalizab le  also fo r  non -iso th erm al tu rb u le n t  sy stem s 
b y  ta k in g  in to  acco u n t our fo rm er p a p e r  re la te d  to  h y d ro th e rm o d y n am ics  [18].
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COMPRESSIBILITÉ DES SOLUTIONS AQUEUSES DE 
CERTAINS HALOGENURES, I

C H L O R U R E S D E S  M É T A U X  A L C A L IN S 

L. О эттш  e t  D . A u sl ä n d e r

(Lab. d , Ultraacoustique, U niversité  «B abes-B o lya is C luj, R o u m a n ie)

R eçu le  15 X I ,  1971

P o u r d é te rm in e r  les valeurs des com pressib ilités ad iab a tiq u es  des so lu tio n s a- 
q u eu ses de c h lo ru re  de lith ium , c h lo ru re  de sod ium  e t ch lorure  de p o tassiu m , ou  a  m esuré  
la  v ite sse  de p ro p a g a tio n  des u ltra so n s , p a r  la  m éth o d e  de d iffrac tio n  de lu m iè re  m o 
n o c h ro m a tiq u e  su r un  faisceau u ltra so n iq u e .

On a  env isagé  e t com paré la  v a r ia tio n  de la  com pressib ilité  avec la  te m p é ra tu re  
e t  la  c o n cen tra tio n  dans des cond itions id en tiq u es  p o u r  to u te s  les so lu tions m en tio n n ées. 
L es v a r ia tio n s  co n sta tée s  sont a ttr ib u é e s  a u x  m od ifications s tru c tu ra le s  e t a u x  in te r 
ac tio n s é lectriques spécifiques des so lu tio n s  é tud iées.

Le ca rac tè re  ad iab a tiq u e  d u  p ro cessu s de p ro p a g a tio n  des ondes u l t r a 
son iques p e rm et de dé term iner, m e s u ra n t la  v itesse  de p ro p ag a tio n , que lques 
c o n s ta n te s  c a rac té ris tiq u es  des d iffé ren ts  m ilieux . Ces co n stan tes  so n t p a r t i 
cu liè rem en t u tiles d an s  les recherches effectuées p o u r é ta b lir  les liaisons e n tre  
ce rta in e s  p ro p rié té s  m oléculaires [1]. A  l ’aide de ce tte  m éth o d e  sim p le  e t 
p récise  on p e u t év a lu e r l ’effet de la  c o n c e n tra tio n  e t celui de la  te m p é ra tu re  
su r  les g ran d eu rs  su iv an te s : coefficients de com pressib ilités a d ia b a tiq u e  e t  iso 
th e rm iq u e , cha leu r spécifique à v o lu m e  c o n s ta n t, certa ines co n stan tes  c a ra c 
té r is tiq u e s  des ions se tro u v a n t dan s les so lu tio n s, e tc . [2, 3].

C’est dans c e tte  op tique, que le p ré se n t tra v a il  t r a i te  la  v a r ia tio n  de la  
co m pressib ilité  a d ia b a tiq u e  avec la  c o n c e n tra tio n , la  te m p é ra tu re  e t les p ro 
p rié té s  d u  ca tio n , d an s  le cas des so lu tio n s  aqueuses de LiCl, N aCl e t KCI.

O n a v arié  la  co n cen tra tio n  à p a r t i r  de 0,2 M  ju s q u ’au  voisinage de la 
c o n c e n tra tio n  de s a tu ra tio n  (y co m p ris  l ’eau  distillée) dans l ’in te rv a lle  de 
te m p é ra tu re s  de 15°— 50 °C.

Le coeffic ien t de com pressib ilité  a d ia b a tiq u e  a é té  d é te rm in é  à l ’a ide  de 
la  re la tio n  su iv an te :

Q V l

o ù : Q e s t la  densité  de la  solution e t v la  v itesse  de p ro p ag a tio n  des u ltra so n s  
d an s la  so lu tion . Les valeurs des d e n s ité s  é ta n t  connues [4], la  v itesse  a é té  
m esu rée  p a r  la m é th o d e  de d iffrac tio n  de lum ière  m o n o chrom atique  dan s u n  
ch am p  u ltra so n iq u e  [5].
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Résultats experim entaux

L a com pressib ilité  ad ia b a tiq u e  des so lu tions de LiCl en fo n c tio n  de la  
te m p é ra tu re , à co n c e n tra tio n  c o n stan te , e s t p résen tée  su r la  fig. 1. L ’é lév a tio n  
de  la  te m p é ra tu re  d im in u e  les va leu rs ß ad de façon  id en tiq u e  à celle de ce 
q u ’o n  co n sta te  d ans l ’eau.

F ig . 1. V aria tio n  de la  com pressib ilité  a d ia b a tiq u e  des so lu tions aqueuses de LiCl avec  la
te m p é ra tu re

La ten d an ce  de d im in u tio n  des p e n te s  avec la  hausse de la  te m p é ra tu re , 
de  m êm e que la  ré d u c tio n  des v a leu rs: 9^ad/8 1 avec l ’au g m e n ta tio n  de la  co n 
c e n tra tio n  son t év id en tes .

Le dom aine de te m p é ra tu re s  é ta n t  lim ité  ju s q u ’à 50 °C, le p o in t de la  
com pressib ilité  m in im ale  e t la  p a rtie  a sc en d an te  de la  courbe: ß ad =  f ( t )  n ’o n t 
p a s  é té  mis en év idence  dans le cas de l ’eau . Les m odifica tions des coeffic ien ts 
de  te m p é ra tu re  de la  com pressib ilité  avec  la  co n cen tra tio n  e n tra în e n t ce
p e n d a n t l’ex istence des m in im a. A m esure  que la  co n cen tra tio n  au g m en te , ils 
se d ép lacen t vers les v a leu rs  de te m p é ra tu re s  p lus faib les. A p a r t i r  de la  co n 
c e n tra tio n  de 6 M  les m in im a se s itu e n t dan s l ’in te rv a lle  de te m p é ra tu re  r e 
ch erch ée  et à 10 M  le m in im um  se p lace  à 40 °C environ .
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D ans les so lu tio n s de NaCl e t  de KC1, la  v a r ia tio n  des com pressib ilités 
avec la  te m p é ra tu re  (vo ir fig. 2 e t 3) ne p ré sen te  pas de différences q u a lita tiv e s  
p a r  ra p p o r t à celles de la so lu tion  de LiCl. J u s q u ’au  m in im a on co n sta te  a lors 
la  d im in u tio n  des v a leu rs  de ßad av ec  la  te m p é ra tu re ; on p e u t éga lem en t r e 
m arq u é  q u ’avec l ’au g m en ta tio n  de la  co n c e n tra tio n  les g rad ien ts  de te m p é ra 
tu re  des com pressib ilités d im in u en t. Le dép lacem en t des m in im a v e rs  les 
te m p é ra tu re s  m oins élevées en a u g m e n ta n t  la  co n cen tra tio n , en tra în e  l ’a p 
p a r itio n  de ceux-ci d an s l’in te rv a lle  pou rsiiiv ie , à p a r t i r  de 2 M  p o u r N aC l e t 
de 1 M  po u r KC1.

F ig . 2. V aria tio n  de la  com pressibilité  a d ia 
b a tiq u e  des solu tions aq u eu ses de NaCl avec  

la te m p é ra tu re

Comme on p e u t  le consta ter, les m in im a re p ré se n ta n t les po in ts  d ’in 
v e rsem en t d u  sens de la  varia tio n  de la  com pressib ilité  avec la te m p é ra tu re , 
s’in s ta lle n t po u r c h a q u e  électro ly te à d iffé ren tes  v a leu rs  de tem p éra tu res  e t de 
co n cen tra tio n s. A  la  m êm e co n cen tra tio n , les te m p é ra tu re s  des m in im a de 
com pressib ilité  d éc ro issen t avec l’a u g m e n ta tio n  d u  poids m oléculaire d u  sel.

L a d im in u tio n  des pen tes des cou rbes de com pressib ilité  avec l ’a u g m en 
ta t io n  de la  c o n c e n tra tio n  indique la  ré d u c tio n  progressive  de l’effet de l ’ag i
ta t io n  th e rm iq u e  e t la  tendance  à a t te in d re  la  com pressib ilité  in d é p e n d a n te  
de la  te m p é ra tu re .
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F ig . 3. V a ria tio n  de la  com pressib ilité  a d ia 
b a tiq u e  des so lu tions aqueuses de KC1 avec  

la  tem p é ra tu re
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F ig . 4. V a ria tio n  d e  la  com pressib ilité  a d ia b a 
t iq u e  des so lu tions aqueuses de LiCl avec  la  

c o n ce n tra tio n

Fig. 5. V aria tion  de la  com pressib ilité  
ad iab a tiq u e  des so lu tions aqueuses de 

NaCl avec la  co n cen tra tio n

Les tro is  so lu tions p ré se n te n t des analogies p o u r les v a ria tio n s  de la  
co m pressib ilité  avec  la  c o n cen tra tio n  à la  te m p é ra tu re  co n s ta n te . Les figures 
4 , 5 e t 6 in d iq u e n t les co m p o rtem en ts  des so lu tions de LiCl, N aCl e t KC1.

O n re m a rq u e  la  d im in u tio n  de /?acj av ec  la  co n cen tra tio n  e t les courbes 
p o u r  les d ilu tio n s p lu s élevées d e v ie n n e n t d ro ites. Les in te rsec tio n s  in d iq u a n t 
les v a leu rs  de /3acl com m unes p o u r d e u x  v a leu rs  de te m p é ra tu re s  à u n e  con
c e n tra tio n  donnée , es t la  conséquence de l’ex istence des p o in ts  sy m é triq u es  
p a r  ra p p o r t à la  p o s itio n  des m in im a m en tio n n ées. La convergence des courbes 
de te m p é ra tu re s  d ifféren tes vers les co n c e n tra tio n s  p lus élevées ré su lte  du  fa i t  
que  la  v a r ia tio n  de la  com pressib ilité  av ec  la  te m p é ra tu re  se tro u v e  d im inué , 
lo rsq u e  la  c o n c e n tra tio n  augm ente .

Les tro is  é lec tro ly tes  a y a n t le m êm e an ion  m ais des ca tio n s d iffé ren ts , 
p ré se n te n t des com pressib ilités d is tin c te s  p a rm i les cond itions id en tiq u es  de 
te m p é ra tu re  e t de co n cen tra tio n . Les cou rbes de la  figure 7 illu s tre n t ce com 
p o r te m e n t à t  =  30 °C. I l  en est de m êm e p o u r les au tres  v a leu rs  de te m p é ra 
tu re s  dans l ’in te rv a lle  étudiée.

A m esure que  le rayon  des ca tio n s  au g m en te , les com pressib ilités d im i
n u e n t sy s té m a tiq u e m e n t e t en m êm e te m p s  rem arq u e-t-o n  l ’au g m e n ta tio n  des 
d ifférences /Ißad p o u r  les é lec tro ly tes m en tionnées, avec la  cro issance de la  
c o n cen tra tio n .
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Fig. 6. V a ria tio n  de la com pressib ilité  ad ia
b a tiq u e  des so lu tions aqueuses de KC1 avec 

la co n cen tra tio n

In te rp ré ta tio n  des ré su lta ts

Les v a leu rs  des com pressib ilités a d ia b a tiq u e s  des solu tions aqueuses 
étudiées ré su lte n t des cond itions d ’équ ilib re  des d iffé ren ts élém ents s tru c tu ra is  
soum is à l ’ag ita tio n  th e rm iq u e  et aux  in te ra c tio n s  é lec tro s ta tiq u es . Les v a r ia 
tions des com pressib ilités avec la te m p é ra tu re , la  co n cen tra tio n  de la  so lu tio n  
e t le ray o n  des ca tions, m ises en évidence d a n s  le p ré se n t tra v a il, re f lè te n t les 
dép lacem en ts du  systèm e vers les n o u v eau x  é ta ts  d ’équ ilib re  déterm inés p a r  la  
m od ifica tion  des ra p p o r ts  des in tensités des in te rac tio n s  m entionnées.

Le so lv a n t (dans le cas présen t l’eau) su b it sous l ’ac tio n  de l’a g ita tio n  
th e rm iq u e  d eu x  effets de sens contraire . A in si les m od ifica tions de la co m p res
sib ilité  a d ia b a tiq u e  s’ex p liq u en t p ar le d ép la c e m en t de l’équ ilib re  de la s t ru c 
tu re  té tra é d r iq u e  à celle sem blable au  q u a r tz  dus a u x  ru p tu re s  des lia isons 
hydrogène, ou b ien  à la  d ila ta tio n  th e rm iq u e . A m esure que l ’une ou l ’a u tre  de 
ces deux  ac tio n s p rédom ine , la co m pressib ilité  v arie  en u n  sens ou l’a u tre .

L a d isso lu tion  des sels dans l’eau im p o se  au  systèm e de n o u v eau x  é ta ts  
d ’équ ilib re , dus à la  com plex ité  de fa c te u rs  qu i ex e rcen t des influences ré c i
p roques. E n  p rem ier lieu , le changem ent de  c o n cen tra tio n  des sub stan ces à 
poids m oléculaires d iffé ren ts , influence les v a leu rs  des com pressib ilités p a r  
l’in te rm ède  de la d ensité . Ce fa it est m is en  év idence p a r  la  d im inu tion  de la 
com pressib ilité  avec la  cro issance de la c o n c e n tra tio n . L a présence de ions d an s

4 Acta Chim. ( Budapest) 75, 1972

F ig . 7. V aria tio n  des com pressibilités a d ia b a 
tiq u e s  des so lu tions aqueuses de: L iC l,N aC l, 

K  Cl avec la  concen tra tion
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le  so lv a n t m odifie  la  s tru c tu re  de ce d e rn ie r  à la  su ite  de la  ru p tu re  des lia isons 
h y d ro g èn e . Cet effe t s’a jo u te  à celui d ’an a lo g u e  à l’a g ita tio n  th e rm iq u e  e t  
c o n tr ib u e  au  d ép lacem en t de l ’équ ilib re  v e rs  les s tru c tu re s  p lus co m p ac tes , 
a y a n t  une  com pressib ilité  p lus fa ib le , p ro p o rtio n n e llem en t à la  cro issance d u  
n o m b re  d ’ions dan s la  so lu tion .

Les données o b ten u es re la tiv es  à la  v a r ia tio n  de la  com pressib ilité  av ec  
la  co n cen tra tio n  v é rif ie n t la  re la tio n  su iv a n te  [6]:

ßad =  ß 0 +  А С  +  В С 3'2

P o u r  les co n cen tra tio n s  p e tite s  ce tte  re la tio n  dev ien t:

ßad — ßo +

où  ß 0 rep résen te  la  com pressib ilité  a d ia b a tiq u e  de l ’eau.
P o u r ces ra isons e t en conséquence des in te rac tio n s  é lec tro s ta tiq u es  (q u i 

s o n t en équilib re  d y n am iq u e  avec l ’a g ita tio n  therm ique) la  c o n tr ib u tio n  de  
l ’é lév a tio n  de la  te m p é ra tu re  su r les m o d ifica tio n s s tru c tu ra le s  est lim itée  a u x  
v a le u rs  in ferieu res à celles de l ’eau.

A côté des in te ra c tio n s  é le c tro s ta tiq u e s , les ions ag issen t en m êm e te m p s  
p a r  leu r charge su r les m olécules du  so lv a n t, en  au g m e n ta n t leu r m o m en t d i
p o la ire  e t m o d ifian t p a r  conséquence la  c o n s ta n te  d ié lec trique  en p ro p o rtio n  
in v erse  avec la  d is tan ce  de l ’ion. C’est la  ra iso n  po u r laquelle  les m olécules 
p o la ires  o rien tées d u  so lv an t ag issen t à le u r  to u r  sur les ions ch an g ean t le u r  
énerg ie  p o ten tie lle  é lec tro s ta tiq u e . I l  es t é v id e n t que la force de ces in te ra c tio n s  
d ép en d e  du  nom bre  e t de la  n a tu re  des ions en  solu tion . Cela se re flè te  d an s  la  
v a r ia tio n  de la  com pressib ilité  avec la  c o n c e n tra tio n  e t les p ro p rié té s  des ions 
co rresp o n d an ts . L ’a g ita tio n  th e rm iq u e  in te rv ie n t en sens inverse su r l ’e ffe t 
m en tio n n é , de faço n  à fre in er l’o r ie n ta tio n  des dipoles d u  so lv an t.

Les cham ps é lec triq u es des ions ag issen t sur les m olécules du  so lv a n t 
p ro d u isa n t des effets d ’é lec tro s tric tio n  de d ifféren ts degrés, p ro p o rtio n n e ls  a u  
n o m b re  des ions e t en  p ro p o rtio n  inverse  avec  leurs rayons.

Les couches e x trê m e m e n t condensées des enveloppes d ’h y d ra ta tio n  des 
ions de la  so lu tion  c o n tr ib u e n t éga lem en t a u  changem en t de la  co m p ressib ilité , 
con fo rm ém en t a u x  co n cen tra tio n s  d ’ions en  so lu tion  dans la  m esure des d eg rés  
d ’h y d ra ta tio n  des ions [7, 8]. L ’an ion  des sels em ployés é ta n t  id en tiq u e , les 
d ifférences tro u v ées  so n t dues au x  ca tio n s . Les courbes p résen tées d an s  la  
fig u re  7 m o n tre n t que  la  com pressib ilité  a d ia b a tiq u e  au g m en te  avec la  d im i
n u tio n  des ray o n s des ca tions, c’est-à -d ire  l ’au g m en ta tio n  d u  degré d ’h y d r a 
ta t io n . C’est en  désaccord  avec la c o n s ta ta tio n  qui v ien t d ’ê tre  m en tio n n ée  
p lus h a u t. La c o n tra d ic tio n  s’exp lique  p a r  le fa it que l’a p p o r t de la  d e n s ité  
accrue , a u g m e n ta n t la com pressib ilité  de la so lu tion , est b ien  p lus g ran d  q u e  
celu i du  degrés d ’h y d ra ta tio n  qui ag it en  sens inverse [9, 10].
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L a  v a r ia tio n  des valeurs de ßaü en  fo n c tio n  de la  d ensité  é ta b lit  l ’o rd re  
p ré v u  des courbes, les com pressib ilités é ta n t  p ro p o rtio n n e lle s  au x  ray o n s  des 
ca tio n s, p a r  su ite  de la  varia tio n  c o rre sp o n d a n te  des degrés d ’h y d ra ta t io n  e t 
du  n o m b re  des ions.

Conclusions

1. L a  com pressib ilité  ad iab a tiq u e  des so lu tions aqueuses des ch lo ru res de 
lith iu m , sodium  e t p o tassiu m  se t ro u v e  d im inuée lo rsq u e  la  c o n c e n tra tio n  
au g m en te .

2. L a  v a r ia tio n  de la  com pressib ilité  avec la  te m p é ra tu re  dans les so lu 
tions aqueuses é tu d iées  est analogue à  celle de l’eau  p u re  e t p ré sen te  des 
m in im a qu i se d é p la c e n t vers les v a le u rs  p lus p e tite s  de te m p é ra tu re  av ec  la  
cro issance de la co n cen tra tio n .

3. Si l ’an ion  des sels est le m êm e d a n s  to u s les cas, les com pressib ilités 
d ép e n d e n t des p ro p rié té s  du cation de la  so lu tion .
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ELECTROSTATIC THEORIES 
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R eceived D ecem ber 2, 1971

A s tu d y  was m ade of th e  e le c tro s ta tic  th eo ries o f K id a , and  of Makcus an d  
E l ié z e r  in te rp re tin g  the  fo rm atio n  of m ixed  com plexes. I t  is po in ted  o u t t h a t  K id a ’s 
in te rp re ta tio n  tak es in to  accoun t o n ly  th e  a tom ic  rad ii an d  neglects all o th e r  fac to rs . 
F ro m  calcu la tions on th e  m ixed com plexes H g B rI an d  F eF C l+ an d  w ith  th e  use  o f 
l i te r a tu re  d a ta , i t  has been show n t h a t  th e  e lec tro sta tic  s tab iliza tio n  energy  c a lcu la ted  
on  th e  basis o f th e  Marcus an d  E l ié z e r  m odels am o u n ts  to  ab o u t one te n - th o u sa n d th  
o f th e  to ta l  energy  of in te rac tio n . T he re liab ility  o f th is  o therw ise  low  v a lu e  is fu r th e r  
decreased  b y  th e  possible change of o th e r  facto rs (e.g. b o n d  d istance, b o n d  angle, e tc .). 
A ccord ing  to  th e  m odels, th e  energies calcu la ted  for th e  in d iv id u a l com plex species 
do n o t  follow  th e  m easured  eq u ilib riu m  co n stan ts  even  q u a lita tiv e ly , a n d  indeed  th e  
ex is ten ce  o f H g F 2 in aqueous so lu tion  w ould be  ju s tified . W ith  th e  use o f l i te ra tu re  d a ta ,  
d ifficu lties  a re  po in ted  o u t in th e  ca lcu la tio n  of th e  d ielectric  c o n s tan t o f th e  so lven t.

T h e la rg e  n u m b er of m ixed com plexes, an d  also th e  fa c t th a t  m ixed  
com plexes a re  form ed tra n s itio n a lly  in  num erous reac tio n s, m ake p a r tic u la r ly  
n o te w o rth y  all those  theories w hich  a t te m p t to  in te rp re t th e  e x te n t o f  fo r
m a tio n  o f  m ixed  com plexes. On th e  basis of e lec tro s ta tic  considera tions a n d  
m odels, K i d a  [1], an d  th e n  Ma r c u s  an d  E l iézer  [2], exp la ined  an d  ca lcu la ted  
th e  s ta b il i ty  co n stan ts  o f m ixed com plexes. A lthough  th e  au th o rs  e lab o ra ted  
th e ir  th eo rie s  n o t only for th e  sim p lest m ixed  com plexes o f ty p e  M AB, we con
sidered  i t  su ffic ien t to  lim it ourselves to  a tre a tm e n t of these.
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Interpretations of the stabilities o f mixed complexes according 
to Kida, and Marcus and Eliézer

As re g a rd s  th e  fac to rs d e te rm in in g  th e  s tab ilitie s  of m ixed  com plexes, 
b o th  K i d a  [1],  an d  Marcus  an d  E l ié z e r  [2], deal w ith  essen tia lly  th e  sam e 
ones as th o se  discussed by  B j e r r u m  [3] in  in te rp re tin g  stepw ise eq u ilib riu m  
c o n s ta n ts . A ccord ing  to  th is , th e  lo g a rith m  of th e  ra tio  o f tw o stepw ise s ta b ili ty  
c o n s ta n ts  (log K n K n *n + 1 =  Т П:П + 1) can  be given as th e  sum  o f th e  lo g a rith m  
o f th e  ra t io  o f s ta b ility  co n stan ts  ca lcu lab le  on th e  basis o f s ta tis t ic a l  con
s id e ra tio n s  (S n>n + 1) an d  th e  lo g arith m  o f th e  s ta b ility  c o n s ta n t ra tio  ca lcu lab le  
from  th e  lig an d  effect (L n n + l):

Jn ,n + 1 n + l ( 1 )
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T h e  f i r s t  te rm  expresses th e  p ro b ab ility  o f b in d in g  of th e  ligand , w hile according 
to  B j e r r u m , th e  lig an d  effect is m ade u p  o f tw o  te rm s: th e  e lec tro s ta tic  effect 
(its  lo g a rith m  is E nin + 1), an d  th e  re s t  e ffec t (its lo g a rith m  is й П(Л+1). As 
re g a rd s  th e  n a tu re  o f th ese  tw o la t te r  effec ts, E n>n + 1 arises from  pure ly  
C oulom bic in te rac tio n  (rp) and  its  v a lu e  is:

E n , n + i  =  0 .4343 - ^ ± L  (2)
k l

w h ere  к  is the  B o ltz m a n n  c o n s ta n t, an d  T  is th e  te m p e ra tu re  in  °K . I n  those  
com plexes w here th e  co o rd in a tio n  sphere  is occupied  b y  u n ch arg ed  lig an d s, 
th e  e lec tro s ta tic  en erg y  is zero, an d  so th e  lo g a rith m  o f th e  v alue  o f  th e  re s t 
e ffec t arises from  th e  d ifference in th e  lo g a rith m s of the c o n s ta n ts  m easu red  
ex p e rim e n ta lly  an d  ca lcu la ted  s ta tis tic a lly .

O n th is  basis, K id a  [1] s tu d ied  th e  e le c tro s ta tic  energy  change occurring  
d u r in g  m ixed com plex  fo rm a tio n , a n d  show ed th a t  if, fo r exam ple, a square  
p la n a r  m ixed com plex , t r a n s -M A 2B 2, is fo rm ed  from  th e  square  p la n a r  p a re n t 
com plexes, M A i an d  M B 4, th e n  th e  rep u ls io n  energy  b e tw een  th e  an ions in  th e  
m ix ed  com plex will be  sm aller th a n  (or th e  sam e as) h a lf  th e  sum  of th e  re p u l
sion  energies b e tw een  th e  anions in  th e  tw o  p a re n t  com plexes. Since th e  energy  
o f  a t tra c t io n  does n o t  change, an  e le c tro s ta tic a lly  m ore s tab le  (or ju s t  as 
s ta b le )  p ro d u c t com es a b o u t, an d  th is  m eans, th e re fo re , th a t  th e  fo rm a tio n  o f 
th e  m ix ed  com plex fro m  th e  co rrespond ing  p a re n t  com plexes is fav o u red .

K i d a  a lso  m a d e  s im i la r  c o n s id e r a t io n s  w i t h  o t h e r  t y p e s  o f  c o m p le x e s ,  

a n d  r e g a r d e d  t h e  d i f f e r e n c e  in  t h e  lo g a r i t h m s  o f  t h e  m e a s u r e d  s t a b i l i t y  c o n 

s t a n t  a n d  t h e  s t a t i s t i c a l  f o r m a t io n  c o n s t a n t  a s  a  m e a s u r e  o f  t h e  e x t r a  s t a b i l i 

z a t io n .

I n  developing th e  th e o ry  of K i d a , M a r c u s  an d  E l i é z e r  [2, 4, 5] ac 
c u ra te ly  ca lcu la ted  th e  e x te n t of th e  e le c tro s ta tic  energy  change on th e  fo r
m a tio n  of m ixed com plexes an d  th e n , e ssen tia lly  on th e  basis of th e  B je rru m  
fo rm u la , rep resen ted  th e  lo g arith m  o f th e  s ta b il i ty  c o n s ta n t of a m ixed  com plex 
as th e  sum  of th ree  te rm s :

log K M =  log K stat +  log K ei +  log K R (3)

w h e re  K stat Is th e  s ta tis t ic a l  fo rm atio n  c o n s ta n t, K ei can  be ca lcu la ted  from  
th e  e lec tro s ta tic  in te ra c tio n , an d  K R rep re sen ts  th e  rem ain in g  in te rac tio n s . 
M a r c u s  and  E l i é z e r  d id  n o t p u b lish  d a ta  w ith  reg a rd  to  th e  size of K R; th e y  
m e re ly  n o ted  th a t  u n t i l  th e  so lven t effect could  be ca lcu la ted  ex p lic itly  it  
w o u ld  be included  in  th is  [3].

In  order to  be  ab le  to  ca lcu la te  as a c c u ra te ly  as possible th e  energy  d if
fe ren ce  arising from  th e  e lec tro s ta tic  in te ra c tio n  d u rin g  th e  fo rm atio n  of th e
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m ixed  com plex , M a r c u s  an d  E l i é z e r  p u t  fo rw ard  tw o e lec tro s ta tic  m odels. 
A ccord ing  to  b o th  m odels, th e  m olecules o f b o th  th e  m ixed an d  th e  p a re n t  
com plexes are  b u ilt  u p  from  rig id , sp h erica l ions, an d  b o th  th e  e le m e n ta ry  
charges, z, of th e  ions, an d  th e  dipoles in d u ced  in  th e  in d iv idua l ions, a re  a t  
th e ir  cen te rs .

C om pared  w ith  th e  f irs t m odel [2], w h ich  ta k e s  in to  co n sid e ra tio n  on ly  
th e  ion—ion  and  ion—dipole  in te rac tio n s , th e  second [4, 5] m eans an  ad v an ce  
from  tw o  p o in ts  o f v iew : firs tly , th e  fie ld  s tre n g th s  a t  th e  cen te rs  o f th e  in 
d iv id u a l ions can be ca lcu la ted  m ore e x a c tly , an d  secondly  th e  in te ra c tio n s  
b e tw een  th e  dipoles a n d  th e  energy of fo rm a tio n  o f th e  induced  dipoles are  
also ta k e n  in to  acco u n t. Since these  p re d o m in a n tly  have d estab iliz ing  effects, 
th e  second m odel ap p e a rs  su itab le  fo r th e  in te rp re ta tio n  of th e  s ta b ilitie s  of 
m ixed com plexes less s ta b le  th a n  ex p ec ted  on s ta tis t ic a l  grounds. O n th e  basis 
of b o th  th e  f irs t an d  second m odel, M a r c u s  a n d  E l i é z e r  ca lcu la ted  va lu es  in  
excellen t ag reem en t w ith  th e  ex p e rim en ta lly  o b ta in e d  d a ta .

C alcu lations on m ixed com plexes MAB

U sing an  ab ridged  fo rm ula , M a r c u s  an d  E l i é z e r  ca lcu la ted  th e  energy  
difference arising  d u rin g  m ixed  com plex fo rm a tio n ; in  th is  w ay, how ever, i t  is 
n o t possib le to  o b ta in  a p ic tu re  of th e  size o f th e  energies of in d iv id u a l in te r 
ac tions. T he aim  of o u r ca lcu la tions w as th e  e lu c id a tio n  of th ese , an d  p rin c i
p a lly  th e  d e te rm in a tio n  o f  th e  size of th e  d estab iliz in g  in te rac tio n s . F ro m  am ong  
th e  com plexes s tu d ied  b y  M a r c u s  an d  E l i é z e r , we m ade ca lcu la tions o n ly  on 
th e  m ixed  com plex m e rc u ry (II)  b rom ide  io d ide ; a p a r t  from  th is , we m ade de-

ТаЫ е I

Constants used in the calculations based on the electrostatic models

Mixed
complex Interatomic distances Polarizabilities Dipole moments

H gB rI ^ H g -B r  =  2-41 A

c?Hg-i =  2.59 Â

apjg2 + =  2 .4 5 X 1 0 “ 24 cm 3 

a Br_  =  4 .9 7 X 1 0 “ 24 cm 3 

oq _  =  7 .5 5 X 1 0 “ 24 cm 3

/<Br_  =  6.86 D 

/ I , -  =  8.22 D 

i“ H g2+ =  0.34 D 
/tBr_  =  6.60 D 

/zj — =  8.53 D

FeFC l + cípe_p =  2.03 Â 

^Fe-ci =  A

a F_  =  0 .9 8 X 1 0 “ 24 cm 3 

a Ci_  =  3 .5 3 X 1 0 “ 24 cm 3

jtip— =  3.05 D 

/iCl_  == 6.96 D 

/^p— =  3.05 D 

ß c \ -  =  6 -95 D
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Table II

Electrostatic energy (10'* erglmolecule) o f  the mixed complex H g B rI  according to the second model o f  M a r c u s  and  E l i é z e r

a

G
A

IZE
R

, B
EC

K
: 

E
L

EC
TR

O
ST

A
TIC

 T
H

E
O

R
IE

S

Complex Energy of ion—ion 
interaction

Energy of ion—dipole 
interaction

Energy of dipole—dipole 
interaction

Energy of induced 
dipole

Electrostatic 
energy of the 

complex

H g B rl

1 _  I ! (}|9 0Ч ; e Z M fiA  _  + 1 1 3 3  71 ^ 2 M M  134 79 t*2 A  47 3  3 !

-4 2 4 2 .5 2

a

+ e 2 Z m Z b  = -[-1 7 7 9 .1 5  
d B

- e 2 + + -  =  -  460.80

to ta l: + 3 2 3 0 .3 8  
(+ 7 6 .1 4 % )

“ A

+ e  Z-M^ B =  + 1 1 7 6 .1 0  
d B

+ a  =  +  29.34 
d*A

=  _  25.40
d B

e 2 а  У  -  157.79

e -  131.69 
D -

to ta l:  + 2024 .27  
(+ 4 7 .7 1 % )

- 2 ^ ^  = - 3 3  58 

- 2 + B = - 9 0 . 1 9

to ta l:  - 8 8 .9 8  
( - 2 .1 0 % )

2 ад  47á-31

-  =  -4 4 7 .2 7  
2 a s

/f M =  2.57 
2a M

to ta l:  —923.15 
( -2 1 .7 6 % )

1/2 H g B r2

+ e „  + +  =  1912.03
i d A

- e 2 + -  =  -  239.00 
i d A

to ta l: 1673.03 
(+ 7 7 .8 0 % )

+ e  Z mJ - a- =  + 1091 .20
<‘ A

e ZAf A =  136.40 
2dA

to ta l: + 9 5 4 .8 1  
(+ 4 4 .4 0 % )

(2dA)3 -  38-92

to ta l:  —38.92 
( - 1 .8 1 % )

+  =  438.48 
2аА

to ta l :  —438.48 
( - 2 0 .4 0 % )

+ 2 1 5 0 .4 3

1/2 H g l ,

+ e2_?^J?B _ =  _)_i779.i5 
dB

- e 2 - + =  -  222.39 
edB

to ta l: + 1 5 5 6 .7 6  
(+ 7 4 .4 6 % )

+ e  -Z mJ 1b  2 =  + 1220 .42  
d B

Z b Ub  _  152 55 
(2 d ,)2

to ta l:  + 1067 .87  
(+ 5 1 .1 0 % )

____ ' f ̂ __ — __52 32
(2dBy  ~ 52-32

to ta l:  —52.32 
( - 2 .5 0 % )

f ' B  — 481.61 
2aB

to ta l:  —481.61 
( - 2 3 .0 4 %

+ 2 0 9 0 .7 0

Л Е + 0 .5 9 +  1.60 + 2 .2 6 - 3 .0 6 1.36
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Table III

Electrostatic energy (1 0 u  ergjmolecule) o f  the m ixed complex F eF C l+ according to the second model
o f  Marcus and  E liézer

Complex Energy of ion-ion 
interaction

Energy of ion- 
dipole interaction

Energy of 
dipole-dipole 
interaction

Energy of induced 
dipole

Electrostatic 
energy of the 

complex

(FeFCl) + +  5641.41 +  2412.64 —45.10 — 1161.20 +  6847.75
( +  82.38% ) ( +  35.23% ) ( - 0 .6 6 % ) ( -1 6 .9 6 % )

l/2 (F eF ,) + +  3121.18 +  977.37 -1 3 .9 — 474.78 +  3609.87
(+ 8 6 .4 6 % ) ( +  27.07% ) ( - 0 .3 9 % ) ( - 1 3 .1 6 % )

l/2(FeCl2) + +  2514.28 +  1445.46 — 37.77 — 684.96 +  3237.01
(+ 7 7 .6 7 % ) (+ 4 4 .6 5 % ) ( - 1 .1 7 % ) ( -2 1 .1 6 % )

Л Е +  5.95 — 10.19 +  6.74 — 1.46 +  0.87

ta iled  ca lcu la tio n s on th e  m ixed  com plex F eF C l+ , a com plex  w ith  c h a ra c te r
istically  ionic b o n d in g . T here  is th e  possib ility  of an  in te re s tin g  com parison  
betw een  th e  d a ta  o b ta in e d  fo r th is  la t te r  com pound  a n d  tho se  fo r th e  con
siderab ly  m ore co v a len tly  b o n d ed  m ixed  com plex F IgB rI. ( I t  should be n o te d  
th a t ,  to  th e  b e s t o f ou r know ledge, th e  fo rm a tio n  c o n s ta n t of th e  m ixed  
com plex F eF C l+ has n o t so fa r  been  determ ined .)

In  T able I  a re  given th e  d a ta  used  in our ca lcu la tio n s. O f th e  values 
re la tin g  to  H g B rI , on ly  th e  v a lu e  p u t  forw ard for th e  p o la rizab ility  o f H g 2 + 
an d  th e  in te ra to m ic  d istances w ere rep o rted  b y  M a r c u s  and  E l ié z e r . T he 
values for th e  p o la rizab ilities  o f th e  b rom ide and  iod ide  ions were ta k e n  from  
th e  lite ra tu re  [6]. Since th e  so lv en t effect can be re g a rd e d  as im p lic itly  in 
cluded in th e  p o la riz a b ility  va lu e  to  a ce rta in  e x te n t, i t  is likely  th a t  th e  above 
au th o rs  ca lcu la ted  w ith  o th e r  va lues. The d a ta  fo r th e  iro n (II)  f lu o r id e -  
chloride system  w ere also ta k e n  from  th e  lite ra tu re  [6]. A ll of th e  dipole m o 
m en ts are va lues ca lcu la ted  from  th e  d a ta  given in  T ab le  I .

In  Tables I  an d  I I  are  show n th e  d a ta  of ou r ca lcu la tio n s on th e  system s 
H g B r2— H g l2, a n d  F e F ^ — F eC l^ , respectively . T he p e r cen t values o f th e  
in d iv id u a l energies, re fe rred  to  th e  e lec tro sta tic  energ ies o f th e  com plexes, are  
g iven  in  b rack e ts .

D iscussion

1. A ccording to  K i d a ’s in te rp re ta tio n , th e  e x te n t  o f fo rm atio n  of th e  
m ixed  com plex is d e te rm in ed  m ere ly  b y  the  sizes o f th e  atom ic  rad ii; i.e. i t  
com plete ly  d isreg ard s th e  in te ra c tio n s  arising fro m  th e  difference in  th e  
electron ic s tru c tu re s  of th e  ions. I f  th e  in te ra to m ic  d is tan ces  M - А  and  M —B  
a re  deno ted  b y  dA an d  dB, resp ec tiv e ly , th en  th e  e le c tro s ta tic  s tab iliz a tio n  
energy  due to  th e  fo rm a tio n  of th e  lin ea r m ixed co m p lex  M A B  is:
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A E el =  e2 1

4 dA

_1_______ 1
dA -\-dB

(4)

I t  c a n  be  seen th a t  i f  dA =  dB, th e n  E ei is zero, an d  if  dA ^  dB, th e n  A E ei is 
a lw ay s  positive.

2.1. F rom  th e  d a ta  in  T ab les I I  an d  I I I ,  w hich were o b ta in e d  on th e  basis 
o f  th e  second m odel o f  Ma r c u s  a n d  E l ié z e r , i t  can be seen t h a t  th e  d estab i
liz in g  te rm s rep re sen t considerab le  energ ies: th e  d e s tab iliza tio n  is a b o u t 20%  
o f  th e  to ta l  in te ra c tio n s . T hus i t  w ou ld  be  ju s tif ie d  to  ex p ec t th e  m odel to  be 
su ita b le  for th e  in te rp re ta t io n  o f th e  s ta b ili ty  of m ixed lig an d  com plexes 
fo rm ed  in  am oun ts low er th a n  th e  s ta tis t ic a l . N evertheless, th e  re lia b ility  of th e  
m o d e l becom es u n c e r ta in  if  th e  re la tio n  o f th e  to ta l  energies a n d  th e  stab ili
z a tio n  energies are  ex am in ed . In  th e  ca lcu la tio n  for th e  H g B r2— H g l2 system , 
th e  s tab iliza tio n  en e rg y  of 1.4 X l0 ~ 14 erg  p e r m olecule is th e  difference of 
energ ies am o u n tin g  to  a b o u t 12,000 X lO -14 erg, and  th is  is h a rd ly  m ore th a n  
one  te n - th o u sa n d th  o f  th e  energies considered .

This re la tiv e ly  v e ry  sm all en erg y  a lre a d y  in  itse lf  m akes th e  re liab ility  
o f  th e  m odel v e ry  u n c e rta in . I t  is k n o w n  th a t  in  th e  case o f ion ic  com pounds, 
w h ere  th e  use of th e  e le c tro s ta tic  m odel itse lf  is m uch m ore ju s tif ie d , th e  cal
c u la te d  and  e x p e rim en ta lly  m easu red  energies agree w ith in  5— 10% . As th e  
a u th o rs  also in d ica te , in  th e  case o f th e  m ercu ry (II)  h a lides a considerable 
co v a len cy  m ust be  considered , a n d  th is  decreases th e  e x te n t  o f  ag reem ent 
a tta in a b le .

In  add ition  to  th is , we m u st s till p o in t o u t ce rta in  om issions, th e  ex ten ts  
o f w hich  are sm all, b u t  of an  o rd e r of m ag n itu d e  sim ilar to  t h a t  of th e  s ta 
b iliz a tio n  energy.

T he p o la rizab ility  values u sed  fo r th e  calcu lations a re  o n ly  average 
v a lu e s , and  th e  p o la riz a b ility  is n o t  d ire c tly  p ro p o rtio n a l to  th e  change of th e  
fie ld  s tren g th . As a re su lt  its  va lu es  are  d iffe ren t in  th e  m ixed  lig a n d  com plex 
a n d  in  th e  p a re n t com plexes. F o r  th is  reaso n  th e  values o f th e  energies con
n e c te d  w ith  all th e  d ipoles also change.

A lthough  n o t lik e ly  in  aqueous so lu tions of th e  m e rc u ry (II)  halides, in  
th e  case of o th e r  com plex  sy stem s i t  can  read ily  be conceived  th a t  th e  
A - M - B  bond  angle o f  th e  m ixed  com plex  m olecule assum es a v a lu e  d ifferen t 
f ro m  th a t  ex p ec ted  on  th e  basis o f th e  configura tions of th e  p a re n t  com plex 
m olecules. The e x te n t  of th is  is v e ry  d ifficu lt to  p red ic t an d  th e  p reva iling  con
d itio n s  m ust be ta k e n  in to  co n sid e ra tio n . B y  th is  m eans, h ow ever, a con
s id erab le  change ta k e s  p lace in  th e  v a lu e  a n d  d irection  o f th e  fie ld  s tren g th s . 
F o r  in fo rm ation , we ca lcu la ted  th e  change in  th e  energy o f th e  H g B r2 m olecule 
a ris in g  only from  a n  ion—ion in te ra c tio n , as a fu n c tio n  o f th e  B r—H g—B r bond  
ang le . O ur resu lts  h a v e  show n th a t  in  th e  v ic in ity  of 180° th e  m odel is ra th e r  
in sen sitiv e  to  changes in  th e  b o n d  ang le ; a difference of a b o u t 7° here  causes an
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en erg y  change of 1 X 10 ~ 14 erg p er m olecule. A t ab o u t 120°, w here a change in  
th e  angle is d e fin ite ly  ex p ec ted , th e  sam e energy  change re su lts  from  a d if
ference  o f on ly  0.5°.

I t  is clear t h a t  on ly  to  a f irs t ap p ro x im a tio n  can  th e  m ixed  ligand  co m 
p lex  be  considered  as b u il t  u p  from  tw o h a lf  p a re n t com plexes; i.e., i t  is b y  no 
m eans ce rta in  t h a t  som e change does n o t ta k e  place in  th e  bond  d is tan ces  
d u rin g  m ixed  co m p lex  fo rm atio n . W e h a v e  found  th a t  if  th e  H g— I d is tan ce  
in  th e  m ixed  com plex  H g B rI  is decreased  from  2.59 Á to  2.58 Á , th e n  th e  change 
in  th e  s ta b iliz a tio n  energy  arising from  th e  ion—ion in te ra c tio n s  am o u n ts  to  
0 .9 X l 0 ~ 14 erg.

2.2. In  th e  in te rp re ta t io n  of th e  e x te n t  of m ixed com plex  fo rm atio n  in  
benzene, E l ie z e r  assu m ed  th a t  b o th  th e  m olecules of th e  p a re n t  com plexes 
an d  th o se  of th e  m ix ed  com plexes fo rm ed  h a v e  te tra h e d ra l con figu ra tions. H e 
ca lcu la ted  th e  e le c tro s ta tic  s tab iliza tio n  energy  accord ing  to  th e  f irs t m odel. 
T he re su lts  o f th e  ca lcu la tio n s are in  ex ce llen t ag reem en t w ith  th e  e x p e ri
m en ta l d a ta ; th is  is su rp ris in g  in v iew  o f th e  crudeness of th e  a p p ro x i
m a tio n .

I t  is im p ro b ab le  th a t  th e  co n fig u ra tio n s of all th e  com plex  species a re  
th e  sam e in  benzene . I n  a su b seq u en t p a p e r  [6] E l ié z e r  h im se lf rem ark ed  
th a t  in  d io x an  fo r ex am p le  i t  is necessary  to  consider th e  repu lsion  be tw een  
th e  m e rc u ry (II)  h a lid es  an d  th e  m eth y len e  groups of th e  co o rd in a ted  d io x an  
m olecules; th e  size o f  th is  repulsion  is a ffec ted  b y  th e  n a tu re  o f th e  ha logen  
a to m . I f  th is  is so in  d io x an , th e n  no m a tte r  how  d iffe ren t th e  coo rd ina tion  o f 
benzene, here  too  i t  is necessary  to  consider repu lsion  forces v a ry in g  w ith  th e  
halogen  a to m s. As a re su lt, angu la r d is to rtio n s  are to  be  ex p ec ted  upon  th e  
fo rm a tio n  of th e  m ix ed  com plexes an d , as we h av e  show n, th e  effects of th e se  
c a n n o t be neg lec ted  b y  an y  m eans.

T h e  te tr a h e d ra l  con fig u ra tio n  assum ed  is also q u estio n ab le  from  a n o th e r  
a sp ec t. I n  th e  in te rp re ta t io n  of th e  d ipo le m om en ts of th e  m e rc u ry (II)  ha lides 
m easu red  in  d io x an , E l ié z e r  [6] show ed th a t  if  th e  H gC l2 • O R  m olecule 
(O R  =  d ioxan) is t a k e n  as p la n a r w ith  b o n d  angles o f 120°, th e n  th e  m olecule 
w ould  h av e  a d ipo le  m o m en t of ab o u t 5 D ; in  fac t th e  ex p e rim en ta l v a lu e  is 
only  1.43 D . In  b en zen e  too  a value of on ly  1.23 D w as m easu red , an d  th is  
m akes th e  te tr a h e d ra l  s tru c tu re  un like ly , as th e  la t te r  w ould  involve a v a lu e  
la rg e r th a n  5 D . T he q u estio n  is clearly  d ecided  b y  th e  re su lts  o f L e F év r e  e t al.
[7]: from  v a p o u r p re ssu re  m easu rem en ts on  benzene so lu tions o f m ercu ry (II)  
ch lo ride , th e  m o lecu la r w eigh t of HgCl2 w as fo u n d  to  be 490 +  100; th is in d i
ca tes  th e  presence o f  dim eric an d  tr im eric  m olecules w hich  th e  au th o rs  a s 
sum ed  to  be o f p la n a r  con figura tions. T ak in g  these  facts in to  considera tion , i t  
is e v id e n t th a t  th e  ex ce llen t ag reem en t b e tw een  th e  ca lc u la ted  and  fo u n d  
s ta b iliz a tio n  c o n s ta n ts  can  h a rd ly  be considered  as o th e r  th a n  chance co in 
cidence.
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In  connection  w ith  th e  effect o f th e  co o rd in a ted  so lven t m olecules, 
E l ie z e r  po in ts  o u t th a t  benzene  is n o t an  in e r t  so lvent to w ard s  th e  m e rcu ry (II)  
h a lid e s , an d  fu r th e r  th a t  th e  in te ra c tio n s  w ith  th e  so lv en t m olecules in  benzene  
a n d  in  d ioxan  resu lt in  a d ev ia tio n  of th e  m olecular co n fig u ra tio n  from  linear. 
O n th e  basis o f th e  av a ilab le  d a ta  i t  is n o t  possible to  decide th e  e x te n t o f  th e  
d e v ia tio n  from  lin ea rity . H ow ever, th is  b y  no m eans im plies th a t  in th e  case 
o f  a n y  so lven t th e  presence o f so lven t m olecules in th e  coo rd in a tio n  sphere  
can  be  d isregarded , as w as done b y  Ma r c u s  and  E l ié z e r  in  th e ir  ca lcu la tions. 
O n  th e  basis of our own re su lts  [8] fo r exam ple , in DM SO and  in DM F H gL f 
h as  con fig u ra tio n s v e ry  close to  te tra h e d ra l ,  w hereas in w a te r  [9] and  in  th e  
c ry s ta llin e  s ta te  i t  is p ra c tic a lly  p la n a r . In  th e  case o f  H g l^  we assum e a 
v e ry  s tro n g  coo rd ination  o f th e  DM SO or of th e  D M F a t  th e  fo u rth  ap ex  
o f  th e  te tra h e d ro n , an d  th is  exp la in s th e  d ev ia tion  o f  th e  m olecule from  
p la n a r i ty .

2.3. The ß2 values of th e  p a re n t com plexes are kn o w n  from  th e  l i te ra tu re  
(H g B r2: 2 .1 4 x l 0 17 [10]; H g l2: 6.61 X 102,i [11]). F ro m  th e  know n fo rm a tio n  
c o n s ta n t  of th e  m ixed com plex  (12.6 112]), th e  ß2 v a lue  o f th e  m ixed com plex  
ß 2 =  ( [ M A B ] I [ M ]  X И ]  X [B ]) can  be ca lcu la ted  w ith  th e  use of th e  fo llow ing 
fo rm u la :

K  = ______( f t ,  H g B rI )2 __

( f t , H g B r2) X ( f t , H g l2)

I t s  v a lu e  is 1.335 х Ю 21.
F ro m  a com parison  o f th ese  s ta b il i ty  p ro d u c ts  a n d  th e  e lec tro s ta tic  

energ ies o f th e  in d iv id u a l p a re n t  com plexes and  th e  m ixed  com plex (T able I I ) ,  
tw o  co n trad ic tio n s ap p ea r. F irs tly , th e  s ta b ility  c o n s ta n ts  o f th e  in d iv id u a l 
co m p lex  species are sp read  over a ra n g e  of ab o u t 6 o rders of m ag n itu d e , 
w h e reas  th e  differences o f th e  ca lcu la ted  e lec tro sta tic  energies are w ith in  one 
o rd e r  o f m agn itude . Secondly , th e re  is even  a q u a lita tiv e  re la tio n  b e tw een  th e  
c a lc u la te d  an d  th e  m easured  s ta b ili ty  c o n s ta n ts ; th e  o rd e r of th e  la t te r  is 
H g l 2 >  H g B rI >  H g B r„  th e  ex ac t oppo site  of th e  o rd e r of th e  ca lcu la ted  
c o n s ta n ts . In  ad d itio n , on th e  basis o f th e  e lec tro sta tic  m odel th e  e lec tro s ta tic  
e n e rg y  o f H g F , does n o t d iffer from  th o se  of the  o th e r  m ercu ry (II)  ha lides, 
t h a t  is th is  too  is a h igh  p ositive  v a lu e , a lthough  an in te ra c tio n  of th e  m er- 
c u ry ( I I )  ion w ith fluo ride  ion  in w a te r  w as n o t observed .

A com parison of th e  d a ta  in  T ab les I I  and  I I I  also show s th a t  th e  p o la r 
iz a tio n  ionic m odel c an n o t, even to  a f ir s t  a p p ro x im a tio n , ta k e  in to  ac c o u n t 
th e  e x te n t of covalency o f th e  b o n d  an d  th e  bond  s tre n g th  increase a rising  
fro m  th is . This is also p o in ted  o u t b y  Marc us  an d  E l ié z e r  in  th e ir  v e ry  
th o ro u g h  an d  v a lu ab le  rev iew  o f th e  ch em istry  of m ixed  com plexes [13].

2.4. F rom  th e  p o in t o f view  o f th e  calcu la tions th e  v a lu e  of th e  d ie lec tric  
c o n s ta n t  o f th e  m edium  is decisive. W ith o u t any  ju s tif ic a tio n , th e  au th o rs  ta k e
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th e  d ie lec tric  c o n s tan t of th e  m ed iu m  equal to  one, an d  in  th e  ca lcu la tions 
w ith  th is  va lu e , th e y  o b ta in  c o n s ta n ts  in  good ag reem en t w ith  th e  ex p e ri
m e n ta l d a ta .

B je r r u m  [14], in his th e o re tic a l in terp reta tion  o f  th e  d issoc ia tion  con 
sta n ts  o f  p o ly b a sic  acids, has c a lcu la ted  va lu es in  agreem en t w ith  th e  ex p er i
m en ta l d a ta ; nevertheless he con sid ered  ca lcu lations w ith  th e  d ielectric  co n 
s ta n t o f  th e  so lv en t (D ) to be im p rop er.

I n g o ld  [15] has p o in ted  o u t th a t , as a resu lt o f  th e  é lec tro str ic tio n  o f  
th e  so lv e n t and th e  orien ta tion  a n d  d eform ation  o f  th e  so lv e n t  m olecu les, in  
th e  v ic in ity  o f  th e  ion ic charge th e  d ielectric  con stan t a ssu m es a to ta lly  d if
feren t v a lu e ; th eoretica lly , th ese  e ffec ts  can  be tak en  in to  con sid eration  on ly  
w ith  great d ifficu lty . I ngold  d eem ed  it correct to  carry o u t th e  ca lcu la tion s  
n o t w ith  D  b u t w ith  its va lu e m u ltip lie d  b y  a factor k.  (к  is a n um ber less th a n  
u n ity , corresp ond ing  to a co m p lic a te d  fu n ction  o f th e  d ista n ce  r b etw een  th e  
tw o  acid ic groups, w hich at h igh  v a lu e s  o f  r approaches u n ity .)

S c h w a r z e n b a c h  [16] h as  reach ed  conclusions s im ila r to  th o se  of 
B j e r r u m , b u t  has show n th a t  th e  I n g o l d  m odification  is n o t co rrec t e ith er. 
S c h w a r z e n b a c h  considered i t  n ecessa ry  to  tak e  in to  acco u n t s till m ore 
fac to rs , such  as th e  shielding e ffec t o f  th e  acid m olecule itse lf  on th e  ionic 
charges. T he so lven t m olecules p e n e tra te  betw een  th e  acid ic  groups, an d  in 
such  a case th e  effect of th e  d ie lec tr ic  c o n s tan t is g re a te r  th a n  w hen, as a 
re su lt o f th e  positions of th e  tw o  fu n c tio n a l groups, th is  possib ility  is re 
s tr ic te d  or n o n ex is ten t. S c h w a r z e n b a c h  found  th a t  a co rrec t va lu e  is g iven 
b y  th e  re la tio n  l /d (1_x^Bxlc, in  w h ich  к  has th e  sam e m ean ing  as in  th e  I ng o ld  
fo rm ula , d  expresses som eth ing  s im ila r  (“ so e tw as” ) to  th e  d ie lec tric  c o n s ta n t 
o f th e  ac id  m olecule, and  r  is a n u m b e r  sm aller th a n  u n ity , th e  e x te n t of 
sh ield ing  of th e  tw o ionic charges. A  sm all x  value re flec ts  a considerab le  
sh ield ing , w hile a large x  v a lue  m ean s on ly  slight sh ield ing.

I n  his calcu lations of th e  rep u ls iv e  force betw een  iro n (II)  and  iro n (III)  
ions, L a id l e r  [17] likewise p o in te d  o u t th e  d ifficulties co n n ec ted  w ith  th e  
ca lcu la tio n  o f th e  d ielectric c o n s ta n t  o f w ater. H e h as  show n th a t  in  th e  
v ic in ity  o f an  ion  th e  d ielectric  c o n s ta n t o f w a te r v a rie s  d ep en d in g  on th e  
d is tan ce : in  th e  case of an  ion  w ith  a ch arg e  of —)—2, up  to  a b o u t 2.5 Â its  v a lu e  
is 1.78, b u t  a f te r  th is  a v e ry  co n sid e rab le  increase follows an d  a ta b o u t 6 Â i t  
is a lre a d y  70. T he s itu a tio n  is m u ch  m ore  com plicated  if  wo ions are  invo lved , 
since h ere  th e  tw o fields are su p erim p o sed ; th is  affects th e  d ie lec tric  c o n s ta n t, 
an d  th is  in  tu r n  th e  in d iv idua l f ie ld  s tre n g th s . Such a ca lcu la tio n  is also m ade 
d ifficu lt b y  th e  fa c t th a t  b o th  ions e x te n d  in  space. T ak in g  th is  in to  acco u n t 
b y  an  ap p ro x im a tio n  p rocedure , th e  a u th o rs  m ade ca lcu la tio n s, th e  re su lts  o f 
w hich , a lth o u g h  ap p ro x im ate , a re  nev erth e less  b e tte r  th a n  th o se  o b ta in ed  
w ith  th e  fu ll d ielectric  c o n s tan t o f th e  so lv en t, and w hich are  p ro b a b ly  n o t fa r 
from  th e  rea l value.
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In  th e  case o f m e rc u ry (I I )  halides even  m ore co m p lica ted  in te rac tio n s  
m u s t  be tak en  in to  a c c o u n t, since th e  v a lu e  o f th e  d ie lec tric  c o n s tan t m u st be 
s tu d ie d  in  th e  fields o f  ch a rg es  w hich are n o t all o f  th e  sam e k ind .

As can be seen fro m  th e  above, th e  v a lu e  ta k e n  fo r  th e  dielectric  con
s ta n t  is an ex trem ely  d ifficu lt p o in t in  th e  re lia b ility  o f th e  calcu lations. In  
th is  case, if its v a lu e  is n o t  1, b u t  2, 3 e tc ., th e  ca lcu la ted  log  K ci v a lue  for th e  
m ix ed  com plex H g B rI  is n o t 0.148, b u t  0.074, 0.05, e tc ., w h ich  m eans a co n 
sid e rab le  difference fro m  th e  m easured  values.

2.5. In  our o p in io n , th e  m ain  v a lu e  o f th e  w ork  o f Ma r c u s  and  E l ié z e r  
is th e  d em o n stra tio n  t h a t ,  in  princip le , i t  follow s even  from  th e  v e ry  ap p ro x 
im a te  e lec tro sta tic  m o d e l th a t  th e  s ta b ili ty  o f th e  m ix ed  lig an d  com plex can  
b e  b o th  sm aller a n d  g re a te r  th a n  th e  v a lu e  o b ta in ed  fro m  s ta tis tic a l con
s id e ra tio n s . A t th e  sam e  tim e , how ever, th is  m e th o d  o f t r e a tm e n t  also th rew  
l ig h t on th e  lim ita tio n s  o f  th e  e lec tro sta tic  m odel. O ur p re se n t know ledge does 
n o t  p e rm it even an  a p p ro x im a te  estim a tio n  of th e  s ta b il i ty  co n stan ts  o f m ixed  
lig an d  com plexes on th e  basis o f ex tra -th e rm o d y n am ic  d a ta .
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Possible new  an d  econom ical sy n th eses o f h igher cycloim ines (w ith  7, 8 o r 9- 
m em bered  ring) w ere s tu d ied  from  th e  co rrespond ing  lac tam s, a n d  a  survey  of th e  v a r i
a n ts  is g iven. O ctahydroazocine  (h ep tam eth y len e im in e), th e  m o st s ign ifican t m em ber 
o f th is  g roup  from  th e  pharm acochem ica l p o in t o f view , w as chosen as a  m odel com 
p o und . A p roposed  new  an d  econom ic sy n th esis  o f th is  com pound , also realizab le  on 
in d u s tr ia l scale, consists in  th e  N aB H 4 re d u c tio n  of o en an th o lac tim  O -m ethyl e th e r  in  
aqueous m ed ium  b u ffered  b y  organic acids. T h e  possib ilities o f p re p a ra tio n  and  h y d ro 
gen atio n  of bis (lac tim ino) e thers were also s tud ied .

Several research ers  h av e  a tte m p te d  th e  syn thesis  o f o c tahydroazocine  
[1— 7], b u t  before  th e  ap p lica tio n  o f  m e ta l h yd rides [8], on ly  conversions 
am o u n tin g  to  p e r cen t could  be realized . R uzick a  et al. [9] red u ced  o enan tho - 
la c ta m  in  e th e rea l so lu tio n  w ith  lith iu m  a lum in ium  h y d rid e  an d  a tta in e d  a 
y ield  of 65— 70% . L ith iu m  alum in ium  h y d rid e , how ever, c a n n o t be rep laced  
b y  o th e r h y d rid e  an ion  donors, and  th e  use  o f L iA lH 4 is expensive  and  h a z a rd 
ous; th e re fo re , th e  in d u s tr ia l ap p lica tio n  o f R uzick a’s m eth o d  is s tro n g ly  
] e s tric ted .

In  search  fo r a m ore  ad v an tag eo u s p re p a ra tio n  of o c tahydroazocine , we 
a rr iv ed  a t  th e  conclusion  th a t ,  in  o rd e r to  enhance red u c ib ility , th e  la c ta m -  
lac tim  ta u to m e rism  m u st be sh ifted  to  th e  lac tim  side. As show n b y  th e  
in fra red  sp ec tru m , in  th e  su b s ta n tia l la c ta m  th e  eq u ilib riu m  is s tro n g ly  
sh ifted  in  fa v o u r of th e  la c ta m  form . In  a n u m b e r of ex p erim en ts , th e  ca rb o n y l 
g roup  of th e  la c ta m  fo rm  w as found n o n -reduc ib le . S evera l possib ilities m ay  
be  u tilized  fo r a s ta b iliz a tio n  of th e  la c tim  fo rm  (e.g., fo rm a tio n  of lac tim  acyl 
e s te r, lac tim id e , la c tim id e  halide , e tc .). O f th ese , th e  p re p a ra tio n  of a lac tim  
e th e r  p ro v ed  to  be su itab le . In  th e  p resen ce  of a s tro n g  d eh y d ra tin g  ag en t, 
o e n a n th o la c tam  (II) is capab le  of fo rm ing  a la c tim  e th e r  (III) b y  itself. O n th e  
o th e r  h a n d , i t  is know n  from  th e  l i te ra tu re  [10, 11] th a t  la c tim  e thers can  be 
p rep a red  w ith  a lk y la tin g  agen ts.

In  th e  fo rm er case, th e  d e h y d ra tin g  a g en t (PC15, P 20 5) ac tin g  as a Lewis- 
acid  m ay  also ca ta ly ze  a B eckm ann  re a rra n g em e n t. T h u s, one m ay  o b ta in  th e  
b is(lactim ) e th e r  (III) from  cy c lohep tanone  oxim e (I) in  one single s tep . 
A ccording to  o u r experiences, th e  b is(lac tim ) e th e r  (III) can  th e n  be con v erted
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b y  c a ta ly tic  h y d ro g en a tio n  a t  h igh  te m p e ra tu re  an d  u n d e r  h igh p ressu re  to  
o c tah y d ro azo c in e  (IV) in  25— 30%  y ield  [12].

S u itab le  m e th o d s are  know n  fo r th e  p re p a ra tio n  o f lac tim  a lkyl e th e rs , 
m a in ly  th e  m e th y l e th e rs  [13]. L ac tim  m eth y l e th ers  w ith  low -m em bered  
r in g s  can  be s a tu ra te d  to  po lym eth y len e im in es u n d er cond itions u n d er w h ich  
th e  co rrespond ing  la c ta m  can n o t be red u ced  a t  all.

Such a c a ta ly tic  w ay  of th e  p re p a ra tio n  of h e p tah y d ro azep in e  has been  
re p o r te d  [14].

In  a sim ilar w ay , th o u g h  n o t a t  all econom ically , we syn thesized  o c ta 
hyd ro azo c in e  [15].

P o r u b sz k y  et al. [16] o b ta in e d  octah y d ro azo cin e  (IV) b y  th e  e lec tro 
ly tic  red u c tio n  of o e n an th o lac tim  m e th y l e th e r  (V), b u t  th e  conversions re 
m a in ed  below  25— 30% .

I t  was found  b y  B ro w n  et al. [17, 18] an d  sligh tly  earlie r by  K o llo nitsc h  
et al. [19] th a t  th e  co m b in a tio n  o f a lk a li bo rohydrides w ith  a lum in ium , ca l
c iu m , etc . halides in  d ie th y len e  glycol a lk y l e thers gives n o n -h aza rd o u s 
sy s tem s w ith  a v e ry  s tro n g  h y d ro g e n a tin g  a c tiv ity  s im ila r to  th a t  of l ith iu m  
a lu m in iu m  h y d rid e . B y  th e  use o f th is  m e th o d , w hich invo lves th e  v e ry  cu m 
berso m e iso lation  of th e  p ro d u c t, we succeeded  in a tta in in g  y ields b e tw een  50 
a n d  60%  in th e  red u c tio n  of o e n an th o lac tim  m eth y l e th e r  [15]. The a c tu a l 
re d u c in g  agen ts a re  in  th is  case, to o , th e  a lum in ium  an d  calcium  b o ro h y d rid es  
fo rm ed  in  situ , w h ich  a re , how ever, u n s ta b le  a t  room  te m p e ra tu re .

I t  is know n  th a t  sod ium  b o ro h y d rid e  is also u n s ta b le  in  acid m ed ium , 
y ie ld in g  decom position  p ro d u c ts  of d iffe ren t red u c in g  pow er (d ibo rane , 
n a s c e n t hyd rogen , e tc .). In  th e  presence  o f m inera l acids th is  decom position  
ru n s  too  v igorously  to w ard s  m olecu lar hyd ro g en . W e fo u n d , how ever, t h a t  in  
hom ogeneous aqueous system s of low te m p e ra tu re  and  b u ffe red  w ith  o rgan ic  
ac id s , th e  decom position  process can  be well con tro lled  and  u tilized  fo r o u r
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p u rp o ses . B y  th is  m od ifica tio n  i t  is possib le to  reduce  o e n a n th o la c tim  m e th y l 
e th e r  to  o c tah y d ro azo cin e  on  in d u s tr ia l  scale, b y  a sim ple tech n o lo g y , an d  in 
ex ce llen t 90— 94%  yields.

V

1. H /R a n e y -N i, o r P t .
2. N a B H j d ie th y len e  glycol m o n o m e th y le th e r+ A lC l, 

o r CaCL
3. N a B H 4 w a te r  +  o rg an ic  acid

Y ie lds: 1: 25— 3 0 % ; 2: 50— 6 0 % ; 3: 90— 94%

T his m e th o d  can also be  ap p lied  to  th e  reduc tion  o f  la c tim  m e th y l e thers 
w ith  low -m em bered  rings, such  as th e  p rodu c tio n  o f h e p ta h y d ro a z o c in e  from  
ca p ro la c tim  m e th y l e th e r.

T he chem ical, econom ical an d  in d u s tr ia l ad v an tag es  of th e  m e th o d  can  be 
seen  from  a re la tiv e ly  re c e n t p a p e r  [21] w hich describes th e  conversion  of th e  
la c ta m  b y  tr ie th o x o n iu m  f lu o ro b o ra te  in to  lactim  e th e r  flu o ro b o ra te , and  
su b se q u e n tly  th e  red u c tio n  o f th is  p ro d u c t in  an an h y d ro u s  so lven t w ith  alkali 
b o ro h y d rid e  in  a y ield  o f 70 to  7 5 % .

Experim ental

Bis cenantholactim ether (III) from cycloheptanonoxime

T o  a  suspension  of 208 g (1.0 m ole) phosphorus p en tach lo rid e  in  200 m l an h y d ro u s 
to lu e n e , a so lu tio n  of 127.2 g (1.0 m ole) cyclohep tanonox im e in 200 m l a n h y d ro u s to lu en e  was 
a d d e d  d ropw ise  a t  75°C in  3 h rs ., u n d e r  s tirr in g . T he m ix tu re  w as cooled to  20 °C, p o u red  on to  
100 g o f ice lu m p s  an d  m ixed  in tim a te ly . A fte r  separa tion , th e  aqu eo u s ph ase  w as m ad e  a lk a 
lin e  (ppi 8.5) w ith  am m onium  h y d ro x id e  a t  a tem p era tu re  below 25 °C, u n d e r s tirrin g . A lig h t 
ye llow  c ry sta llin e  p ro d u c t p re c ip ita te d , w h ich  was filte red  off a n d  recry sta llized  from  h o t 
ace to n e  to  y ie ld  91 g (77% ) of 1П, m .p . 80— 81 °C [4].

Catalytic reduction of bis(oenantholactim) ether

118.1 g (0.5 m ole) b is(o en an th o lac tim ) e th e r  (III) was d issolved in  1100 m l an h y d ro u s  
e th a n o l, a n d  an  e th an o lic  suspension of 5 g R a n ey  nickel p rev iously  m ix ed  w ith  0.2 g an h y d ro u s  
c o p p er su lfa te  w as added  to  th e  so lu tion . T h e  m ix tu re  was s tirred  fo r 8 h rs. u n d e r  a  h y d ro g en  
p re ssu re  o f  65 a tm . a t  130 °C in n er te m p e ra tu re  in a  5-litre h e a ted  h y d ro g e n a tin g  a u to c lav e  
eq u ip p ed  w ith  a s tirre r . A fte r cooling, th e  c a ta ly s t  was rem oved b y  f i ltra tio n , an d  th e  e th a n o l 
w as e v ap o ra te d . T he basic residue  w as su b je c ted  to  frac tiona l d is tilla tio n  a t  25 to r r .  O c tah y 
droazocine  w as collected  betw een  68 an d  74 °C a t  25 to rr  to  o b ta in  54.8 g (48 .4% ) o f IV. On 
c o n tin u in g  th e  d is tilla tio n , o e n an th o lac ta m  w as recovered a t  175— 182 °C a t  25 to rr .

O ctahydroazocine: п д :  1.4733; m .p . o f th e  hydrochloride 178 °C; m .p . o f th e  h y d ro - 
b ro m id e  191— 193 °C; m .p . o f th e  p ic ra te  146— 148 °C.
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O ctahydroazocine (IV ) from  cen an th o lac tim  m ethy l e th e r (V )
M ethod A

T o a solution of 141.2 g  (l.O m ole) o en an th o lac tim  m e th y l e th e r  in  2 5 0 m l diethylene gly
col m o n om ethy l e th e r 46.3 g (1.25 m ole) sodium  b o ro h y d rid e  w as ad d ed  in  sm all po rtions 
u n d e r  s tirring , a t a ra te  to  m a in ta in  th e  in n er te m p e ra tu re  o f th e  m ix tu re  betw een  38 and  
40 °C. Subsequently , a so lu tio n  of 50.0 g (2 m oles) o f a lu m in iu m  chloride  h e x ah y d ra te  in  250 
m l o f d ie thy lene  glycol m o n o m e th y l e th e r  w as ad d ed . D u rin g  th is  p ro ced u re , th e  te m p e ra tu re  
o f  th e  m ix tu re  could be a llo w ed  to  rise  to  60— 65 cC. S tirrin g  w as co n tin u ed  a t  th is  tem p e ra 
tu r e  fo r 4 hrs., th en  100 m l o f  w a te r  was added  b y  d rops, an d  s tirr in g  w as c o n tin u e d  a t  65—- 
70 °C fo r 6 hrs. A fter coo ling , a  d istilla tion  a tta c h m e n t was a ffix ed  to  th e  device, and  
th e  c o n te n ts  of the  flask  w as d is tilled  a t  reduced  pressu re  (20 to rr)  u n t il  th e  te m p e ra tu re  o f 
th e  v ap o u rs  a tta in ed  120 °C. T h e  d is tilla te  was acid ified  to  р ц  3 w ith  h y d ro c h lo r ic  acid, and 
th e  so lven ts evaporated  a t  10 to r r .  T he residue was d issolved in  100 m l o f  w a te r  a n d  th e  so lu
t io n  w as m ade alkaline (р н  9) w ith  a  so lu tion  of sod ium  h y d ro x id e . T h e  o rg a n ic  phase  was 
se p a ra te d  and ex trac ted  w ith  fo u r 400 m l portions o f d ie th y l  e th e r. T h e  c o m b in ed  e x tra c ts  
w ere d ried , th e  solvent w as e v a p o ra te d , an d  th e  re s id u e  d is tilled  a t  20 to r r .

O ctahydroazocine: b .p . a t  20 to r r :  56—65 °C; y ie ld : 6 4 .6  g (5 7 % ); riÿ :  1.4732; m .p. of 
th e  hydrochloride: 178— 179 °C.

Method В

A solution of 141.2 g (1 .0  m ole) o en an th o lac tim  m e th y l e th e r  in  200 m l o f w a ter was 
m ix e d  w ith  a solution of 110 g ta r ta r ic  acid in  300 m l w a te r  a t  a  te m p e ra tu re  below 10 °C, 
u n d e r  stirring . The h o m ogeneous so lu tion  was cooled to  2 °C, an d  a  so lu tio n  of 60.5 g (1.6 
m ole) sodium  borohydride  in  400 m l w a te r was ad d ed  du rin g  2 h rs ., m a in ta in in g  an  in n er 
te m p e ra tu re  no t h igher th a n  6 °C. A fte r  com pleting  th e  a d d itio n , s t i r r in g  a t  room  tem p era tu re  
w as con tinued  for 1 h our, a n d  th e n  a t  100 °C for a n o th e r  h o u r .  T h e  m ix tu re  was cooled, m ade 
a lk a lin e  w ith  140 g (3.5 m oles) o f sod ium  hydrox ide, a n d  th e  s e p a ra te d  o rg an ic  phase e x trac ted  
consecu tiv e ly  w ith 1 X 300 a n d  2 X 150 m l of benzene.

A fter rem oving th e  so lv e n t b y  d istilla tion , o c ta h y d ro az o c in e  w as d istilled  in th e  w ay  
spec ified  under M ethod A ,  to  y ie ld  100.5 g (90 .15% ) of IV.

H ep tah y d ro azep in e  from  capro lac tim  m e th y l e th e r

A solution of 72 g c itr ic  acid  in  250 m l w a ter w as ad d ed  a t  o r below  10 °C, u n d e r s t i r r in g ,  
to  a  m ix tu re  of 127.1 g (1.0 m ole) cap ro lac tim  m eth y l e th e r  an d  200 m l w a te r . The so lu tio n  
w as cooled to  2 °C, th e n  a so lu tio n  of 60.5 g so d iu m  b o ro h y d rid e  in  400 m l w a ter was ad ded  
d u rin g  1 h r., keeping th e  in n e r  tem p e ra tu re  below  6 °C. A fte r  th e  ad d itio n , th e  m ix tu re  was 
s t i r re d  a t  room  te m p e ra tu re  fo r  1 h r ., th e n  a t  100 °C fo r a n o th e r  h o u r. A fte r  cooling, th e  m ix 
tu re  w as m ade alkaline w ith  140 g sodium  h y d ro x id e , an d  th e  se p a ra te d  o rgan ic  phase ex 
t r a c te d  w ith  3 X 200 m l o f  ben zen e . T he so lven t was rem o v ed  b y  e v ap o ra tio n , and the  residue 
d is tilled  a t  atm ospheric p re ssu re ; b .p . a t  760 to r r :  132— 138 °C; y ie ld : 90.1 g (90.3% ); пд1: 
1 .4642; m .p. of the  p ic ra te :  144 °C.
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IN V E S T IG A T IO N  O F  IO D IN E  IN IT IA T E D  S O L ID  STA T E  O L IG O M E R IZ A T IO N
O F A C E N A P H T H Y L E N E
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I n  revised  fo rm  F e b ru a ry  4, 1972

T he k in e tics , m echanism  a n d  conditions o f  th e  o ligom erization  of c ry sta llin e  
acen ap h th y len e , in it ia te d  b y  iodine v a p o u r w ere in v es tig a ted . T h e  ac tiv a tio n  en erg y  
o f th e  overall re ac tio n  h av in g  a lin e a r k in e tic  c h a ra c te r  is 28 kcal/m ol. The D P  o f 
p ro d u c ts  o b ta in ed  b y  th is  w ay  is 3— 6, th e ir  iodine c o n te n t b e in g  m uch  lower th a n  1 
iodine a to m  p e r o ligom er m olecule. T he re ac tio n  tak es  p lace  b y  a n  ionic m echanism . 
P resu m ab ly , th e  e le m en ta ry  re ac tio n  of in itia tio n  involves th e  fo rm a tio n  of a  d o n o r-  
accep to r com plex b e tw een  iodine an d  acen ap h th y len e  follow ed b y  its  d issociation  
in to  ions.

I f  h igh energy  ra d ia tio n  is used  for th e  in itia tio n  o f  solid s ta te  p o ly 
m eriza tio n , th e  cen te rs  s ta r tin g  th e  k in e tic  chains are  fo rm ed  over th e  w hole 
h u lk  o f  th e  m onom er. T h e  reac tin g  system  —  a t  leas t in  th e  f irs t  period o f th e  
re a c tio n  —  can  be considered  as hom ogeneous an d  th e  v a r ia tio n  of th e  dose 
ra te  p e rm its  k in e tic  in v es tig a tio n s . As opposed  to  th is , in  th e  case of chem ical 
in it ia tio n  o f solid s ta te  p o ly m eriza tio n  processes, a series o f confusing c ircum 
stances m u st be ta k e n  in to  acco u n t, th u s  e.g. th e  phase  o f th e  tw o-com ponen t 
system  fo rm ed  b y  th e  m onom er an d  in it ia to r  or c a ta ly s t a n d  its  change d u rin g  
th e  re a c tio n  [1]. N everth e less , in  c learing  up  th e  m echan ism  o f a solid s ta te  
re a c tio n  th e  la t te r  m e th o d  has th e  a d v a n ta g e  o f u n am b ig u o u sly  defined ac tiv e  
cen te rs , w hereas in  th e  case o f h igh  energy  in it ia te d  reac tio n s  th e  sim ultaneous 
fo rm a tio n  of ions, rad ica ls  and  ex c ited  m olecules m u st be ta k e n  in to  acco u n t.

In v e s tig a tin g  th e  solid  s ta te  p o ly m eriza tio n  of N -v iny lcarbazo le , th e  
an o m aly  of its  sp o n tan eo u s  p o ly m eriza tio n  in  th e  p resence  o f carbon t e t r a 
ch lo ride has been n o ticed  [2], w hich can be considered  as th e  f irs t observa tion  
on p o ly m eriza tio n  due  to  th e  fo rm a tio n  of ch a rg e -tran sfe r com plexes. P re su m 
ab ly , th e  s trong  m o lecu la r in te ra c tio n  in  charge tra n s fe r  com plexes m ay lead  
to  new  recognitions b o th  in  th e  law s of solid s ta te  p o ly m eriza tio n  and  th e  
s tru c tu re  o f th e  po ly m ers  th u s  form ed.

* P a r t  X X V II: H a r d y , Gy . and  N y it r a i, K .: M agy. K ém . F o ly . 75, 182 (1969).
** P re sen ted  a t  th e  IU P A C  In te rn a tio n a l S ym posium  on M acrom olecular C hem istry , 

B u d ap es t, A ugust 25— 30, 1969.
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T ak in g  the  above p rin c ip les  as a s ta r t in g  po in t, we b eg an  to  in v es tig a te  
th e  io d in e  in itia ted  so lid  s ta te  o ligom eriza tion  of a cen ap h th y len e . T he iod ine 
in i t ia te d  liqu id  phase p o ly m eriza tio n  h as  been  s tud ied  b y  a n u m b e r o f au th o rs  
a n d  fo u n d  cationic in  c h a ra c te r  [3]. P a r tic u la r ly  in te re s tin g  a re  th e  p u b lica tio n s 
o f  S a k u r a d a  et al. [4] a n d  G iu s t i  et al. [5, 6], who h av e  d e a lt w ith  th e  iodine 
in i t ia te d  po lym eriza tion  o f  s ty ren e , oe-m ethylstyrene and  a cen ap h th y len e  in  
d ich lo ro e th an e  and  h a v e  reach ed  d iffe re n t conclusions a b o u t th e  m echanism  
o f  th e  reaction . B y s tu d y in g  th e  solid s ta te  reaction , we h o p ed  to  o b ta in  d a ta  
p e rm itt in g  to  choose th e  m ore p ro b ab le  o f  th e  tw o assu m p tio n s.

E x p erim en ta l

M ateria ls

A cenaphthy lene (a p u riss . q u a lity  p ro d u c t  o f Schuchard t, M ünchen) has been re c ry s
ta ll iz e d  tw ice from  m eth a n o l before  s ta r tin g  th e  experim ents. To check  w h e th er th e  so lv en t 
h a s  a n y  effect on th e  o ligom erization , a  sm a lle r  am o u n t was rec ry sta llized  from  to luene . 
M .p . o f  th e  m onom er w as fo u n d  to  be 92— 92.5 °C; its  density  1.178 g/m l (from  c ry sta llo 
g ra p h ic  calculations 1.183 g /m l), b o th  v a lu es d iffe rin g  greatly  from  th e  0.899 g/ml given in  th e  

l i t e r a tu r e  [7].
Iod ine  (puriss., R e an a l p ro d u c t)  w as su b lim a ted  tw ice, th e n  s to red  over phosp h o ru s 

p e n to x id e . R eanal p .a . q u a li ty  benzene an d  ch loroform  were used  as so lv en ts ; th e  p re c ip ita t
in g  a g e n t  was m ethano l d is tilled  (b .p . 64— 66 °C) from  a technical g rad e  p ro d u c t. 1,2-D ichlo- 
ro e th a n e  and n-hep tane  (p u riss ., R ean a l) u sed  as so lven ts in th e  liq u id  ph ase  o ligom erization  
a n d  spec tro p h o to m etric  ex p erim e n ts  were f i r s t  d istilled  th en  passed  th ro u g h  a d ry in g  colum n 
f i l le d  w ith  “ K linosorb-4”  m o lecu la r sieve.

T he brom ine so lu tion  in  g lacial ace tic  acid  w as prepared  from  96%  acetic  acid  (“ E rd ő 
k é m ia ”  p ro d u c t), w hich w as le f t  to  s tan d  in  a  re fr ig e ra to r u n til so lid ification , th e n  th e  liq u id  
w a s  se p a ra ted . I t  co n ta in ed  5 g o f sodium  a c e ta te  an d  50 g o f b ro m in e  p e r lite r. T he 85%  
a c id  u se d  was a p .a. p ro d u c t o f “ V E B  L ab o rch em ie  A polda” . A ll o th e r  m ate ria ls  an d  so lu
t io n s  co rre sp o n d  to th e  u su a l an a ly tic a l re q u irem en ts .

Methods

T h ree  m ethods seem ed to  be  possible fo r  carry in g  o u t solid s ta te  o ligom erization . T he 
m e ltin g  of acenaph thy lene  to g e th e r  w ith  iod ine  h a d  to  be re jec ted  b ecause  of th e  explosive 
p o ly m e riza tio n  of th e  sy s tem  n e a r  th e  m eltin g  p o in t. A sim ilar p h en o m en o n  has been  observed  
b y  B e r t h e l o t  in  1866 w h en  he  estab lished  th e  po ly m eriza tio n  o f s ty re n e  in  th e  p resence of 
c ry s ta ll in e  iodine [8]. T he m ix in g  of th e  c ry s ta ls  o f iodine and a ce n ap h th y len e  was n o t  su itab le , 
b e ca u se  o ligom erization cou ld  n o t be  m ade  p re d o m in an t am ong th e  o th e r  s im u ltan eo u s r e 
a c tio n s . T herefore, in it ia tio n  b y  iodine v a p o u r  h a d  to  be chosen. O ligom eriza tion  w as carried  
o u t  in  a  rim m ed cy lindrical g lass vessel (h e ig h t 8 cm , d iam eter 2.3 cm ), b y  p lacing  on its  b o tto m  
a  la y e r  o f crystalline ace n ap h th y len e  of k n o w n , a p p ro x im ate ly  c o n s ta n t w eigh t (1.40 g). A fter 
su sp en d in g  a sm all glass v ia l co n ta in in g  iod ine o v er th e  crysta lline  la y e r , th e  sy s tem  was closed 
a n d  p la c e d  in to  a  c o n s tan t te m p e ra tu re  b a th  (accu racy  + 0 .2  °C).

T h e  oligom er could  n o t  be  e x tra c te d  w ith  cold m eth an o l, b ecau se  m o st o f th e  p ro d u c ts  
o f  th e  s im ultaneous side re a c tio n  were also in so lub le  in  m eth an o l. F o r  th is  reaso n , th e  reac tio n  
m ix tu r e  w as dissolved in  b en zen e  in  a few  p re lim in a ry  ex p erim en ts  b u t  th e n  ch lo ro fo rm  was 
fo u n d  to  be  m ore a p p ro p ria te  fo r th is  p u rp o se . B efore p re c ip ita tin g  th e  o ligom er w ith  m e th a 
n o l, t h e  by -p ro d u cts po ss ib ly  p re sen t an d  in so lu b le  in ch loroform  w ere s e p a ra te d  on  a G4 
g lass f i lte r .  Sodium  chloride  in  m eth an o l w as a d d e d  to  th e  colloidal so lu tio n  fo rm ed  u p o n  p re 
c ip i ta t io n  to  p rom ote  its  co ag u la tio n . T he p ro d u c t  was collected on  a  G4 glass f i lte r ,  w ashed  
th o ro u g h ly  b y  m ethano l a n d  d ried  a t  room  te m p e ra tu re  u n til c o n s ta n t w eigh t.
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T h e  liqu id  s ta te  o ligom erization  ex p erim en ts  were carried  o u t in  c losed te s t  tubes w ith  
0.5 mol/1 o f th e  m o nom er an d  0.015 mol/1 o f iodine. W ith  d ich lo roethane  as so lven t th e  o ligo
m ers w ere p re c ip ita te d  b y  p o u rin g  th e  m ix tu re  in to  m ethano l, co n ta in in g  benzoqu inone, w hile 
in  th e  case o f  n -h ep tan e  th e  p ro d u c t sp o n tan eo u sly  sep ara ted  from  th e  so lu tio n . For b e tte r  
co m p ariso n , th e  p ro g ress  o f th e  reac tio n  w as follow ed g rav im etrica lly . T h e  m olecu lar w eigh t 
o f  th e  o ligom ers w as d e te rm in e d  cryoscopically . W ith  th e  aid  of k n ow n  s ta n d a rd s  (cholestero l, 
a -n itro so -/l-n a p h th o l, benzophenone, a cen ap h th y len e ) th e  accuracy  of th e  la t te r  has been  
fo u n d  to  be + 1 0 % . A ll m easu rem en ts  w ere carried  ou t in h igh p u rity  b enzene. In  one case, th e  
w e ig h t average  m olecu lar w e igh t has been  checked by  v ap o u r p ressu re  o sm om etry  w ith  a 
M echro lab  301 A ty p e  in s tru m e n t.

T h e  com bustion  m eth o d  w as used  for determ in ing  th e  iodine c o n te n t o f th e  oligom ers. 
To p ro m o te  p e rfec t co m bustion , su g ar w as ad d ed  to th e  m ate ria l w e ighed  in to  an  ash-free 
p a p e r  cup , w hich w as p laced  a fte rw ard s in to  a  p la tin u m  b ask e t and  c o m b u s ted  in an  oxygen 
a tm o sp h e re . The com bustion  p ro d u c ts  w ere absorbed  in 0.2 N  sod ium  h y d ro x id e , th e n  th e  
iod ine a n d  h ypo iod ite  ions were oxid ized  to  io d a te  by  a so lu tion  of b ro m in e  in glacial ace tic  
acid . T h e  excess b rom ine  was red u ced  b y  form ic acid and , a fte r a c id ifica tio n  of th e  so lu tion , 
p o tass iu m  iodide was ad d ed  an d  th e  iodine fo rm ed  was t i t r a te d  b y  0.1 n  th io su lfa te  in  th e  
p resence  o f sta rch . B y  d e te rm in in g  th e  iodine c o n te n t  of iodoform , th e  a cc u rac y  of th e  m eth o d  
has been  fo u n d  to  be + 2 % .  B ecause of th e  v e ry  low iodine co n ten t o f th e  oligom er, th e  a c tu a l 
e rro r o f th e  d e te rm in a tio n  is m u ch  h ig h er b u t ,  in  our opinion, does n o t  exceed  + 1 0 % .

T h e  spec tropho  to m e tric  m easu rem en ts  in th e  UV and v isib le ra n g e  w ere carried  o u t 
on a “ Spectrom om  202”  ty p e  in s tru m e n t w ith  1 cm  q u a rtz  cells a t  + 3  °C, using  n -h ep tan e  
as so lv en t. The la t te r  o r its  so lu tion  w ith  one of th e  com ponents has b een  used  for reference.

D u rin g  th e  ex p erim e  n ts  care h a s  been  ta k e n  to  m inim ize th e  ex p o su re  to  lig h t o f th e  
re a c tio n  m ix tu re , th e  p ro d u c t  o b ta in ed  an d  p a rticu la rly  its  so lu tion . I t  is know n  th a t  th e  
ben zen e  so lu tio n  of p o ly -acen ap h th y len e  undergoes deg radation  [9, 10] w h en  illu m in a ted  b y  
l ig h t.

R esu lts  an d  discussion

As has been  e stab lish ed  in  o u r ex p erim en ts , oligom ers a re  fo rm ed  from  
c ry s ta llin e  a c e n a p h th y len e  u n d e r th e  in fluence of iodine o r iod ine v ap o u r. 
T he lig h t yellow  p ro d u c t m elts w ith  decom position  in  th e  te m p e ra tu re  ran g e  
210—217 °€ . I ts  in fra re d  sp e c tru m  corresponds to  those  o f p o ly (acen ap h th y l-  
enes) o b ta in e d  b y  o th e r  m e th o d s [11, 12]. H ow ever, th e  U V  sp ec tru m  differs 
from  t h a t  described  in  th e  l i te ra tu re , th e re fo re , it  will be d iscussed  in  a fo r th 
com ing  p ap er.

I n  th e  k in e tic  in v es tig a tio n  o f th e  o ligom erization , d ifficu lties w ere en 
c o u n te re d  owing to  th e  side reac tio n s  occurring  sim u ltan eo u sly  in  th e  system . 
W ith  iod ine  v a p o u r  as in i t ia to r ,  a lth o u g h  th e  side reac tio n s  w ere s tro n g ly  
su p p ressed , th e  presence  o f th e ir  p ro d u c ts  h ad  a d is tu rb in g  effect on th e  
re a c tio n  an d  even m ore on th e  p ro p e rtie s  of th e  oligom ers o b ta in ed .

I t  has been e s tab lish ed  t h a t  beside o ligom erization  a t  le a s t tw o  reac tio n s 
ta k e  p lace  in  th e  sy stem . T he p ro d u c t o f  one of these is a sp a rs in g ly  soluble 
low -m olecu lar c ry s ta llin e  m a te ria l w ith  an  iodine co n ten t be low  1% . H ow ever, 
it  show s an  in ten se  fluorescence even  in  a v e ry  d ilu ted  so lu tio n . B ecause of its  
p o o r so lu b ility  i t  could  n o t be  p u rif ied  a n d  th u s  has no sh a rp  m .p ., m elting  a t  
260— 275 °C. I t  is p ro b a b ly  id e n tic a l w ith  th e  d im er, c o n ta in in g  one double 
b o n d , w hich  has b een  in v e s tig a te d  b y  D o l in sk y  and  D z ie w o n s k y  [13]. 
P o ss ib ly  th is  p ro d u c t includes som e cyclic tri- an d  te tra m e rs .
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T he o ther p a ra lle l re a c tio n  resu lted  a b lack , po w d er-lik e  m a te ria l w hich 
seem ed  to  be com pletely  am o rp h o u s  an d  opaque  u n d e r th e  m icroscope. I t  h ad  an  
io d in e  co n ten t of 15— 1 6 % , show ed no change w hen  h e a te d  up  to  36 °C and  
w as insoluble in  all co m m o n  so lvents.

A ccording to  th e  X - ra y  pow der p a tte rn s , i t  is a n  io d in a ted  oligo- or 
p o ly m er w ith  a gra in  size a n d  o rdered  s tru c tu re  s im ila r to  those  of th e  oligo
m ers .

F ig . 1. Conversion vs. t im e  cu rv es for solid s ta te  o ligom erization  a t  20, 40, 50, 60 and  70 °C

I t  has to  be m e n tio n e d  th a t  a s im ila r p ro d u c t is fo rm ed  from  th e  c ry s ta l
lin e  com plex of a c e n a p h th y len e  w ith  tr in itro b e n z e n e  w h en  tre a te d  b y  iodine 
v a p o u r . U nder su ita b le  ex p e rim en ta l cond itions th e  m a in  p ro d u c t can  be 
s e p a ra te d  from  b o th  o f  th e  b y -p ro d u c ts .

T he conversion vs. tim e  curves fo r th e  solid s ta te  o ligom erization  a t  20, 
40 , 50, 60 and  70 °C a re  show n  in Fig. 1. T he curves are  S -shaped , th e  in d u c tio n  
p e rio d  is followed b y  a n e a r ly  lin ear sec tion  over a w ide  range  of conversions 
a n d  th e  curves te n d  to  a lim it m uch less th a n  100% . T h is la t te r  fac t has been 
o b serv ed  while in v e s tig a tin g  th e  solid s ta te  p o ly m eriza tio n  of acen ap h th y len e , 
in it ia te d  by  high en erg y  ra d ia tio n  or chem ically  w ith  azo -b is isobu ty ron itrile  
[11, 14]. This shape o f th e  cu rves, how ever, is n o t th e  consequence of th e  n a tu re  
o f  th e  reaction  itse lf  b u t  is due to  th e  ex p e rim en ta l m e th o d  used. A t tim e  
t =  0, w hen th e  sy s tem  is in se rted  in to  th e  c o n s ta n t te m p e ra tu re  b a th , th e  
in i t ia to r  (iodine) is n o t  y e t  in c o n ta c t w ith  th e  m o n o m er b u t reaches its  
su rface  only a fte r som e tim e  and  p e n e tra te s  slow ly in to  th e  crysta lline  layer. 
T h e  tim e  necessary  fo r iod ine  to  reach  th e  surface o f th e  acen ap h th y len e , and  
th e  ra te  of diffusion in  i t ,  h av e  been d e te rm in ed  a t  60 °C. B y  tak in g  th is  in to  
ac c o u n t, th e  k inetic  d a ta  o b ta in ed  a t  60 °C are tra n s fo rm e d  in to  th e  curve
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show n in  F ig . 2, w hich  s ta r ts  from  th e  orig in  w ith  a com ple te ly  lin ea r  ch a ra c te r  
an d  su b seq u en tly  reaches a lim itin g  va lue . T he r a te  co rrespond ing  to  th e  
lin ea r  section  is also s lig h tly  a lte re d : in s tead  o f th e  o rig inally  m easu red  
2 2 .0 % /h r, a v a lu e  of 1 9 .6 % /h r has b een  o b ta in ed , th e  d ifference b e ing  less 
th a n  6 % .

B ecause o f te ch n ica l reasons, th e  dead  tim e  an d  diffusion  ra te  values 
n ecessary  for tra n sfo rm in g  th e  cu rves o b ta in ed  a t  te m p e ra tu re s  o th e r  th a n

°C

1 2  3 4 5 6 7 8
t ( h )

F ig . 2. 1: C onversion vs. t im e  cu rv e  a t  60 °C, as d e te rm in ed  o rig inally . 2: C onversion vs. 
tim e cu rve  a f te r  co rrec tion  fo r th e  dead  tim e an d  th e  ra te  o f d iffusion

60 °C h av e  n o t been  d e te rm in ed  b u t  i t  can  be assum ed  th a t  w ith  th e se  co r
rec tio n s th e  ca lcu la ted  curves w ould  be  linear. B y  co m p arin g  th e  a c tiv a tio n  
energy  of iodine d iffusion  in  a ir  an d  in  c rysta lline  m a te ria ls  w ith  th a t  o f th e  
o ligom erization  (see below ), th e  d ifference betw een  th e  ra te s  of p o ly m eriza tio n  
m easu red  on th e  lin ea r  sec tion  of th e  tran sfo rm ed  an d  o rig inal curves a t  low er 
te m p e ra tu re s  can be e stab lish ed  to  be  p ro b ab ly  even sm alle r th a n  th e  v alue  
g iven above. H ence, as f irs t ap p ro x im a tio n , th e  ra te  va lues m easu red  on th e  
lin ea r sections o f th e  curves seen in  F ig . 1 have  been  accep ted  for th e  ch a rac 
te r iz a tio n  of th e  reac tio n .

T he m a th e m a tic a l d esc rip tio n  o f th e  k in e tic  cu rves —  because  o f th e  
com plica ted  sy stem  —  can  on ly  be fo rm al, there fo re  th is  has been  d isregarded . 
H ow ever, i t  seem s to  be  desirab le  to  ch arac terize  th e  dependence  o f th e  ra te  
of reac tio n  on th e  te m p e ra tu re  in  som e w ay. Supposing  th a t  even  a t  low er 
te m p e ra tu re s  th e  iod ine com es in to  c o n ta c t w ith  all th o se  sites o f th e  ace
n a p h th y le n e  su rface w hich  m ay  h av e  an  ac tive  role in  th e  in itia tio n , a loga
rith m ic  p lo t o f th e  ra te s  m easu red  a t  th e  lin ear sec tion  a g a in s t th e  rec ip rocal 
te m p e ra tu re  w ould  y ie ld  an  o vera ll a c tiv a tio n  energy . T he correspond ing  
A rrhen ius d iag ram  is show n in  F ig . 3, th e  ac tiv a tio n  energy  th u s  c a lcu la ted  is
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28 kcal/m ol. The d a ta  re a d  from  F ig . 1 to g e th e r  w ith  th e  ca lcu la ted  ones are 
co llec ted  in T able I .

T he m onotonous in crease  o f th e  conversion  lim its  as a fu n c tio n  of th e  
te m p e ra tu re  is s ig n if ican t b u t  th e  v a lu e  for 70 °C is co n sid e rab ly  low er th a n  
t h a t  fo r 50 and  60 °C. T h is fa c t can  be ex p la ined  b y  th e  p h en o m en o n  also ob 
se rv e d  during th e  e x p e rim e n ts  th a t  a t  th is  te m p e ra tu re  th e  a cen ap h th y len e  
io d ine  tw o-com ponen t sy s tem , h av in g  reach ed  a ce rta in  iod ine co n cen tra tio n ,

F ig . 3. A rrh en iu s cu rve  from  th e  re ac tio n  ra te s

m e lts  an d  from  th is  tim e  th e  re a c tio n  ta k e s  p lace  in  an  e n tire ly  d iffe ren t w ay  
fro m  th a t  in th e  so lid  s ta te .

T he cryoscopic m e th o d  has been  used  to  d e te rm in e  th e  n u m b e r average 
m o lecu la r w eights o f  th e  oligom ers. T he D P  va lu es  w ere fo u n d  to  lie in  th e  
ra n g e  of 3 to  6. T h ere  w as no co rre la tio n  b e tw een  th e  m o lecu la r w eigh t an d  th e

Table I

Kinetic data fo r  the iodine in itiated solid state oligomerization o f  acenaphthylene

t
(°C)

w
(%/hr)

max
%

1000
T~

0 ( K - 1 )
lg w

20 0.084 13 3.413 — 1.076
40 0.56 17 3.195 — 0.252

50 4.1 48 3.096 0.613

60 22.0 50 3.003 1.342

70 46.2 29 2.915 1.665
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re a c tio n  te m p e ra tu re  or th e  fo rm er a n d  th e  conversion. T he m o lecu la r w eights 
o f th e  o ligom ers o b ta ined  a t d iffe ren t te m p era tu res  an d  th e  co rresp o n d in g  
conversions a re  lis ted  in  Table I I .  I n  th e  case of one sam ple, beside th e  n u m b e r 
av erag e  (M n), b o th  th e  w eight av e rag e  (M w) an d  th e  Z -average  (M z) m o lecu la r 
w eigh ts w ere de te rm in ed  b y  m ean s o f v ap o u r p ressu re  o sm o m etry , l ig h t
sc a tte r in g  an d  th e  u ltracen tr ifu g e  m e th o d :

M n =  758 +  10 
M w =  800 +  80 
M ~  =  1400 ±  400

B ecause o f th e  re la tiv e ly  poor accu racy  of these  values th e re  w as no reaso n  
fo r ca lcu la tin g  th e  p o ly d isp e rs ity  fo r  such  low m olecular w eights.

F ro m  th e  k in e tic  in v es tig a tio n  o f solid s ta te  o ligom erization  th e  fo llow ing 
can  be e s tab lish ed :

(1) W ith in  th e  accuracy  o f th e  ex p erim en ta l m ethod  th e  re a c tio n  obeys 
lin ea r  k in e tic s ; th e  conversion te n d s  to  a lim it m uch low er th a n  1 0 0% , d e 
p en d in g  on th e  app lied  te m p e ra tu re .

(2) T h e  overa ll a c tiv a tio n  en erg y  of o ligom erization  is 28 kca l/m o l.
(3) T h e  av erag e  degree o f p o ly m eriza tio n  for th e  oligom ers is 3— 6. Since 

th e  D P  v a lu e  does n o t seem  to  be  re la te d  to  e ith e r the conversion  or th e  
te m p e ra tu re , i t  p rovides no fu r th e r  in fo rm atio n  a b o u t th e  n a tu re  o f th e  
re a c tio n .

F o r  c la rify in g  th e  m echan ism  o f o ligom erization  th e  sim ilarities b e tw een  
th e  solid an d  liq u id  phase reac tio n s h a v e  been  s tud ied . T he la t te r  w as in v esti-

ТаЫ е II

M olecular weights o f  products obtained in  iodine initiated solid state oligomerization o f  
acenaphthylene at different temperatures and conversions

70 °C 60 °c 50 °C 40 °C

Mol. D eg . Conv. Mol. Deg. C onv. Mol. Deg. C onv. Mol. D eg. Conv.
w e ig h t pol. (%) w eight pol. (%) w eigh t pol.

1
(%) w eigh t pol. (%)

620 4.0 6.1 550 3.6 4.0 650 4.3 16.5 860 5.6 5.8

790 5.2 15.5 800 5.3 14.6 630 4.1 34.7 730 4.8 9.0

830 5.5 26.5 750 5.0 14.9 530 3.5 39.7 800 5.2 11.7

780 5.1 28.2 1010 6.7 30.0 540 3.6 44.4 550 3.6 14.8

850 5.6 28.3 590 3.9 48.4 530 3.5 46.2 590 3.9 16.1

758* 5.0 50.6 550 3.6 46.6 570 3.7 17.0

724 4.8 52.2 560 3.7 48.0

* d e te rm in e d  b y  V PO  m ethod
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g a ted  in  detail b y  th e  tw o  research  g roups m en tio n ed  in  th e  in tro d u c tio n  
[4, 6 ], who o b ta in ed  th e  sam e resu lts  b u t  reach ed  d iffe ren t conclusions as to  
th e  m echanism  o f th e  reac tio n .

Sa k u r a d a  et a l., like  Giu s t i et a l., h a v e  found  th e  iodine in itia ted  
po lym eriza tio n  o f s ty re n e  in  d ich lo roethane  k in e tica lly  sim ilar. T hey  have 
estab lish ed  th a t  th e  c o n d u c tiv ity  of th e  re a c tio n  m ix tu re  rem ains a t  th e  in itia l 
low  va lu e  during  th e  e n tire  process of p o ly m eriza tio n  and  increases only a fte r  
h a v in g  reached  100%  conversion , an d  also t h a t  th e  ap p lica tio n  o f an  electric 
fie ld  does no t in flu en ce  th e  ra te  of th e  process o r th e  p ro p ertie s  of th e  p ro d u c t 
fo rm ed . Giu s t i et al. m a d e  sim ilar o b se rv a tio n s  also fo r acen ap h th y len e  b u t  
Sa k u r a d a  et al., in v e s tig a tin g  a -m e th y ls ty re n e , found  d iffe ren t resu lts . In  
th e  la t te r  case th e  a p p lic a tio n  of an elec tric  fie ld  increases th e  ra te  of po ly 
m eriza tio n  to g e th e r w ith  th e  m olecular w eig h t o f th e  p ro d u c t.

Sa k u r a d a  et al. con sid er th e  process as ion ic . In  th e ir  op in ion , th e  f irs t 
s tep  o f  in itia tio n  is th e  a d d itio n  of iodine to  s ty re n e , re su ltin g  in  th e  fo rm atio n  
o f a n  ion  pair, w h ich  d issoc ia tes in to  free ions in  a reversib le  process c h a ra c te r
ized  b y  a d issociation  c o n s ta n t. The p o ly m eriza tio n  reac tio n  can  be in itia te d  b y  
b o th  th e  ion p a ir a n d  th e  free ions, n a tu ra lly  a t  d iffe ren t ra te s . B ased on th is  
a ssu m p tio n , th e  ab o v e  a u th o rs  propose a k in e tic  schem e w ith  th e  co rresponding  
m a th em a tica l d e sc rip tio n , w'hich con ta in s tw o  d iffe ren t e lem en ta ry  reactions 
each  fo r th e  chain  p ro p a g a tio n , tra n sfe r  a n d  te rm in a tio n  steps. A ccording to  
th e ir  view s, the  d iffe re n t degrees of d issoc ia tion  of th e  various m onom ers are 
responsib le  for th e ir  d iffe re n t beh av io u r u n d e r  th e  in fluence  o f an  electric field . 
I f  th e  degree o f d isso c ia tio n  is h igh, th e  e ffec t o f th e  electric  fie ld  is p ro 
n o u n ced . In  th e  case o f  a low degree o f d isso c ia tio n  th e  fie ld  has no visib le 
effect on th e  re a c tio n , i.e . th e  fac to r w hich re p re se n ts  th e  change o f th e  degree 
o f d issociation  is close to  u n ity .

G i u s t i  et al. do n o t  agree w ith  th e  above  assu m p tio n . In  th e ir  opinion, 
th e  d ifferen t b e h a v io u r  o f  th e  various m onom ers is caused b y  th e ir  en tire ly  
d iffe ren t m echanism s o f  po lym eriza tion . T h e y  consider th e  p o lym eriza tion  of 
a -m e th y ls ty ren e  to  be  ca tio n ic , w hereas th o se  of s ty ren e  an d  acen ap h th y len e  
a re  regarded  as p seu d o -ca tio n ic , a te rm  in tro d u c e d  b y  Ga n d in i  and  P lesch  
[16]. A ccording to  th e i r  experience, th e  re a c tio n  is s tro n g ly  in fluenced  b y  
h y d ro g en  iodine, w h ich , as a co -ca ta ly st, reduces or e lim inates th e  in d u c tio n  
p erio d . In  th e ir  v iew , th e  f irs t step  of th e  re a c tio n  is th e  ad d itio n  of hydrogen  
iod ide to  the  doub le  b o n d  o f sty rene  or a c e n a p h th y len e . The iod ina ted  d e riv 
a tiv e  form ed in  th is  m a n n e r  gives a m o lecu la r com pound  w ith  one m olecule 
o f  iod ine, w hich is th e  ac tiv e  cen ter for th e  p o ly m eriza tio n .

O n the  basis o f  th e  availab le  d a ta  concern ing  th e  reac tio n  m echanism , 
we h av e  accep ted  th e  h y p o th esis  o f Sa k u r a d a  et al. This assu m p tio n  is su p 
p o r te d  b y  our e x p e rim e n ta l resu lts  p ro v in g  th e  ionic c h a ra c te r  o f th e  reac tio n , 
th e  ex istence an d  p e rh a p s  th e  d issociation  in to  ions of a m olecular com pound

Acta Chim. (Budapest) 75, 1972



HARDY et al.: SOLID STATE POLYMERIZATION, XXVIII 77

fo rm ed  from  acen ap h th y len e  and  iod in e . O n th e  o th e r h a n d  we believe th a t  
th e  o ligom erization  c a n n o t proceed b y  a re p e a te d  cleavage an d  re fo rm a tio n  of 
th e  co v a len t ca rbon  iod ine  bond  ev en  i f  th e  la t te r  is s tro n g ly  po larized  an d  
w eak.

F in a lly , th e  a n a ly tic a l resu lts  o n  th e  iodine c o n te n t o f th e  p ro d u c t are  
also in co n sis ten t w ith  th e  above co n cep tio n . F o r rep ro d u c in g  th e  re su lts  re 
p o rte d  in  th e  above com m unica tions, w e h av e  in v es tig a ted  th e  k in e tics  o f th e  
iod ine-induced  o ligom eriza tion  of a c e n a p h th y len e  in d ich lo ro e th an e  as so lven t.

50 100 150 200 250
t ( m i n )

F ig . 4. C onversion tis. tim e  curves for o lig o m eriza tio n  in  d ich lo ro e th an e  a t  30 an d  0 °C 
M onom er c o n ce n tra tio n : 0.5 mol/1 
Iod ine co n ce n tra tio n : 0.015 mol/1

T he conversion  vs. tim e  curves fo r th e  reac tio n s  ca rried  o u t a t  30 an d  0 °C 
(F ig . 4) a re  sim ilar to  th o se  re p o rte d  in  [5, 6] b u t  100%  conversion  is 
reach ed  w ith in  ab o u t h a lf  th e  tim e. I t  seem s likely  th a t  th is  is due to  th e  m ore 
e ffic ien t d ry ing  in  th e  p re sen t w ork. T h e  decrease o f te m p e ra tu re  does n o t 
change th e  ch a rac te r o f th e  curve an d  th e  r a te  is on ly  slig h tly  d im in ished . T he 
la t te r  fa c t  supp o rts  th e  ionic m echan ism  o f th e  reac tio n  an d  co n trad ic ts  th e  
a ssu m p tio n  of Giu s t i  et al.

G en era lly  th e  r a te  of reac tio n  p ro ceed in g  b y  an  ionic m echan ism  is 
s tro n g ly  in fluenced  b y  th e  d ielectric  c o n s ta n t  o f th e  m edium . F o r th is  reason , 
th e  ap p lic a tio n  of d ich lo ro e th an e  as a so lv e n t w ith  a re la tiv e ly  h igh  d ielec tric  
c o n s ta n t*  (10.65 a t  20 °C and  10.36 a t  25 °C) is p ro b ab ly  fav o u rab le  fo r th e  
o ligom erization . Since such  a positive  e ffec t of th e  reac tio n  m edium  c an n o t

* T h e  used  values o f d ielectric  c o n stan ts  a re  fro m  th e  U .S. N a t. B ureau  of S ta n d a rd s , 
C ircular N o. 514.
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be ex p ec ted  in  th e  case o f a solid s ta te  re a c tio n , fo r b e tte r  com parison , th e  
process h ad  to  be  s tu d ie d  also in  a so lv en t w ith  a low d ielec tric  c o n s ta n t. F o r  
th is  p u rp o se  re-heptane has been  chosen  (d ielectric  c o n s ta n t 1.925 a t  20 °C 
an d  1.926 a t  25 °C). In  F ig . 5 are show n th e  conversion  vs. tim e  curves fo r th e  
o ligom eriza tion  in  re-heptane a t  30 an d  0 °C. T he c h a ra c te r  o f th e  curves does 
n o t ch an g e  re la tiv e  to  th e  p rev ious ones b u t  th e  ra te  of th e  process has d e 
c reased  b y  ab o u t tw o  orders o f m a g n itu d e . A lth o u g h  th e  m olecu lar decom po
sitio n  assum ed  in  [5, 6] m ay  also be  in fluenced  b y  th e  d ielec tric  c o n s ta n t o f th e  
m ed iu m , th is  fa c t ag a in  po in ts  to  an  ionic m echan ism .

F ig . 5. C onversion  vs. tim e  curves fo r o ligom erization  in  n -h ep tan e  a t  30 an d  0 °C 
M onom er co n ce n tra tio n : 0.5 mol/1 

Iodine co n ce n tra tio n : 0.015 mol/1

H ow ever, th e  reac tio n  ra te s  m easu red  in  th e  liqu id  an d  solid p h ase  a re  
now  closer to  each  o th er.

T h e  m olecu lar w eights of th e  o ligom ers o b ta in ed  in  th e  liqu id  s ta te  r e 
a c tio n  are  lis ted  in  T ab le  I I I .  T he degrees of p o ly m eriza tio n  are  b e tw een  
5— 13.

S ig n ifican t dependences on conversion  an d  tim e  could n o t be estab lish ed . 
I t  is n o te w o rth y  th a t  G i u s t i  et al. h a v e  re p o rte d  m uch h igher va lues (14— 140), 
w hile  th e  values (18— 32) re p o rte d  in  th e ir  la t te r  p u b lica tio n  are  on ly  s lig h tly  
h ig h e r th a n  ours. O n com paring  th e  solid an d  liqu id  p h ase  reac tio n s , th e  
fo llow ing  can be  estab lish ed :

(1) T he ra te s  o f th e  liqu id  an d  solid ph ase  reac tions are  q u ite  d iffe ren t. 
T h is is u n d e rs ta n d a b le  since th e  r a te  is g re a tly  in fluenced  b y  th e  d ie lec tric  
c o n s ta n t  o f th e  m ed ium . Also th e  p ro b a b ility  o f th e  fav o u rab le  m o lecu la r 
collisions obv iously  depends on e n tire ly  d iffe ren t fac to rs  in  th e  liqu id  th a n  in  
th e  so lid  s ta te .
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(2) T h e  conversion  of th e  liq u id  p h a se  reac tio n  reaches 100% , w hereas 
m u ch  low er conversion  lim its are o b se rv e d  in  th e  solid s ta te . T his is in  line 
w ith  th e  ex p ec ta tio n s  because in  th e  liq u id  phase th e  reac tio n  m a y  go to  
co m p le tio n  w ith o u t an y  h indrance  b u t  ev en  in  ideal c ry s ta ls  th e  s tru c tu re  of 
th e  la t t ic e  itse lf  c o n stitu te s  a b a rr ie r  a n d  th e  la ttic e  defec ts an d  d islocations 
m ay  p la y  a sim ilar role.

(3) T h e  th e rm a l b eh av io u r a n d  th e  m olecular w eigh t of th e  p ro d u c ts  
fo rm ed  in  th e  tw o d iffe ren t phases a re  s im ila r to  each  o th e r.

O n th e se  g rounds, i t  seems o b v io u s t h a t  th e re  is no possible w ay  to  d raw  
a p ara lle l be tw een  chain  p ro p ag a tio n  a n d  te rm in a tio n , b u t  p resu m ab ly , th e  
p rocesses h av e  th e  sam e fu n d a m e n ta lly  ion ic  ch a rac te r an d  th e  in itia tio n  step  
m a y  be  th e  sam e.

T ab le  I I I

M  oleculaT weights o f  products obtained in  iod ine initiated liquid state oligomerization o f  
acenaphthylene at different tem peratures and conversions

S o lv en t
T em p .

(°C) C o n v ers io n
Mol. w eigh t 

M n
Deg. pol. 

Pn

D ichloroethane 30 12.2 790 5.2
15.0 1040 6.8

58.0 920 6.0

92.3 870 5.7
101.2 1130 7.4

D ich lo roe thane 0 16.5 1710 11.2
56.2 1630 10.7
82.7 2030 13.4
99.2 1520 10.0

102.0 1380 9.1

n -H e p tan e 30 8.6 650 4.2
16.2 600 4.0
23.2 680 4.5

24.1 670 4.4
27.4 680 4.5
33.4 600 4.0

n -H e p tan e 0 19.3 720 4.7

21.4 680 4.5

25.9 830 5.5

29.5 820 5.4
33.2 770 5.0
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F u rth e r  ev id en ce  fo r th e  ionic c h a ra c te r  o f th is  solid phase  reac tio n  is 
p ro v id e d  by  th e  re su lts  o b ta in ed  in  th e  p resence  o f w a te r  v ap o u r. W a te r  is 
k n o w n  to  be an  e ffec tiv e  in h ib ito r o f ionic p o ly m eriza tio n  b u t  has no in fluence  
o n  rad ica l p o ly m eriza tio n . Therefore, we h a v e  been  in v es tig a tin g  how  th is  
p a r tic u la r  solid s ta te  o ligom erization  is in flu en ced  b y  th e  presence of w a te r  in

t ( h )

F ig . 6. Conversion vs. t im e  curves for th e  solid s ta te  o ligom erization  of acen ap h th y len e  a t  
60 °C. (1) N o rm a l conditions, (2) in  th e  p resence  o f w a te r  v a p o u r

F ig . 7. Conversion vs. t im e  curves for th e  solid  s ta te  o ligom erization  of acen ap h th y len e  a t  
60 °C. (1) N orm al c o n d itio n s , (2) w ith  in tro d u c tio n  of w a te r  v a p o u r a t  th e  tim e in d ic a te d  b y

th e  a rro w

th e  system . I t  w as e stab lish ed  th a t  no process occurred  in  sam ples w here  a 
la y e r  of w ate r h a d  b e e n  p laced  u n d e r th e  c ry sta llin e  a cen ap h th y len e  b e fo re  
s ta r t in g  th e  re a c tio n . I n  th e  para lle l sam ples co n ta in in g  no w a te r  th e  re a c tio n  
to o k  place in  th e  u s u a l  w ay  (Fig. 6). I f  w a te r  w as ad d ed  to  th e  sam ples so m e 
tim e  a fte r s ta r tin g  th e  ex p erim en t, th e  a m o u n t of th e  o ligom er o b ta in e d  r e 
m ain ed  a t th e  co n v ers io n  value co rresp o n d in g  to  th e  m o m en t of th e  w a te r  
a d d itio n  (Fig. 7). T h is  phenom enon  c a n n o t be due  to  th e  h in d ran ce  o f io d in e
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a d a p tio n  b y  w a te r, i.e. d isp lacem en t from  th e  surface o f th e  c ry s ta ls  b y  w a te r , 
since iodine is ad so rb ed  m uch  s tro n g e r on th e  p o la r an d  h y d ro p h o b ic  ace 
n a p h th y le n e  th a n  w a te r , an d , besides, i t  fo rm s a charge  tra n s fe r  com plex  
w ith  th e  solid.

T he only  possib le ex p la n a tio n  is chem ical in h ib itio n  b y  w a te r , w hich  a t  
th e  sam e tim e  p roves th e  ionic n a tu re  o f  th e  process. O n th e  basis o f th e  ionic 
m echan ism  of iodine in it ia te d  p o ly m eriza tio n s rep o rted  th u s  fa r  an d  of th e  
com parison  w ith  th e  liq u id  s ta te  o ligom eriza tion  of a cen ap h th y len e , as well as 
o f th e  resu lts  o b ta in ed  on  th e  effect o f w a te r  v ap o u r, th e  ionic c h a ra c te r  o f 
solid s ta te  o ligom eriza tion  can  be considered  as p roved .

In  connection  w ith  th e  n a tu re  o f th e  in itia tio n  reac tio n , we h av e  ex am in ed  
w h e th e r th e  iodine c o n te n t of th e  p ro d u c t co rresponds to  th e  v a lu e  ex p ec ted  
from  coupling of one iod ine a to m  to  one m onom er m olecule in  th is  s tep . T h e  
iod ine co n ten ts  o f oligom ers p ro d u ced  u n d e r  d iffe ren t cond itions are  p re 
se n te d  in  T ab le  IV . T h is show s th a t  th e  va lu es  o b ta in ed  fo r solid s ta te  re 
a c tio n s  are  well below  0.2 and  th o se  fo r th e  liqu id  p h ase  processes are also 
co n sid e rab ly  sm aller th a n  1. O n th is  basis  one m u st e ith e r  suppose t h a t  a 
co n siderab le  p a r t  of th e  o ligom er m olecules h av e  lost th e ir  iodine co n ten t d u e  
to  h y d ro g en  iodide e lim in a tio n , or re je c t th e  above h y p o th esis  concern ing  th e  
in it ia tio n  step . T he p ro b lem  could  be c leared  up  b y  d e te rm in in g  th e  doub le  
b o n d  co n te n t of th e  p ro d u c t b u t  such a t te m p ts  h av e  failed  because  of th e  side 
reac tio n s  (o x ida tion , ch a in  d eg rad a tio n ) ta k in g  p lace d u rin g  th e  analysis . In  
sp ite  o f th is , we do n o t assum e th a t  th e  in itia tio n  s tep  involves bon d in g  o f an  
iod ine a to m  or ion to  acen ap h th y len e . Io d in e  is know n to  be a s tro n g  e lec tro n  
accep to r w hich form s ch a rg e -tran sfe r com plexes w ith  a ro m a tic  co m pounds 
[17— 19]. O bviously , a cen ap h th y len e  m a y  also a c t as a donor b u t  no sp e c tro 
scopic ev idence could  be o b ta in e d  fo r th is , ow ing to  th e  v e ry  in ten se  an d  rich  
sp e c tru m  o f a c en ap h th y len e  in  th e  200— 340 n m  region. H ow ever, we h av e  
in v e s tig a te d  th e  change o f  ex tin c tio n  a t  th e  524 nm  b a n d  of iod ine  in  n -h e p ta n e  
u p o n  increasing  th e  c o n c e n tra tio n  of a cen ap h th y len e , w hile k eep in g  th a t  o f th e  
io d in e  c o n s ta n t. T he re su lts  a re  show n in  F ig . 8. T he e x tin c tio n  increases, th e n  
reaches a c o n s tan t v a lu e  a t  an  iodine to  acen ap h th y len e  ra tio  o f a b o u t 3. 
T h is ty p ic a l s a tu ra tio n  cu rve  can  be ex p la in ed  b y  th e  c o o rd in a tio n  of iod ine 
m olecules to  a cen ap h th y len e , re su ltin g  in  a loosening of th e ir  e lec tro n  s tru c tu re . 
H ow ever, a t  an  a c e n a p h th y len e  c o n c e n tra tio n  of a b o u t 2 х Ю “ 2 mol/1 th e  
e x tin c tio n  s ta r ts  to  decrease lin early . T h is p h enom enon  has n o t been  in v e s ti
g a te d  b u t  is p ro b a b ly  due to  th e  d issocia tion  o f th e  charge tra n s fe r  com plex  
in to  ions. Ion ic  iodine does n o t absorb  a t  th is  w ave len g th . I t  m u st be n o te d  
th a t  fo r th e  s a tu ra te d  analogue of a cen ap h th y len e , i.e. a cen a p h th en e , th e  
lin ea r  decrease o f th e  e x tin c tio n  has n o t b een  observed  (F ig . 9). T he obv ious 
reaso n  fo r th is  is th e  h ig h er io n iza tion  p o te n tia l  o f a c en ap h th en e . T hus, in  our 
op in ion  th e  in itia tio n  s tep  in  th e  o ligom eriza tion , on th e  basis of th e  hypo th esis
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F ig . 8. E x tin c tio n  o f acen ap h th y len e  a n d  io d in e  a t  524 n m  in  n -h ep tan e , as a fu n c tio n  of 
th e  acen ap h th y len e  co ncen tra tion . C o n cen tra tio n  of iod ine: 0.67 X 10- 3  mol/1

Table IVa

Iodine content o f  the oligomers obtained in  iodine initiated solid state 
oligomerization o f  acenaphthylene

Phase
Temp.

(°C)
Conv.
(%)

Iodine content 
iodine atom/ 

molecule

Solid 40 4.5 0.12

11.2 0.08

12.1 0.17

14.2 0.04

17.8 0.04

Solid 50 11.0 0.13

23.2 0.13

39.7 0.11

46.2 0.07

48.8 0.08

Solid 60 12.5 0.08

26.0 0.09

41.3 0.13

44.8 0.16

45.3 0.12

48.4 0.06

Solid 70 8.0 0.07

21.8 0.11

24.3 0.15

28.3 0.15

31.9 0.11
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F ig . 9. E x tin c tio n  of a ce n ap h th e n e  and  iodine a t  524 n m  in д -h ep tan e , as a function  of ace- 
n a p h th e n e  co n ce n tra tio n . Iodine co n ce n tra tio n : 0.67 X 10“ 3 mol/1

Table IVb

Iodine content o f  the oligomers obtained in  iodine initiated liquid state 
oligomerization o f  acenaphthylene

Phase Solvent
Temp

(°C)
Conv.
(%)

Iodine content 
iodine atom/ 

molecule

L iquid D ichloroethane 3 0 3 7 .0 0 .1 4

5 8 .0 0 .1 2

9 1 .2 0 .1 0

1 0 1 .2 0 .1 2

1 0 2 .3 0 .0 8

L iqu id D ichloroethane 0 7 .2 0 .4 6

5 6 .2 0 .2 8

8 2 .7 0 .2 3

9 9 .2 0 .2 9

1 0 2 .0 0 .1 6

1 0 2 .3 0 .1 8

L iquid « -H e p tan e 3 0 4 .0 0 .2 8

6 .3 0 .2 7

1 7 .6 0 .2 4

2 2 .2 0 .2 2

3 6 .3 0 .2 0

Liquid « -H ep tan e 0 6 .7 0 .4 8

9 .5 0 .5 8

1 6 .6 0 .5 3

2 2 .9 0 .4 8

3 1 .5 0 .4 7
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o f Sakurada et al., w ould be th e  fo rm a tio n  of a charge tra n s fe r  com plex  
b e tw een  iodine an d  acen ap h th y len e  (w hich  corresponds to  th e  ion p a ir  fo r
m a tio n  assum ed  b y  Sakurada et a l.), fo llow ed b y  d issociation  in to  ions. T h e  
q u e s tio n , w h e th e r in itia tio n  is b ro u g h t a b o u t only b y  th e  a c e n a p h th y len e  
c a tio n  o r also b y  th e  charge  tra n s fe r  com plex  itself, c an n o t be answ ered  a t  
p re se n t on th e  basis o f  our ex p e rim en ts .

F in a lly , i t  shou ld  be m en tio n ed  t h a t  n e ith e r  th e  rem oval o f oxygen  from  
th e  sam ples, nor th e  q u a lity  o f th e  so lv en t used  for rec rysta lliz ing  a c e n a p h th y 
len e  h a d  a n y  observab le  effect on th e  p rog ress o f solid s ta te  p o ly m eriza tio n  or 
on th e  p ro p ertie s  of th e  p ro d u c t fo rm ed .
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RECENSIONES

X l I I t h  In ternational Conference on Coordination Chemistry

E d ito r :  L. Pa jdow sk i. B u tte rw o rth , L ondon  1971. 264 pp.

T he book  co n ta in s th e  p ap ers  serv ing as basis o f th e  p len a ry  lec tu res a t  th e  X l l l t h  
In te rn a tio n a l  C onference on C oord ination  C hem istry  o rganized  in  P o la n d  in S ep tem ber 1970.

I t  is im possib le  to re p o rt  in  d e ta il w ith in  th e  scope of a book  rev iew  th e  13 su m m a ry  
p a p e rs  invo lv ing  w ith o u t excep tion  a b ro ad  m ate ria l. T herefore, on ly  th e  sub ject and  th e  m o st 
im p o r ta n t  conclusions of th e  single p ap ers  w ill be sum m arized .

J .  C. B a il a r , J r .  gives an  acco u n t o f th e  m ain  tren d s  o f re sea rch  in  coord ina tion  ch em 
is try  in  th e  U nited} S ta te s  o f A m erica. T he m ost im p o rta n t re su lts  a tta in e d  in th e  in v e s tig a 
tio n  o f com plex com pounds of v a rio u s ty p es  a re  b riefly  described , an d  th e  re lev an t l i te ra tu re  is 
g iven . T h is ex ten siv e  lis t o f reference m akes th e  p a p e r p a r tic u la r ly  v a lu ab le .

G. R . Ch o p p in  deals w ith  p rob lem s associated  w ith  th e  s tru c tu re  an d  th e rm o d y n am ics  
o f  la n th a n id e  an d  actin ide  com plexes. H e re p o rts  on th e  re su lts  o f re sea rch  concerned  w ith  
th e  d e te rm in a tio n  of th e  coord ina tion  n u m b er of lan th an id es  an d  actin id es in solu tion . F a c to rs  
d e te rm in in g  an d  affec ting  th e  th e rm o d y n am ic  p a ram e te rs  of com plex  fo rm ation  in  so lu tio n  
a re  d iscu ssed  in  d e ta il. M etal com plexes o f th e  o u te r  sphere  ty p e  are  also trea ted .

B. B. Cu nn in g h a m  presen ted  a p ap er on th e  physico-chem ical p roperties o f ac tin id e  
com plexes. R e la tio n sh ip s betw een  th e  coo rd in a tio n  chem ical p ro p e rtie s  o f these  e lem en ts  a n d  
th e ir  p lace  in th e  periodic  system  are show n. The p rop erties  o f th e  actin ides and th e ir  com 
p lexes a re  com p ared  w ith  those  of o t h e r /  t ran s itio n  e lem ents a n d  th e ir  com pounds.

R . F . F e n s k e ’s to p ic  is th e  m olecular o rb ita l th eo ry  of я -donor and я -accep to r com 
plexes. Possib ilities an d  lim ita tio n s of th e  ap p lica tio n  of MO calcu la tio n s in th e  in v es tig a tio n  of 
co m pounds of th is  ty p e  are show n. T he possible use  o f these  m eth o d s fo r th e  in te rp re ta tio n  of 
a b so rp tio n  an d  p h o to electron ic  sp ec tra  is in d ica ted . O f p a r ticu la r  in te re s t is th e  p a r t  o f  th e  
p a p e r  d iscussing  th e  force c o n stan ts  o f carbony l com plexes.

У . Gu tm a n n  discusses in  his p a p e r  th e  re la tio n sh ip  be tw een  coord ina tive  an d  re d o x  
p ro p e rtie s  in so lu tion . T he re la tio n sh ip  betw een  th e  don icity  o f th e  so lv en t and  th e  red o x  p o 
te n tia l  of th e  d issolved p a rtic les  is show n. O rien ta tiv e  ru les a re  g iven concerning th e  e ffec t 
o f  com plex fo rm atio n  on redox  p ro p erties , an d  on th e  effec t o f red o x  p rop erties  o f th e  sy s te m  
o n  com plex fo rm atio n .

B. JE z o w sk a -T rzebiatoWSKa discusses th e  th eo ry  an d  im p o rtan ce  of oxygen b r id g 
ing . T he p a p e r  sum m arizes th e  re su lts  o b ta in ed  in  long y ears o f re sea rch  b y  th e  a u th o r a n d  h e r 
re sea rc h  team .

S. F . A. K e t t l e  discusses th e  in te rp re ta tio n  of v ib ra tio n a l sp e c tra  of solids. H is w o rk  
d eals w ith  som e of th e  m ore im p o r ta n t new  resu lts  o b ta in ed  in  th e  field  of th e  in frared  a n d  
R a m a n  sp ec troscopy  of c rysta lline  su bstances, from  w hich conclusions o f m ore general v a lid ity  
a re  d raw n .

R . S. N y h o lm ’s p ap er concerns th e  syn thesis, s tru c tu re  an d  reac tio n s of m e ta l-o le f in  
com plexes. T he n a tu re  of th e  m eta l-o le fin  bond  is d iscussed, several reac tio n s of olefin co o rd i
n a te d  to  tra n s it io n  m eta ls are p re sen ted , and  facto rs a ffecting  th ese  reac tio n s are d iscussed . 
W ith in  th is  g roup  of com pounds, a few  in tram o lecu la r re a rra n g em en ts  o f p a rticu la r  in te re s t  
a re  show n.

R . G. P e a r so n  discusses ru les su itab le  for th e  in v estig a tio n  of th e  m echanism  o f in o r 
gan ic  reac tions.

L. Sa cco n i rep o rts  re su lts  o b ta in e d  in th e  in v es tig a tio n  of iro n (II) , c o b a lt(I I )  an d  
n ic k e l(II)  com plexes w ith  coord in a tio n  n u m b ers  five and six. T he effec t o f th e  geom etry  o f th e  
com plexes on  th e  sp in  s ta te  is d e a lt w ith  in d e ta il. F ac to rs  d e te rm in in g  th e  m agnetic  p ro p e r
tie s  o f th e  com plexes are discussed, w ith  special reference to th e  in te rp re ta tio n  of an o m a lo u s 
m ag n e tic  b eh av io u r.
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Y . I .  Sp itsy n  re p o rts  th e  m ost im p o rta n t re su lts  a tta in e d  in th e  la s t  decade in  th e  field  
o f co o rd in a tio n  ch em istry  in  th e  U SSR . R esu lts  o b ta in e d  in  th e  in v es tig a tio n  of p la tin u m  
m e ta ls , ra re -e a r th  m eta ls  a n d  actin ides are p a r tic u la r ly  em phasized. Several h e te ropo lyac id  
sy s tem s, th e  com plexes o f lig an d s  of novel ty p e , o rganom eta llic  com pounds, and  m eth o d s of 
in v es tig a tio n  used  for th e  s tu d y  of th e  various ty p e s  o f com plexes a re  also  discussed. T he p a p e r 
closes w ith  a  deta iled  l is t  o f references, com prising  m a in ly  p u b lica tions show ing th e  resu lts  o f 
re c e n t  y ears.

I .  T su jik a w a  t r e a ts  in  his p ap er th e  ab so rp tio n  lines o f com plexes o f th e  iro n  group , 
su m m ariz in g  th e  m ost im p o r ta n t  resu lts a tta in e d  in  th e  la s t  decade in  th is  field .

K . B. Y a t s im ir s k ii discusses th e  role o f c o o rd in a tio n  in c a ta ly tic  re d o x  processes. T he 
fu n d a m e n ta l theories o f  th e  su b je c t are p re sen ted . T h e  m echanism s of som e of th e  m o st im 
p o r ta n t  ca ta ly tic  red o x  processes are discussed. F a c to rs  in fluencing  c a ta ly tic  a c tiv ity  a re  in 
d ica ted .

A s can  be  seen also fro m  th is  b rie f rev iew , a ll th e  papers deal w ith  fu n d a m e n ta l p ro b 
lem s o f coo rd in a tio n  ch em is try . T he m ate ria l o f th e  p ap ers , th e  new  sc ien tific  resu lts , as well 
as th e  sy s tem atic  su rv ey  o f ex p erim en ta l re su lts  all c o n trib u te  in m ak in g  th is  pu b lica tio n  v e ry  
u se fu l fo r coordination  chem ists .

K . B u r g e r

M. J .  S. D ewar: M O  Theory as a Practical Tool fo r  S tudying  Chemical R eactiv ity
and

W. England, L. S. Salmon and K. R uedenberg: Localized M olecular 
O rbita ls: A  Bridge between Chemical In tu itio n  and M olecular Q uantum

M echanics

T o p ics in  C urren t C h em istry , Vol. 23, E d . A. D av ison , M .J.S . D ew ar, K . H afn er, E . 
H e ilb ro n n e r, U. H o ffm an n , K . N iedenzu, K l. S ch äfer, G. W ittin g , S p rin g e r V erlag, B erlin —  

H eidelberg— New Y o rk  1971, 123. pp.

I n  th e  f irs t p a p e r o f th e  volum e M. J .  S. D e w a r  gives a  c ritica l rev iew  of th e  ab in it io  
SC F MO m ethod  and th e  d iffe re n t sem iem pirical a ll-valence m eth o d s fro m  th e  p o in t o f v iew  
of th e i r  ap p licab ility  to  th e  calcu la tio n  of in tra m o le cu la r  and  in te rm o lecu la r  p o ten tia l en ergy  
su rfaces. H e shows th e  sh o rtco m in g s and  d isa d v an tag e s  of these  m eth o d s used  to  calcu la te  
p o te n t ia l  surfaces, w hich  p la y  a n  im p o rta n t ro le  f i r s t  o f  all in th e  th eo ry  o f chem ical re a c tiv ity  
b a se d  on q u an tu m  ch em ica l sca tte rin g  th eo ry . T h en  he d em o n stra tes  t h a t  th e  M IN D O /2 
m e th o d , if  p roperly  p a ra m e tr iz e d , is capable o f p ro v id in g  h eats o f fo rm atio n , force co n stan ts  
a n d  m olecu lar geom etries in  a  good agreem ent w ith  experim en t.

T h e  m ethod  gives also  reasonab ly  good re su lts  for b a rrie rs to  ro ta tio n  a b o u t C =  C 
b o n d s , fo r th e  a c tiv a tio n  energ ies of con fo rm atio n a l isom erization  a n d  Cope rea rra n g em en t 
re a c tio n s , for th e  s tru c tu re s  a n d  reactions o f 7 -n o rb o rn y l ions and  rad ica ls  an d  som e o th e r  
o rg a n ic  reac tions d iscussed  also in  th e  paper. D e w a r  p o in ts  ou t, in  ag reem en t w ith  th e  ex p eri
en ce  o f th e  review er, t h a t  th e  M IN DO/2 m eth o d  does n o t alw ays give good geom etries fo r 
m o lecu les w hich co n ta in  a to m s w ith  lone pa irs . T h e  a u th o r  suggests fo r su ch  cases th e  m ore 
re fin e d  N D D O  MO m eth o d , b u t  th is  m ethod  h as  n o t  y e t  been p a ram e trize d  fo r th is  purpose .

T h e  pap er is v e ry  c le a rly  w ritten  an d  a n  am ple  m ate ria l o f n u m erica l re su lts , b o th  
th e o re tic a l  and  e x p erim e n ta l, illu s tra te s  th e  d iffe re n t app lications o f th e  M IN D O /2 m eth o d  
e s tab lish e d  by  D ew a r  a n d  h is coworkers. T h e  p a p e r  is h ighly  reco m m en d ab le  fo r p h y sica l 
c h em ists  an d  organic chem ists .

I n  th e  second p a p e r  w r i t te n  b y  E n gland  et al. th e  question  of localized  o rb ita ls (LO ’s) is 
d iscu ssed . As is well k n o w n , a  S la te r d e te rm in a n t to ta l  w ave fu n c tio n  is in v a ria n t u n d e r a n y  
o r th o g o n a l  tran sfo rm a tio n  fo rm ed  w ith  th e  a id  o f th e  lin ea r com b in a tio n  of its  one-electron  
o rb ita ls . T he au th o rs  show  th a t ,  besides th e  to ta l  energy , its  one-electron , C oulom b and  ex 
ch an g e  p a r ts , as well as th e  f i r s t  order den sity  m a tr ix  an d  th e  F ock  o p e ra to r  are  also in v a r ia n t  
u n d e r  such  a tran s fo rm a tio n . T h ey  p o in t o u t fu r th e r  t h a t  only th e  so lu tions of th e  canon ica l 
H a r t re e  Fock eq uations (w hen  ail off-d iagonal L ag ran g e  m ultip lie rs a re  p u t  equal to  zero) 
a re  re la te d  to  e x p erim en ta l q u a n titie s  via  K o o p m a n ’s theorem .

T h e  pap er gives as c rite rio n  of loca lization  t h a t  th e  sum  for all occupied  o rb ita ls o f all 
C oulom b in teg ra ls  co n ta in in g  th e  squares o f th e  sam e o rb ita l for b o th  e lectrons ( th e  sum  of
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“ self energ ies”  of all occupied  M O’s) should  be a  m axim um . F u r th e r  th e  localized  M O’s hav e  
to  be  chosen to  be o rth o g o n al to  assure  th e ir  tran s fe ra b ility  b e tw een  d iffe ren t m olecules. F o r 
o rb ita ls  fu lfilling  th is c rite rio n  th e  a p p ro p ria te  equations are  w r i t te n  dow n. Also a  discussion 
o f th e  re la tio n  betw een  th e  loca lized  o rb ita ls  an d  th e  canonical H F  o rb ita ls  a n d  of th e  sym m e
t r y  p ro p e rtie s  o f th e  L O ’s is g iven  a t  th e  end  o f th e  theo re tica l p a r t  o f th e  p a p e r . I t  is re g re ttab le  
t h a t  th e  p a p e r  does n o t  c o n ta in  th e  rev iew  of o th e r  localization  c r ite r ia  a n d  th e ir  critica l d is
cussion.

T h e  la s t  tw o c h ap te rs  o f th e  p a p e r  p ro v ide  a sy s tem atic  d e sc rip tio n  o f th e  LO’s in 
d ia to m ic  m olecules an d  of th e  л  M O’s in  a ro m a tic  h y drocarbons. I n  th e  la t te r  case th ey  give 
a c lear d iscussion of th e  de localiza tion  in  system s based  on LO ’s a n d  th e y  c lassify th e  o b ta in ed  
u n iq u e  se t (w ith  th e  e x ce p tio n  of benzene) o f localized n  o rb ita ls  as d iffe ren t, essen tia lly  tw o-, 
th ree -, an d  fou r-cen ter L O ’s. O ne of th e  g re a te s t m erits  of th e  p a p e r  is t h a t  i t  con ta ins d e ta iled  
c o n to u rs  fo r th e  LO’s in d ia to m ic  m olecules an d  fo r th e  localized  л  M O ’s in  a ro m a tic  h y d ro 
ca rb o n s  in  30 excellen t figures.

T he p a p e r  is c learly  p re sen te d  th o u g h  i t  m ay  n o t be a lw ays v e ry  easily  readab le  for 
n o n -q u a n tu m  chem ists. T h ere fo re , i t  can  be  recom m ended  f ir s t  o f a ll to  q u a n tu m  chem ists 
a n d  p h y sic a l chem ists w ith  a p p ro p ria te  know ledge in q u a n tu m  ch em istry .

J .  La d ik
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A CTA  CH IM ICA
T O M  7 5  -  В Ы П . 1

Проблемы, возникающие при анализе системы Н.,02—Tl(III)
Новые индуцированные реакции
Л .  Й . Ч А Н И ,  Ф . Ч Е Х ,  ж. С И Л  и  Ж .  Б Е Т И

Новые индуцированные реакции наблюдались при одно-эквивалентном окислении 
(с помощью сульфата церия (IV) и/или перманганата калия) и восстановлении (ионами 
железа(П)) системы Н ,02—Tl(III). Приводятся характеристики и возможный механизм 
индуцированных реакций.

Сравнение некоторых методов расчета кинетики реакции, 
основанных на данных термических кривых

Т .  Ф Л О Р А

На основе дериватографических кривых с помощью методов Фриман—Кэрролла, 
Хоровиц—Метцгера и Киссинжера, используя различные скорости нагрева, были рассчи
таны энергии активации и порядок реакции термического разложения никель(П)-гекса- 
минхлорида, сополимера полистирола с дивинилбензолом и Трихлорфона. Результаты, 
полученные различными методами и для различных типов реакций, сравнивались и интер
претировались.

О комплексах никеля(II) с этилендиаминэм
Й . Ч А С А Р

Были изучены видимые и ИК спектры, а также магнитные свойства следующих 
комплексов [N ien3]X n (n  =  1, 2,; X  =  Cl” , B r” , I “ , S20 ^ 2, [P tC l4]” 2) и [N ien2]Y n (n =  1, 2; 
Y =  Cl” , B r” , A l l r ,  CuLr, I l g l j 2, Ag(CN)j", Zn(CN)4 2, Cd(CN)4 2. Экспериментальные дан
ные обсуждаются на основе теории лигандного поля. Подробно обсуждается возмож
ность обнаружения полос колебания r(N iN ); в выше приводимых комплексах эта полоса 
находится в области 500—540 см” 1.

Вывод уравнения турбулентности Рейнольдса на основе 
принципа Дьярмати

Д Ь .  В И Н Ц Е

Было показано, что, подобно уравнению вязкого потока Навьер—Стокса, на основе 
интегрального принципа Дьярмати для неравновесной термодинамики может быть выве
дено и уравнение турбулентного потока Рейнольдса. В ходе вывода, потенциал дисси
пации Лоренцта был обобщен в некоторой мере. Демонстрируется, что плотность Лаг
ранжа, в принципе Дьярмати, может быть разъединена на две различные части, относя
щиеся к основному и флуктуирующему движениям, соответственно. Справедливость 
дополнительной теоремы Дьярмати демонстрируется в случае квази-линейных составляю
щих уравнений. Было доказано, что вариационный принцип может быть использован 
также и в данных случаях.



Сжимаемость водных растворов отдельных галогенов, I 
Хлориды щелочных металлов

Л . О Н И Т И У  и Д . А У С Л Э Н Д Е Р

Были исследованы изменения в адиабатической сжимаемости водных растворов 
LiCl, NaCl и KCl в зависимости от концентрации и температуры. Адиабатическая сжимае
мость была рассчитана по формуле /?ad=  — f ,  где S -  плотность и V скорость распрост
ранения ультразвука, определяемы экспериментально. На первых трех рисунках приво
дится изменение сжимаемости в зависимости от температуры для трех различных солей; 
сжимаемость обычно уменьшается с увеличением температуры, достигает минимума, а 
затем изменяется в обратном направлении. С увеличением концентрации минимумы сдви
гаются в направлении низких температур. На следующих трех рисунках приводится 
адиабатическая сжимаемость в зависимости от концентрации при постоянной температуре. 
В случае всех трех солей ß aii уменьшается с увеличением концентрации. Как вытекает из 
различных кривых, относящихся к различным температурам, с увеличением концентрации 
уменьшается влияние тепла на сжимаемость. Из следующего же рисунка видно, что в 
различных растворах солей /íad обладает обратным изменением с диаметром катионов.

Изменение сжимаемости, в зависимости от температуры, концентрации растворов 
и диаметра катионов, отображает движение системы в сторону новых равновесий, а именно 
таких равновесий, которые определяются изменением связи между интенсивностями раз
личных взаимодействий.

Далее обсуждается два известных, противоположных влияния повышения тем
пературы на воду. При оценке результатов обсуждается влияние ионов на водородные 
связи, а также рассматриваются эффекты электросжатия. Адиабатическая сжимаемость, 
изменяющаяся в зависимости от катиона, объясняется с точки зрения представлений гид- 
ратационных сфер ионов.

Об электростатических теориях образования смешанных комплексов
Ф . Г А Й З Е Р  и  М . Б Е К

Обсуждаются электростатические теории Кида и Маркуса— Элизера, объясняющие 
образование смешанных комплексов. Указывается, что теория Кида опирается лишь на 
атомные радиусы и не учитывает другие факторы. Основываясь на расчетах для смешан
ных комплексов HgBrI и FeFCF, а также используя литературные данные — помимо 
прочего — было установлено, что электростатическая энергия стабилизации, рассчитан
ная по модели Маркуса—Элизера, составляет всег о десять тысячных от энергии всех 
взаимодействий. Надежность этой, и без того малой величины, еще уменьшается с возмож
ным изменением различных факторов (напр. длина связи, угол связи и пр.). Согласно 
моделям, энергии, рассчитанные для отдельных комплексов, даже качественно не согла
суются с измеренными константами равновесия; и помимо этого обосновано существование 
HgF2 в водных растворах. Используя литературные данные, подчеркиваются трудности, 
возникающие при расчете диэлектрической постоянной растворителя.

Новые пути получения полиметилениминов
И . Б Е К ,  Й . Р А К О Ц И  и  Я .  Т Ё Р Ё К

Были исследованы возможности нового, экономичного синтеза циклоиминов с повы
шенным числом членов цикла (7, 8, 9), исходя из соответствующих лактамов. Приводится 
общая картина введенных изменений. В качестве модельного соединения был избран 
октагидроазоцин (гептаметиленимин), важный с точки зрения промышленности лекарст
венных веществ. Для него предлагается новый экономичный метод получения, осуществи
мый и в промышленном масштабе, и заключающийся в восстановлении О-метилового 
эфира энантолактима с помощью NaBH4 в водных средах, содержащих органические кис
лоты в качестве буферов. Изучались также возможности приготовления и гидрирования 
бис-лактиминовых эфиров.



Исследования в области твердофазной полимеризации, XXVIII 
Исследование твердофазной олигомеризации аценафтилена, 

инициированной йодом.
Кинетика и механизм реакции

Д Ь .  Х А Р Д И ,  Г . К О В А Ч ,  Д Ь .  К О С Т Е Р С И Т Ц  и  Ф .  Ч Е Р

Были исследованы кинетика, механизм и условия олигомеризации кристалличе
ского аценафтилена, иницированной парами йода. Энергия активации брутто процесса, 
носящего линейный кинетический характер, равна 28 ккал/моль. Средняя степень поли
меризации продуктов равна 3—6; содержание йода намного меньше одного атома на одну 
молекулу олигомера. Механизм реакции носит ионный характер. Вполне вероятно, что 
в качестве элементарной реакции инициирования может служить диссоциация на ионы 
КПЗ между йодом и аценафтиленом.
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Chemical Analysis by Emission 
Spectroscopy Fundamentals

b y  J .  M ika a n d  T . T örök

T he f irs t p a r t  o f th e  w ork, F u n d a m e n ta ls , gives a d e ta iled  t r e a t 

m en t o f th e  th e o re tic a l an d  p ra c tic a l p rincip les o f e x c ita tio n , th e  

d ispersion of lig h t, th e  d e te rm in a tio n  of th e  w av e len g th  a n d  in te n 

s ity  o f sp ec tra l lines, w hich a re  ind ispensab le  for an  u n d e rs ta n d in g  

o f th e  physica l an d  chem ical phenom ena u n d e rly in g  spectro - 

chem ical analysis . In  ad d itio n  to  th e  classical m e th o d s , m odern  

techn iques are  described , such  as ex c ita tio n  b y  ho llow -cathode 

tu b e s , p lasm a b u rn e r, b y  laser, e tc . M ethods w hich a re  used  ra re ly  

for special purposes a re  also in c lu d ed  in th e  book.

In  E nglish  . A pprox . 580 pages . Cloth

B U T T E R W O R T H  L td . A K A D É M IA I K IA D Ó

L ondon B u d ap est

A co-edition — d is tr ib u te d  in  th e  socialist coun tries b y  K u ltu ra , 

B u d ap est, in all o th e r coun tries b y  B u tte rw o rth  L td .,  L ondon



Radiation Chemistry III
P R O C E E D IN G S  O F  T H E  T H IR D  SY M POSIU M  

1 0 - 1 5  MAY 1971, T IH A N Y , H U N G A R Y  

e d ite d  by  J . DO BÓ a n d  P . H E D V IG

T h is  m eeting  p ro voked  specia l w orld-w ide in te res t. T here  w ere over 200 p a r tic ip a n ts  p re se n t 
a n d  p ractica lly  all im p o r ta n t  schools o f ra d ia tio n  ch em istry  w ere rep resen ted . T he m ain  
re su lts  ob tained  in th e  fie ld  o f aq u eo u s so lu tions, o rgan ic  co m pounds, m onom ers and  po lym eric  
co m p o u n d s were d iscussed . A n o v e lty  o f th is  S ym posium  is t h a t  in  a d d itio n  to  th e  re su lts  
o f  th e  basic research  a tta in e d  in these  fields, som e in d u s tr ia lly  rea lized  processes h av e  also  
b e en  presen ted . A g en era l d ev elo p m en t b roaden ing  th e  scope o f ra d ia tio n  chem istry  cou ld  
d e fin ite ly  be estab lished .

I n  E nglish  • A pp ro x . 960 pages ■ Cloth

Laboratory Manual on Crystal Growth
e d ite d  by  I. T A R JÁ N

T h e  book is a s ta n d -b y  long since req u ired  in th e  in te rn a tio n a l l i te ra tu re  for la b o ra to ry  
p ra c tic e  dealing w ith  th e  s tu d y  o f c ry s ta l g row th  a n d  th e  processes o f  grow ing crysta ls. T h e  
f i r s t  p a r t  is concerned w ith  sim ple ex p erim en ts  re la te d  to  th e  fu n d a m e n ta l prob lem s of c ry s ta l 
g ro w th . The second p a r t  p re sen ts  va rio u s processes, e q u ip m en ts  a n d  facilities fo r g row ing 
c ry s ta ls . F inally , p ra c tic a l d irec tio n s are  given fo r th e  t re a tm e n t  a n d  processing  of c ry s ta ls .

I n  E ng lish  • 250 pages  • Cloth

A K A D É M IA I K IA D Ó

P u b lish in g  H ouse o f th e  H u n g a rian  A cadem y of Sciences 

B u d a p e s t



ORGANIC REAGENTS IN METAL 
ANALYSIS
by K. BURGER

Many analytical processes are based on coordination chemical reactions; the principles of 
such reactions and the factors deciding their analytical selectivities are discussed in the 
first part of the book. The second, practical part deals with procedures of using the most 
important selective organic reagents in metal analyses. Detailed descriptions are given for 
the practical solution of a number of analytical problems. The book is completed with a 
number of analytical tables.

In English • Approx. 240 pages • Cloth

AKADÉMIAI KIADÓ PERGAMON PRESS
Budapest Oxford

A co-edition — distributed in the socialist countries by Kultura, Budapest, in all other
countries by Pergamon Press, Oxford



ACTIVATION AND DECAY TABLES 
OF RADIOISOTOPES

b y  E. Bujdosó, I. Fehér and G. Kardos

With the spreading use of radioisotopes in science and practice, it has become 
a routine task to calculate the expected activity of a sample irradiated in a reactor, 
or the rates of decay of the isotopes produced and used in activation analysis, 
radiochemical laboratories and in related fields. These calculations are greatly 
facilitated by the tables compiled with the aid of a computer.

In English • Approx. 560 pages • Cloth

AKADÉMIAI KIADÓ ELSEVIER PUBLISHING COMPANY
Budapest Amsterdam

A co-edition — distributed in the socialist countries by Kultura, Budapest, in all other
countries by Elsevier Publishing Company, Amsterdam



PHYSIK UND CHEMIE DER ZUCKERRÜBE ALS 
GRUNDLAGE DER YERARBEITUNGSYERFÄHREN
v o n  У. V u k o v

D iese in  der in te rn a tio n a le n  Z u c k e rfa ch lite ra tu r  b ish e r a lle in  d asteh en d e  M o
n o g rap h ie  e rfa ss t den  vielseitigen Q u a litä tsb e g riff  d er ind u strie llen  Z u c k e r
rü b e  d u rch  w issenschaftlich  e ra rb e ite te  q u a n ti ta t iv e  Z usam m enhänge, u n d  
e rm ö g lich t a u f  d ieser G rundlage e in  tech n isch -w irtsch aftlich es  O p tim u m  bei 
d er V e ra rb e itu n g  d e r Z uckerrüben  d e r  v e rsch ied en sten  A nbaugeb ie te .

I n  d eu tsch er S p rach e  • E tw a 370 S e iten  • 111 A bb ild u n g en  • 194 T ab e llen  • 
G anzleinen

A K A D É M IA I K IA D Ó
V erlag  der U n g arischen  A kadem ie der W issenschaften  
B u d a p e s t



ATLAS OF THERMOANALYTICAL CURVES II
(TG-, DTG-, DTA-curves measured simultaneously)

edited by G. LIPTAY

The series, whose second volume is presented here, is a collection of thermoanalytical records 
of a wide range of materials derived from various sources : inorganic, organic, and synthetic 
organic substances, minerals, rocks, coal specimens, etc. In recording these curves, the editors 
have called in the aid of expert researchers in thermal analysis. In view of the influence of 
the experimental parameters, each sample was analysed twice, under different conditions, 
and one of the curves is printed in red on a transparent overlay; this additional information 
is helpful for the user in obtaining a better picture of the physical and chemical changes 
brought about by the termál treatment. Presumably, the series will be increased by two 
volumes, yearly.

I n  English • Approx. 110 pages • Cloth

AKADÉMIAI KIADÓ 
Budapest

HEYDEN AND SONS Ltd.
London

A co-edition — distributed in the socialist countries by Kultura, Budapest, in all other
countries by Heyden and Sons Ltd., London
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GASCHROMATOGRAPHISCHE ANALYSE 
YON STICKOXIDEN, II

A N A L Y SE  Y O N  N 0 2 M IT T E L S R E A K T IO N S -G A S C H R O M A T O G R A P H IE  

C. E . D ö r in g , R . G e y e r  und P . R ö sk e

( V E В  L eu n a -W erke  »Walter Ulbrichta u n d  Technische Hochschule 
f ü r  Chemie »Carl Schorlem mer«, M erseburg, D D R )

E ingegangen  am  20. S ep tem b er 1971

D ie R e a k tio n  v o n  N 0 2 m it v ersch iedenen  p h o sp h o ro rg an isch en  V erb in d u n g en , 
insbesondere  P h o sp h in e n  u n d  P h o sp h ite n , w ird  au f ih re  E ig n u n g  zu r reak tio n s-g as- 
c h ro m a to g ra p h isc h en  A nalyse  des N 0 2 gep rü ft. E s w ird  g e fu n d en , daß  die R e ak tio n  
m it T rip h e n y lp h o sp h it  s tö ch iom etrisch  u n te r  B ildung  v o n  NO  v e rlä u ft. Die R e a k tio n s
bed in g u n g en  u n d  die A nw endung  der R e ak tio n  zu r A n a ly se  im  G em isch m it v e rsch ie 
denen  B e s ta n d te ile n  w erden  beschrieben .

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 75 (2), pp. 89—98 (1973)

Einleitung und Aufgabenstellung

D ie bei d er g a sch ro m ato g rap h isch en  A nalyse v o n  S tickox iden , in sbeson 
dere N 0 2,* a u f tre te n d e n  Schw ierigkeiten  h ab en  versch ied en e  A u to ren  v e r 
a n la ß t, re ak tio n s-g asch ro m ato g rap h isch e  V erfah ren  h eran zu z ieh en . D abei w ird  
d u rch  eine geeignete  chem ische R eak tio n , die au f e in er d er T rennsäu le  v o r 
gesch a lte ten  S äu le  a b lä u ft, das N 0 2 in  eine le ich te r zu  h a n d h ab en d e  V erb in 
d u n g  ü b e rfü h rt u n d  diese gasch ro m ato g rap h isch  b e s tim m t. Gr e e n e  u n d  
P ust  [1] v e rw e n d e te n  die R eak tio n

3N 20 4 +  2H 20  =  2NO +  4 H N 0 3 (1)

w ozu eine 3 m  lan g e , m it n ic h ta k tiv ie rte m  M olekularsieb  5A gefüllte T re n n 
säu le  m it 2 m l H 20  b e lad en  w urde. Z ur A nw endung  dieses V erfahrens a u f  
0 2-haltige G asgem ische kondensieren  S m it h  u . M itarb . [2] zu n äch st das N 0 2 v o r  
d er T rennsäu le  u n d  e lu ieren  die B egleitgase, b ev o r N O a v e rd a m p ft u n d  n ach  
Gl. (1) u m g ese tz t w ird .

Mi k k e l s e n  u n d  M itarb . [3] b e n u tz te n  die R e a k tio n

3 N 0 2 +  N a2B 4 0 7 • 10H ,O  =  2 N a N 0 3 +  2B 20 3 +
+  i o h 2o  +  n o .

D ie R eak tio n ssäu le  e n th ie lt ein G em isch von  B o rax  u n d  C hrom osorb  u n d  w ar 
einer M olekularsieb  5A -Säule v o rg esch a lte t. Mura ca  u . M ita rb . [4] beschre iben

* U n te r  N 0 2 w ird , so fern  n ich t anders v e rm e rk t, das G leichgew ichtsgem isch N 20 4 ^  
2 N 0 2 v e rs tan d e n .
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d ie  Ü b erfüh rung  von  N 20 4 u n d  a n d e re r  S tickoxide in  N 2 an  C u -P u lv er bei 
800 °C nach A rt des D u m as-V erfah ren s m it nachfo lgender A nalyse d er ge
b ild e te n  Inertgase  an  e in er P o rap ak -S äu le .

K e keh  [5] b e n u tz te  als R e ak tio n ssch ich t C u-Pulver, d as  a u f  Chrom osorb 
P  au fg e trag en  w ar. D ie R ed u k tio n  des NO., zu NO erfo lg te  be i 45°.

D ie Zahl der R e ak tio n en , die zu r reak tio n s-g asch ro m ato g rap h isch en  
B estim m u n g  des N 0 2 geeignet sind , is t  o ffenbar rech t b e g re n z t. E in  G rund  
h ie r fü r  liegt darin , d aß  tro tz  der großen  R e a k tiv i tä t  des NO., n u r  w enige seiner 
R e a k tio n e n  stö ch io m etrisch  e inhe itlich  verlau fen . D am it w ird  ih re  analy tisch e  
A n w en d b a rk e it e rsch w ert bzw . u nm ög lich  gem ach t.

D ie bisher b esch riebenen  re a k tio n s-g asch ro m ato g rap h isch en  V erfahren  
w e isen  den M angel au f, daß  ih re  D u rch fü h ru n g  die A nalyse des N 0 2 n u r  in  
G em ischen  zu läß t, die vorw iegend  aus In e rtg a se n  besteh en . W e ite rh in  zeigen 
d ie  G leichungen (1) u n d  (2), daß  die S töch iom etrie  dieser R e a k tio n e n  fü r  reak- 
tio n s-g asch ro m a to g rap h isch e  U n te rsu ch u n g en  n ich t o p tim a l is t, da  zwei 
N -h a ltig e  R e a k tio n sp ro d u k te  en ts te h e n , jedoch  n u r NO in  den  D e tek to r 
g e lan g t. Ziel der vo rlieg en d en  A rb e it w a r es, eine geeignete  R eak tio n  au f
z u fin d en , die diesen E in sc h rä n k u n g e n  n ic h t u n te rlieg t.

D ie Reaktionen von Stickoxiden mit phosphororganischen Verbindungen

F ü r  analy tische  U n te rsu ch u n g en  m itte ls  R eak tio n s-G asch ro m ato g rap h ie  
is t  es zweifellos v o rte ilh a f t , w enn m a n  k a ta ly tisch e  U m w an d lu n g en  h e ra n 
z iehen  kann. Jed o ch  t r e te n  bei E in h a ltu n g  der erfo rderlichen  R eak tio n sb ed in 
g u n g en  oftm als K o m p lik a tio n en  d u rch  die übrigen  G em isch b estan d te ile  ein , 
e n tw e d e r in F orm  u n e rw ü n sc h te r  N eb en reak tio n en  oder d u rc h  V erg iftungs
e rscheinungen  am  K a ta ly sa to r . M an k a n n  d ann  n u r  a u f  stöch io m etrisch  
ab lau fen d e  R eak tio n en  zurückgre ifen  u n d  m uß versu ch en , die N ach te ile , 
d ie  sich aus der fo r tsc h re ite n d en  E rsch ö p fu n g  der R eak tio n ssäu le  ergeben , 
d u rc h  optim ale W ah l d er A nalysenbed ingungen  m öglichst gering  zu h a lten .

Bei der Suche n a c h  geeigneten  R e a k tio n sp a rtn e rn  w u rd e  das V erh a lten  
v e rsch iedener O rg an o p h o sp h o rv erb in d u n g en  gegenüber S tick o x id en  g ep rü ft.

T risu b stitu ie rte  P h o sp h in e  R 3P  u n d  P h o sp h ite  (R O )3P  (R  =  A lkyl, A ryl) 
b e s itzen  auf G rund  des freien  E le k tro n e n p a are s  am  P -A to m  eine ausgep räg te  
nucleoph ile  R e a k tiv itä t .  Sie reag ieren  m it zah lreichen  O -h a ltig en  V erb indungen  
w ie H ydroperox iden , O zon, A m inox iden , E pox iden , S tick o x id en , zum eist u n te r  
B ild u n g  der en tsp rech en d en  P h o sp h in o x id e  bzw. P h o sp h a te .

Ü bersich ten  ü b e r  diese R e a k tio n e n  geben Ca d o g a n  [6], H u d s o n  [7] 
sow ie K ir b y  und W a r r e n  [8]. Zum  Teil h ab en  diese R e a k tio n e n  ana ly tisch e  
A nw endungen  g efunden  [9, 10].

Bei geeigneter W ah l der S u b s titu e n te n  liegen p h o sp h o ro rg an isch e  V er
b in d u n g en  als F lü ssig k e iten  h in re ich en d  geringer F lü c h tig k e it v o r. Die U m se t

Acta Chim. (Budapest) 75, 1973



DÖRING und Mitarb.: GASCHROMATOGRAPHISCHE ANALYSE, II 91

zung m it S tickox iden  sind  R eak tio n en  des T yps

-^ f l.  “1“  ®gas * 'fl. oder fest ^ g a s  * ( ^ )

Die R e a k tio n sp ro d u k te  C, P h o sp h a te  bzw . P h o sph inox ide , sind von  n och  
geringerer F lü c h tig k e it u n d  verb le iben  in  d e r R eak tio n ssäu le . In  den D e te k to r  
gelangen lediglich  die gasförm igen R e a k tio n sp ro d u k te . D a m it erfü llen  die 
g en an n ten  O rg an o p h o sp h o rv erb in d u n g en  w ich tige  V orausse tzungen  fü r  ih re  
A nw endung  u n te r  reak tio n s-g asch ro m ato g rap h isch en  B ed ingungen .

Als R e a k tio n sp ro d u k te  der U m se tzu n g  von  N 0 2 m it P h o sp h iten , P h o s- 
p h inen , P y ro p h o sp h ite n  tre te n  N 0 , N 20  sowie N2 in  u n te rsch ied lich en  V er
h ä ltn issen  au f [7, 10, 11].

F ü r  die G ew ährle istung  eines R eak tio n sv erlau fes , d er zu einem  e in h e it
lichen R e a k tio n sp ro d u k t fü h r t , is t v o n  B ed eu tu n g , d aß  auch  N 0  m it e in e r 
A nzah l P -o rg an isch er V erb indungen  reag ie ren  k a n n  [12, 13]:

(O R )3P  +  2 N 0  ->  ( 0 R ) 3P 0  +  N 20  . (4)

N ach  D r a g o  [ 1 4 ]  sind  solche R e a k tio n e n  n u r  m öglich , w enn die P -V er- 
b in d u n g  eine zu r R e a k tio n  m it der schw achen  L ew is-Säure NO ausre ich en d e  
B a s iz itä t besitz t.

Abb. 1. G asförm ige R e a k tio n sp ro d u k te  der U m se tzu n g  von  T ri-n -b u ty lp h o sp h it m it N 0 2. 
R eak tio n ssäu le : 1 5 0 x 0 ,5  cm , 30 G ew .%  (n-C 4H yO )3P  au f S terch am o l (0 ,3 — 0,5 m m ). T re n n 
säu len : 1: 5 0 x 0 ,5  cm , S ilibo r (20), 2: 2 0 0 x  0,5 cm , M olekularsieb  5 A. T rägergas: E le k tro ly t/  

W asserstoff, 3,6 1/h. D e tek to r: W ärm ele itfäh igkeitsze lle

In  Gl. (4) is t dies fü r  R =  A lky l (-]-J-E ffek t)  der F a ll, fü r R  =  A ry l 
( —/-E ffe k t)  dagegen  n ich t. N im m t m a n  an , daß  bei der R eak tio n  m it N 0 2 
zu n äch st NO geb ildet w ird , so e rh ä lt m an  ein einheitliches R e a k tio n sp ro d u k t, 
w enn eine P -V erb indung  m it geringer B a s iz itä t als R e a k tio n sp a rtn e r  g ew äh lt 
w ird , bei der die R e d u k tio n  des N 0 2 a u f  d e r N O -Stufe s teh en  b le ib t. B ei d e r 
K o m b in a tio n  von  R eak tio n ssäu len  (5 0 x 0 ,5  cm ), die als re a k tiv e  P hase  2 0 —30 
G ew .-%  T ri-n -b u ty lp h o sp liit, T ri-re-octy lphosph it, T rip h en y lp h o sp h in , H ex a- 
m e th y lp h o sp h o rig säu ream id  sowie T rip h e n y lp h o sp h it a u f  S te rch am o l als 
T räg e rm a te ria l en th ie lte n , m it geeigneten  T ren n säu len  w u rd en  bei v o lls tä n 
digem  U m sa tz  von  N 0 2 als R e a k tio n sp ro d u k te  NO, N 20  u n d  N 2 in  w echselnden  
V erh ä ltn issen  gefunden . A bb. 1 zeig t die im  F alle  des T ri-re-bu ty lphosph its
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g efu n d en en  V erh ä ltn isse . H ex am eth y lp h o sp h o rig säu ream id  b e s itz t die g rö ß te  
B a s iz i tä t  d er u n te rsu c h te n  V erb in d u n g en . D ie gasförm igen  B e s ta n d te ile  
b e s te h e n  in  diesem  F a lle  zu 94%  aus N 20  u n d  zu 6 %  aus N 2. A bb. 2 ze ig t, 
d a ß  die R eak tio n sp ro d u k te  h ie r  u n a b h ä n g ig  v o n  der P ro b en g rö ß e  in  k o n s ta n 
te m  V erh ä ltn is  geb ild e t w erden . Im  F a lle  des T rip h en y lp h o sp h in s  re ic h t die

Vol. [nnH
A bb . 2. G asförm ige R eak tio n sp ro d u k te  de r U m se tzu n g  v o n  H ex aä th y lp h o sp h o rig säu re am id  
m it  N 0 2 in  A b h än g ig k eit v o n  P robevo lum en . R eak tio n ssäu le : 50 X 0,5 cm , 30 G ew .%  [N(C2H 5) 2]3P  
a u f  S te rch am o l (0,3-— 0,5 m m ). T ren n säu le : 2 0 0 x 0 ,5  cm , S ilibor (20). T räg erg as: E le k tro ly t

w assersto ff, 3,6 1/h. D e tek to r: W ärm ele itfäh ig k e itsze lle

A bb. 3. G asförm ige R e ak tio n sp ro d u k te  de r U m se tzu n g  von  T rip h en y lp h o sp h in  m it N 0 2. 
R eak tio n ssäu le : 5 0 x 0 ,5  cm , 20 G ew .%  (C6H 50 ) 3P  au f S te rcham ol, 100 °C. T ren n sä len : 
1: 2 0 0 x 0 ,5  cm , S ilibor (20). 2: 1 5 0 x 0 ,5  cm , M oiekularsieb  5 A. T räg erg as: E le k tro ly tw a sse r

sto ff, 3,6 1/h. D e tek to r: W ärm ele itfäh ig k e itsze lle
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B a siz itä t noch  aus, um  eine R eak tio n  m it N 0  zu g ew ährle isten . E rw a rtu n g s 
gem äß  e rh ä lt m an  k e in  einheitliches R e a k tio n sp ro d u k t (A bb. 3). D ie U n te r 
su chung  d er R eak tio n  des T ripheny lp h o sp h in s  m it N 0  e rgab  ein zu 80%  aus 
N 20  u n d  zu  20%  aus N 2 bestehendes G asgem isch [15].

D em gegenüber re ic h t die B asiz itä t des T rip h en y lp h o sp h its  fü r  die R e a k 
tio n  m it N 0  n ic h t aus. M an k a n n  d ah er m it N 0 2 als R e a k tio n sp a r tn e r  einen 
R eak tio n sv e rlau f n a c h  d er G leichung

(C6H 50 ) 3P  +  N0o =  (C6H 50 ) 3 P 0 +  N O  (5)
erw arten .

Die R eaktion von N 0 2 m it Triphenylphosphit

Z u r U n te rsu ch u n g  d e r S töch iom etrie  der R e a k tio n  u n te r  den  B ed in 
gungen  d er R eak tio n s-G asch ro m ato g rap h ie  w ar die E in h a ltu n g  k o n s ta n te r  
A rb e itsb ed in g u n g en  erfo rderlich . In sbesondere  m u ß te  die T e m p e ra tu r  k o n s ta n t 
g eh a lten  w erden , u m  das G leichgew icht N 20 4 ^  2 N 0 3 zu b erü ck sich tig en . 
N 0 2-Y orra tsgefäß , D o sie rsystem  u n d  R eak tionssäu le  w u rd en  a u f  27,0° ^  0,1 °C 
g eh a lten . B ei d ieser T e m p e ra tu r  b e trä g t der D isso z ia tio n sg rad  des N 20 4 
20 ,0%  [16].

W e ite rh in  m u ß te  d er A ussch luß  von  F e u ch tig k e it aus dem  R e a k tio n s
sy stem  gew äh rle is te t sein, d a  m it W asser eine N e b e n re a k tio n  e in tre ten  k a n n . 
Im  R e a k tio n sp ro d u k t t r i t t  d a n n  N 2 auf. E ine  E rk lä ru n g  h ie rfü r k a n n  d a rin  
liegen, d aß  d u rch  H y d ro ly se  v o n  T rip h en y lp h o sp h it geb ilde tes D ip heny l- 
p h o sp h o n a t m it NO u n te r  N 2-B ildung  reag ieren  k a n n  [17]. F ü r  alle V ersuche 
w urde  aussch ließ lich  frisch  d estillie rtes T rip h en y lp h o sp h it e ingesetz t. D as A uf
b rin g en  a u f  das T rä g e rm a te r ia l erfo lg te m it w asserfreiem  Ä th e r , die ve rw en 
d e ten  Gase w u rd en  ebenfalls ge tro ck n e t. Ü ber die G eschw ind igkeit d er R e a k 
tio n  von  N 0 2 m it P -o rg an isch en  V erb indungen  liegen keine  A ngaben  vo r. Sie 
v e r lä u f t o ffensich tlich  seh r schnell, denn  auch  bei k u rz e n  V erw eilzeiten  a u f  
d er R eak tio n ssäu le  (10 cm S äu len länge, T rägergasgeschw ind igkeit 10 1 H 2/h) 
k o n n te  a u f  einer n ach g esch a lte ten  T rennsäu le  m it H ey d eflo n  (Teflon) als 
s ta tio n ä re r  P h ase  kein  N 0 2 m eh r nachgew iesen w erd en  [20]. A n derselben  
T ren n säu le  w urde a u f  A bw esenhe it von  N20  g ep rü ft. D as geb ilde te  NO w urde  
a u f  einer Säule m it M olekularsieb  5A q u a lita tiv  u n d  q u a n t i ta t iv  b e s tim m t.

Z u r U n te rsu ch u n g  d er S töch iom etrie  der R e a k tio n  w u rd en  die bei d er 
D osierung  gleicher P ro b ev o lu m in a  NO u n d  N 0 2 e rh a lte n e n  P eak fläch en  
b e s tim m t u n d  u n te r  B erü ck sich tig u n g  des A nteils, d e r als N 20 4 v o rlieg t, 
in  B eziehung  g esetz t. A bb . 4 u n d  T ab . I  zeigen, d aß  zw ischen  den  bei d er 
U m w an d lu n g  von  NO., zu NO experim en te ll gefundenen  u n d  den rechnerisch  
e rh a lten en  P eak fläch en  befried igende Ü b ere in stim m u n g  b e s te h t. W ied er
ho lung  d er V ersuche u n te r  V a ria tio n  d er B eladung  d e r R eak tio n ssäu le  m it
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A bb. 4. Z ur S töch iom etrie  d e r U m se tzu n g  v o n  T rip h e n y lp h o sp h it m it  N 0 2. K u rv e  I: A b h än 
g ig k e it  der P eakfläche v o m  P ro b e v o lu m e n  bei D osierung  von  N O. K u rv e  I I :  A bhäng igkeit de r 
P e a k flä ch e  vom  P ro b ev o lu m en  be i D osierung  v o n  N 0 2 u n d  U m w an d lu n g  a u f  de r R eak tions- 

säulc zu NO (27 °C). О g efundene  W erte , X b erech n ete  W erte  (aN2o 4 =  0,20)

T rip h en y lp h o sp h it zw ischen  20 u n d  40 Gew. % , der A rt des T räg erm ateria ls  
(S te rch am o l, T eflex , H ey d eflo n ), d er L änge d er n a c h g esch a lte ten  M olekular
sieb  5A -Trennsäule (0,5 — 2 m ), d e r A rt (H 2, A r) u n d  d er G eschw indigkeit des 
T rägergases ergaben  Ü b ere in s tim m u n g .

Tabelle I

Zur Stöchiometrie der R eaktion  (C 6H 50 ) 3P  +  1V02 — (C ^H bO )3PO  +  NO

Probe
volumen

n o 2
Peakfläche NO, cm2

A, %
ml ber. gef.

0,2 22,6 22,3 — 1,3

0,5 53,5 51,3 - 4 , 1

0,7 74,2 74,0 - 0 , 3

0,8 84,6 84,9 + 0 ,4

1,0 105,6 106,1 + 0 ,5

1,2 126,0 124,3 — 1,4
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M an k an n  so m it festste llen , daß  die R eak tio n  n ach  Gl. (5), oder u n te r  
B erücksich tigung  von  N .,04 als R e a k tio n sp a rtn e r

2(CeH 50 ) 3P  +  N 20 4 =  2(C6H 50 ) 3P 0  +  2N O  (6)

zu r reak tio n s-g asch ro m ato g rap h isch en  x\nalyse von  N 0 2 herangezogen  w erd en  
k an n . D er V orteil d e r S töch iom etrie  der R eak tio n en  (5) bzw . (6) gegenüber

N02“* N0

Abb. 5. A nalyse e ines N 0 2-h a ltig en  G asgem isches m itte ls  R eak tio n s-G asch ro m ato g rap h ie . 
R eak tio n ssäu le : 5 0 x 0 ,5  cm , 20 G ew .%  (C6H 50 ) 3P  a u f  S te rch am o l (0,3 — 0,5 m m ), 27 °C. 
T ren n säu le : 200 x  0,5 cm , M olekularsieb  5 A, 70 °C. T räg erg as: E lek tro ly tw assersto ff, 3,6 1/h.

D e te k to r  : W ärm ele itfäh igkeitsze lle

Abb. 6. A nalyse eines G em isches aus N 0 2 u n d  g e sä ttig te n  K o h lenw assersto ffen  m itte ls  R e ak 
tio n s-G asch ro m ato g rap h ie . R eak tio n ssäu le : vgl. A bb. 5. T ren n säu le : 2 0 0 x 0 ,5  cm , P o ra p a k  Q , 

100 °C. T rägergas: E lek tro ly tw asse rs to ff , 3,6 1/h. D e tek to r: W ärm ele itfäh igkeitsze lle
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R e a k tio n  (1) u n d  (2) is t  augenfällig . D ie F lü ch tig k e it des T rip h en y lp h o sp h its  
l ä ß t  A rb e its te m p e ra tu re n  bis 70 °C zu. N achdem  sich  so die p rinzip ielle  
E ig n u n g  des T rip h en y lp h o sp h its  zu r reak tio n s-g asch ro m ato g rap h isch en  B estim 
m u n g  des N 0 2 erw iesen  h a tte , w u rd en  versch iedene G asgem ische, die N 0 2 
e n th ie lte n , m it d ieser M ethode u n te rs u c h t. A bb. 5 u n d  6 zeigen B eispiele 
h ie rfü r .

I n  Tab. I I  s in d  d ie  E rgebn isse  q u a n ti ta t iv e r  A nalysen  eines N 0 2-Ar- 
G em isches (50,0 : 50,0) in  A bh än g ig k e it vom  dosierten  P ro b ev o lu m en  zusam -

T abelle  I I

Analyse eines N O s-Ar-Gemisches (50  : 5 0y in  Abhängigkeit on der Probengröße 
Reaktionssäule: 5 0 x 0 ,5  cm. 20 Gew.°/0 (C 6H 50 ) 3P  a u f  H eydeflon, 27 °C

Trägergas: H 2 (3,6 l/h)

Probevolumen
NO 2, gefunden 

Vol%

0,247 52,5

52,5

51,0

0,375 47,5

49,2

49,2

0,461 49,2

52,7

0,527 50,8

50,6

0,764 50,7

51,7

53,0

m en g este llt. D as G asgem isch  w urde  fü r  jed es  P ro b ev o lu m en  neu  h erg este llt. 
D ie  q u a n tita tiv e  A u sw ertu n g  erfo lg te  ü b e r  eine m it re inem  N 0 2 aufgenom m ene 
E ic h k u rv e . Als M eßgrößen  d ien ten  die P eak fläch en . D ie s ta tis tisc h e  A usw er
tu n g  ergab einen M itte lw e rt von  (50,8 ±  1 ,0) %  N 0 2 be i e iner s ta tis tisc h e n  
S ich e rh e it von P  =  9 5 %  u n d /  =  12 F re ih e itsg rad en . D ie P rü fu n g  m it H ilfe 
des t-Testes zeigt, d a ß  d er zw ischen w ah rem  W ert u n d  ex p erim en te ll gefun
d en em  M itte lw ert g efundene  U n te rsch ied  d u rch  Z ufallsfeh ler b ed in g t is t [18]. 
I n  T ab . I I I  sind E rg eb n isse  zu sam m en g efaß t, die bei d e r A nw endung  der 
M ethode  auf w eitere  G asgem ische e rh a lte n  w urden . D ie e rh a lten en  S ta n d a rd 
abw eichungen  (bei P  =  95% ) liegen zw ischen 3 u n d  6 %  re la tiv . A nw endung  
des t-Testes zeigt au ch  h ier, daß  die U n te rsch ied e  zw ischen den  w ahren  W erten  
u n d  den  M itte lw erten  d u rch  Z ufallsfeh ler b ed in g t sind.
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T abelle  I I I

A nalyse  N 0 2-haltiger Gasgemische.
Reaktionssäule: 50 cmX 5 m m , 30%  Gew.% (C 6H bO )3P. Trennsäule: 2 m. M olekularsieb SA

Nr. Gemischbestandteil NO 2, Vol% n X  + A x ( P  =  95%) S rel (%)

l A r 50,0 13 50,8 ±  1,0 3,35

2 A r 30,0 14 29,3 ±  1,0 5,99

3 A r 35,0 17 35,9 ±  0,6 2,99

4 H 2 50,0 31 51,7 ±  0,7 3,42

5 n 2 65,0 7 66,3 ±  2,5 4,09

6 0 2, n 2 35,0 4 36,6 ±  2,3 4,25

7 CO, n 2 45,0 5 46,7 ±  3,6 6,43

X  =  M itte lw ert
n  — Z ahl der P a ra lle lbestim m ungen  

A x  =  V e rtrau en sin te rv a ll von  x
S  =  re la tive  S tandardabw eichung

Z u r A nalyse des G em isches N r. 6 in  T ab . III  w urde  N 0 2 äh n lich  w ie bei 
Smith u. a. [2] zu n äch st d u rc h  A u skondensie ren  aus d e r  P ro b e  a b g e tre n n t 
u n d  d a n ach  u m g ese tz t u n d  an a ly s ie rt. D e r A nalysenfeh ler is t  n u r  w enig g rößer 
als be i den an d eren  B eispielen.

L iegen in  d er A naly sen p ro b e  NO u n d  N 0 2 gem einsam  v o r, so e rh ä lt m an  
e in en  gem einsam en P eak . Z u r g e tre n n te n  E rfassung  k a n n  m a n  wie im  v o r
an g eh en d en  B eispiel w iederum  d u rch  A usfrie ren  zu n äch st d as  N 0 2 ab tre n n e n . 
F ü r  NO- u n d  N 0 2-haltige  G asgem ische h a t  Trowell [19] eine d e ra rtig e  
A rbeitsw eise  beschrieben . D ie q u a n ti ta t iv e  A nalyse d e ra rtig e r  G em ische w urde  
in  R ah m en  dieser A rb e it n ic h t u n te rsu c h t.

Experim entelles

D ie v e rw en d e te  g asch ro m a to g rap h isch e  A p p a ra tu r , die H e rs te llu n g  des S tickox ide , 
d ie  H e rk u n f t de r v e rw en d e ten  T räg e rm a te ria lien , d ie zu r A nalyse d e r S tick o x id e  v e rw en d e ten  
T ren n säu len  w u rd en  b e re its  b esch rieb en  [20].

D ie v e rw en d e ten  P -o rg an isch en  V erb in d u n g en  h a tte n  fo lgende C h a rak te ris tik a : T ri- 
p h e n y lp h o sp h it(V E B  C hem iew erk G reiz— D ölau) K p l 182— 186 °C, n^,25 1,5893, L it. 1,5850 [21].

T rib u ty lp h o sp h it  (F e r a k , B erlin ) K p 0,1 87— 92 °C, n D20 =  1,4 3 2 0, L it. 1,4320 [22]. 
T rip h e n y lp h o sp h in  (F e r a k , B erlin ), F  80,5 °C, L it .  79,5 °C [23]. H e x a ä th y lp h o sp h o rig säu re - 
a m id  n a ch  de r M ethode von  St u e b e  u n d  L a n k e l m a  [24], K p 0'1 =  85— 90 °C, n D20 =  1,4736, 
L it .  1,4758 [24]. T ri-n -o c ty lp h o sp h it [22], K p 0 1 =  178 —  183 °C.
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NH STRETCHING VIBRATION BANDS 
AT WAVENUMBERS LOWER THAN 3000 cm \  VIII

CYCLIC D IM E R IC  ST R U C T U R E S 
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P .  S oH Á R  a n d  L . TOLDY

(Research In s titu te  fo r  P harm aceutical Chem istry, B udapest)

R eceived  J u n e  7, 1971

I t  is p ro v ed  b y  I R  spec tro sco p y  th a t  N -a ry lth io u reas  re a c t w ith  a,co-dihalo- 
a lkanes to  give co m p o u n d s of s tru c tu re  II. T he IR  sp e c tra  o f  these  co m pounds are 
s ign ifican tly  d iffe ren t fro m  th a t  o f th e  corresponding  th iazo lin es an d  th iaz in es  (I). 
T he dev ia tions in th e  sp ec tra  of th e  l a t t e r  tw o ty p es m ak e  th e  tw o ta u to m e ric  s tru c 
tu re s  l a  and  lb  p ro b a b le . T he a sso c ia tio n  s tru c tu re s  fo rm ed  b y  these  th re e  ty p es  of 
com pounds in th e  solid  s ta te  are also  d iffe ren t.

N -A ryl- (or a ra lk y l-) , N ’/3- (or y -)h y d ro x y a lk y lth io u reas  give in  a ring  
closure reac tio n  [1 —3] 2 -a ry lam ino tliiazo lines (I, n  =  2) an d  th e  analogous 
th ia z in e s  (I, n =  3), re spec tive ly . C om pounds of s tru c tu re  I can ex ist in  th e  
tw o  tau to m eric  form s la  an d  II». N -A ry l-(o r a ra lk y l-)-th io u reas  y ield  w ith  1,3- 
d ih a lo a lk an es accord ing  to  th e  l i te ra tu re  [1] th e  sam e d e riv a tiv e  of s tru c tu re  I 
a n d  a lky len e-b is-th iu ro n iu m  salts [4, 5] as b y -p ro d u c ts . In  a reex am in a tio n  of
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Il i a m i ,

tű r e  I could be ru le d  o u t, as th e  co rrespond ing  com pounds w ere n o t id e n tic a l 
w ith  th e  a u th en tic  d e riv a tiv e s  of I, w hich h a d  been  sy n th esized  b y  u n am b ig 
u o u s  rou tes [1 —3]. S tru c tu re  III w as exc luded  on th e  ev idence  of th e  I R  
s p e c tra .

I t  seem ed to  be  w o rth w h ile  to  in v es tig a te  th e  in fluence o f th e  m o lecu lar 
s tru c tu re  (the c h a ra c te r  o f th e  a ry l su b s titu e n t, th e  size of th e  hetero  ring , 
e tc .) u p o n  th e  ta u to m e r ic  equ ilib rium  of th e  com pounds w ith  s tru c tu re  I. 
F o r  th is  purpose — as w ell as fo r th e  s tru c tu re  d e te rm in a to n  — spectroscop ic  
m e th o d s  seem to  be  th e  m o s t su itab le .

In  th e  l i te ra tu re  on ly  few  d a ta  can  be fo u n d  a b o u t th e  spectroscopic  
in v e s tig a tio n  of co m p o u n d s analogous to  th e  ta u to m e rs  la  an d  lb . These d a ta  
[3, 8 —16], in sp ite  o f  in c lu d in g  UV, IR  an d  N M R  in v estig a tio n s, did n o t p ro v e  
u n am b ig u o u sly  th e  s tru c tu re  of th e  ta u to m e rs , as th e  d iffe ren t m ethods led  
to  co n trad ic tio n s.

F rom  our ow n I R  in v es tig a tio n s  i t  becam e ev id en t t h a t  th e  ta u to m e rs  
of com pound I fo rm  m esom eric  system s ( la ’ «-<- la ” , lb ’ * *  lb ” ). In  th e se  
sy s tem s th e  eq u ilib riu m  m a y  be  sh ifted  to w ard s  la ’ or la ”  an d  lb ’ or lb ”  
resp ec tiv e ly , d ep en d in g  on th e  size of th e  h e te ro  ring , on  th e  su b s titu e n ts , 
e tc . A s changes in  th e  e lec tro n  d is tr ib u tio n  of th e  m esom eric system  m ay  h a v e  
a s im ila r effect on th e  sp e c tra  as th e  sh if t o f th e  ta u to m e ric  equ ilib rium , n o  
d e r iv a tiv e  ch a ra c te riz e d  u n am b ig u o u sly  b y  s tru c tu re  la  a n d  lb , re spec tive ly , 
cou ld  be de tec ted , in  sp ite  of in v es tig a tin g  a la rg e  n u m b er o f m odel com pounds. 
(E.g. ,  a  sh ift o f th e  lb ’ «  lb ”  system  to w ard s  th e  la t te r  w ould  cause a s im ila r  
in crease  in  th e  v C = N  freq u en cy  and  th e  ôN C H 2 chem ical sh ift as w ould  
lb  —► la  ta u to m e riz a tio n .)
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th is  l a t te r  m eth o d  w e h a v e  show n [6], t h a t  no  com pounds correspond ing  to  
s tru c tu re  I w ere fo rm ed . A ccord ing  to  th is  reac tio n  tw o  o th e r  s tru c tu re s  
(И  a n d  III) should  b e  ta k e n  in to  considera tion , an d  th e  la t te r  in  tw o  possib le 
ta u to m e r ic  form s, I l ia  a n d  I llb . W e could show , th a t  in  all in v e s tig a te d  cases 
(w ith  1 ,2 -d ihaloalkanes, too ) com pounds o f s tru c tu re  II w ere fo rm ed , w hich  
so m etim es co n ta in ed  som e o f th e  th iu ro n iu m  sa lt as a b y -p ro d u c t [7]. S tru c -
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T he sp ec tra  of th e  com pounds w ith  s tru c tu re  I cou ld  be read ily  d iv ided  
in to  tw o  groups accord ing  to  th e ir  d iffe ren t p a ram e te rs , b u t  th ese  tw o groups 
w ere  c o n s titu te d  b y  com pounds d iffering  in  th e  size o f th e  h e te ro  ring , as th e  
th iazo lin es  belonged  to  one, an d  th e  th iaz ines to  th e  o th e r  group. T herefore 
i t  w as dubious, w h e th e r th e  d iffe ren t rin g  size causes on ly  a change in  th e  
m esom eric  system s, or th e  ta u to m e rism  is also in flu en ced . T he d ifferences in  
th e  sp ec tra  m ay  be due e ith e r  to  d iffe ren t tau to m eric  s tru c tu re s  or to  changes 
in  th e  la ’ — la ”  an d  lb ’ — lb ” m esom eric  system s. T h a t  is , th e  size of th e  he te ro  
r in g  w ill in fluence on ly  th e  e lec tron  d is tr ib u tio n  w ith in  th e  m esom eric sy stem , 
a n d  th e  d is tr ib u tio n  o f th e  double b o n d  can n o t be fix ed . N everthe less, su p p o s
in g  only  changes in  th e  elec tron  d is tr ib u tio n , th e  sp e c tra  in d ica ted  w hich  of 
th e  ex trem e s tru c tu re s , la ’ or la ” a n d  lb ’ o r lb ” , re sp ec tiv e ly , is p red o m in an t; 
o n  th e  o th e r h a n d  supposing  on ly  a  sh if t in  th e  ta u to m e r ic  equ ilib rium , th e  
s tru c tu re  v a lid  for th e  th iaz ines (lb) a n d  th iazo lines (la ), respective ly , can 
b e  estab lished . W e could show  b y  o th e r spectroscop ic  m eth o d s th a t  
th iazo lin es  an d  th iaz in es  differ in  th e ir  tau to m eric  s tru c tu re s  an d  these  
re su lts  are in  ag reem en t w ith  th e  conclusions d raw n  from  th e  I R  sp ec tra
[17, 18].

In  th e  case of th e  N -su b s titu te d  (alky l, acyl) d e riv a tiv e s , th e  isom ers 
belong ing  to  th e  ta u to m e rs  la  a n d  lb  can be d is tin g u ish ed  m ore easily  
[ 1 7 - 2 2 ] .

T he IR  in v es tig a tio n  o f s tru c tu re s  I w as in s tru c tiv e  f ir s t  o f all because 
i t  gave in fo rm atio n  on th e  assoc ia ted  s tru c tu re s  fo rm ed  in  th e  solid phase .

T he reac tio n  of N -ary l- (or a ra lk y l-) th iou reas w ith  1,2- o r 1 ,3-dihalo- 
a lk an es  led  to  com pounds (II) w ith  s im ila r IR  sp ec tra , in d e p e n d e n tly  of th e  
size of th e  h e te ro  rin g  form ed. O n th e  o th e r han d , th e  rin g  closure of N ’/3- or 
y -h y d ro x y a l ky l-N -ary l- (or aralky l-) th io u reas  y ie lded  th e  isom ers I w hich 
a ffo rd ed  tw o sim ilar k inds of in fra red  sp ec tra , w hich w ere  d iffe ren t from  th a t  
o f  th e  com pounds II m en tio n ed  above.

A ccordingly , th e  sp ec tra  of th e  in v es tig a ted  co m p o u n d s can  be d iv ided  
in to  th ree  (“ A ” , “ B ”  an d  “ C” ) ty p e s  (see T able I), d iffering  m ain ly  in  th e  
reg io n  of th e  N H  s tre tch in g  v ib ra tio n  (rN H ) and  o f  th e  doub le  bonds — 
b e tw een  1700 an d  1500 c m -1  — w here  th e  v C = N -ty p e  g roup-frequency  
ap p ears .

In  th e  sp ec tra  of ty p e  “ A ”  o f com pounds II, th e  v e ry  sh a rp  an d  w eak  
rN H  b a n d  (a t ab o u t 3300 c m -1) is in  som e cases h a rd ly  sig n ifican t an d  sp lit 
(F ig . 1), or i t  is sh ifted  to w ard s th e  sm aller w avenum bers b y  1 0 —20 c m " 1 
a n d  i t  is som ew hat m ore  in ten se  an d  b ro ad e r (Fig. 2). I n  th e  region of th e  
do u b le  b o n d  th e re  is only  one v e ry  in ten se  and  sharp  m ax im u m  besides th e  
a ro m a tic  ske le ta l v ib ra tio n , a t  a b o u t 160Ô c m -1 (Figs I  —4).

In  th e  sp ec tra  of com pounds o f s tru c tu re  I th e  rN H  b a n d  is alw ays v e ry  
s tro n g  an d  is d iv ided  in to  tw o m ain  m ax im a  and  sev era l su b -m ax im a. T he
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3800 3600 3400 3200 3 0 0 0 2 8 00 26 0 0 240 0 2200 2000 1800 1600 1400 1200 1000 800 700 600 500
cm"1

F ig . 1. I R  sp e c tru m  of I I  (A r =  2 ,6 -d im eth y lp h en y l, n =  3)

L i F  N a C I  K B r

cm 1

Fig. 2. I R  sp ec tru m  of I I  (A r =  2 ,6 -d im ethy lpheny l, n  =  2)

L i F  N a C I  K B r

F ig . 3. I R  sp ec tru m  of I I  (A r =  2 ,6 -d ich lorophenyl, n  =  2)

3800 3600 34003200 3000 2800 2600 2400 2200 2000180016001400 1200 1000 800700 600 500
cm"'

Fig. 4. I R  sp ec tru m  of I I  (Ar =  2 ,6 -d ich lorophenyl, n =  3)
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Table I

The v N H  and v C = N  frequencies o f  compounds o f  types 1 — 4 ( in  cm ~ l)

1 C 2  В

Struc
ture

Type of 
spec
trum

Ar Ri r 2 R, rNH baud

Group 
vibra
tion 

of type
rC = N

1 с H H _ 3 3 0 0 -2 6 0 0 1655

3 A CH3

\
CH3

H H — 3270 1585

JL С H Me — 3 3 0 0 -2 6 0 0 1650

3 A Me H — 3240 1590

3 A C H 2O H H — 3270 1610
2 B H H H 3 2 5 0 -2 7 5 0 1625
4 A H H H 3305 1570

1 C H H — 3 3 0 0 -2 6 0 0 1645
3 A

Cl

< § > -
\

Cl

H H — 3320 1600
1 C H Me — 3 3 0 0 -2 6 0 0 1645
3 A Me H — 3340 1610
3 A C H 2OH H — 3270 1610
2 B H H H 3 2 5 0 -2 8 0 0 1625
4 A H H H 3300 1570
4 A H H Me 3310 1575
4 A

^ C H 3

h-c- Æ ^ -
\

CH3

Me H H 3305 1560

1 c H H — 3 3 0 0 -2 6 0 0 1625

2 B H H H 3 3 0 0 - 2600 1640
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T able  I  (c o n tin u ed )

Struc
ture

Type of 
spec
trum

Аг Rt R, R> pNH band

Group 
vibra
tion 

of type 
v C = N

1 с
с н 3

СН3

Н н — 3 3 0 0 - 2 6 0 0 1 6 5 5

3 А II н _ 3 2 3 5 1 6 0 0

1 С II M e — 3 3 0 0  —  2 6 0 0
1 6 6 0

1 6 4 5

3 А С Н 2О Н н — 3 3 3 5 1 6 0 5

2 В Н н н 3 3 0 0 - 2 6 0 0 1 6 2 5

4 А н н н 3 2 8 0 1 5 5 5

1 С СНз

-C f
\

Вг

Н и — 3 3 0 0  —  2 6 0 0 1 6 5 0

3 А н н — 3 2 4 0 1 6 0 0

1 С II M e — 3 3 0 0 - 2 6 0 0 1 6 5 0

4 А II H н 3 2 7 0 1 5 7 0

1 С СН3

/ \  
o 2n  с н 3

н н - 3 3 0 0 - 2 6 0 0 1 6 5 0

3 А н II — 3 3 1 5 1 6 1 0

1 С н M e — 3 3 0 0 - 2 6 0 0 1 6 4 5

3 А С Н 2ОН Н 3 3 3 0 1 6 0 0

2 В Н Н Н 3 3 0 0 -  2 6 0 0 1 6 1 5

1 5 6 04 А н Н II 3 2 8 5

P h

В г- Щ -

Вг

1 С н II — 3 3 0 0  - 2 6 0 0 1 6 4 0

1 С II Me - 3 3 0 0 - 2 6 0 0 1 6 5 0

2 в I I II н 3 3 0 0 - 2 6 0 0 1 6 3 0

1 с
СН3

/  \
В г СН3

н Н _ 3 3 0 0 - 2 6 0 0 1 6 5 0

1 с I I Me — 3 3 0 0 — 2 6 0 0 1 6 4 0

2 в н Н н 3 3 0 0 - 2 6 0 0 1 6 1 5

1 с
СН3

Вг-(0)-
/  \  

0 2N  СН3

II Н — 3 3 0 0 - 2 6 0 0 1 6 4 5

1 с н Me — 3 3 0 0 - 2 6 0 0 1 6 5 0

1 6 1 03 А С Н 2О Н н — 3 3 4 0

2 В н н н 3 3 0 0 - 2 6 0 0 1 6 3 0
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Table I (con tin u ed )

Struc
ture

Type of 
spec
trum

Ar R, R, R3 i-NH band

Group 
vibra
tion 

of type 
vC=N

l c
© -

H Me - 3 3 0 0 -2 6 0 0 1640

l c < o > ^
X O C H 3

H Me - 3 3 0 0 -2 6 0 0 1645

l c

F

< g > -

H Me — 3 3 0 0 -2 6 0 0 1650

l c iC5H u O - ^ Q ^ - H Me - 3 3 0 0 -2 6 0 0 1645

ab so rp tio n  of th ese  tw o  p a r ts  is found  a t  3300 3000 an d  3000 —2600 c m -1 ,
respective ly . T he tw o  ty p e s  o f sp ec tra  differ in  th e  to ta l  in te n s ity  of th e  I>N1I 
h an d , in  th e  in te n s ity  of th e  tw o  m ain  m a x im a  an d  in  th e  degree o f th e ir  
sep a ra tio n .

In  th e  sp ec tra  o f ty p e  “ B ”  (Figs 5 an d  6) of th iaz in es  th e  tw o m a in  
m ax im a  are n o t well d iv id ed ; th e  m ax im um  a t  h ig h er w avenum bers is w eaker 
an d  is o ften  sp lit in to  a d o u b le t o r a q u a rte t. T h e  v C = N  b a n d  belonging to  th e  
cyclic th io u re a  group ap p ears  in  th e  region of 1635 1625 c m -1  an d  is v e ry  sh a rp .

L i F  N a C I  KBr

9 0
8 0
70
6 0
5 0
4 0
3 0
20
10

crrr1
F i g .  5. IR spectrum of I (Ar =  2,6-dimethylphenyl, n  — 3)
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In  th e  sp ec tra  of ty p e  “ C”  (F igs 7 an d  8 ) of th iazo lines th e  rN H  b a n d  is 
a l i t t le  m ore in tense , a n d  th e  re la tiv e  in te n s ity  of th e  m ax im u m  a t th e  h igher 
w av en u m b ers  increases, too . C on seq u en tly , these  tw o  m ax im a  a re  a lm ost 
e q u a l an d  well sep a ra te d . In  th e  reg ion  of th e  double bo n d  th e re  ap p ea rs  a 
v e ry  in ten se  and  so m ew h at b ro ad en ed  m ax im um  a t  1650 c m “ 1 h av in g  
fre q u e n tly  a shoulder.

T he d a ta  of th e  “ A ” -ty p e  sp e c tra  exclude th e  possib ility  o f s tru c tu re  III . 
I l l b  is n o t possible, as th e  vN H  b a n d  h as  been  d e tec ted  in  all sp ec tra . S tru c 
tu r e  I l i a  can  be ru led  o u t on acco u n t o f th e  high in te n s ity  of th e  b a n d  in  th e  
reg io n  of th e  double b o n d . T he sp e c tra  o f th ioam ides h av e  an  ab so rp tio n  in 
th e  region 1650 1550 c m “ 1 [23, 24] (th ioam ide-A  h a n d  [23]), b u t  th is  is

s im ila rly  to  th e  a m id -II  b a n d  of la c ta m s  [25 —27] — fa r  w eak er an d  b ro ad er,

Fig. 7. I R  sp ec tru m  of I  (A r =  2 ,6 -d im ethy lpheny l, n =  2)

— I I— I— — — — ----------- — — — ------------ — — — — — I— — — — — — — — — — — — — 1— 1— — — — —

3 8 0 0  3 6 0 0 3 4 0 0  3 2 0 0  3 0 0 0  2 8 0 0 2 6 0 0  2A 00 2 2 0 0 2 0 0 0  1 8 0 0  1600 1400 1 2 0 0  1000 8 0 0  7Q0 6 0 0  5 0 0
г m’^

Fig. 8. I R  sp ec tru m  o f I  (A r =  2 ,6 -dichlorophenyl, n  =  2)
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especially  in  N -m o n o su b s titu te d  d e riv a tiv es  [28]. F u r th e r  d a ta  exclud ing  
s tru c tu re  III are p ro v id ed  b y  th e  sp ec tra  of th e  acy l d e riv a tiv e s  [21].

T hus to  th e  co m p o u n d s giving “ A ” -ty p e  sp ec tra , s tru c tu re  II can  be 
assigned, in w hich th e  im ino  h y d ro g en  p a r tly  ow ing to  its  m ore basic  
c h a ra c te r  and  p a r t ly  b ecau se  of its  m ore  u n fav o u red  s te ric  position  — does 
n o t  ta k e  p a r t  in  an y  asso c ia tion . F u rth e rm o re , as th e  m olecules w ith  s tru c tu re  
II co n ta in  no elec tron  d o n o r a to m , w hich  w ould be re q u ire d  fo r th e  fo rm a tio n  
o f  hyd rogen  bridges — th e  im ino g roup  is m onom eric  s ta te  in  m ost o f th e  
in v es tig a ted  com pounds. T h is resu lts  in  th e  ap p ea ran ce  of an  excep tio n a lly  
w eak , sharp  rN H  b a n d , w h ich  is ch a rac te ris tic  of th is  ty p e  of com pounds. 
(The acyl d e riv a tiv es  fu r th e r  su p p o rt s tru c tu re  II [21].)

T he sp ec tra l d a ta  m en tio n ed  above are  in  good ag reem en t w ith  th e  
sp e c tra  of types “ B ”  an d  “ C”  of th e  isom ers I. T he C =  N  double  bond  shou ld  
a p p ea r, as a re su lt o f co n ju g a tio n , a t  low er frequencies in  th e  ta u to m e rs  lb  
th a n  in  th e  ta u to m e rs  l a  [26, 27]. As in  th e  sp ec tra  o f ty p e  “ C”  th e re  is an  
ab so rp tio n  a t ab o u t 1650 c m -1  w hich appears in  th e  “ B ” -ty p e  sp ec tra  be tw een  
1635 1626 c m '1, th e  fo rm e r m ay  correspond  to  s tru c tu re  la  an d  la t te r  to  lb .
N everthe less, i t  shou ld  be ta k e n  in to  considera tion  th a t  th is  abso rp tion  does 
n o t  belong to  th e  C = N  v ib ra tio n , b u t  to  th e  w hole th io g u an id in o  group 
in co rp o ra ted  in to  th e  h e te ro  ring . As in  th is  case a g ro u p  v ib ra tio n  ex ists, 
i t  c an n o t be foreseen w h e th e r  co n ju g a tio n  will increase  o r decrease th e  fre 
q u en cy  of th is  v ib ra tio n . I t  is q u ite  possible th a t  co n ju g a tio n  will cause an  
increase  in  th e  frequency , as a  sim ilar in fluence has b een  described  in  th e  case 
o f  som e N -acyl- an d  N -m e th y l d e riv a tiv es  [11]. On th e  o th e r  h a n d , th e  sp e c tra  
o f  ty p es  “ C”  and  “ B ”  belong  to  th iazo line  and  th iaz in e  d e riv a tiv e s , re sp ec tiv e
ly , accordingly  th e  sh if t in  th e  freq u en cy  m ay  be due  to  th e  h e te ro  ring , 
w hich  could affect th e  m esom eric  system  w ith o u t causing  a sh ift in  th e  ta u to 
m eric  equilib rium . N ev erth e less , i t  is p ro b ab le  th a t  th e  sp e c tra  of ty p e  “ C”  
o f  th iazo lines suggest th e  ta u to m e r ic  s tru c tu re  la , an d  th e  “ B ” -ty p e  sp ec tra  
o f  th iaz ines in d ica te  s tru c tu re  lb. This supposition  is s u b s ta n tia te d  b y  th e  asso
c ia tio n  s tru c tu re s , an d  th e  sam e conclusion could be d raw n  from  th e  d a ta  
o b ta in ed  b y  o th e r (N M R , MS) m ethods [17, 18].

In  com pounds I th e  N H  group  has acid ch a ra c te r  an d  shou ld  form  s tro n g  
h y d ro g en  bonds. T his is all th e  m ore p ro b ab le  as th e  o th e r  sp 2 n itrogen  a to m  
is a p ro p er e lectron donor. I t  m a y  be p resum ed  th a t  co m pounds w ith  s tru c tu re  
I shou ld  form , a t least p a r t ly ,  cyclic d im eric  associa tion  s tru c tu re s  (IVa an d  
IVb) connected  b y  s tro n g  h y d ro g en  bonds, s im ilarly  to  am id ines [29] in  w hich  
th e  sam e —N H —C = N — g ro u p  can be found . O f such  associa tions a b ro a d  
rN H  b an d  is ch a rac te ris tic  in  th e  region betw een  3200 an d  2700 c m -1 , w hich  
is sp lit in to  su b m ax im a [28 36].

O f th e  tau to m e rs , IVa shou ld  form  s tro n g er h y d ro g en  bonds, as th e  a ro 
m a tic  su b s titu e n t a tta c h e d  to  th e  N H  group  increases th e  m o b ility  of th e  N H
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p ro to n s , and  th e  a lk y l s u b s ti tu e n t affixed  to  th e  o th e r e lec tron -releasing  n itro 
gen  a to m , increases its  in c lin a tio n  to  fo rm  a  hyd rogen  b o n d . In  th e  case of 
IVb th e  s itu a tio n  is rev e rsed ; th e  a ry l su b s ti tu e n t decreases th e  e lec tron  donor 
c h a ra c te r  of th e  exocyclic n itro g en  an d  th e  a lk y l group in creases  th e  b as ic ity  
o f th e  N H  group, decreasing  s im u ltan eo u sly  th e  m o b ility  o f th e  p ro tons. A ll 
th is  shou ld  resu lt in  w eak er h y d ro g en  bonds.

I Va I Vb

As th e  sp e c tra  o f ty p e  “ C”  rev ea l t h a t  th e  cyclic d im eric  associations 
a re  p re sen t to  a  g re a te r  e x te n t  (in tense , diffuse a b so rp tio n  in  th e  region 
3 3 0 0 —2600 c m -1 ) a n d  th e  “ B ” -ty p e  sp ec tra  in d ica te  th e  p re d o m in a n t fo rm a 
tio n  o f sim ple in te rm o le c u la r  associa tions (w eaker a b so rp tio n  betw een  3200

L iF N aC I KBr

эо
80
7 0
6 0
50
АО
3 0
20
10

3 8 0 0  3 6 0 0  ЗАОО 3 2 0 0  3 0 0 0  2 8 0  0  260 0  2А 00 2 2 0 0  2 0 0 0  180 0  1600 1А00 1200 1000 8 0 0 7 0 0  6 0 0  5 0 0
cm"’

L iF N aC I KBr

9 0
8 0
70
6 0
5 0
A0
30
20
10

F ig. 10. I R  sp e c tru m  o f I  (“ A r”  =  2-pheny l-isop ropy l, n  — 3)
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a n d  3000 c m -1), th e  conclusion can be d raw n  th a t  th iaz ines co n ta in  w eak er 
h y d ro g en  bonds suggesting  th e  presence of th e  lb  ta u to m e ric  fo rm , w hereas 
in  th e  five-m em bered  th iazo line  analogues s tru c tu re  la  is p ro b ab le , in  acco rd 
ance w ith  th e  s tro n g er h y d ro g en  bonds.

I n  th e  sp ec tra  of 2 -N -a lk y l-su b stitu ted  th iazo lines an d  th iaz in es  — sim i
la r ly  to  th e  com pounds of s tru c tu re  I I  — th e re  is a lm ost no cyclic d im eric  
a ssoc ia tion  (Figs 9 a n d  10) [16], as th e  N H  group  is too  basic  fo r th e  fo rm a 
tio n  o f s tro n g  h y d ro g en  bonds.

E xperim en ta l

T he I R  sp ec tra  w ere reco rd ed  w ith  an  U R -10 Zeiss (Je n a ) in fra red  sp ec tro m ete r in  
K B r pe lle ts .
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C a rb é th o x y la tio n  of 2 -im ino-3 -ary lth iazo lid ines lead s to  acylim ino d e riv a tiv e s , 
th e  s tru c tu re s  o f w h ich  w ere p ro v ed  by  th e  low  w a v en u m b e r (1670 cm - 1 ) of th e  c a r 
bonyl ban d  in th e ir  IR  sp e c tra . T h is su p p o rts  th e  sup p o sed  s tru c tu re  o f th e  s ta r tin g  
m ate ria l, too .

A cy la tio n  o f 2 -a ry lam in o th iazo lin es can  lead  th eo re tic a lly  to  tw o isom ers. 
A ccording to  th e  co n co rd a n t IR  an d  NM R d a ta  o f th e  c a rb e th o x y  and  ace ty l d e r iv a 
tives, only th e  2 -su b s titu te d  com pounds are fo rm ed. In  th e  case o f th e  analogous th ia -  
zines th e  isom ers can  be d is tin g u ish ed  only on acco u n t o f th e ir  NM R sp ec tra , as th e  
carbony l freq u e n c y  being  in  th e  th iazo lines a lw ays a t  a b o u t  1750 cm “"1, varies in  th e  
sp ec tra  of th e  th ia z in e s  b e tw een  1745 an d  1705 cm - 1 . T h e  N M R  d a ta  have  show n th a t ,  
excep t in one case, w here  a m ix tu re  o f th e  tw o  isom ers w as fo rm ed , th e  acyl g roup  
becom es a tta c h e d  a lw ays to  th e  exocyclic n itro g en  in  th e  th iaz in es , too.

O ur p rev ious p ap e rs  [1 —4] d ea lt w ith  th e  sy n th es is  and  s tru c tu re  
e lucidation  of co m pounds I an d  II, as well as w ith  th e  ta u to m e rism  of la ^  lb. 
C om pounds of s tru c tu re  la  an d  lb are  m esom eric sy stem s (la’ *-► la” , lb’ lb” )

II
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112 SOHÁR et al.: STRUCTURE OF CARBETHOXY AND ACETYL DERIVATIVES

w h ere  l a ’ and lb ’ re p re se n t only  ex tre m e  s tru c tu re s , b u t  th e  doub le  b o n d  and  
th e  p ro to n  can n o t be  lo c a te d  w ith in  th e  th io u re a  group [5].

I n  th e  acy la ted  d e riv a tiv e s  of I no tau to m erism  ex ists , a n d  th e  isom ers, 
d e riv ed  from  th e  d iffe ren t ta u to m e rs , possess well defined  s tru c tu re s  (III, IV).

T his p ap er deals w ith  th e  s tru c tu re  e lucidation  of th e  c a rb e th o x y  and  
a c e ty l deriva tives (III, IV an d  V, re sp .) o f com pounds I an d  II b ased  on th e ir  
I R  a n d  N M R sp ec tra . T h e  aim  of o u r w o rk  w as to  in v es tig a te  w h e th e r th e  size 
of th e  h e te ro  ring  an d  th e  ary l s u b s ti tu e n t  d isp lay  an y  effect on th e  s tru c tu re  
o f th e  isom ers fo rm ed , a n d  w h e th e r th e  s ign ifican t difference [5] b e tw een  th e  
s p e c tra  of th iazo lines (I, n  =  2) an d  th iaz in es  (I, n =  3) is s till ex isting  in  
th e ir  a cy la ted  d e riv a tiv es .

IR  in v estig a tio n  of th e  carbethoxy  derivatives

In  th e  frequencies o f th e  C = 0  va len ce  v ib ra tio n  (rC =  0 )  of th e  isom ers
III a n d  IV co n ta in in g  th e  sam e acy l g roup  sign ifican t d ifferences could be 
p re d ic te d  [6]. In  th e  case of th e  acy l d e riv a tiv e  III of th e  ta u to m e r  la tw o 
fu r th e r  u n sa tu ra te d  su b s titu e n ts  are  a tta c h e d  to  th e  exocyclic n itro g en  atom  
besides th e  acyl g roup , an d  th e ir  a d d itiv e  —I  effect sh o u ld  increase  th e  
rC =  0  frequency  [6]. I n  th e  case o f th e  sim ple am ides — due to  th e  delocali
z a tio n  o f th e  electrons — a group  freq u en cy  of m ain ly  vC =  О ty p e  does absorb , 
e x te n d in g  over th e  C —N  b a n d  too  [7a], co n sequen tly  its  freq u en cy  is sm aller 
(am id e -I band). In  com pounds of ty p e  III and  IV m eso m erism is  suppressed  by  
th e  e lec tro n -w ith d raw in g  su b s titu e n ts , consequen tly  th e  v C = 0  v ib ra tio n  of 
h ig h e r frequency  w ill abso rb  in s te a d  of th e  am ide-I g roup  freq u en cy  [6].

In  th e  acyl d e riv a tiv e s  IV of th e  ta u to m e r  lb, a C = N  doub le  b o n d  and  
an  a lk y l group are a tta c h e d  to  th e  endocyclic n itrogen  a to m , in  a d d itio n  to  
th e  acy l carbonyl. I n  th is  case th e  c a rb o n y l frequency  is in c reased  only  b y  
th e  e lec tro n eg a tiv ity  o f th e  fo rm er s u b s titu e n t, co n sequen tly  i t  shou ld  ap p ea r 
a t  low er w avenum bers co m p ared  w ith  th e  isom ers III. T his d ifference in  th e  
c a rb o n y l frequencies m akes possib le a decision betw een  th e  isom ers III an d
IV i f  th e  spectra  of b o th  acy l d e riv a tiv e s  are available. In  one case w e succeeded 
in  sep a ra tin g  th e  tw o  isom ers a n d  th e  rC =  0  frequency  d iffe red  b y  15 cm -1  
(see T ab le  I). I f  on ly  one of th e  isom ers is availab le , s tru c tu re s  III an d  IV are 
n o t  d istingu ished  b y  th e  I R  sp e c tra  alone, as th e  v C = 0  freq u en cy  m ay  be 
in flu en ced  to  a g re a te r  e x te n t b y  o th e r  differences in  th e  s tru c tu re s .
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Table I

Spectroscopic data o f  carbethoxy derivatives Ш —V ( A c =  —COOEt)

S tru c 
tu re Ar n

IR  [ c m 1] , (KBr) NMR[(5TJfs =  0 p p m ], (CDClg)

rC = 0 rC =N ôArCH3 1 aSCH, ÍNCH, dCCH2

u i

CH3

CH3

2

1750 

vs, b

1650 

s, sh
2.20 3.10 4.20 -

V
1670

s, sh

1555 

vs, b
2.20 3.30 3.80 -

I I I

3

1730

vs, sh

1630

s, sh
2.25 2.90 4.00 2.20

V
1665 

vs, sh

1525 

vs, sh
2.25 3.15 3.60 2.40

II I

Cl

c f
\

Cl

2

1745 

vs, sh

1630

s, sh
- 3.15 4.30 -

V
1675 

v s, sh

1545 

vs, b
- 3.35 3.90 —

I I I

3

1745 

vs, sh

1620

vs ,sh
- 2.90 3.90 2.10

IV
1730 

vs, b

1630 

s, sh
- 3.00 3.60 1.80

V

I I I

1675

vs, sh

1510

vs, sh
- 3.10 3.65 2.40

C H 3

\
CH3

2

1745 

vs, b

1640 

vs, b
2.10 3.05 4.20 -

V
1665

s, sh

1540 

vs, b
2.10 3.30 3.75 —

II I

3

1705

vs, sh

1615

vs, b
2.15 2.85 3.90 2.20

V
1645

vs, sh

1500

vs, b
2.20 3.10 3.50 2.40

v s =  very  s trong , s =  strong , sh =  sharp , h  =  broad .
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In  th e  case of I I , we get acylim ino de riv a tiv es  V in  w hich th e  delocali
za tio n  of th e  e lec trons is enhanced  because  of th e  co n ju g a tio n  of th e  doub le  
b o n d  to  th e  ca rb o n y l g roup . C onsequen tly , an  am ide-I b a n d  of m uch low er 
freq u en cy  appears in  th e  spectrum  [6 ]. T h e  decrease in  th e  frequency  (w hich 
can  be observed in  th e  vC =  N b an d  to o , an d  even to  a g re a te r  ex ten t), com 
p a re d  w ith  th e  isom ers I I I  and  IV m akes possible an  unam b ig u o u s d e tec tio n  
o f s tru c tu re  V.

T hree  ty p es  o f a ry l su b s titu e n ts  w ere chosen fo r o u r in v estig a tio n s, 
2 ,6 -d im ethy l-, 2 ,6 -d ich lo ro - and  2 ,6 -d im eth y l-4 -b ro m o p h en y l, and  from  th e  
co rrespond ing  isom ers I  an d  II  th e  c a rb e th o x y  d e r iv a tiv e s* * were p rep a red  
in  b o th  th e  th iazo lin e  a n d  th iaz ine  series. T h e  IR  d a ta  of th e se  12 com pounds 
can  be  seen in  T ab le  I .

T he am ide I  ( v C = 0 )  frequency  o f th e  c a rb e th o x y  d e riv a tiv es  of ty p e  V, 
d e riv ed  from  co m p o u n d s II , appears a t  a b o u t 1670 c m - 1  (see, e.g., F igs 1 
an d  2). In  th e  sp e c tra  o f th e  isom ers, d eriv ed  from  co m pounds of s tru c tu re  I , 
how ever, th e  r C = 0  b a n d  appears in  th e  reg ion  1 7 5 0 —1705 c m -1 . This sign if
ic a n t difference in  th e  frequency  is an  unam b ig u o u s p ro o f of s tru c tu re s  I  
a n d  I I  o f th e  s ta r t in g  m ateria ls . ( In  th e  p ap er, dealing  w ith  th e  sy n th esis  
a n d  in v estig a tio n  o f th e se  com pounds [5] we considered  th e  possib ility  of for-

L i F  NaCI К В г

Fig. 1. I R  sp e c tru m  of V (Ac =  c a rb e th o x y , A r =  2 ,6 -d ich lorophenyl, n  =  2)

LiF Nq CI K B r

9 0
8 0
7 0
60
5 0
до
3 0
20
10

Fig. 2. IR  sp e c tru m  of V (Ac =  c a rb e th o x y , A r =  2 ,6 -d ich lorophenyl, n  =  3)

* F ro m  am o n g  th e  acy l d e riv a tiv es th e  c a rb e th o x y  co m p o u n d s w ere chosen b ecause  
th e ir  vC =  0  freq u en cy  is h ig h er by  20— 50 cm -1  th a n  th a t  o f  th e  am ides [7c], due to  th e  — I  
e ffec t o f th e  e th e rea l oxy g en . C onsequently , th is  b an d  will be  p ro p e rly  sep ara ted  from  th e  
r C = N  b an d , w hich  a p p e a rs  in  th e  range  1650— 1500 cm - h M oreover, th e  ca rb e th o x y  d e r iv 
a tiv e s  could be easily  sy n th esized  and  p u rified .
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m atio n  of th io am id e  c h a ra c te riz e d  th e re  by  s tru c tu re  “ I I I ” ,* b u t re jec ted  th is  
s tru c tu re  in  v iew  o f th e  acy l deriv a tiv es  w hose I R  d a ta  excluded th is  iso 
m er. B o th  isom ers w hich  can  be derived from  th e  ta u to m e rs  “ I l i a ”  an d  
“Illb” ** shou ld  g ive a c a rb o n y l b a n d  w ith  a freq u en cy  h ig h er th a n  1770 c m -1 , 
as th e y  w ould  be cyclic  m o n o th io im ide  and  m o n o th io c a rb o n a te  d e riv a tiv e s , 
respec tive ly  [7b]. A ll o f o u r com pounds show ed a m u ch  low er ca rb o n y l f re 
quency .)

As fa r as th e  sp e c tra  o f th e  th iazo line a n d  th ia z in e  deriv a tiv es  w ith  
s tru c tu re s  I I I  o r IV a re  concerned , th e  d ifferences o bserved  w ith  th e  basic  
com pounds ap p e a r also here , as th e  carbonyl freq u en cy  of th e  th iazo lines is 
som ew hat h igher (1 7 5 0 —1745 c m “ 1, Fig. 3) th a n  t h a t  o f th e  th iaz ines (1745 — 
1705 c m “ 1, F igs 4 a n d  5; T ab le  I). T h a t m eans e ith e r  th a t  acy la tio n  o f th e

9 0
8 0
70
6 0
5 0
40
3 0
20
10

F ig . 3. IR  sp e c tru m  o f I I I  (A c =  carb e th o x y , A r =  2 ,6 -d ich lorophenyl, n =  2)
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5 0
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30
20
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Fig. 4. IR  sp e c tru m  o f I I I  (Ac =  c a rb e th o x y , A r =  2 ,6 -d ich lorophenyl, n =  3)
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* “ I I I ”  refers to  th e  n u m b erin g  of th e  form ula in  R ef. [5].
** “ I l i a ” an d  “ I l l b ”  re fe r  to  th e  n u m b erin g  of th e  fo rm u la s  in  R ef. [5].

Fig. 5. I R  sp e c tru m  o f IV (Ac =  ca rb e th o x y , A r =  2 ,6 -d ich lo ropheny l, n =  3)
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th ia z o lin e s  should  give exclusively  d e riv a tiv e s  w ith  s tru c tu re  III w hereas 
a c y la te d  th iazines h av e  s tru c tu re  IV, or, m ore  p ro b ab ly , t h a t  th e  electron  
d is tr ib u tio n  of th e  th io u re a  group , an d  co n sequen tly  th e  freq u en cy  of the  
a t ta c h e d  carbonyl group , depends on th e  size of th e  ring . O f th e  tw o  isom ers 
fo rm ed  s im u ltaneously  th e  one w ith  th e  h ig h er v C = 0  freq u en cy  belongs to  
s t ru c tu re  III, and  th e  o th e r  to  s tru c tu re  IV. I n  th e  cases w here on ly  one isom er 
w as fo rm ed , th e  s tru c tu re  could  n o t be p ro v e d  u n am b iguously  b y  th is  m ethod . 
T h e  v C = 0  frequencies o f  th e  th iazo lin es  a re  so close to  each  o th e r  th a t  all 
o f th e m  m ay  be considered  to  h av e  th e  sam e s tru c tu re , n am ely  III, according 
to  th e  re la tiv e ly  h igh w av en u m b er. T h e  th iaz in es , how ever, g ive v e ry  d ifferen t 
freq u en c ies . As th e  tw o  single isom ers give an  equal an d  a low er frequency , 
re sp ec tiv e ly , th a n  th a t  o f  s tru c tu re  IV, th e  sam e fo rm ula  can  be  ta k e n  in to  
c o n s id e ra tio n  for th e m  to o , th o u g h  because  of th e  g rea t d ifference in  th e  
f re q u e n c y  of these  tw o  com pounds (25 c m -1 ) — w hich in d ica te s  th e  s trong  
in flu e n c e  of th e  s u b s ti tu e n ts  — p re c a u tio n  should  be ta k e n . A s a decision 
b e tw e e n  s tru c tu res  III a n d  IV can be  m ad e  safely only  in  th e  possession of 
b o th  isom ers, in o rder to  d e te rm in e  th e  s tru c tu re  of th e  single isom ers fu r th e r  
in v e s tig a tio n s  (NM R sp ec tra )  w ere n ecessary .

NMR investigation  of the carbethoxy derivatives

Choice betw een  th e  isom eric s tru c tu re s  can  be m ade b y  th e  help  of an y  
o f th e  signals o f th e  N M R  sp ec tra  ex cep t fo r th a t  of th e  e th y l g roup . T his 
m e a n s  3 —5 in d ep en d en t d a ta , w hich  m a y  differ in  th e  sp e c tra  o f th e  isom ers. 
I n  sp ite  of th is, g rea t ca re  m u st be exercised  as th e  o rder o f th e se  differences 
a n d  even  th e ir  d irec tio n  depend  v e ry  m ark ed ly  upon  th e  m o lecu la r s tru c 
tu r e  [1, 8, 9].

T h e  use of th e  őN C H 2 signal fo r d istingu ish ing  be tw een  ta u to m e rs  la  
an  d lb  as well as b e tw een  th e  isom ers III an d  IV has been  sugg ested  earlier 
[ 1 0 —13]. The n e ig h b o u rh o o d  of th e  C = N  double bond  w ill cause a p a ra 
m a g n e tic  sh ift of th is  s igna l in  s tru c tu re s  la  an d  III. O ur m odel experim en ts 
h a v e  show n, how ever, t h a t  th is  effect is changing , i t  is f re q u e n tly  v e ry  sm all, 
a n d  in  som e pairs w ith  p ro v ed  s tru c tu re s  even opposite  sh ifts  could  be detected  
[8, 9, 14].

T h e  b ehav iou r o f th e  ôSCH2 signal is v e ry  m uch sim ilar, b u t  th e  expec t
ab le  difference in  th e  sh ift is even  sm aller, often  h a rd ly  sig n ifican t, con
s e q u e n tly  reversed sh ifts  do occur m ore  o ften , as o th e r effects w ill overcom pen
s a te  th e  sm all sh ifts.

I n  our experience [14], in  th iaz in es  th e  signal of th e  c e n tra l m ethy lene 
g ro u p  differs too, as óCCH 2 (III) ôCCH , (IV).

T he <5ArCH3 signals o f th e  a ro m a tic  su b s titu e n ts  ca rry in g  m e th y l g roups 
in  p o sitions 2 and  6 d iffe r sim ilarly , as i t  h as  been found in  in v es tig a tio n s  [8, 9]
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c a rr ie d  ou t w ith  som e isom ers III an d  IV w ith  p ro v ed  s tru c tu re s , th e  d ifference 
b e in g  a t  least 0.2 ppm  (ÓArCH3 (III) <  ÔArCH3 (IV)).

F in a lly , th e re  is a d ifference in  th e  s tru c tu re  of th e  A B 2-ty p e  sp ec tru m  
o f th e  ring  p ro to n s, too  [14 ,15 , 16]. In  th e  case o f th e  2 ,6-d ich loro  d e riv a tiv e s  
s t ru c tu re  III gives an  A X 2-like sp ec tru m , w hereas th a t  o f s tru c tu re  IV is close 
to  th e  ty p e  A 3. T he s tru c tu re  of th is  m u ltip le t is — u n lik e  th e  o th e r N M R  
a n d  I R  p a ram e te rs  — in d e p e n d e n t of th e  size of th e  h e te ro  ring , as th e  a n a l
ogous th iazo lin e  an d  th iaz in e  isom ers show  th e  sam e ty p e  o f  sp ec tra . In  th e  
case o f th e  2 ,6 -d im eth y l d e riv a tiv es , how ever, an  A 3-ty p e  sp ec tru m  can  be 
e x p e c te d  fo r isom er III. In  th e  sp ec tru m  o f th e  4 -b ro m o su b s titu te d  d e riv a tiv e s , 
th e  tw o  eq u iv a len t ring  p ro to n s  h av e  to  give an  A2-ty p e  sing let in  b o th  
isom ers.

F ro m  th e  ex p erim en ta l resu lts  (see T ab le  I), of w hich  th e  sp ec tra  of th e  
p a ir  o f  isom ers an d  th a t  o f th e  analogous th iazo lin e  d e riv a tiv e  are  show n in  
F igs 6 —8 for illu s tra tio n , th e  follow ing conclusions can  be  d raw n :

1. T he expec ted  signals are  p re sen t in  all com pounds in v es tig a ted , p ro v 
ing  th e  presence of th e  fu n c tio n a l g roups an d  th e re b y  th e  ex p ec ted  s tru c tu re s .

2. The ÓNCH., and  ÔSCH2 signals o f th e  th iazo lin es  of s tru c tu re  V
(p ro v ed  b y  IR ) are sh ifted  p a ra m a g n e tica lly  by  0.20 0.25 ppm .

3. T he <5CCH2 signal ap p ea rs  in  th e  sp ec tra  of all th re e  m odels w ith  
s t ru c tu re  V (re =  3) a t  2.40 p p m ; th is  is a difference from  th e  sp ec tra  of th e  
acy l d e riv a tiv e s  derived  from  ta u to m e r  I, w here th e  chem ical sh ift of th is  
s ignal is alw ays sm aller.

4 . T he chem ical sh ifts o f th e  0A rC H 3 signals are p ra c tic a lly  id e n tic a l 
for th e  ca rb e th o x y  d e riv a tiv es  belonging  to  b o th  ty p e  I a n d  ty p e  II in  th e  
th iazo lin e -th iaz in e  p a irs ; th e  difference is sm aller th a n  0.05 p pm .

5. T he rA rH  m u ltip le ts  in  th e  th iazo lin e -th iaz in e  p a irs  is p ra c tic a lly  
id e n tic a l, app roach ing  an  A 3 ty p e  of sp ec tra . In  th e  case of th e  2 ,6-dichloro  
d e riv a tiv e s  i t  is sh ifted  to w ard s th e  ty p e  A B 2.

6. I n  th e  acy l d e riv a tiv es  o f com pounds I, th e  6N C H 2 signal ap p ea rs  
fo r th iazo lin es  b e tw een  4.30 an d  4.20 p p m , an d  in  th iaz in es  b e tw een  4.00 an d
3.90 p p m  (except in  th e  sp ec tru m  o f th e  isom er w hose s tru c tu re  w as show n b y  
I R  to  be  IV, in  w hich th is  signal ap p ea red  a t  3.60 ppm ). A ccord ing ly , s tru c tu re  
III is m o re  p robab le  fo r all com pounds w hose p a ir  has n o t been  p rep a red  as 
th e  co rrespond ing  signal of th e  d e riv a tiv es  w ith  s tru c tu re  IV is m ore dow n- 
fie ld  co m p ared  w ith  th e  o th e r th iaz in es ; in  th e  case of th e  th iazo lin es  a h ig h er 
v a lue  (b y  a b o u t 0.3 p pm , i.e .,3 .9 p p m ) w ould  be  expec ted  fo r com pounds w ith  
s t ru c tu re  IV; th is  is s till low er th a n  th e  d a ta  o b ta ined .

7. T h e  ôSCHo signal ap p ea rs  in  th e  th iazo lines d eriv ed  from  s tru c tu re  I
in  th e  reg ion  3.15 3.05 p p m , an d  in  th e  sp ec tru m  of th e  th iaz in es  b e tw een
2.90 a n d  2.85 ppm . T he only com pound  w ith  s tru c tu re  IV h as a d iffe ren t va lu e  
(3.00 pp m ) w hich m eans a sh if t in  th e  irreg u la r d irec tion .

Acta Chirn. (Budapest) 75, 1973



118 SOHÁR et al.: STRUCTURE OF CARBETHOXY AND ACETYL DERIVATIVES

F ig . 6. N M R  sp e c tru m  o f I I I  (Ac =  c a rb e th o x y , A r =  2 ,6 -d ich lo ropheny l, n  =  3)

F ig . 7. NM R sp e c tru m  of IV (Ac =  c a rb e th o x y , A r =  2 ,6 -d ich lorophenyl, n =  3)
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Fig. 8. N M R  sp e c tru m  of I I I  (Ac =  ca rb e th o x y , A r =  2 ,6 -d ich lorophenyl, n =  2)
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8 . T h e  ŐCCH., signal of th e  th iaz in es  ap p ears  be tw een  2.20 an d  2.10 p p m , 
w ith  th e  ex cep tio n  of th e  co m p o u n d  w ith  s tru c tu re  IV whose co rresp o n d in g  
signal is a t  1.80 ppm .

9. T h e  ÓArCH3 signal of each  com pound  can  be d e tec ted  b e tw een  2.25 
and  2 . 1 0  p p m , suggesting  an  analogous isom eric s tru c tu re .

10. A m ong th e  2 ,6-dichloro com pounds th e  A B 2-ty p e  m u ltip le t o f th e  
ring  p ro to n s  is com pletely  id en tica l in  th e  th iazo lines and  th e  th iaz in e  ana logue  
w ith  s tru c tu re  I I I . In  all th e  o th e r  com pounds th ese  p ro to n s give a sing le t, 
ex cep t fo r th e  com pound o f s tru c tu re  IV, w here an  A B 3 m u ltip le t can  be 
observed , w h ich  is close to  th e  A 3 m a rg in a l case.

A ll th e se  d a ta  prove u n am b ig o u sly  th a t  w ith  th e  excep tion  of a  single 
p a ir  o f isom ers, only com pounds of s tru c tu re  I I I  a re  fo rm ed  in  th e  a c y la tio n  
of isom er I , an d  th a t  c a rb é th o x y la tio n  of I I  leads alw ays to  th e  e x p e c te d  
acy lim ino  d e riv a tiv e  V.

IR  and  NMR in v estig a tio n  of th e  acety l derivatives

As m en tio n ed , th e  ace ty l d e riv a tiv e s  are  less su itab le  m odels fo r  I R  
in v e s tig a tio n  th a n  th e  c a rb e th o x y  d e riv a tiv e s , as th e  am ide-I b a n d  m a y  so m e
tim es o v erlap  w ith  th e  b an d  of th e  r C = N  group  frequency . N evertheless, a few 
such d e riv a tiv e s  w ere syn thesized  to  in v es tig a te  w h e th e r or n o t th e  s tru c tu re s  
of th e  isom ers differ from  th a t  o f th e  ca rb e th o x y  derivatives.

Li F N aC I K B r
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50
АО
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20
10

Fig. 9. IR spectrum of V (Ac =  acetyl, Ar =  2,6-dimethylphenyl, n — 2)

T here  w as no need of in v e s tig a tin g  th e  ace ty l deriv a tiv es  V o b ta in e d  
from  co m pounds of s tru c tu re  I I , as no  d o u b t arises concern ing  th e ir  s tru c tu re . 
H ow ever, spectro scop ica lly  i t  w as o f som e in te re s t  th a t  th e  am ide-I a n d  th e  
r C = N  b a n d  ap p ea red  also in th e se  com pounds a t  low  w avenum bers. F o r  illu s
tra tio n , th e  sp ec tru m  of th e  2 ,6 -d im eth y l d e riv a tiv e  of th e  th iazo lin e  o f ty p e  I I  
and  th a t  o f  th e  2 ,6 -d im ethy l-4 -b rom o  d e riv a tiv e  of th e  th iaz in e  o f ty p e  I I  
are  show n in  F igs 9 and  10, w here  th e  am id e-I b a n d  appears a t  1640 a n d  
1615 c m -1 , re sp ec tiv e ly , and  th e  b a n d  of th e  r C = N  group  frequency  a t  1500 
an d  1400 c m -1 , re sp ec tiv e ly ; all th e  m en tio n ed  m ax im a  are v e ry  in ten se .
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L i F  N aC l K B r

F ig . 10. I R  sp ec tru m  o f  V (Ac =  acety l, A r =  2 ,6 -d im ethy l-4 -b rom opheny l, n — 3)

T h e sam e m odels as in  th e  c a rb e th o x y  series, derived  from  com pounds 
of s tru c tu re  I, as w ell as th e  ch lo roacety l a n d  d ich lo roacety l d e riv a tiv es  of 
th e  2 ,6 -d im eth y l-4 -b ro m o  com pound w ith  th iazo lin e  ring  w ere in v es tig a ted . 
T h e  ca rb o n y l freq u en c ies  of th e  th iazo lin e -th iaz in e  pairs d id  n o t d iffer sign if
ic a n tly  an d  w ere e sse n tia lly  sm aller th a n  th o se  of th e  c a rb e th o x y  com pounds. 
In te re s tin g ly , n e ith e r  th e  ch loroacety l n o r  th e  d ich lo roacety l d e riv a tiv es  
show ed  an y  increase  in  th e  frequency . F o r  illu s tra tio n  th e  sp ec tra  of th e  
ch lo ro ace ty l d e riv a tiv e  o f  th e  2 ,6 -d im eth y l-4 -b ro m o p h en y l-su b stitu ted  th ia z o 
line (F ig . 11) and  th e  a c e ty l deriva tive  o f th e  th iaz in e -ty p e  com pound  (F ig . 12) 
a re  show n.

L i F  N a C l  K B r
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С  Г Т Г 1

F ig . 11. I R  sp ec tru m  o f  I I I  (Ac =  ch loroace ty l, A r =  2 ,6 -d im ethy l-4 -b rom opheny l, n =  2)

Fig- 12. I R  sp e c tru m  o f  I I I  (Ac =  ace ty l, A r =  2 ,6 -d im ethy l-4 -b rom opheny l, n = 3)
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All these  co m p o u n d s w ere fo u n d  to  possess s tru c tu re  I I I  accord ing  to  th e  
N M R  d a ta  (see T ab le  I I* ) , in d ica tin g  th a t  n e ith e r  v a r ia tio n  of th e  a ro m a tic  
s u b s ti tu e n t, n o r t h a t  o f th e  acy l g roup  or th e  size of th e  h e te ro  ring  leads to  
isom er IV. T his suggests  a  g re a te r  s ta b ili ty  of s tru c tu re  I I I ,  w hich  m ay  be due  
to  e lec tron  d is tr ib u tio n  an d  s teric  fac to rs  [8, 9, 14].

Table I I

Spectroscopic data o f  the acetyl derivatives o f structure I I I

Ac Аг

IR [cm-1], (КВг) NMR [07’д/ 5, =  0 ppm], (CDC13)

»
с  i £  
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Ю
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s, sh

1650 
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4.35 3.25 — 2.15 2.75 7.20

- C 0 C H 2C1
1700

s, sh

1650 

vs, b
4.30 3.15 - 2.10 4.90 7.10

-С 0 С Н С 1 2
1700

s, sh

1660

vs, h
4.35 3.20 — 2.10 7.95 7.15

-  СОСНз

3
1690 1635

3.95 2.85 2.15 2.10 2.55 7.15

/ С Н 3

< о > -
\ с н з

2
1690

s, sh

1650

vs, b
4.21 3.05 - 2.10 2.70 7.0*

3
1690

s , sh

1635 

vs, b
3.90 2.74 2.10 2.10 2.55 6.95*

1

/ С 1

\ c i

3
1685

s, sh

1625 

vs, b
4.05 2.95 2.15 - 2.70 A B .

* T he value  of th e  m ain  m ax im um  in  th e  A B 2 m u ltip le t well ap p ro x im atin g  th e  lim iting
case A 3.

T h e resu lts  of th e  m easu rem en ts  are  sum m arized  in  T ab le  I I ;  since th e  
conclusions d raw n from  th e m  are  q u a lita tiv e ly  iden tica l w ith  tho se  m en tio n ed  
in  conn ec tio n  w ith  th e  c a rb e th o x y  d e riv a tiv e s , no d e ta iled  ex p lan a tio n  is

* T h e  2 ,6 -d ich lo ro p h en y l-su b stitu ted  th iazo lin e  d e riv a tiv e  could  n o t  be  purified , th e re 
fo re  i ts  d a ta  are m issing fro m  th e  T ab le .
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P PM  ( t )
2 .0  3 .0  4 .0  5 .0  6 .0  7.0 8 .0  9.0 10

PPM ( 6 )

Fig. 13. NM R  sp e c tru m  of III (Ac =  ace ty l, 2 ,6 -d im eth y lp h en y l, n 2)

g iven  here  for th e  su ggestion  of s tru c tu re  I I I . F o r illu s tra tio n , th e  sp ec tru m  
o f th e  acety l d e riv a tiv e  of th e  2 ,6 -d im eth y lth iazo lin e  is show n in F ig . 13.

E x p erim en ta l

T he IR  sp ec tra  w ere  reco rd ed  on a Zeiss (Je n a ) d o ub lebeam  sp ec tro m ete r in  K B r 
p e lle ts ; th e  NM R sp e c tra  w ere  ta k e n  a t  60 M H z on a JE O L  C-60 an d  a V A R IA N  A -60D 
sp e c tro m e te r in deu te ro ch lo ro fo rm , using  TM S as in te rn a l s ta n d a rd .
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T he I rv in g — R o sso tti tech n iq u e  has been  app lied  to  s tu d y  th e  fo rm atio n  con
s ta n ts  co rresp o n d in g  to  th e  reac tio n

(M A )- +  L -  ^  (M A L)2-

w here  M = C u , N i; A =  n itr i lo tr ia c e tic  acid; L  =  glycine, a- o r /З-a lan ine . M NTA 1 : 1 
com plexes h av e  been  fo u n d  to  fo rm  a t  low er p H ; th e y  are  s ta b le  a t  h igher p H . T h e  
v a lu es o f th e  fo rm a tio n  c o n s tan ts  o b ta in ed  fo r th e  m ixed  lig a n d  system s (K MAL) a re  
b y  a b o u t 2 .0— 4.0 log u n its  less th a n  th e  f ir s t  fo rm a tio n  c o n s ta n t  o f th e  m eta l am in o  
acid  sy s tem  ( Kjvi L ) • T h e  re la tiv e  va lues o f th e  fo rm a tio n  c o n s ta n ts  fo r th e  m ixed lig an d  
com plexes o f N i( I I )  a n d  C u (II) a re  discussed.

N itrilo tria ce tic  acid  is know n  to  form  com plexes w ith  a n u m b er of m e ta l 
ions [1 —3], w hich are  s tab le  a t  h igher p H  [4]. T he co m p o u n d  behaves as 
a  tr i-  [5] or q u a d r id e n ta te  lig an d  [1], coo rd in a tio n  ta k in g  p lace  a t  th e  N a n d  
tw o  or th ree  C O O -  groups. In  th e  case of 1 : 1 N T A  com plexes of m eta l ions 
w ith  h igh  co o rd in a tio n  n u m b er, th e  rem ain ing  p o sitions m a y  be occupied  
b y  th e  w a te r m olecules or h y d ro x id e  ions. I f  a b id e n ta te  lig an d  coo rd ina ting  
to  th e  m eta l ion a t  h ig h er p H  is added  to  th e  1 : 1 -m eta l—N TA  m ix tu re , th e  
v a c a n t positions m ay  be  occupied  b y  th is  lig an d , re su ltin g  in th e  fo rm atio n  
o f  m ixed  ligand  com plexes of th e  ty p e  M (NTA)L. T he s tu d y  of such system s 
w here  M =  C u(II), N i(II) , Z n (II) , C o(II), M n(II) an d  P b ( I I ) ;  L  =  serine an d  
arg in ine  have been  ca rried  o u t b y  I s r a e l i  an d  Ce c c h e t t i  [6]. H o p g o o d  a n d  
A n g e l i c i  [4] h av e  also s tu d ie d  th e  te rn a ry  system s w ith  M =  M n(II), C o(II), 
N i(II) , C u(II) an d  Z n (II) . A =  N TA  and  L =  am ino  acids a n d  th e ir  esters, 
u sing  a p o ten tio m e tric  t i t r a t io n  m ethod . In  th e  p re se n t w o rk  th e  system s 
M (N TA )L have been in v e s tig a te d  w ith  M =  C u(II) or N i(II)  an d  L =  glycine, 
a - or /5-alanine. T he re a c tio n  can be rep resen ted  by

M NTA +  L M (NTA)L 
K mal  =  [M (N TA )L]/[M N TA ] [L]

T h e  fo rm atio n  c o n s ta n t K mal co rresponding  to  th e  a ssoc ia tion  of th e  am ino 
ac ids w ith  M NTA, has been  d e te rm in ed  b y  a m odified  fo rm  o f th e  I r v i n g  —  

R o s s o t t i  t i tra tio n  te c h n iq u e  [7, 8].
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T he original m e th o d  [7] is d ev ised  fo r stu d y in g  th e  fo rm a tio n  co n stan ts  
in  sy stem s of th e  ty p e  M +  L  M L. I f  th e  reac tio n  M +• A  MA tak es  
p la c e  a t  low er p H  an d  M A is s tab le  a t  h ig h  p H , th e  fo rm a tio n  c o n s ta n t of th e  
m ix e d  ligand  system  M A +- L  M A L can  still be d e te rm in e d  using  th e  basic  
c o n c e p ts  of th e  I r v in g —R o sso tti te c h n iq u e  [7].

E x p erim en ta l

Glycine (R ienal, G erm an y ), a- a n d  /З-a lan in e  and  NTA  (B D H ) u sed  w ere o f  reag en t 
g ra d e .  M etal p e rch lo ra tes  w ere p re p a re d  in  so lu tio n  and  th e ir  m e ta l c o n te n ts  de te rm in ed . 
O th e r  reag en ts  used w ere sod ium  h y d ro x id e  (M erck), sodium  p e rch lo ra te  (F lu k a ), perch loric  
a c id  (B  a n d  A). A ll so lu tio n s h av e  been  p re p a re d  w ith  c o n d u c tiv ity  w a te r .

A ty p e  E  350A M etro h m  p H  m e te r  (acc u rac y  + 0 .0 5 )  w as em p lo y ed  fo r th e  p H  m eas
u re m e n ts .  T he tit ra tio n s  w ere carried  o u t  a t  25 °C, in  a c o n s tan t te m p e ra tu re  b a th  ( +  0.1 °C).

F o r  th e  m ixed lig a n d  system s th e  fo llow ing  so lu tions w ere p re p a re d  in  50 m l volum e 
f o r  th e  t itra tio n s

(1) 0.02 M  HC104, 0.002 JVf N T A , 0.178 M  NaC104;
(2) 0.02 M  HC104, 0.002 M  N T A , 0.002 M  m e ta l p e rch lo ra te , 0.176 M  NaC104;
(3) 0.02 M  HC104, 0.006 M  HC104, 0.002 M  secondary  lig a n d , 0.172 M  NaC104;
(4) 0.02 M  HC104, 0.002 M  N T A , 0.002 M  secondary  lig an d , 0.002 M  m e ta l p e rch lo 

r a te ,  0.174 M  NaC104.
T he ionic s tre n g th  o f each  so lu tio n  w as th u s  in itia lly  a d ju s te d  to  0.2 M .  E a c h  of th e  

a b o v e  sam ples was t i t r a te d  a g a in s t 0.2 M  N aO H . T h e  p lo ts o f p H  a g a in s t th e  vo lum e of a lkali 
a d d e d  are  shown in  F ig . 1 fo r th e  C u/N i(N T A ) glycine system . T he ty p e  o f th e  cu rves is th e  
sa m e  in  th e  case o f a- a n d  /З-a lan ine , too .

F ig . 1. P o ten tio m etrie  t i t r a t io n  of n i tr i lo tr ia c e tic  acid and  g lycine  (ionic s tre n g th  0.2 M
N aC 1 0 4, 25 °C)
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R esu lts  an d  discussion

I t  has been show n earlier th a t  1 : 1 CuNTA and  N iN T A  com plexes [9] 
a re  fo rm ed  a t  low er p H . I n  th e  p re se n t case th e  m e ta l +  N T A  curve (2 in  
F ig . 1) differs from  th e  N TA  cu rv e  (1) above (2), ind ica tin g  th a t  a  1 : 1 M NTA 
com plex  is fo rm ed  a t  low er p H . T he h o rizo n ta l d is tan ce  be tw een  th e  tw o  
cu rv es rem ains a lm o st c o n s ta n t, show ing th a t  th e  1:1 M N TA  com plex, does 
n o t  d issociate  a t  h ig h er p H . T he M2+ -f- N TA  -|- am ino ac id  curve(4) is n o t  
below  th e  m eta l -j- N TA  curve(2) in  th e  low er p H  range. T h u s  th e  am ino acids 
do n o t  com bine w ith  th e  m e ta l ions in  th is  range w here M2 + fo rm s a 1 :1  co m p 
lex  w ith  NTA. C urve(4) does n o t, how ever, ex ac tly  coincide w ith  curve(2) b u t  is 
s lig h tly  above it. T h is is due  to  th e  fa c t in  th e  lower p H  ran g e  am ino acids 
a re  p ro to n a te d  an d  ex ist as a m ix tu re  of th e  species C H 2N H 3 + COOH an d  
C H 2N H 3 + COO_ . H ow ever, above p H  ~  6.0 curve(4) goes below  curve(3). T h is 
con firm s th a t  in th is  range th e  am ino  acids are co o rd in a ted  to  M NTA, 
re su ltin g  in  th e  lib e ra tio n  of e x tra  hyd rogen  ions. The re a c tio n  can  be re p re 
se n te d  as follows:

M2 + +  H 3N TA  M (N T A )- +  3H  +
M (N T A )- +  N H X H 2CO O H  ^  M (N TA )(N H 2CH2COO)2-  +  H  +

T h e  fo rm atio n  of th e  m ixed  lig an d  com plex a t h igh  p H  has also been  
d e m o n s tra te d  b y  record ing  th e  a b so rp tio n  spectra  o f a  m ix tu re  w ith  
Cu : N T A  : glycine =  1 : 1 : 1 a t  p H  9.3 an d  com paring  i t  w ith  th e  ab so rp 
tio n  sp e c tra  of m ix tu re s  in w hich  Cu : g ly  = 1 : 1  and  Cu : N T A  = 1 : 1  a t  
th e  sam e pH . T here  is only  one m ax im um  in  th e  visible a b so rp tio n  sp ec tru m  
of C u(N TA )gly ( ~  650 mp) an d  i t  falls below  those  o bserved  in  th e  case o f  
Cu : g ly  ( ~  670 mp) an d  Cu : N TA  ( ~  720 m p) m ixed in  a 1 : 1 ra tio . S im ilarly  
th e  ab so rp tio n  sp ec tru m  of th e  N i(II)  sy stem  reveals on ly  one m ax im um  a t  
~ 5 6 0  m p fo r 1 : 1 : 1  m ix tu res  o f N i, N T A  an d  am ino acids. T h is falls below  
th e  ones observed  fo r Ni : g lycine ( ~  610 mp) and  Ni : N T A  ( ~  590 m p).

T h e  ad d itio n a l h y d ro g en  ions lib e ra ted  as a resu lt of am in o  acid  coord i
n a tio n  can  be d e te rm in ed  from  th e  h o rizo n ta l d istance b e tw een  curve(4) a n d  
th e  am ino  acid cu rve(3), because to  th e  am ino  acid sam ples th re e  eq u iv a len ts  
o f e x tra  perchloric ac id  h av e  been  a d d ed  to  com pensate  fo r th e  h y d ro g en  ions 
lib e ra te d  upon  th e  co m b in a tio n  o f M2+ w ith  N TA  in th e  m e ta l an d  N TA , 
an d  am ino  acid so lu tions. T he h o rizo n ta l d istance  betw een  curves(4) an d  (3) 
can  be  used  for th e  ca lcu la tio n  of n , th e  average  n um ber of am in o  acid  ligands 
asso c ia ted  w ith  one [M (N TA )]~. T h e  eq u a tio n  used  for th e  ca lcu la tio n  of n  
is th e  sam e as in  a p rev ious p a p e r  [7].

-  =  (V '"  — V") (N  +  E° +  T nL) (Y — n H)
(V° +  V*) n H • Tm
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I n  th e  above e q u a tio n  V" an d  V '"  are  th e  vo lum es of a lk a li added  to  reach  
th e  sam e p H  in  th e  seco n d a ry  ligand  cu rve  an d  in  th e  M N TA  -j- secondary  
lig a n d  curve, re sp ec tiv e ly . Y ° is th e  in itia l vo lum e of th e  so lu tion , N — th e  
c o n c e n tra tio n  of a lk a li, E °  — th e  co n cen tra tio n  of m in e ra l acid and  T l is 
th e  in itia l ligand  c o n c e n tra tio n . is th e  co n cen tra tio n  o f [M (NTA)]~ w hich  
is e q u a l to  th e  c o n c e n tra tio n  of m e ta l s a lt used. pL  va lu es  w ere also ca lcu la ted  
u s in g  th e  eq u a tio n  g iven  in  a p rev ious p a p e r  [7]. V alues of Пн and  p ro to n  
lig a n d  s ta b ility  c o n s ta n ts  w ere ta k e n  from  our earlie r in v estig a tio n  u n d e r 
s im ila r  conditions [10]. F o rm a tio n  cu rves w ere d raw n  b y  p lo ttin g  ri ag a in st 
p L  in  th e  range  p H  ~  6 —7.5. A t n  =  0.5 of th e  fo rm a tio n  curve, p L  =  
=  log  K MAl . M ore p rec ise  values w ere o b ta in ed  b y  p lo tt in g  pL  a t each p o in t 
a g a in s t log (1 n )/n , w h ich  gave a s tra ig h t line. T h e  average  values th u s
o b ta in e d  are lis ted  in  T ab le  I. T he values fo r th e  C u(N TA )gly and  N i(N T A )gly

Table I

Logarithm s o f  the stability constants o f  ternary  
M 2* -N T A -lig a n d  complexes (// =  0.2 M ; 25°C)

Ligand (L) w k Cu<NTA) loS K Cu(NTA)L
Ni(NTA) 

l°g KNi(NTA)L

G lycine 5.61 ±  0.04 4.88 ±  0.04

a-a lan in e 5.76 ±  0.05 4.72 ±  0.04

^-a lan in e 5.03 ±  0.04 3.76 ±  0.08

sy s te m s , th ou gh  n o t  in  ex a c t agreem en t w ith  th e  resu lts  o f I sr a e li and  
Ce c c h e tt i [6], are v er y  close to  th e  va lu es reported  b y  H opgood and  
A n g e l ic i [4].

T he K Mal v a lu e s  fo r th e  associa tion  of th e  am ino  acids w ith  CuN TA  
a n d  N iN T A  are m u c h  low er (by  a b o u t 4 . 0 — 2.0 log u n its )  th a n  th e  f irs t fo r
m a tio n  c o n stan ts , K ML, correspond ing  to  th e  associa tion  of th e  am ino acids 
w ith  th e  m e ta l ions [8, 11]. K MAl is even low er th a n  th e  second fo rm a tio n  
c o n s ta n t K Ml2 [4, 11]. T h u s K MAL, w here  A is a ch a rg ed  ligand  (n itrilo triace- 
ta te ) ,  is m uch less th a n  K ML, w here A is a n e u tra l lig a n d  (d ipyrid ine). T he 
v a lu es  of K MAl in  th e  la t te r  case a re  [8] a lm ost equal to  K ml , and th e  reason  
h as  been  exp la ined . L ow er values of K MAl , w ith  ionic A  h av e  been observed  
b y  earlie r w orkers to o  [11]. T he reason  is th e  g re a te r  te n d e n c y  of L ” to  b in d  
w ith  [M (aq)]2+ th a n  w ith  [(M A )]~, ow ing to  e le c tro s ta tic  repulsion  w ith  th e  
la t te r .  T his resu lts  in  K mal <C KjviLn T h e  fa c t th a t  K mAl <7 K ml2 also needs 
ex p lan a tio n . L ~  sh o u ld  h av e  a lesser ten d en cy  to  com bine w ith  [M (L)] + 
b ecau se  of th e  e le c tro s ta tic  repu lsion  due to  th e  L a lread y  bonded . T h is 
rep u ls io n  can, h ow ever, be ex p ec ted  to  be less th a n  th e  repulsion  betw een  A 3 - 
a n d  L ~ . F u r th e r  A 3_ w ill occupy m ore  space a ro u n d  th e  m eta l ions. As a 
re su lt of th is  K MAl is low er th a n  even K jwl2-
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T h e o rder of th e  fo rm atio n  co n stan ts  co rrespond ing  to  th e  associa tion  of 
am ino acids w ith  M N TA  is th e  sam e as in  sim ple Cu am ino  acid or N i am ino 
acid  sy stem s [9]. K ^A g^ K MAct aia >  K MAjS.a,a. T h e  o rd e r c a n n o t be ex p la ined  
in  te rm s  of th e  basic ities of th e  ligands alone. A lth o u g h  m ore basic  (3-alanine 
form s a less s tab le  com plex. T his is because i t  form s a less s tab le  six -m em bered  
ring  [12]. a -a lan in e , th o u g h  s lig h tly  m ore basic  th a n  g lycine, form s a less 
s tab le  com plex. B o th  am ino acids are sim ilar in  s tru c tu re  an d  form  five- 
m em b ered  rings. I r v i n g  an d  P e t t i t  [13] have  ex p la in ed  th e  difference in 
te rm s  of th e  fa c t t h a t  in  a -a lan in e  m eth y l su b s ti tu tio n  on th e  carbon  a to m  
d is to rts  th e  bo n d  angle an d  forces th e  chelate ring  in to  a less fav o u rab le  con
fo rm atio n . As a re su lt of s teric  fa c to r , a -a lan ine  fo rm s less stab le  com plexes 
th a n  g lycine.

I t  is, how ever, observed  th a t  th o u g h  th e  fo rm a tio n  co n stan ts  o f th e  
copper com plexes d iffer from  th o se  of th e  n ickel che la tes  b y  2.0 log u n its  
in  b in a ry  system s, th e  d ifferences in  th e  respective  te rn a ry  system s are  v e ry  
sm all. T he above o b se rv a tio n  can  be explained  in  te rm s  of J a h n —T e l l e r  

d is to rtio n  [14]. T he C u(II) com plexes (a3) are m ore  s tab le  th a n  th e  N i(II)  
chela tes (d8) because  th e  J a h n —T e l l e r  d isto rtio n  b rin g s in  a d d itio n a l s ta 
b ility  in  th e  copper com plexes. T h is ind icates th a t  ligands along th e  z axis 
are  a t  a g re a te r  d is tan ce  th a n  th o se  in  th e  e q u a to ria l p lan e . I t  can  n a tu ra lly  
be e x p e c te d  th a t  if  th e  incom ing  lig an d  has to  occupy  a positio n  along th e  
z ax is, i t  w ill be h e ld  m ore loosely b y  th e  m e ta l ion  ow ing to  th e  d is to rted  
s tru c tu re . T he fo rm a tio n  c o n s ta n ts  corresponding  to  th e  co o rd in a tio n  of th a t  
ligand  w ill h av e  a low er v a lue . N itrilo triace tic  ac id  is reg a rd ed  as trid en - 
ta te  [5] o r q u a d r id e n ta te  [1] an d  hence m u st occupy  th re e  positions a ro u n d  
th e  C u(II) ion  in  th e  x y  p lane . In  th e  absence of th e  J a h n —T e l l e r  effect, 
as in  th e  case of N i(II)  com plexes, th e  ligands along th e  z axis are held  a t  th e  
sam e d is tan ce  as th o se  in  th e  x y  p lan e , w hereas in  d is to r te d  C u(II) com plexes, 
th e  seco n d ary  ligand  is a t  a la rg e r d istance . This is th e  reason  w h y  K Cu(nta)L ^  

K ní(NTA)L- T he overa ll v a lu e  of th e  fo rm atio n  c o n s ta n t, log K MA J-  log K MAL, 
is m u ch  h ig h er fo r C u (II)  th a n  fo r N i(II)  com plexes, show ing  th a t  th e  J a h n — 

T e l l e r  d is to rtio n  re su lts  in  an  overa ll s tab iliza tio n  o f C u(II) com plexes. T he 
values o f th e  fo rm a tio n  co n stan ts  co rresponding  to  th e  associa tion  of n itr ilo -  
tr ia c e tic  ac id  in  th e  case of C u(II) an d  N i(II) w ere ta k e n  from  th e  li te ra tu re  
[9, 15], th e  sum s log K MA -f- log K MAL being show n in  T ab le  I I .

Table IÏ

Ligand (L) loS K Cu-NTA+ log KNi.NXA+
+ l°g  k Cu.n t a .l +log K Ni.NTA.L

Glycine 18.57 16.42

a -a lan in e 18.72 16.26

/9-alanine 17.96 15.30
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I t  is also observed  t h a t  th e re  is a sm aller difference b e tw een  th e  s tab il
it ie s  o f  Cu(NTA)oc-alanine an d  Cu(N TA )/3-alanine, th a n  b e tw een  th o se  of th e  
co rresp o n d in g  te rn a ry  N i( I I )  com plexes. T he difference in  th e  va lu es  of fo r
m a tio n  constan ts  o f a -a la n in e  an d  /З-a lan ine  com plexes w ith  C u (II) an d  N i(II) 
in  b in a ry  system s are , h o w ev er, a lm o st equal. As d iscussed  earlie r, /3-alanine 
fo rm s  a  less stable co m p lex  th a n  oc-alanine because of th e  fo rm a tio n  of a six- 
m e m b e re d  ring w ith  g re a te r  s tra in . H ow ever, in  th e  [C u(N T A )(L )]~  com plex, 
d is to r t io n  causes th e  lig a n d  to  sp an  m ore. A ligand  m olecule w ith  a longer 
c h a in  w ill be sub jec t to  lesser s tra in . As such, /З-alan ine  w ill b e  favourab ly  
p la c e d  and  the  d ifference betw een  th e  va lu es  of th e  fo rm a tio n  c o n s ta n ts  of 
C u(N T A )a-alan ine an d  C u(N TA )/3-alanine w ill be n a rro w ed  dow n. In  th e  
ab sen ce  of d isto rtio n  in  n icke l com plexes, no such  effect is o bserved  in th e  
te r n a r y  system s.

*

T h e  au thors a re  th a n k fu l  to  P rof. S. M. Se t h n a , Professo r an d  H e ad  o f D e p a rtm en t of 
C h e m istry , F acu lty  o f Sc ience, M. S. U n iv e rs ity , B aroda-2  (In d ia ) , fo r p ro v id in g  th e  lab o 
r a to r y  facilities. The f in an c ia l assis tan ce  rece ived  b y  one o f th e  a u th o rs  (МУС) from  U . G. C., 
N ew  D elh i is g ra tefu lly  ack n o w led g ed . O ur th a n k s  a re  also due to  th e  referee  fo r helpfu l sug
g estio n s .
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T he gas p h a se  m olecular s tru c tu re  o f  N ,N ’-th io -b is(d im eth y lam in e), (C H 3)2N S N  
(CH3)2, w as s tu d ie d  b y  electron  d iffrac tio n . A  lea s t squares re fin em en t y ie ld ed  th e  
follow ing b o n d  len g th s  and  angles: C— N  1.473 +  0.006 Â , S— N  1.688 +  0.006 Â, 
S— N — C 117.9 +  0.6°, C— N — C 116.5 ±  1.6°, N — S— N  114.5 ±  1.6°. T he p re v a ilin g  
in te rn a l ro ta t io n a l  fo rm  found  is analogous to  th o se  of gaseous (C H 3)2N S O N (C H 3)2 
and  (C H 3)2N S 0 2C1, an d  crysta lline  (C H 3)2N S 0 2N (C H 3)2. Som e tendencies o f changes 
in  th e  su lfu r a n d  n itro g e n  bon d  con fig u ra tio n s a re  discussed .

In tro d u c tio n

T he m olecu lar s tru c tu re s  of a series o f su lfu r-n itro g en  com pounds in  th e  
v a p o r phase are  s tu d ie d  in  th is  la b o ra to ry  u s in g  th e  e lec tron  d iffrac tion  sec to r- 
m icro p h o to m ete r m e th o d . T he m ain  p u rp o se  o f  th ese  s tud ies is to  in v e s tig a te  
how  th e  su lfur a to m  in  d ifferen t valence s ta te s  affects th e  tr iv a le n t n itro g e n  
b o n d  con figu ra tion .

As was show n in R ef. [1], th e  tr iv a le n t n itro g en  a to m  b o n d  co n fig u ra tio n  
changes from  p e ak ed  p y ram id a l to  p lan a r, d ep en d in g  on th e  n a tu re  of a to m s 
b o u n d  to  th e  n itro g en  a to m . In  p a rticu la r , th e  com parison  of th e  n itro g en  b o n d  
configura tions in  som e silice n, p hosphorus, su lfu r and  chlorine d e riv a tiv e s  
show s th a t  th e  n itro g e n  configura tion  changes from  p la n a r to  p eaked  p y ra m id a l 
up o n  going from  silicon to  chlorine [2]. T h e  n itro g e n  bo n d  angles w ere fo u n d  
to  increase upon  going from  (CH 3)2N P0C12 to  (C H 3)2NPC12 or from  (CH 3)2N S 0 2C1 
to  (C H 3)2N SO N (C H 3)2. O n th e  basis of th is  t re n d , a close to  p lan a r n itro g en  
con figu ra tion  w as p re d ic te d  in Ref. [2] fo r  JV,iV,-th io -b is(d im eth y lam in e), 
(C H 3)2N SN (C H 3)2. A f irs t  account of th e  e lec tro n  d iffrac tion  s tu d y  o f 
(C H 3)2N SN (C H 3)2 h as  a lread y  been p u b lish ed  [3] w ith  resu lts  o b ta in ed  usin g  
c o n s ta n t sc a tte rin g  fa c to rs  and  m ain ly  a t r ia l  a n d  e rro r s tru c tu re  ana ly sis . 
T he p resen t p a p e r  ou tlin es  only b riefly  th e  p ro ced u re  described  in  d e ta il in  
Ref. [3] and  gives a m ore  com plete d e te rm in a tio n  of th e  n itro g en  an d  su lfu r  
bo n d  configura tion .

E xperim en ta l

T he sam ple o f (C H 3)2N SN (C H 3)2 w as p re p are d  b y  P áldi (R esearch  G roup for In o rg an ic  
C hem istry  o f tb e  H u n g a ria n  A cadem y of Sciences). T h e  p u r i ty  o f th e  sam ple  w as checked  b y  
g as-ch ro m ato g rap h y  a n d  e lem en ta l analysis [4].
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T h e  e lectron  d iffrac tio n  p a tte rn s  were ta k e n  w ith  an  E G -100A u n it  o f th is  la b o ra to ry . 
Som e p a r ts  o f th e  u n it  w ere m odified  and a new  nozzle system  was c o n stru c ted  as desc rib ed  
in  R ef. [3]. D a ta  were o b ta in ed  from  19, 42 an d  76 cm  cam era d istan ces using  60 kV  e lec tro n s  
an d  r 3 sec to r. T he e x p erim en ta l m olecu lar in te n s itie s  a re  show n in Fig. 1. C urves E  of F ig . 2 
an d  3 a re  ex p erim en ta l ra d ia l d is trib u tio n s.

F ig . 1. M olecular in ten sitie s. E  — e x p erim en ta l, T  — th eo re tica l co m p u ted  fro m  th e  p a r a 
m ete rs  show n in T ab le  I fo r a 7 : 3 m ix tu re  o f form s I an d  I I  (see F ig. 5)

F ig . 2. R ad ia l d is trib u tio n s. E  — e x p erim en ta l, T  — th eo re tica l com p u ted  fro m  th e  p a r a 
m e te rs  show n  in  T able  I fo r a  7 : 3 m ix tu re  o f  fo rm s I and I I  (see F ig . 5). In  co m p u tin g  th e  
e x p e rim e n ta l curve, th eo re tic a l sM (s)  values w ere  u sed  fo r the  unob serv ed  ran g e  0.25 <  s < 4 .5 0

F ig . 3. R a d ia l d is tr ib u tio n s . E  — ex p erim en ta l, 1 th ro u g h  5 — th eo re tica l fo r th e  ra tio s  
10 : 0, 8 : 2, 7 : 3, 6 : 4 and  5 : 5 of form s I a n d  I I ,  respec tive ly . In  a ll c o m p u ta tio n s  sM (s)  

values o f th e  ran g e  4.75 s 32.75 w ere used  on ly
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S tru c tu re  analysis

Compilation o f  the starling structure (T able  I ) .  T h e  values for th e  C — N 
a n d  S — N bond  le n g th s  were o b ta in e d  b y  a le a s t sq u a re s  re fin em en t b ased  
o n  th e  ex p erim en ta l ra d ia l d is tr ib u tio n . A p re lim in a ry  v alue  of 118.4° was 
e s tim a te d  for th e  S — N —C angle consid erin g  th e  m ax im u m  a t a b o u t 2.7 Â 
because  of th e  la rg e s t w eight of th e  S . . . C n o n b o n d ed  d istances in  th is  
reg ion . In  add itio n  to  th e  S . . . C d is tan ces , also th e  C u . . . C12, C21 . . .  c22 
a n d  N-l . . . N2 d is tan ces  (Fig. 4) c o n tr ib u te  to  th is  m ax im u m . T he N . . . C

F ig . 4. Labelling of th e  C2NS1NC2 ske le ton

n o n -b o n d e d  d is tan ces  co n trib u te  to  th e  m ax im u m  a t  a b o u t 3.5 Â on th e  
ra d ia l  d is trib u tio n  c u rv e . The Cu  . . . C21 an d  C12 . . . C22 d istances a p p e a r 
e i th e r  in  th e  sam e m ax im u m  or ab o v e  4 Â to g e th e r  w ith  th e  d is tan ces  
Cu  . . . C22 and  C12 . . . C21, depending  on th e  b o n d  angles an d  th e  in te rn a l 
ro ta tio n a l form s.

F o r m ost of th e  m odels C2„ sy m m e try  was assum ed . Fig. 5 show s tw o  
m o lecu la r m odels w ith  C24) and  one w ith  Cs sy m m etry . T he corresponding

F ig . 5. M odels and  N e w m an  p ro jections fo r th e  in te rn a l  ro ta tio n a l fo rm s I, I I  an d  I / I l
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N ew m an  p ro jec tio n s are also show n. B y  v a ry in g  th e  C — N  — C an d  N —S — N  
ang les a n d  th e  in te rn a l ro ta tio n a l form s a ro u n d  th e  S — N  b o n d  an d  la te r  
also th e  S — N — C angle, we a rr iv e d  a t  th e  v alues show n in th e  s ta r t in g  s tru c tu re . 
F o rm  I  o f F ig . 5 w as fo u n d  to  be  th e  p reva iling  in te rn a l ro ta tio n a l fo rm  
w hile  th e  presence of form s I I  a n d  I / I I  could  n o t be excluded .

R efinem en t. T he fu r th e r  re fin em en t w as carried  o u t d u rin g  ou r v is it to  
th e  C e n te r  fo r S tru c tu ra l S tu d ies  o f th e  U n iv e rs ity  of T ex as (A ustin , T exas, 
U SA ). I n  these  calcu la tions th e

gij/BT(s) =  (l/;(s)l |/;(s ) | cos [»?,•(*) -  ч /* )])Д » (* )

s c a tte r in g  func tions w ere u sed . H ere  |/(s )  | an d  r](s) are th e  ab so lu te  va lu es  
a n d  p h a se s  o f th e  com plex e lec tro n  sc a tte r in g  am p litu d es an d  l j ( s )  is th e  
th e o re tic a l background .

A t f irs t, th eo re tica l ra d ia l d is tr ib u tio n s  w ere co m p u ted  for d iffe ren t 
ra t io s  o f  fo rm s I  an d  I I  (F ig . 5) an d  co m p ared  w ith  th e  e x p e rim e n ta l ra d ia l 
d is tr ib u tio n . Fig. 3 shows som e o f th e  cu rves. B o th  th e  e x p e rim en ta l an d  
th e o re tic a l rad ia l d is trib u tio n s  w ere o b ta in ed  b y  F o u rie r tra n s fo rm a tio n  of 
th e  co rresp o n d in g  sM (s) m o lecu la r in te n s ity  d a ta  in th e  in te rv a l of s =  4.75 
to  32.75 Á -1 . T he lack  o f sm all angle ex p erim en ta l d a ta  does n o t p e rm it a 
d e ta ile d  s tu d y  of th e  in te rn a l ro ta tio n a l fo rm s. H ow ever, i t  seem s safe to  
co n c lu d e  th a t  th e  ex te rn a l p a r t  o f th e  th eo re tica l cu rve  c o m p u ted  fo r th e  
7 0 %  +  30 %  ra tio  of form s I  an d  I I  ap p ro x im ates  th e  ex p e rim en ta l ra d ia l 
d is tr ib u tio n  som ew hat b e tte r  th a n  th o se  w here  th e  co rrespond ing  ra tio  w as 
8 0 %  -)- 2 0%  or 60%  -)- 4 0 % . I t  is n o te w o rth y , how ever, t h a t  in  ca lcu la tin g  
th e  ra d ia l  d is trib u tio n s , th e  sam e am p litu d es  of v ib ra tio n  w ere used  fo r b o th  
fo rm s, w hereas th e  N . . . C n o n -b o n d ed  d istances decisive in  s tu d y in g  th e  
ro ta t io n a l  form s, are ex p ec ted  to  h av e  la rg e r am plitudes fo r  fo rm  I  th a n  fo r 
fo rm  I I .*  T hus th e  N . . . C d is tan ces  in  fo rm  I I  w ould h av e  h a d  a lesser effect 
on o u r th eo re tica l rad ia l d is tr ib u tio n s  th a n  if  th e  a p p ro p ria te  a m p litu d es  
h a d  b een  used. This, in tu rn ,  suggests t h a t  if  we fin d  30 %  o f form  I I ,  u sing  
th e  p ro ced u re  described, a v a lu e  below  30%  is m ore p robab le  th a n  one above  it.

T h e  fin a l refinem en t of th e  b o n d  len g th s  and  bond  angles based  on th e  
e x p e rim e n ta l m olecular in te n s itie s  w as perfo rm ed  using  S e i f ’s le a s t sq u a re s  
re f in e m e n t p rogram  [6]. A m odel consisting  of th e  tw o fo rm s, I  an d  I I ,  w as 
u se d  w ith  th e  w eights 0.7 a n d  0.3, re spec tive ly . The resu lts  of th is  re fin e m e n t 
a re  show n in T ab le  I. T he u n c e rta in tie s  in d ica ted  co n ta in  b o th  th e  s ta n d a rd  
d e v ia tio n  from  th e  least sq u ares  re fin em en t an d  th e  ex p e rim en ta l e rro r. T h e  
c o rre la tio n  coefficients fo r som e im p o r ta n t  p a ram ete rs  an d  th e  scale fa c to r  (q) 
a re  show n in  T ab le  I I .  C oncern ing  th e  am p litu d es of v ib ra tio n , Z(C—H ) w as

* T he am p litu d e  of v ib ra tio n  o f th e  n o n -b o n d ed  d istance c h a ra c te ris tic  fo r th e  in te rn a l 
r o ta t io n  w ill be m uch  larg e r in  th e  syn  th a n  in  th e  anti con fo rm atio n  (see e.g. S2C14 [5]).
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Table I

Refinem ent o f  the bond lengths and bond angles

Starting structure Results

r(C —H ), A 1.10 (assum ed) 1.10 (assum ed)

r ( C - N ) ,  A 1.474 1.473 ±  0.006

r ( S - N ) ,  A 1.686 1.688 ±  0.006

H - C - H  and  H - C - N 109.5° (assum ed) 109.5° (assum ed)

C - N - C n 6 ° 116.5 ±  1.6°

S - N —C 118.0° 117.9 ± 0 .6 °
N - S - N 116° 114.5 ±  1.6°

assum ed  to  be  0.08 Á. The values o f 0.06 ^  0.01 Á , 0.06 ^  0.01 Â  an d
0.08 ^  0.01 Â  -were ob ta ined  for Z(C — N ), Z(S — N) an d  l(S . . . C), re sp ec tiv e ly .

Table II

Correlation coefficients fo r  some parameters (X lO O O )

1

u

CD

Z
1

V.

CJ

1
О

1
CD

1
£

£
i 1u

С Г

CD^

r (S —N) 1000

S - N - C - 5 2 9 1000

r ( C - N ) 184 - 3 9 8 1000

C - N - C 126 36 187 1000

N - S - N — 2 - 4 6 2 -  6 - 5 2 6 1000

/ ( S - N ) 17 27 - 3 6 2 - 2 5 8 136 1000

Z (C -N ) 329 - 2 0 9 -  53 - 1 5 8 122 168 1000

Z( S . . .C ) — 3 104 - 1 8 2 — 102 - 1 1 0 222 161 1000

4 158 - 1 5 3 - 2 9 1 - 4 8 1 294 503 432 430 1000

D iscussion

B ond distances. T he value o b ta in ed  fo r th e  S — N  b o n d  is so m ew hat less 
th a n  th a t  c a lc u la ted  fo r th e  single b o n d  (1.74 Á )  usin g  th e  S c h o m a k e r — 

S t e v e n s o n  e q u a tio n  [7]. The S — N b o n d  d is tan ce  in  (C H 3)2N SN (C H 3)2 is th e  
sam e w ith in  th e  u n c e rta in tie s  as th a t  in  (C H 3)2N SO N (C H 3)2. H ow ever, th is  
m ay  well n o t be  an  ind ica tio n  of equal b o n d  s tren g th s  in  th ese  tw o m olecules. 
O n th e  basis o f num ero u s ex p erim en ta l d a ta  T r u t e r  [30] has p o s tu la te d  
d iffe ren t co v a len t ra d ii and  e lec tro n eg ativ ities  for su lfu r a tom s in  d iffe ren t 
valence s ta te s , i.e ., S (II) , S(IY) an d  S(V I). T he te tr a v a le n t  su lfur bon d s a re  
u su a lly  longer th a n  th o se  of S (II) an d  S(V I).

Acta Chim. (Budapest) 75, 1973



134 HARGITTAI HARGITTAI STRUCTURE OF N.N’-THIO-BIS-(DIMETHYLAMINE)

T h e  С —N bo n d  d is tan ces  in  (C H 3)2N S N (C H 3)2 and  (C H 3)2N S O N (C H 3)2 
a re  close to  th a t  in  (C H 3)3N  [8]. As has b een  n o ted  [9], th e  H 3C — N<( bond  
le n g th  varies v e ry  l i ttle  w hen  th e  n itro g en  b o n d  con figu ra tion  changes from  
p la n a r  to  py ram ida l.

The su lfur bond angle. T he N —S — N  b o n d  angle d e te rm in ed  in  (C H 3)2 
N S N (C H 3)2 is la rger th a n  tho se  in  m o st o th e r  m olecules of tw o -co o rd in a ted  
su lfu r. T here  are som e cases w ith  double b o n d s  w here th is  angle is even la rg e r, 
e.g ., in  S 0 2 (118°59’) [10], C H 3 N =  S = 0  (121°) [11] an d  0  =  S =  N in  
S2N 20 3 (115.3°) [12]. T h e  su lfu r bond  angles w ere sum m arized  e.g., in  a r  eview 
b y  A b r a h a m s  [13] an d  m ore  recen tly  in  a b o o k  ed ited  b y  N i c k l e s s  [14].

T h e  com parison  o f X  — S X  b o n d  angles (X = C H 3, Cl, N (C H 3).,) in  
an a logous S X „ SO X 2 an d  S 0 2X 2 m olecules (see T able I I I )  show s th e  fo llow ing .

Table I I I

X - S - X  bond angles in  the S X 2, S O X 2 and S 0 2X 2 molecules

X SX 2 s o x , so 2x 2

C H 3 98°52’ ±  10’ MW [16] 96°23’ MW [18] 102.5 ±  1.3° E D  [20]

Cl 103.0 ± 0 . 4 °  E D  [17] 96.1 ±  0 .7° ED  [19] 100.0 ± 0 .7 °  E D  [19]

N (C H 3) 2 114.5 ±  1.6° E D  this work 96.9 ±  1.7° E D  [2] 112.6 ±  0.4° X D  [21]

M W  — m icrow ave spectroscopy, gas phase ,
E D  — sec tor-m icrophotom eter e lectron  d iffrac tio n , gas phase, 
X D  — X -ray  d iffrac tion , c ry sta l phase.

W h ile  th e  su lfur b o n d  angles in  sulfides a n d  sulfones show  a  g rea t v a r ia tio n  
d ep en d in g  on th e  d iffe ren t su b s titu e n ts , v e ry  little  v a r ia tio n  is o b serv ed  
w ith  th e  analogous sulfoxides. The b o n d  angles in  su lfox ides are  a lw a y s  
sm a lle r  th a n  th e  analogous ones in  su lfides an d  sulfones.

N itrogen bond configuration. D a ta  fo r  th e  n itrogen  b o n d  angles in  som e 
silicon , phosphorus, su lfu r an d  chlorine d e riv a tiv e s  are co llected  in  T ab le  IV .

Table IV

Nitrogen bond angles in  some silicon, phosphorus, sulfur and chlorine derivatives

N (S iH 3)3 [22] (C H 3)2NPC12 [25] [(C H 3)2N]S th is w ork NC13 [27]

120° 120° S - N - C  117.9° 107.1°

C H 3N (S iH 3)2 [23] [(C H 3)2N ]3P  [26] C - N - C  116.5° CH3NC12 [28]

Оо<м P  N - C  119.5° [(C H 3)2N ]2SO [2] 108°

,C H 3)2N S iH 3 [24] C - N - C  113.5° S - N - C  116.1° (CH3)2NC1 [28]

Si - N - C  120.4° (C H 3)2N P0C 12 [25] C - N - C  113.9° 107°

C - N  C 111.1° 116° (C II3)2N S 0 2C1 [1] F 2NC1 129]

112° Cl—N —F 105°

F - N - F 103°
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All th e se  d a ta  re fer to  gas phase s tu d ie s  b y  electron  d iffrac tio n . I t  is p a r t ic u 
la rly  im p o rta n t to  em phasize th e  p h ase  w hen  discussing th e  n itro g en  b o n d  
co n fig u ra tio n . (The inversion  energ ies o f am m onia  and  its  s im ple d e riv a tiv e s  
a re  kn o w n  to  be sm all an d  can b e  com m ensurab le  w ith , o r exceeded  b y , th e  
la tt ic e  energy or th e  energy  of th e  h y d ro g en  bond.) T he tre n d s  o f th e  changes 
in  n itro g e n  bond con figu ra tion  a re  in  ag reem en t w ith  th e  G i l l e s p i e  th e o ry  
[15], accord ing  to  w hich, th e  n itro g e n  b o n d  angles decrease w ith  increasing  
e lec tro n eg a tiv ity  of th e  group lin k e d  to  th e  n itrogen .

F ig . 6. N ew m an  pro jec tions of th e  ro ta tio n a l fo rm s in  (C H ,)2N SN (C H 3)2, (C H 3) 2NSON(C.H3)2, 
(C H 3)2N S 0 2N (C H 3) 2 a n d  (C H 3) 2N S 0 2C1

The prevailing fo rm  o f  internal rotation. T he p revailing  in te rn a l ro ta tio n a l 
fo rm  fo u n d  for (C H 3)2N SN (C H 3)2 (fo rm  I)  is analogous to  th o se  of gaseous 
(C H 3)2N SO N (C H 3)2 an d  (C H 3)2N S0,C 1, an d  c rysta lline  (C H 3).2N SO ,N (C H 3)2, 
show n in  Fig. 6. T here  is also s tro n g  in d ica tio n  for o th e r ro ta tio n a l form s 
p re se n t in th e  vapors of (C H 3)2N S N (C H 3)2.
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A c t a  C h im ic a  A c a d e m i a e  S c i e n t i a r u m  H u n g a r i c a e , T o m u s  75  ( 2 ) ,  p p .  1 3 7 — 16 0  ( 1 9 7 3 )

BENZAZEPINES, V*
F U R T H E R  ST U D IE S  ON 2 ,3 -D IH Y D R O -lH [l,5 ]  

B E N Z O D IA Z E P IN E S  A N D  2 ,3 -D IH Y D R O -[l,5 ]B E N Z O T H IA Z E P IN E S

K . H id e g  and 0 .  H i d e g - H a n k o v sz k y

( Pharmacological In stitu te , U niversity  M edical School, Pécs**)

R eceived  M arch  20, 1970 

In  revised  form  O c to b er 26, 1971

2 ,3 -D ih y d ro -[l,5 ]b en zo d iazep in es a n d  -th iazep in es can  be p re p a re d  b y  co n d en 
sa tio n  of o -pheny lened iam ines or o -a in ino th iopheno ls w ith  a v a r ie ty  o f ^ -s u b s t itu te d  
ke tones. The d ih y d ro  d e riv a tiv es can  be  red u ced  to  te tra h y d ro  co m pounds; b o th  are  
re ad ily  acy la ted . D ih y d ro p y rim id in o - a n d  d ih y d ro p y rid in o d iazep in es h av e  also been  
prepared .

A v a rie ty  of /S -substitu ted  k e tones re a c t w ith  o-pheny lened iam ines or
o -am ino th iopheno ls to  give heterocyclic  seven-m em bered  ring  com pounds.

W e have re p o rte d  prev iously  [1, 2, 3] th a t  2 ,3 -d ih y d ro -lH -[l,5 ]b e n zo - 
d iazep ines (I) an d  2 ,3 - d ih y d r o - [ l ,5 ] b e n z o th ia z e p i i . ( I I )  can  be p rep a red  
b y  th e  reactions of ß-tert.-am inoketones w ith  o-pheny lened iam ines an d  o-am ino
th io p h en o ls , respective ly .

F u r th e r  exam ples of such heterocycles an d  also d ih y d ro p y rid in o d iaze 
p ines h av e  now been p re p a re d  to  d e m o n s tra te  th e  gen era lity  of th e  m e th o d , 
w hich  has w ide scope because of th e  re a d y  av a ilab ility  of th e  am inoke tones 
b v  th e  M annich reac tio n .

Q uinoxalines h av e  been syn th esized  b y  th e  reac tio n  of o -pheny lened ia 
m ines w ith  oc-brom oacetophenone [4]. /З-ch lo roprop iophenone reac ts  sim ilarly  
w ith  an  o-pheny lened iam ine, to  give a d ihy d ro d iazep in e  (I; R x =  P h , R 2 =  H , 
R 3 =  4,5-diM e). Since /?-haloketones are  less read ily  ava ilab le  th a n  ß-tert.- 
am inoke tones, th is  m e th o d  has less genera l app lica tion .

* P a r t  IY : O. H . H a n k o v szk y , K . H id e g , A c ta  Chim. A cad. Sei. H u n g . 6 8 , 403 (1971)
** P re se n t address: C en tra l L ab o ra to ry , C hem istry , U n iv e rsity  o f Pécs, H u n g a ry .
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Som e d ihydro b en zo d iazep in es  a n d  a  d ih y d ro b en zo th iazep in e  h av e  also 
b een  p rep a red  b y  reac tio n s  b e tw een  /J-hydroxyketones an d  o-phenylene- 
d iam ines or o -am ino th iopheno ls. W hen ^3-hydroxyvinylketones w ere used, сузИ- 
z a tio n  to  a d iazep ine  d id  n o t ta k e  p lace , confirm ing  earlie r w ork  b y  R i e d  

et al. [5]. In s te a d  a /1-ketoim ine w as fo rm ed , w hich, w hen  h e a te d  u n d e r re flu x  
in  xy lene  for p ro lo n g ed  tim e , was co n v e rte d  in to  a benzim idazole:

Н з С " у ^
n „ , H O  • C H  : C H  • CO • C6H 4 • O M e M  

\\

L .  +
n h 2

\\
O C H  • C H 2 • CO • C6H t  • O M e {p)

N  : C H  • C H 2 • CO • C6H 4 • O M e w  H 3C ^

r r \

n h 2 Н з С ^ к /

A  n u m b e r o f d ih y d ro benzod iazep inones [5 —13] an d  d ihyd ro p y rid in o - 
d iazepinones [1 4 —15] h av e  been sy n th es ized  b y  co ndensa tion  of 1 ,2-diam ino 
com pounds w ith  /З-ke to este rs . D ihy d ro p y rim id in o d iazep in o n es as w ell as 
fu r th e r  exam ples o f d ihyd robenzod iazep inones an d  d ih y d ro pyrid inod iazep ino - 
nes h av e  now  b een  p re p a re d  in  th is  w ay . In  th e  case of d ih y d ropyrid inod iaze- 
p ines i t  has been  su g g ested  [1 4 —15] t h a t  th e y  h av e  s tru c tu re s  correspond ing  
to  III (Z =  N) ra th e r  th a n  to  IY (Z =  N).

T he p ro d u c t from  2-am ino-4-n itro -lV -(ß -d iethy lam inoethy l) an iline and 
e th y l 3 ,4 ,5 -trim e th o x y b en zo y lace ta te  h as  th e  u n c o n ju g a te d  s tru c tu re  V ra th e r  
th a n  VI, since th e  I R  spec trum  show s th e  absence of N  H  bonds.

C H 2- C H 2—-N E t*  C H 2- C H 2— \ E t 2
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W hen, how ever, th e  ß -d ie th y la m in o e th y l g roup  is rep laced  b y  a 3-picolyl 
or a  /3 -(2-pyridyl)ethyl group, a  c h a ra c te r is tic  N  —H  ab so rp tio n  is p re se n t a t  
3350 c m ^ 1; rep lacem en t of th e  n i tro  g roup  b y  a h y d ro g en  a to m  in  th e  la t te r  
com pounds produces no  change.

T he d ihydrobenzod iazep ines (I) an d  d ih y d ro b en zo th iazep in es  (II) can  
be red u ced  to  te tr a h y d ro  d e riv a tiv e s  c a ta ly tic a lly  (P d/C ), or b y  sodium  
b o ro h y d rid e , or lith iu m  alum in ium  h y d rid e . T he d iazep inone d e riv a tiv es  
(III ; Z = C H ) are, as w ould be e x p e c te d , u n affec ted  b y  sod ium  b o ro h y d rid e , 
b u t  are  reduced b y  lith iu m  alum in iu m  h y d rid e  to  give p ro d u c ts  id en tica l w ith  
th o se  ob ta in ed  b y  red u c tio n  of th e  a p p ro p r ia te  d ihydrobenzod iazep ines.

B o th  d ihydro- an d  te trah y d ro b en zo d iazep in es  can be a c y la ted  w ith  
a c e ty l chloride, ace tic  anhydride  o r  ch lo ro ace ty l ch loride to  give N -acyl 
d e riv a tiv es . The te tra h y d ro b e n zo d ia z e p in e s  can  also be co n v erted  in to  N ,N ’- 
d iacy l derivatives.

Experim ental

M elting  p o in ts w ere tak en  on a B o e tiu s  a p p a ra tu s  a n d  are  u n co rrec ted .
In fra re d  sp ec tra  w ere tak e n  on a B e c k m a n  IR -4  sp e c tro m ete r an d  th e  u ltra v io le t  sp e c tra  

on a  B eck m an  D 2400 M odel.
N M R  spectra  w ere de term ined  w ith  a  V a rian  A-60 sp ec tro m ete r, u sing  TM S as in te rn a l 

s ta n d a rd .
G eneral m eth o d s fo r th e  p re p a ra tio n  o f  di- an d  te trah y d ro b e n z az ep in e s  (th iazep ines, 

d iazep ines) are described below .

Dihydro derivatives 

(T ab les  I — I I I )

Method A (from /3-aminoketones)

V arious 2 ,3 -d ih y d ro -[l,5 ]b en zo th iazep in es  an d  2 ,3 -d ih y d ro -lH -[l,5 ]b en zo d iazep in es  
w ere  p re p a re d  accord ing  to  lite ra tu re  m e th o d s  [1— 3], b y  h e a tin g  eq u im o lar p ro p o rtio n s  o f 
о-su b s titu te d  (SH  or N H 2) anilines and  /S -am inoketones in  an  a p o la r so lv en t (e.g., benzene, 
to lu en e , o r xylene).

Method В (from /S-chloropropiophenone)

2,3- Dihydro-7,e-dimethyl-l-phenyl-lH- [1,5] benzodiazepine (1)

A  so lu tion  of 13.8 g (0.1 mole) 4 ,5 -d im eth y l-o -p h en y len ed iam in e  a n d  16.8 g (0.1 m ole) 
/1-chloropropiophenone in  100 m l abs. E tO H  w a s re flu x e d  in  th e  p resence o f 10 g a n h y d ro u s 
sod ium  a c e ta te  u n d e r n itro g e n  for 2 hrs. T he ye llo w  p ro d u c t w as filte red  off a f te r  cooling, an d  
w ash ed  to  rem ove N aC l, to  y ield  21.2 g (8 5 % ) o f 1. T he cru d e  p ro d u c t w as recry sta llized  fro m  
aqu eo u s |e th a n o l  to  give p u re  2 ,3 -d ih y d ro -7 ,8 -d im eth y l-4 -p h en y l-lH -[l,5 ]b en zo d iazep in e  
m .p . 1 3 7 -  138 °C; IR  cm “ 1 (K B r): 3300 (s) (N H ), 1625 (s) (C = N ) ;  N M R  sp e c tru m  <5(CDC13) 
2.2 (s in g le t) (6 H ), 2.98 (m u ltip le t)  (2H ), 3 .72 (m u ltip le t)  (2H ) an d  3.39 (sing le t) (1H ) p pm .

Method C (from 7-h\drowkotone)

N-[2,3-Dihvdro-7,8-dimethyl-4-(4-nitrophenyl)-lT/-[l,5] beiizodiazepine-3-yl]
acetamide (12)

A  so lu tion  of 13.6 g (0.1 mole) 4 ,5 -d im eth y l-o -p h en y len ed iam in e  a n d  25.2 g (0.1 m ole) 
(? -hydroxy-a-ace tam ido-p -n itrop rop iophenone  in  300 m l xy len e  w as re flu x ed , as d escribed  in 
M ethod  A ,  fo r 6 h rs.; 3.6 g (0.2 mole) o f w a te r  w as collected.

T h e  resu ltin g  orange  solid  was filte red  o f f  a n d  d ried  to  give 27.4 g (78% ) of 12. A sm all 
sam ple  w as crystallized  fro m  E tO H  for a n a ly s is , m .p . 205— 207 °C; I R  cm - 1  (K B r): 3400, 
3380 (m ) (N H ), 1650— 1640 (s) (CO).
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Table I

Ri

No. Ri Rs R. Z Method

l “O H 7,8(CH 3) 2 CH
A

В

2 1 u H 7-COOH CH А

3 _/“ V F
w

H 7,8(C H 3) 2 CH А

4
- y _ ^ ° CH-

H H N А

5 H 7 CH 3 CH А

6
- V _ ^ 0 C H -

CH 3 7,8(C H 3) 2 CH А

7 X_)-0CA H 7,8(CH 3) 2 CH А

8 } - 0 C H -
/

OH3C

H 7 C H 3 CH А
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м.р., °с

Analysis, %

Formula
(Molecular weight)

C H N c. CH30

Calcd
Found

1 3 7 -1 3 8 ^17^-18^2
(250.35)

81.56

81.76

7.25

7.11

11.19

11.11
-

360
c 16h 14n 2o 2

(266.30)

72.16

72.28

5.30

5.40

10.52

10.75
-

1 5 4 -1 5 6
C17H 17F N 2

(268.33)

76.10

76.34

6.38

6.49

10.44

10.60
- -

1 2 5 -1 2 6
c 15h 15n 30

(253.31)

71.13

71.09

5.96

6.03

16.59

16.77
- 12.25

12.37

2 0 7 -  208
C15H 15N 30.2HC1

(326.23)

55.23

55.25

5.25

5.38

12.88

12.94

21.74

21.32

9.51

9.83

1 9 4 -1 9 5
C I 7H i 8N 20

(266.34)

76.67

76.15

6.81

6.80

10.52

10.65

11.66

11.80

1 1 8 -1 2 0
Cu,H 22N 20

(294.40)

77.52

77.57

7.53

7.56

9.52

9.26
— 10.54

10.27

1 9 2 -1 9 3
C10H 22N 2O

(294.40)

77.52

77.55

7.53

7.40

9.52

9.61

c 2h 5o

15.30

15.26

1 2 5 -1 2 6 ^18^20-^2^2
(296.37)

72.95

72.70

6.80

7.02

9.45

9.38
— 20.94

21.12
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No. Ri r2 R3 Z Method

9
1

n
И

H 7,8(CH3) 2 CH A

10 - С ^ ° н
0 /

/ “ \ 7,8(CH3) 2 CH A

1 1 -N H -C 0 -CH 3 7 Cl CH C

12 -N H -C 0 -CH 3 7,8(CH3) 2 CH C

13 1 I J  j H 7,8(CH3) 2 CH A

14 H 7,8(CH3) 2 CH A

15 ~KS) H 7 CH3 CH A

16

H
H3C \ ^ ^  / N -

i l  / Л

O

A

H

о с н 3
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M.p., °c
Formula

(Molecular weight)

Analysis, %

C H N Cl C H 3 O

Calcd
Found

300
C17HlaN 20

(266.34)
76.67
76.72

6.81
6.98

10.52
10.47 - —

350
c23h 22n 2o 2

(358.44)
77.07
77.03

6.19
6.21

7.81
7.82

- -

241-242
CI7H15C1N40 3

(358.76)
56.91
56.85

4.21
4.34

15.62
15.54

9.88
9.84

—

205-207 C19H 20N 4O 3

(352.39)
64.76
64.60

5.72
5.82

15.90
15.97

- -

115-117 ^ 2 1 ^ 2 0 ^ 2

(300.41)
83.97
83.82

6.71
6.47

9.32
9.44

-

176-179
^2 lH -2oN 2

(300.41)
83.97
83.81

6.71
6.67

9.32
9.25

- -

43—44
Ci4H14N 2S

(242.34)
69.39
69.17

5.82
5.62

11.56
11.36

-
s%
13.23
13.38

139-141 ^ lo H  20-^2

(276.38)
82.57
82.37

7.29
7.05

10.24
10.26

-

130-131
^ 2 0 ^ 2 2 ^ 2O

(306.41)
78.40
78.50

7.24
7.21

9.14
9.24

-
10.13
10.17
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Table I I

Rí

No. Rí R= Method M.p., °c Formula
(Molecular weight)

18

л >
H A 1 1 5 - 1 1 7

c 15h 12f n s

(257 .33)

19 о — H A

1 2 8 - 1 2 9

1 0 5 - 1 0 7

c 16h 15n o s

(269 .37)

C16H15NOS.HC.l
(305 .83)

20

-С Ь
CH3 A 1 0 5 - 1 0 7

C17H17N0S.HC1
(319 .85)

21
_/=\

\ _ /
\ OCH3

H A 9 7 -  98
c 10h 15n o s

(269 .37)

22
//==\
V7
/

н о

H A 1 5 1 - 1 5 2
c 15h 13n o s

(255 .34)

23
— /  \ - о н  

\ /  

о /

/Л
\J

A 2 0 5 - 2 0 7
c 21h 17n o 2s

(347 .44)

24

OCH3
/

V 0 CH3

OCH3

H A 1 3 5 - 1 3 6
ClsH13N03S

(329 .42)
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Analysis, %

С I  H N I Cl I  S CH30

Calcd.
Found

70.01
70.11

4.70
4.87

5.44
5.60

-
12.46
12.59

71.34 5.62 5.20 _ 11.90 11.52
71.36 5.50 5.18 11.92 11.42
62.84 5.27 4.58 11.60 10.48 10.15
62.94 5.20 4.66 11.45 10.35 10.05

63.84 5.67 4.38 11.09 10.02 9.64
63.70 5.67 4.29 10.98 9.82 9.46

71.34 5.62 5.20 11.90 11.52
71.30 5.70 5.40 11.64 11.38

70.56 5.13 5.49 12.56
70.53 5.15 5.29 12.45

72.60 4.93 4.03 9.23
72.62 4.74 3.98 9.42

65.64 5.81 4.25 9.73 28.26
65.83 5.79 4.05 9.89 28.12
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No. Rí H2 Method M.p., °c Formula
(Molecular weight)

25
/ = \

- \ _ r ° 2

- N H - C O - C H 3 c 167 — 168
c 17h 15n 3o 3s

(341.39)

26

c

H A 3 8 -  39
c 19h 15n s

(289.40)

27
(
X h

v _ /

A 105-108
c 17h 15n s

(265.38)

28 _ / ~ \ _ н

\ _ У
Н F

78— 81 

1 0 2 -1 0 4

c 15h 14f n s

(259.35)

C15H 14FNS.HC1

(295.81)

29
- 0 - ° сн-

Н F

77— 78 

141 — 143

c 16h 17n o s

(271.38)

C16H 17N0S.HC1

(307.841
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A n aly sis , %

H N Cl s

Calcd.
F o u n d

59.81
60.02

4.43
4.12

12.31
12.39

-
9.39
9.26

-

78.86 5.22 4.84 11.08
79.06 5.32 4.79 11.12

76.94 5.70 5.28 12.08
77.01 5.83 5.29 12.01

69.47
69.44
60.91
60.87

5.44
5.64
5.11
5.15

5.40 
5.15 
4 71 
5.02

11.98
11.92

12.37
12.38 
10.84 
10.92

—

70.81 6.31 5.16 11.82 11.44
70.74 6.55 5.20 11.75 11.22
62.43 5.89 4.55 11.52 10.41 10.80
62.57 5.64 4.84 11.34 10.62 10.54
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Table I I I

Rí

No. R, R3 R. Q z Method

30

О
7 Cl H CH CH E

31 _гл
w

7 C H 3 H CH CH E

32

w
7,8(C H 3) 2 H CH CH E

33 V “ V
\ _ /

7 N O , H CH CH E

34

~ 0 " ocHi
H II CH N E

35
/ ” Л

) - O C H 3 H H N N E

3 .
- \ _ . _ ) “ о с н з

7,8(C H 3) 2 II CH CH E

37

y O C H 3

__!  \ _  П ГН

W  3
\ 0 C H 3

H H CH N E

38

-OCH3

_/  \ _  OCH

\  J  3
^ О С Н з

H H N N E
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M.p., °c Formula
(Molecular weight)

Analysis, %

C 1 H N Cl CH ,0

Calcd.
Found

2 0 6 - 2 0 7
c 15h u c i n 2o

(270 .72)

66.55

66.57

4.09

4.18

10.35

10.31

13.10

13.23

1 9 6 - 1 9 7
c 16h 14n 2o

(250.30)

76.78

76.75

5.63

5.73

1 1 .2 0

1 1 .1 0
— -

2 4 8 - 2 4 9
c 17h 16n 2o

(264 .33)

77.25

77.35

6 .1 0

6.19

10.60

10.54
— —

227 - 2 2 8
C i 5H u N 30 2

(265 .27)

67.92

67.74

4.18

4.21

15.84

15.86 - -

2 6 7 - 2 6 8 CiäHi3^302
(267 .29)

67.41

67.24

4.90

5.02

15.72

15.90

11.61

11.76

1 9 6 - 1 9 7
Cl4Hi2N40 2

(268 .28)

62.68

62.79

4.51

4.71

2 0 .8 8

2 1 .0 1

11.57

1 1 .6 6

2 2 3 - 2 2 4
1̂8 ti  18  ̂2^2

(294 .35 )

73.45

73.47

6.16

6.30

9.52

9.41 -
10.54

1 0 .6 8

1 8 0 - 1 8 1
c17h 17n 3o 4

(327 .34)

62.38

62.28

5.23

5.40

12.84

13.07
-

28.44

28.45

2 0 6 - 2 0 7
Ci6H16N40 4

(328 .33)

58.53

58.60

4.91

4.83

17.07

17.02
-

28.35

28.50
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No. R1 R3 R 4 0 Z Method

39

/0 С Н 3

- (  \ - о с н 3 

\ о с н 3

н H CH CH E

40

/0С Н 3

/ = \

Л _ / 0СНз
\ э с н 3

7 С1 H CH CH E

41

/О С Н з

О " осн'
\ о с н 3

7,8(СН3)2 H CH CH E

42

,ОСН3

- Q - O C H ,

4 о с и ,

7 N 0 , H CH CH E

43

, о с н 3

- Q - o c “ ,

4 о с н 3

н -(C H 2)3—N(CH3)2 CH CH E

44

/О С Н 3

- /  \ - о с н 3

\ _ /
\ о с н 3

7 N0« — (CH2)2—N(C2H5)2 CH CH E

43

. о с н 3
___ /

- / _ ) - ° с Н.

\ о с н 3

7 NO„ n CH CH E

46

/О С Н з

— 1  \ - о с н 3

W
\ о с н 3

H

CIC

CH CH E
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M.p., °c Formula
(Molecular weight)

Analysis, %

C H N Cl c h 3o

Calcd.
Found

184-185
Ci8H18N 20 4

(326.35)
62.25
62.27

5.56
5.44

8.58
8.50

-
28.53
28.27

199-200
C18H17C1N20 ,

(360.80)
59.92
59.79

4.75
4.85

7.76
7.87

9.82
10.04

25.80
25.91

214-215
c2(,h 22n 2o 4

(354.41)
67.78
67.82

6.26
6.12

7.90
8.17

- 26.27
26.09

224-225
c18h 17n 3o 6

(371.35)
52.23
52.34

4.61
4.79

11.31
11.42

- 25.07
25.15

108-109
C23H29N30 4 • 2HC1 

(484.43)
57.03
56.86

6.45
6.56

8.67
8.73

14.64
14.43

19.22
19.55

130-131

216-218

c24h 3„n 4o 6
(470.53)

C24H30N 4OG • 2HC1 
(543.45)

61.27
61.25

53.05
53.07

6.42
6.48

5.93
6.02

11.91
11.60

10.31
10.25

13.05
12.84

19.78
19.85

17.12
16.98

186-188
c25h 24n 4o 6

(476.49)
63.02
63.12

5.07
4.90

11.76
11.60

- 19.54
19.68

211-212
c24h 23n 3o 4

(417.47)
69.05
68.90

5.55
5.68

10.07
9.96

- 22.30
22.50
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152 HIDEG, HANKOVSZKY: B ENZ AZ EPI NES, V

Method D (attempted synthesis of a benzo[l,5]diazepine from a /?-hydroxyvinylketone)

l-[3(4-Methoxyphenyl)-3-oxo-propylideneamino] -2-aminobenzene

T o a so lu tion  o f 13.6 g (0.1 m ole) 4 ,5 -d im eth y l-o -p h en y len ed iam in e  in  100 m l x y len e  
th e re  w as ad ded  17.8 g (0.1 m ole) p -m etho x y p h en y l-/? -h y d ro x y v in y lk e to n e  [16] a n d  re flu x ed  
fo r 6  h rs . T he re ac tio n  m ix tu re  w as th en  cooled to  ro o m  tem p e ra tu re . T h e  re su ltin g  yellow  
p re c ip ita te  was filte red  o ff a n d  w ashed  w ith  x y len e  to  g ive  2 0  g (6 8 % ) o f th e  p ro d u c t.

A  sm all sam ple , a f te r  recry s ta lliza tio n  fro m  x y len e  fo r analysis, h a d  m .p . 147— 148 °C; 
I R  c m " 1 (K B r): 3320 (s) (N H 2), 1640 (s) (CO).

I f  th e  reac tio n  m ix tu re  was re flu x ed  for 12 h rs ., th e  p rec ip ita te  a f te r  rec ry s ta lliza tio n  
(fro m  E tO H ) was id en tica l in  a ll respec ts w ith  5 ,6 -d im ethy lbenzim idazo le , m .p . 202— 204 °C.

C9H 1(,N2 (146.19). Calcd. C 73.95; H  6 .8 6 ; N  19.17. F o u n d  C 73.80; H  6.90; N  18 .95% .
T h e  fi ltra te  w as e v a p o ra te d  in  v acuum ; th e  p -m eth o x y ac e to p h e n o n e  co llected  h ad  b .p . 

125 °C a t  5 to rr , (lit. [17] b .p . 139 °C a t  15 to rr .
C9H 10O„ (150.18). C alcd. C 71.98; H  6.71; C H 30  20.66. F ound  C 72.50; H  6.80; C H 30  

2 0 .7 8 % .

Method E  (from /S-ketoesters)

T he co n densation  o f o -phenylened iam ines w ith  e th y l b en zo y lace ta te  w as effected  in 
b o ilin g  xy lene  acco rd ing  to  p rev ious w ork [7]. In  a ll cases, how ever, th e  co n ju g a ted  form s,
l,5 -d ih y d ro [l,5 ]b en z o d iaz ep in e -2 -o n es  were o b ta in e d .

5.9- Dill yd ro-6-(3.4.5-triiilethoxv phenyl)-8 //-pyrimido-[ 4.5-b] [ 1.4] diazepiiie-8-one (38)

A  solution  of 11.0 g (0.1 m ole) o f 4 ,5 -d iam in o p y rim id in e  in  100 m l xy len e  w as re flu x ed  
w ith  e th y l 3 ,4 ,5 -trim e th o x y b en zo y lace ta te  fo r 2 h rs . A fte r  cooling th e  solid w h ich  se p a ra ted  
w as co llected  b y  f i l t r a tio n  a n d  dried  to  give 26.8 g (8 2 % ) of th e  crude p ro d u c t. R e c ry s ta lli
z a t io n  from  x y len e -E tO H  y ielded  cream  co loured  c ry s ta ls , m .p. 206— 207 °C; IR  cm - 1 : 
3300— 3220 (s) (N H ), (C O N H ), 1650, 1685 (s) (CO).

l-[2-(2-Pyridyl)ethyl]-l,5-dihydro-7-nitro-4-(3,4,5-trimethoxyphenyl)- 
2/f-[l,5]benzodiazepine-2-one (52)

(a) 2 -[2-(2,4-Dinitroanilino)ethyl] pyridine

A solution  o f 20.2 g (0.1 m ole) 2 ,4 -d in itroch lo robenzene  and 12.2 g (0.1 m ole) 2-(2- 
a m in o e th y l)p y rid in e  in  200 m l E tO H  was re flu x e d  fo r 1 h r. A fter cooling, 20 m l aq u eo u s 
(2 5 % ) am m onia  so lu tio n  w as ad ded  to  th e  yellow  so lu tio n . T he yellow solid w hich  p re c ip ita te d  
w as filte red  off, w ashed  w ith  cold w a te r an d  d ried  to  give 26.5 g (92% ) of th e  p ro d u c t.

A sm all sam ple  w as recry sta llized  from  e th a n o l;  yellow  c ry sta ls , m .p . 142— 143 °C. 
C13H 12N40 4 (288.26). Calcd. C 54.17; H  4 .19; N  19.44. F ound  C 54.30; H  4.20; N 19 .80% . 
Amax (É tO H ) (c, 0.5 • 10- 4  m ole) m p ( lo g e ) ;  360 (3.16), 355 (3.28).

(b) 2-[2-(2-Amino-4-nitroanilino)ethyl] pyridine

A  solution  of 20.2 g (0.07 m ole) of th e  above  d in itro an ilin e  d e riv a tiv e  in  alcoholic am m o 
n ia  w as tre a te d  w ith  h y d ro g e n  sulfide gas, k eep in g  th e  tem p e ra tu re  a t  40— 50 °C fo r 3 b rs ., 
u n t i l  th e  sp ec tru m  of a  sm all sam ple  h ad  m ax im a  a t  265, 410 m p, in d ica tin g  th e  com p le te  
re d u c tio n  of th e  o rtbo-n itro  group . The m ix tu re  w as filte red , and  th e  f i l t r a te  e v ap o ra te d  in  
v a cu u m . The re s id u a l oil w as n eu tra lized  w ith  h y d ro ch lo ric  acid an d  e x tra c te d  w ith  th ree  
100-m l portions o f benzene. T he benzene so lu tion  w as ev ap o ra te d  to  one s ix tie th  o f its  vo lum e.

On cooling a red -b ro w n  solid se p a ra ted  w h ich  w as collected b y  f i lt ra tio n  and  d ried  to  
g iv e  8 g (35% ) of th e  o -pheny lened iam ine  c o m p o u n d , m .p . 115— 116 °C (from  benzene).

Ci 3H 14N40 2 (258.19). Calcd. C 60.45; H  5.46; N  21.70. F ound  C 60.75; H  5.70; N 21 .68% .
Amax (E tO H ) (c, 0.5 • 10~ 4 m ole) m p (log e): 269 (3.15), 409 (3.08).
(c) 7.7 g (0.03 m ole) o f th e  above n itro -o -p h en y len ed iam in e  an d  8 .6  g (0.03 m ole) e th y l

3 ,4 ,5 -tr im e th o x y b e n zo y la ce ta te  w as re fluxed  in  100 m l o f xylene.
A fte r cooling, th e  yellow  solid was f i lte re d  o ff an d  dried to  give 10.4 g (73 % ) of 52. 

A  sam ple , rec ry sta llized  fo r analysis, h ad  m .p . 186— 188 °C.
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Tetrahydro derivatives 

(Table IV)

Method F (reduction of the dihydro-benzo[l,5]thiazepines and benzo[l,5]diazepines)

2,3,4,5-Tetrahydro-4-(4-methoxyphenyl)-[l,5]benzotliiazepine (29) 
from 2,3-dihydro-4-(4-methoxyphenyl)-[l,5]benzothiazepine (19)

(a) with LiAlH4

A so lu tion  of 26.9 g (0.1 m ole) of C om pound 19 in  300 m l abs. e th e r  was re flu x ed  w ith  
5 g L iA lH 4 for 24 h rs. T h e  com plex was decom posed  w ith  w a te r  a n d  e x tra c te d  w ith  a fu r th e r  
300 m l o f e th e r. T he e th e rea l e x tra c t was d ried  o v er a n h y d ro u s N a 2S 0 4 an d  e v ap o ra ted . T he 
re sid u al solid was cry sta llized  fro m  aqueous E tO H  to  give 21.6 g (80% ) of th e  te tra h y d ro  
com pound  29. A sm all sam ple , recrysta llized  fo r ana ly sis , h ad  m .p . 77— 78 °C (from  E tO H ).

(b) with NaBHj

A so lu tion  of 0.1 m ole o f C om pound 19 a n d  5 g o f N a B H 4 in  300 m l abs. E tO H  w as 
re flu x ed  fo r 8 h rs. D u rin g  th a t  tim e  th e  yellow  co lour o f th e  s ta r tin g  m a te ria l d isap p eared . 
A fte r  decom posing th e  com plex  b y  add ing  100 ml o f w a te r , th e  a lcohol w as rem oved  in  v acu u m . 
T h e  p ro d u c t was e x tra c te d  w ith  chloroform  a n d  th e  so lu tion  d ried . T h e  so lv en t w as rem oved  
to  leave a solid (19.5 g, 7 2% ). A sm all sam ple, rec ry s ta llized  for ana ly sis , h ad  m .p. 77— 78 °C.

(c) Catalytic hydrogenation

2.7 g (0.01 m ole) o f C om pound 19 was h y d ro g e n a te d  in  200 m l o f  E tO H  in  th e  p resence 
o f 1 g 1 0 %  p a llad iu m -o n -ch arco a l c a ta ly s t  a t  ro o m  te m p e ra tu re  fo r 3 h rs . A fter rem o v a l o f 
th e  c a ta ly s t  b y  f i lt ra tio n , th e  so lu tion  was c o n c e n tra te d , an d  th e n  d ilu te d  w ith  w a te r. T h e  
p re c ip ita te d  solid w as f i lte re d  off an d  dried  to  give 2.4 g (90% ) of th e  p ro d u c t, m .p. 77— 78 °C 
(a fte r  recry sta lliza tio n ).

2,3,4,5-Tetrahydro-7,8-dimethyl-4-phenyl-lH- [1,5] benzodiazepine (49)

A  so lu tion  of 2.5 g (0.01 m ole) 2 ,3 -d ih y d ro -7 ,8 -d im eth y l-4 -p h en y l-l / / - [ 1,5 ]benzodiaze- 
p in e  (1) w as h y d ro g e n a ted  c a ta ly tic a lly  in th e  p resen ce  of P d -o n -ch arco a l as above; w ork -up  
o f  th e  reac tio n  m ix tu re  gave  1.9 g (75% ) of th e  p ro d u c t, w hich  w as a lm o st w h ite  a fte r  re c ry s
ta lliz a tio n , m .p . 8 6 — 88  °C.

Dihydrochloride

T h e  base  w as d isso lved  in  ace tone  an d  ac id ified  w ith  H C l/E tO H  (1 : 1) to  p H  =  5; 
a  w h ite  solid p re c ip ita te d . A n  an a ly tic a l sam ple w as recry sta llized  fro m  E tO H -e th e r  to  give 
w h ite  c ry s ta ls  of th e  d ih y d ro ch lo rid e , m .p . 196— 198 °C.

Method G (reduction of dihydro[l,5]benzodiazepine-2-ones)

2,3,4,5-Dihydro-4-phenyl-7,8-dimethyl-lH-[1,5] benzodiazepine (49)

A suspension of 2.6- g (0.01 m ole) l ,5 -d ih y d ro -4 -p h en y l-7 ,8 -d im eth y l-2 H -[l,5 ]b en zo - 
d iazepine-2-one (32) in  100 m l abs. e th e r  was m ixed  w ith  1 g L iA lH 4 su sp en d ed  in  100 m l abs. 
e th e r  an d  th e  m ix tu re  w as re flu x e d  fo r 6 h rs. A fte r  decom position  of th e  com plex w ith  w a te r, 
th e  e th e rea l ph ase  w as se p a ra te d , d ried  over a n h y d ro u s  N a2S 0 4 a n d  e v ap o ra te d  to  d ryness 
in  v a cu u m . T he re sid u al m a te ria l  was recry sta llized  tw ice  from  aq u eo u s e th an o l to  o b ta in  
1.7 g (67% ) of th e  p ro d u c t, m .p . 8 6 — 88  °C. T h e  d ih y d ro ch lo rid e  h a d  m .p . 196— 198 °C.

A n a tte m p t to  red u ce  th e  above com pound (32) w ith  N a B H 4 rem a in ed  unsuccessfu l, 
b ecause  on w ork-up  th e  s ta r tin g  m a te ria l was reco v e red  n e a rly  q u a n tita tiv e ly .
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Table TV

H

No. R 1 R3 z Method

47 / “\
\_7 H H N F

48 Z“\
\ _ /

H 7 Cl CH F

49 /“ \ H 7,8(CH3) 2 CH F ,  G

50 /“ \ F 
~\_r H 7,8(CH3) 2 CH F

51 Л_)'осн- H 7,8(CH3) 2 CH G

52 -V_)-0CH> CH3 7,8(CH3) 2 CH F

53 - 0 " CiH‘ H 7,8(CH3), CH F
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Analysis, %

м.р., °с F orm ula
(M olecular weight)

C H N Cl CH30

Calcd.
Found

9 5 -  98
c 14h u n 3o

(223.28)

75.31

75.22

5.87

5.97

18.82

18.73
- -

1 8 3 -1 8 4

c 15h 15n 2c i

(258.75)

C15H 15C1N2 • HC1 

(295.22)

69.63

69.86

61.03

61.14

5.84

5.61

5.46

5.32

10.83

10.56

9.49

9.57

13.70

13.68

24.02

23.96
—

8 6 -  88 ^17^20^2
(252.36)

80.91

81.02

7.99

8.05

11.10

11.22
- -

1 9 6 -1 9 8
C17H 20N 2 • 2HC1 

(325.28)

62.77

62.75

6.82

6.98

8.61

8.77

21.80

21.89

—

66— 68 c 17h 19f n 2

(270.35)

75.53

75.47

7.08

6.90

10.36

10.34
- —

1 7 9 -1 8 1
C17H 19F N 2 • 2HC1 

(343.28)

59.48

59.50

6.17

6.39

8.16

7.94

20.66

20.45
—

1 2 1 -1 2 3
Ci8H 22N20

(282.39)

76.85

76.75

7.85

7.73

9.92

9.86 —

10.99

11.03

3 5 -  36 ^19^24^2^
(296.41)

77.00

77.10

8.16

8.02

9.45

9.20
- 10.47

10.29

2 3 8 -2 4 0
C,9H 21N 20  • 2HC1 

(369.35)

61.79

61.64

7.13

7.27

7.51

7.75

19.15

19.40

8.40

8.48
C.H.n<V_

7 0 -  72 ^19^24^2^
(296.41)

77.00

77.07

8.16

8.22

9.45

9.75
- 15.20

15.35

1 8 7 -1 8 8
C19H 24N 20  • 2HC1 

(369.35)

61.79

61.70

7.13

7.17

7.51

7.56

19.15

19.02

1 2 .2 0

12.36
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No. R, R. R, Z Method

54

OCH3

- /  }  0CH3

\_y
\

OCH3

H 7 Cl CH G

55

OCH3

/

-0 ' och‘
\

OCH3

H 7,8(CH3) 2 CH G

56 - Q - OH
OH

7 Л
\_ / 7,8(CH3) 2 CH F

57

1

H 7,8(CH3) 2 CH F

58

«; ..

' 1 1 l :
H 7,8(CH3) 2 CH F

Í

: 59
r ,

i• .

: х с ьH \ ___ /

F
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Analysis, % 1

M.p., °C
Formula

(Molecular weight)
C H N 1 Cl C $30

Calcd.
Found

5 8 -  59
C18H 21C1N20 3

(348.83)

61.98

61.72

6.07

5.87

8.03

7.81

10.16

10.09

26.69

26.92

!  i  4
i Í

65—66
^20^26^ 2^3

(342.44)

70.15

70.16

7.65

7.54

8.18

8.31
-  .. 27.18

27.44

t

2 0 8 -2 0 9
C23H 24N 2O 2

(360.45)

76.64

76.48

6.71

6.60

7.77

7.52
-  ■

i

1

7 7 -  79 C21H 22N 2

(302.42)

83.41

83.43

7.33

7.43

9.26

9.11

-  ■'
i

1 8 8 -1 9 0
C21H 22N 2 • 2HC1 

(375.34)
67.20

67.29

6.44

6 .21

7.46

7.44

18.90

19.00 j

1 1 9 -1 2 1 C21H 22N 2

(302.42)

83.41

83.48

7.33

7.48

9.26

9.29
—

1 8 1 -1 8 3
C21H 22N 2 • 2HC1 

(375.34)

67.20

67.35

6.44

6.43

7.46

7.52

18.90

18.69 i

5 0 -  52 ^19^22-^2
(278.40)

81.97

81.82

7.96

7.98

10.06

9.89

- j —
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No. S tructure M .p., °C
Formula

(Molecular weight)

Analysis, %

C H N Cl Alkoxy

Calcd.
Found

6 0

0 = C — СНз
1

jí \  OH

0 = c — С Н з \  / /

2 0 5 -2 0 6
Ci9H2oN 20 3

(324.38)

70.35

70.37

6.21

6.39

8.64

8.72
- -

6 i

0 = c — СНз 
1
.....X

0 = 0 — С Н з\\ / )

2 5 1 -2 5 2
C2iH24N 20 3

(352.44)

71.37

71.33

6.86

7.03

7.95

8.07

- -

6 2

0 = C — СНз

“YvK
Н з С ' ^  ' , = \ .

4  o c i h

8 1 -  83
C20H 22JN 20 2 

(322.41)

74.51

74.68

6.88

7.07

8.69

8.82

- 9.62

9.45
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T able  V (con tinued)

Analysis, %

No. Structure M.p., °c Formula
(Molecular weight)

C H N

Calcd.
Found

Cl Alkoxy

63

0 = C — СНз 
!

/ = \
V  У-ОСШ

0 = C — CH3\ __ //

187.5 ^22^26^2^3
(366.46)

72.10

72.27

7.15

7.25

7.65

7.56
- 8 .4 7

8 .2 0

64

0 = C — CHa-Cl

HICXX>”T<,
— ' ^ 2

1 9 8 -2 0 0
C21H 21C1N40 4

(428.88)

58.82

58.60

4.94

4.72

13.07

12.95

8.26

8.04
—

65

0 = C — CH2—Cl

" X C u
v\ \— OC2H3

1 3 8 -1 3 9
C21H 23C1N20 2

(370.88)

68.01

67.80

6.25

6.38

7.55

7.60

9.56

9.54

12.15

12.34
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160 HIDEG, HANKOVSZKY: BENZAZEPINES, V

A cety la tio n  of di- and  te trah y d ro b en zo -[l,5 ]d iazep in es

(T ab le  V)

l,5 -D iace ty I-7 ,8 -d im eth y l-2 -(4 -m eth o x y p h en y l)-2 ,3 ,4 ,5 -te trah y d ro - 
- 1 H - [1,5] benzodiazepine (6 3 )

A so lu tion  o f 2.8 g (0.01 m ole) 2 ,3 ,4 ,5 -te trah y d ro -4 -(4 -m eth o x y p h en y l)-7 ,8 -d im e th y l 
-1H - [1,5] benzodiazep ine (51) a n d  2 g an h y d ro u s  N aO A c in  30 m l a ce tic  acid was m ix ed  w ith  
6 m l ace tic  a n h y d rid e  a n d  re flu x e d  fo r 2 h rs. On d ilu tio n  w ith  w a te r  a n d  s tan d in g  in  a re fr ig 
e ra to r ,  w h ite  c ry sta ls  dep o sited .

T he solid w as f i lte re d  o ff an d  recry sta llized  from  aq u eo u s e th a n o l to  give 3.3 g (9 0 % ) 
o f th e  w h ite  d iace ty l co m p o u n d , m .p . 187.5 °C.

l-C h lo ro ace ty l-7 ,8 -d im e th y l-4 -[4 -e th o x y p h en y l]-2 ,3 -d ih y d ro -lff-[l,5 ]b en zo d iazep in e  (6 5 )

8.8 g (0.03 m ole) 2 ,3 -d ih y d ro -4 -(4 -e th o x y p h en y l)-7 ,8 -d im e th y l-lH -[l,5 ]b en zo d iazep in e  
(7) a n d  5 g an h y d ro u s N aO A c w ere dissolved in  60 m l ace tic  acid  a n d  3 m l ch loroacetic  a n h y 
d rid e  w as added ; th e  so lu tio n  w as re flu x ed  fo r 1 h r. W ork-up  as a b o v e  gave  8.6 g (78% ) o f w h ite  
c ry s ta ls , m .p . 138— 139 °C (a fte r  recry sta lliza tio n ).

*

W e w ish to  th a n k  M rs. M. O tt ,  Miss T . H úszak a n d  M rs. A . H alász fo r th e  sy n th ese s  
o f  som e in te rm ed ia te s  a n d  fo r th e  analyses.
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INFRARED SPECTROSCOPIC STUDIES 
ON FLAVONOIDS AND MODEL COMPOUNDS, IV

R O T A T IO N A L  ISO M E R ISM  
IN  2’- AND 2 \6 ’-S U B S T IT U T E D  C H A LC O N ES

Z. DlNYA and Gy . L it k e i

(In s ti tu te  o f  Organic C hem istry , L . K ossu th  U niversity , Debrecen)

R eceived  A u g u s t 17, 1971

T h e  ch arac te ris tics  o f th e  in fra re d  sp e c tra  o f 2’- an d  2’,6 ’-su b s titu te d  chalcones 
w ere s tu d ied  b y  m eans of v a rio u s reco rd in g  tech n iq u es. I t  h a s  b een  fo u n d  th a t  th e  
com pounds show  double a b so rp tio n  in  th e  c a rb o n y l s tre tc h in g  v ib ra tio n  ran g e . O n th e  
b asis o f l i te ra tu re  analogues, th e  phen o m en o n  is a ttr ib u te d  to  th e  ap p ea ran ce  o f S-eis 
a n d  S-trans  ro ta tio n a l isom ers. T h e  s tru c tu ra l  cond itions o f th e  occurrence  o f th e se  
ro ta tio n a l isom ers have  been  in v es tig a te d  a n d  a  p ro b ab le  a rra n g e m e n t is sugg ested  
fo r th e  co n fo rm atio n  of th e  com pounds on  th e  basis o f th e  e x p erim en ta l resu lts .

S everal a u th o rs  have s tu d ied  th e  p rob lem  of ro ta tio n a l isom erism  in  
so lu tions o f chalcones carry ing  d iffe ren t su b s titu e n ts  in  th e  4- a n d  4 ’-p ositions, 
on th e  basis of th e ir  in fra red  sp ec tra  [ la ,  b , c, d , e, f, g, h ]. A ccord ing  to  th e se  
in v estig a tio n s, th e  presence of S -cis (A) a n d  S -trans (B) ro ta tio n a l isom ers 
can  he ex p ec ted  in  solu tions of chalcones, w hile in  th e  solid s ta te  th e y  e x is t 
in  th e  S-cis (A) fo rm .

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 75 (2), pp. 161 —169 (1973)

T hese assu m p tio n s are confirm ed b y  th e  double  ca rb o n y l s tre tc h in g  b a n d s  
app earin g  in  th e  reg ion  1630 1700 c m -1 ; th e  b a n d  w ith  th e  h ig h er freq u en cy
is assigned to  th e  (A) form . In  th e  conform er equ ilib rium , isom er (A) is p re d o m 
in a n t, since i t  rep resen ts  an  energ e tica lly  m ore  fav o u rab le  a rra n g e m en t 
[ lc , e]. I t  is ev id en t t h a t  th e  p ro b a b ility  of th e  occurrence of one or th e  o th e r  
isom er depends on th e  space req u irem en t of th e  a to m s or a tom ic  g roups lo ca ted  
in  positions 2’ an d  6’, b u t  th is  effect o f su b s titu tio n  has n o t been  in v es tig a ted  
here to fo re . T he p re se n t p ap er deals w ith  th e  in fluence  of th e  space re q u irem en t 
of th e  su b s titu e n ts  on ro ta tio n a l isom erism . S tud ies on th e  in fra red  sp ec tra  
o f 2 ’-su b s titu te d  chalcones have been  p u b lish ed  [2], b u t  no reference to  r o ta 
tio n a l isom ers w as m ad e  in  th e  w ork.
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162 DINYA, LITKEI: INFRARED SPECTROSCOPIC STUDIES, IV

R esults an d  discussion

In fra re d  sp e c tra  o f th e  com pounds I —V III (T able I)  reco rded  in  th e  
ran g e  15 7 0 —1700 c m - 1  b y  m eans of v a r io u s  tech n iq u es , a re  show n in  F ig . 1; 
th e  w av en u m b er v a lu es  o f th e  bands o b se rv ed  are  sum m arized  in  T ab le  II .*

Table I

Data o f substituted chalcones

No. R Rt Physical constants Ref.

I H H H M.p. 8 8 - 8 9  °C [3a]

n - C H 3 H H B.p. 250 °C/18 to rr [3b]

i n - C H 2OCH 3 H H B.p. 1 3 9 -1 4 0  °C/12.5 

to rr

[3c]

IV - C - C H 3
I I
0

H H M.p. 68  °C [3d]

V - C H 2- P h H H M.p. 8 5 - 8 6  °C [3e]

VI - C H 2- P h - O C H 3 H M .p. 9 2 - 9 3  °C see E x p erim en ta l

VII - 0 CH3 - O H H M .p. 6 5 - 6 6  °C [3f]
v n i — C H 2—P h be nzo M .p. 1 3 1 -1 3 3  °C [3g]

* I t  should  b e  n o te d  th a t  th e  in te g ra te d  in te n s ity  v a lu es o f th e  a b so rp tio n s  reco rd ed  
could  n o t be d e te rm in e d  u n am b iguously  b ecau se  of th e  la rg e  in accu racy  in v o lv ed  in  th e  
m easu rem en t o f th e  h a lfw id th  values, Av1/2, re su ltin g  from  th e  o v e rlap p in g  of b an d s (shoulders).
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These resu lts  c learly  show th e  s tru c tu ra l d ifferences in  th e  in fra red  
s p e c tra  in  th e  range  1570 1700 c m -1  w hen reco rded  in  K B r pelle ts (or liqu id
film ) an d  in so lu tions. In  th e  case o f so lu tion  sp ec tra , som e bands are sp lit, 
new  shoulders a p p e a r , except for 2 ’-benzy loxy-6 ’-OCH3- (VI) an d  2’-O H -6’- 
O C H 3-chalcones (V II). In  order to  in te rp re t  th e se  p h en o m en a , i t  can  be sup-
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p o sed  on th e  basis o f l i te ra tu re  an a lo g u es [1] th a t  in  th e  case o f 2 ’-su b s titu te d  
co m p o u n d s S-cis an d  S -trans ro ta tio n a l isom ers m ay  ex ist, th u s  th e  h an d  of 
h ig h e r  frequency  (1640 1680 c m -1 ) is due  to  th e  v C = 0  v ib ra tio n  of th e  S-cis
fo rm ; th e  b an d  a p p ea rin g  b e tw een  1620 a n d  1650 c m -1 o ften  fo rm s a  ‘shou lder’ 
a n d  its  in ten s ity  is low er th a n  t h a t  o f th e  fo rm er; th is  b a n d  can  be assigned 
to  th e  carbony l s tre tc h in g  v ib ra tio n  o f th e  S-trans form .

T h e  b road  b a n d  o f  h igh  in te n s i ty  found  betw een  1580 c m -1  an d  1620 
c m -1  can  be id en tified  as th e  s tre tc h in g  v ib ra tio n  of th e  c o n ju g a ted  C =  C bond. 
I t  is v e ry  p robable  t h a t  th is  b a n d  o v erlap s  th e  b an d s of th e  sk e le ta l v ib ra tio n  
ty p e s  8a and  8b m ono- an d  1 ,2 -d isu b s titu te d  a rom atic  rings. T h e  sh a rp  b an d  
a p p e a rin g  in  th e  1 5 7 0 —1585 c m -1  ra n g e  can be assigned to  th e  8b skeletal 
v ib ra tio n  of th e  m o n o su b s titu te d  rin g  В [4].

T he presence of conform ers is v e rif ie d  b y  th e  experience th a t ,  on changing 
th e  CC14 so lvent to  CHC13, th e  r C = 0  b a n d s  assigned to  th e  S -cis fo rm  undergo , 
in  g enera l, a sm aller sh if t th a n  th e  co rrespond ing  b an d s of th e  S -trans  form s [5].

T h e  com pounds exam ined  c o n ta in e d  an O R  group  (R  =  H , Me, Ac, 
b en zy l) in  position  2’. T he p o sitio n  o f  th is  —O R  group w ith  re sp ec t to  th e  
c a rb o n y l group, i.e., th e  ap p ea ran ce  o f  conform ers (C) an d  (D) w as th e  sub jec t 
o f o u r investigation .*

* W e refer to  ou r c u rre n t N M R  s tu d ie s , according to  w hich  th e  p ro to n s  o f th e  — OR 
g ro u p  give rise to  one sh a rp  sing let b e tw een  <33.8 an d  5.5 p p m  a t  room  te m p e ra tu re . A deta iled  
in v es tig a tio n  is in p rogress.
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These tw o  fo rm s can n o t be  eq u iv a len t, since free  ro ta tio n  a b o u t th e  bo n d  
betw een  th e  a ro m a tic  ring  an d  th e  carb o n y l g roup  is p re v e n te d  b y  co n juga tion . 
(R o ta tio n  a b o u t th is  bond  has b e e n  in v es tig a ted  in  b enza ldehydes an d  ace to 
phenones [6a, b , c, d , e], an d  th e  resu lts  also in d ic a te d  th e  absence of free 
ro ta tio n . This fa c t  is fu r th e r  ve rified  by  our q u a n tu m  m echan ical ca lcu la tions 
on chalcones [7].) I f  these  co m pounds ex isted  in  fo rm  (C), on ly  th e  S -cis con
fo rm er (E) w ould  a p p e a r in  so lu tio n  an d  one single vC =  0  b a n d  w ould  be found , 
since th e  d ev e lo p m en t of th e  S -trans  form  (F ) is s te rica lly  h in d ered  b y  th e  
2’-O R  group.

If , how ever, th e  presence o f form  (D) is su p p o sed , no  s teric  h in d ran ce  
occurs and  th e  S-trans  form  can develop . The con fo rm er equ ilib rium  (G H ) 
is charac terized  b y  double r C = 0  ab so rp tio n  (F ig . 1). T his assu m p tio n  is in  
accordance w ith  th e  ex p erim en ta l find ings.

I t  is su p p o rte d  b y  th e  fa c t t h a t  th e  2’-O H  d e riv a tiv e  ce rta in ly  ex ists 
in  th e  (D) form  also  in  crysta lline  s ta te , since th e  —O H  an d  C = 0  g roups are 
invo lved  in a v e ry  s tro n g  resonance ch ela te  [2]. T he in fra re d  sp ec tra  o f 2’-sub- 
s t i tu te d  chalcones w ere  in v es tig a ted  b y  S a b a t a  et al. [2], w ho show ed th a t  th e  
occurrence of reso n an ce  form  (I) shou ld  be considered  fo r th ese  com pounds.
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(O u r q u an tu m ch em ica l ca lcu la tio n s (Ö +  л ) ,  to  be pub lished  s h o r tly  verified  
th e  p resence  of a p o sitiv e  n e t charge a t  th e  e th erea l oxygen a to m ; th is  can  also 
b e  d ed u ced  from  sim ple  reso n an ce  considera tions.)

T h is  form  is s tab iliz ed  b y  coulom bic in te ra c tio n . A ccording to  o u r  s tu d ies , 
its  s ta b il i ty  depends on th e  n a tu re  o f th e  R  g roup ; in th e  case o f  R  =  H , M e’ 
i t  is v e ry  stab le , w hile in  th e  p resence of ace ty l, benzyl, etc ., as th e se  groups 
a re  w eak e r electron d o n o rs , th e  p o la r ity  o f  th e  C = 0  g roup  decreases, i.e  
th e  r C = 0  frequency  increases. T his is co rro b o ra ted  b y  th e  d a ta  given in  
T ab le  I I .  R ecen t in fra red  spectroscop ic  s tud ies on benzophenones also confirm ed 
th e  ex istence  o f h in d e re d  ro ta tio n  [7]. L a te s t  resu lts  reg a rd in g  h indered  
ro ta t io n  in  com pounds o f chalcone ty p e  h av e  been  rep o rted  b y  M e u n i e r  
a n d  F o u r n a r i  [9]. O th e r  d a ta  o f s im ila r c h a ra c te r  can be found  in  th e  lite r
a tu re  [ lh ,  10, 11]. I n  th e  case o f  г ’-Ь сп гу Ь х у -б ’- т е ^ о х у -  (VI) a n d  2’-m eth - 
o x y -ó ’-hyd ro x y ch a lco n e  (VII) (F ig . 1, T ab le  I I ) ,  no  change w as observed  in  
th e  s tru c tu re  of th e  sp ec tru m  in th e  C =  0  s tre tc h in g  v ib ra tio n  ran g e ; in  b o th  
co m pounds a b and  a p p e a re d  a t  a b o u t 1630 c m - 1, how ever, th is  can' also be  
fo u n d  in  th e  sp ec tru m  reco rded  in  K R r pelle ts, th u s  i t  can be  assigned  to  th e  
sk e le ta l v ib ra tio n  o f th e  v ic ina lly  t r is u b s ti tu te d  a ro m atic  rin g  [12]. In  th e se  
cases no ro ta tio n a l isom ers can ap p ea r. These com pounds ex is t on ly  in  t h e  
S-cis  ( J )  conform ation  b o th  in  solid s ta te  an d  in solu tion .

J

A ccording to  th e  in v estig a tio n s, i t  is p ro b ab le  th a t  in  th e  2’-b en zy lo x y - 
б’-m e th o x y  com pound  (J )  R  =  b en zy lo x y  an d  R 1= C H 3, w hile in  th e  2 ’-m e th - 
o x y -ó ’-hydroxy  com p o u n d  (J) th e  in fra red  sp ec tru m  su re ly  confirm s th a t  
R = C H 3 an d  R 1= H .  (This is su p p o rte d  b y  th e  so lu tion  sp ec tra , too .)

T he carbonyl s tre tc h in g  frequencies observed  in  these  com pounds (T able 
I I )  in d ica te  th a t  th e  co n ju g a tio n  ex isting  betw een  th e  ca rbony l g roup  and  th e  
a ro m a tic  ring  does n o t  d im in ish  on  in tro d u c in g  a new  s u b s ti tu e n t  because oF 
its  occasional s teric  effect. I f  th e  c o p lan a rity  be tw een  th e  c a rb o n y l group an d
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Characteristic infrared frequency values o f  2’- and  2’,6 ’-substituted chalcones in  the range 1570—1700 cm ~ l

No. R Ri R,
KBr pellets (cm-1)

♦liquid film CC14 cm-1 CHC13 cm-1

I H H H 1642 1583; 1570 1642; 1619; 1587 1642; 1619; 1585
i l CH 3 H H 1660 1647sh; 1611; 1580 1663; 1648sh; 1606; 1584 1657; 1640sh; 1603; 1580

h i C H 2OCH 3 H H 1664 1650sh; 1613; 1582 1665; 1643sh; 1604; 1578 1660; 1641sh; 1600; 1577
IV COCH3 H H 1670 1639; 1609; 1580 1672; 1650; 1608; 1578 1667; 1642; 1604; 1575
V C H 2C6H 5 H H 1657 1610; 1590 1660; 1643sh; 1604; 1576 1655; 1640; 1601; 1575

VI C H 2C6H 5 OCH 3 H 1662 1631; 1598 1662; 1630; 1610sh; 1598 1650; 1630sh; 1597
VII OCH 3 OH H 1640 1630; 1593; 1578 1640; 1626; 1585 1638; 1623sh; 1580

V III C H 2C6H 5 benzo 1665 1625; 1600; 1578 1655; 1642; 1605; 1580 1642; 1630; 1595; 1575
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th e  a ro m a tic  ring  decreased  ap p rec iab ly , th e  ca rb o n y l s tre tc h in g  frequency  
sh o u ld  increase con sid erab ly  (~ 1 6 9 0  c m -1 ), as observed  in  th e  correspond ing  
aceto p h en o n es [10]. T h is, how ever, w as n o t observed  in  o u r w ork.

N M R  stud ies a t  v a rio u s  te m p e ra tu re s  are  in  p rogress on th e  con fo rm a
t io n a l  problem s m en tio n ed  ab o v e  (equivalence of fo rm s (C) a n d  (D )). T hese 
seem  to  su p p o rt th e  re su lts  o f th e  in fra red  spectroscop ic  in v estig a tio n s.

E xperim en ta l

T h e  in frared  sp e c tra  w ere  reco rd ed  w ith  a  Zeiss U R -10  sp e c tro p h o to m e te r  in  K B r 
(U v a so l M erck) pelle ts, in  liq u id  film s a n d  in CC14 an d  CHC13 (B D H ) so lu tions. T he accu racy  
o f  th e  m easu rem en t w as + 1  cm - 1 . C on cen tra tio n s o f 0 .2— 0.05 M  w ere u sed ; th e  lay e r th ic k 
n ess w as 0.5—0.05 m m .

T he com pounds lis te d  in  T ab le  I  w ere used  in th e  in v es tig a tio n s . T hese  w ere sy n th esized  
p a r t ly  according to  l i te ra tu re  p re sc rip tio n s  and  som e of th e m  w ere p re p a re d  f i r s t  b y  us.

2 ’ -benzyloxy-6’-m ethoxychalcone (V I)

2’-H ydroxy-6 ’-m eth o x y ch a lco n e  (VII) (4 g) w as re flu x ed  b e n zy l chloride  (3.25 c m 3; 
1.1 m ole) in th e  p resence o f ig n ite d  K 2C 0 3(12) g in  ab so lu te  ace to n e  (100 c m 3) fo r 24 hrs. A fte r  
f i lte r in g  off th e  sa lt, th e  so lv en t w as e v ap o ra te d  in  v acu u m  an d  th e  resid u e  recry sta llized  fro m  
e th a n o l  to  ob ta in  3.8 g (7 3 .5 % ) o f th e  p ro d u c t, m .p . 92— 93 °C.

C23H 20O3 (344.39). Calcd. C 80.25; H  5.84. F o u n d  C 80.30; H  5 .75% .

T he au th o rs’ th a n k s  a re  due  to  P rofessor R . B ognár  fo r h is in te re s t  in  th is  w ork , as 
w ell as to  th e  N a tu re  Science D e p a r tm e n t I o f th e  H u n g a rian  A cad em y  of Sciences fo r su p 
p o r tin g  th is  research , a n d  to  M rs. S. H a jn a l  an d  Miss T . B arna  fo r th e ir  tech n ica l a ssis tan ce  
in  reco rd ing  th e  in fra re d  sp e c tra  a n d  in  th e  p re p a ra tiv e  w ork .
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A c ta  C h im ica  A c a d e m ia e  S c ie n tia r u m  H u n g a r ic a e , T o m u s  75  ( 2 ) ,  p p .  1 7 1 — 1 7 6  ( 1 9 7 3 )

STEROIDS, XXI
C O M PA R A TIV E  K IN E T IC  ST U D IE S  

O N  T H E  O X IM E  FO R M A T IO N  R E A C T IO N  O F  S T E R O ID  K E T O N E S *

I . G a ÁL, B. M a TICOVICS a n d  M . M a r i k

( Biochemical and Genetical Groups, A . J . University, Szeged) 

R eceived N o v e m b er 1, 1971

U nder th e  co n d itio n s  applied  in  th e  ex p erim en ts , th e  k in e tic  a n d  th e rm o d y n am ic  
p a ram e te rs  o f ox im e fo rm atio n  from  s te ro id  k e to n es an d  o th e r  c a rb o n y l com pounds 
a re  com parab le  a n d  c an  easily  be fo llow ed .

T he in v es tig a tio n s  hav e  show n t h a t  oxim e fo rm atio n  re ac tio n s  are  described 
k in e tica lly  m ost a p p ro p ria te ly  by  a r a te  eq u a tio n  of second o rd er.

T he k in e tic  a n d  th e rm o d y n am ic  d a ta  allow  conclusions as re g a rd s  th e  s te reo 
chem ical, th e rm o d y n am ic  an d  r e a c tiv i ty  fa c to rs  invo lved  in  th e  ox im e fo rm a tio n  of 
v a rio u s  ketones.

T h e  carbonyl g ro u p s  of n a tu ra l s te ro id  ke to n es p la y  an  ex trem ely  im p o r
t a n t  p a r t  in  th e  b io logical a c tiv ity  o f  th e  com pounds. In  sev era l cases, th e  
specific  horm one ac tio n  depends on th e  lo ca tio n  of th e  c a rb o n y l g roups w ith in  
th e  m olecule . The re a c t iv i ty  of th e  c a rb o n y l g roup  of su b stan ces  h av in g  sim ilar 
s tru c tu re s  h u t  d iffering  in  th e ir  h o rm o n e  ac tio n  m ay  be  in flu en ced  b y  th e  
n a tu re  o f th e  o ther s u b s ti tu e n ts  p re sen t in  th e ir  re la tiv e  po sitio n s w ith  re sp ec t 
to  th e  ca rb o n y l group in  th e  stero id  sk e le to n . I f  th e  oxygen  a to m  of th e  c a r
b o n y l g roup  is s u b s ti tu te d  b y  a n o th e r a to m  or rad ica l in  s te ro id  horm ones, 
in  a d d itio n  to  a change in  th e  horm one a c tio n  o f th e  m olecule, o th e r  p ro p ertie s  
o f  th e  ste ro id s  will also be  a lte red  [1].

Н а й м е т  [2] an d  J e n c k s  [3, 4 ]  h a v e  d ea lt in  d e ta il w ith  th e  k inetics 
o f  th e  oxim e- and  sem icarbazone  fo rm a tio n  o f a ldehydes a n d  k e to n es  in  
aq u eo u s m ed ium , and  th e y  found  a s tro n g  p H  dependence fo r th e se  reactions. 
T h e  re a c tio n  steps are  th e  follow ing:

\  k
; c = o  +  H 2N R  < 1 > 

H  +

\ /
OH

nN H R

X /  к \
-< ,C = N R  +  H 20

x  XN H R  x

(in  th e  p re se n t case, R  =  O H ).

* P a r t  o f th e  lec tu re  h e ld  a t  th e  C onference o f  th e  H u n g a rian  C hem ical S ocie ty , D e b re 1 
cen, A u g u s t 30— Septem ber 1, 1971.
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T he process leads th ro u g h  an  in te rm ed ia te , w ith  th e  su b seq u en t fo rm a 
t io n  o f th e  e n d -p ro d u c t. T h e  second step , fo rm a tio n  of th e  ox im e, i.e., th e  elim i
n a tio n  of a  w a te r  m olecule , is th e  slow er one, th e re fo re , th e  overall re a c tio n  
r a te  w ill be d e te rm in ed  b y  k2, p a rtic u la r ly  w hen  th e  p H  of th e  reac tio n  is 
a b o u t neu tra l.

Oxim e fo rm a tio n  from  h y d ro x y b en za ld eh y d es in  non -aq u eo u s m ed ium  
w as s tud ied  b y  K n o p p e  a n d  E m a n u e l  [5]. T h ey  fo u n d  th e  ra te  of fo rm a tio n  
o f  th e  in te rm ed ia te  to  be  v e ry  ra p id  as com pared  w ith  th e  o th e r  steps. A cco rd 
in g  to  th e ir  s ta te m e n t, th e  overa ll reac tio n  is second o rd er. F u r th e r  on, th e  
a u th o rs  s tu d ied  th e  in flu en ce  o f th e  fo rm a tio n  of h y d ro g en  bridges on th e  re a c 
t io n  m en tioned  above.

In  th e  li te ra tu re , o n ly  few  d a ta  are ava ilab le  on th e  k in e tic s  of th e  ox im e 
fo rm a tio n  of s te ro id  k e to n es .

T itrim e tric  fo llow ing of th e  fo rm a tio n  of s te ro id  k e to x im es h as  b een  
u tiliz ed  by  G ö r ö g  [6 ] fo r th e  q u a n tita tiv e  d e te rm in a tio n  of stero ids c o n ta in in g  
iso la ted  kcto  groups.

R alls [7] su g g ested  th e  ex isten ce  o f  isom eric syn  an d  anti  m o d ifica tio n s  
o f  ch o lest-4 -en e-3 -on e  o x im e on  th e  b asis o f  th e  b rom in e a d d ition  and d ifferen t  
refractive  in d ices o f  tw o  cry sta llin e  form s (A  and В  m o d ifica tio n s) o f th e  a b o v e  
o x im e iso la ted  from  d ifferen t so lv en ts  an d  h av in g  d ifferen t m eltin g  p o in ts .

D ecom be  et al. [8] co m p ared  th e  ra te s  of th e  o x im a tio n  o f cho lestane-3 -, 
-4-, -5-, -6- a n d  -7-one; th e  reac tio n  w as follow ed b y  t i t r a t io n , an d  th e  N 2 
lib e ra ted  from  th e  n itro g e n  of th e  oxim e group  b y  m ean s of p o tassiu m  p e r 
m a n g an a te  w as also m easu red  q u a n tita tiv e ly  in  an  u reo m ete r. T he re su lts  
w ere used for d raw in g  conclusions on th e  cond itions o f th e  fo rm a tio n  of isom eric  
oxim es.

In  our ex p e rim en ts , th e  reac tiv itie s  an d  a c tiv a tio n  p a ra m e te rs  of th e  
o x im ation  reac tio n s  o f d iffe ren t s te ro id  k e tones w ere com pared  w ith  one  
a n o th e r and  w ith  th o se  o f n o n -ste ro id  ketones.

Experimental

W hen h y d ro x y lam m o n iu m  chloride is used  w ith o u t a  b u ffe r , th e  p H  undergoes a  ch an g e  
in  th e  course o f th e  re ac tio n ; th e re fo re , h y d ro x y lam m o n iu m  sa licy la te  w as used  as th e  ox i- 
m a tin g  agent.

T hough  ox im e fo rm a tio n  occurs ra th e r  slow ly in  ch loroform , y e t  th is  so lven t w as fo u n d  
to  be  th e  m o st su itab le , becau se  ste ro id s are  v e ry  well soluble in  CHC13 o r in  a 2 : 1 m ix tu re  
o f  chloroform  a n d  m e th a n o l u sed  in  ou r ex p erim en ts  [9].

T he re ac tio n  w as ca rried  o u t in  a th ree -n eck ed  ro u n d -b o tto m e d  flask  equ ip p ed  w ith  
a  s tirre r  and  a  sam p lin g  dev ice  designed fo r th is  purpose . T he re ac tio n  vessel w as p laced  in to  
a n  u ltra th e rm o s ta t .  F irs t ,  th e  k e to n e  w as d isso lved  in  th e  so lv en t m ix tu re  m en tio n ed  a n d  
th e  reac tion  w as s ta r te d  b y  th e  ad d itio n  of h y d ro x y lam m o n iu m  sa licy la te . Sam ples w ere ta k e n  
period ically  fro m  th e  re ac tio n  m ix tu re , and  th e  oxim e fo rm a tio n  re ac tio n  was s to p p e d  b y  
cooling th e  sam ple  in  ice. T h e  a c tu a l h y d ro x y lam m o n iu m  sa licy la te  co n ce n tra tio n  w as d e te r 
m ined  b y  t i t r a t io n  w ith  0.005 N  HC1 (p rep a red  in  a  1 : 1 m ix tu re  o f  1 ,2 -p ropaned io l a n d  
chloroform ) in  th e  p resence  o f D im eth y l Y ellow  M ethy lene  B lue  m ix ed  in d ic a to r [9]. T h e  
reac tio n  p ro d u c ts  w ere id en tif ie d  b y  m eans of th in - la y e r  c h ro m a to g ra p h y . T he e n d -p ro d u c t 
gave  only th e  sp o t o f th e  ox im e [1 0 ].
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In  th e  course o f th e  in v estig a tio n , th e  co n ce n tra tio n  of th e  k e to n e  w as v a ried  b e tw een  
4— 2 0 X 1 0 - 3  an d  10 4 mole/1 in o rder to  d e te rm in e  th e  o p tim u m  c o n c e n tra tio n  ra tio , w hile  
th e  co n cen tra tio n  of h y d ro x y lam m o n iu m  sa lic y la te  w as m a in ta in ed  a t  0.005 mole/1.

T he resu lts  w ere w ell rep roducib le .
In  th e  k in e tic  m easu rem en ts , th e  te m p e ra tu re  w as v aried  m a in ly  b e tw een  20 °C a n d  50°C.
T he ste ro id  k e to n e s  exam ined w ere  o b ta in e d  from  th e  G edeon  R ic h te r  W orks (B u d a 

p e s t)  an d  purified  b y  u s, or p rep ared  fro m  s ta r tin g  m ate ria ls su p p lied  b y  th is  co m p an y , 
acco rd in g  to  l i te ra tu re  m eth o d s or th o se  d ev elo p ed  b y  us [11].

T h e  n o n -ste ro id  k e to n es exam in ed  w ere  also com m ercial p ro d u c ts  (A ldrich, U SA ), 
w ith  p h y sical and  ch em ica l c h arac te ris tic s  re p o rte d  in  th e  l ite ra tu re .

R esults a n d  discussion

O n p lo ttin g  th e  ac tua l h y d ro x y la m in e  c o n c e n tra tio n , on th e  o rd in a te  
a n d  th e  reaction  tim e  on th e  abscissa , th e  cu rve  show n in  F ig . 1 was o b ta in e d  
fo r estrone.

1 b [ci x \
In  Fig. 2, one o f th e  sides of th e  in te g ra te d  form  ---------  In —  -------------

a  — b [_ a  ( b  -  x )
o f th e  second-order ra te  equa tion  is show n on th e  o rd in a te  a n d  th e  reac tio n  
t im e  (sec) is given on th e  abscissa. T h is re p re sen ta tio n  g ives a s tra ig h t line 
fo r estrone  as show n in  th e  F igure.

D a ta  processing  w as carried  o u t  w ith  a M IN SK -22 co m p u te r.

T (sec) 
F i g  1

T (sec) 
F ig  2
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Fig 3

Fig. 3 show s th e  lo g arith m  of th e  r a te  co n s ta n ts  as a  func tion  o f th e  
rec ip rocal te m p e ra tu re ; th e  ac tiv a tio n  e n th a lp y  (Zlif*) a n d  ac tiv a tio n  e n tro p y  
(ZlS*) were ca lcu la ted  from  th e  slope o f th e  curves a n d  fro m  th e  in te rcep t on 
th e  axis, resp ec tiv e ly , accord ing  to  th e  follow ing e q u a tio n :

k T  1 !  H*
к  =  —  e « -e «Т 

h

( In  th e  ca lcu la tio n s th e  log kT /h  =  12.828 va lu e  (50 °C) w as used.)
T he re su lts  o b ta in e d  fo r estrone  a n d  its  d e riv a tiv e s  a re  sum m arized  in  

T ab le  I.

T able  I

fcx 102; 45 °C

E stro n e 1.53

E stro n e-3 -m eth y l e th e r 3.09

E strone-3-isopropyl e th e r 3.37

E strone-3 -benzy l e th e r 3.58

E strone-3 -cyclopen ty l e th e r 3.68

E stro n e-3 -ace ta te 3.583

In  T ab le  I ,  th e  reac tio n  ra te  c o n s ta n ts  of es tro n e  m easu red  a t  45 °C are  
com pared  w ith  th o se  o f estrone  d e riv a tiv e s  m easu red  a t  s im ilar te m p e ra tu re .
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In  th is  series, as show n b y  th e  T ab le , estrone  is th e  le a s t re a c tiv e ; th e  
m e th y l, isopropyl, ben zy l an d  c y c lo p en ty l e th e r  d e riv a tiv e s  show  increasing  
re a c tiv ity ;  th a t  o f th e  a c e ta te  is n e a r ly  eq u a l to  th e  r e a c tiv ity  o f th e  ben zy l 
e th e r .

I t  can  be s ta te d  on th e  basis o f th e  co m p ara tiv e  d a ta  g iven  in  T ab le  I  
t h a t  su b s titu tio n  o f th e  hyd ro g en  a to m  in  th e  phenolic h y d ro g en  g roup  a t  
C-3 w ith  d ifferen t a lky l, cycloalky l o r acy l groups a lte rs  th e  nucleoph ilic  
c h a ra c te r  of th e  ca rb o n y l oxygen a t  C-17, w hich  n a tu ra lly  p ro m o te s  th e  f irs t 
s te p  o f th e  o x im ation  reac tio n , i.e ., th e  b in d in g  of th e  p ro to n .

L e t us now  exam ine th e  d a ta  in  T ab le  I I ,  w hich show  th e  a c tiv a tio n  
e n th a lp y  and  en tro p y  v alues o f v a r io u s  s te ro id  ketones an d  som e m odel c a r
b o n y l com pounds.

T ab le  II

A H $
cal/m ole

J S Î
cal/m ole  x  d eg ree

E strone 7.77 -  9.318

Testosterone 9.87 - 3 3 .6 3

T estosterone-17-beta- 
p ropionate

12.03 - 2 9 .1 3

N ortestosterone 13.71 - 2 0 .9 0

Cholest-4-ene-3-one 6.31 - 4 7 .1 3

Cyclohex-2-ene-I-one 6.07 - 3 6 .4 0

Cyclopentanone 14.63 -  7.08

Cyclohexanone th e  reac tio n  is too rap id  
to  allow evaluation

C ycloheptanone 9.15 - 2 8 .5 7

Cyclooctanone 21.76 12.80

alfa-Tetralone 7.18 - 3 5 .6 2

beta-T etralone 5.53 - 4 1 .1 6

O n com paring  th e  re a c tiv ity  of e s tro n e  w ith  th a t  of te s to s te ro n e  or te s to 
s te ro n e  p ro p io n a te  ( th e  la t te r  tw o  co m pounds are  know n to  ex h ib it m ale  
sex u a l ho rm one ac tion , an d  in  these  co m pounds th e  k e to  g roup  is lo ca ted  a t  
C-3 b e in g  in  co n ju g a tio n  w ith  a d o u b le  b o nd), T able I I  show s a s trik in g  
d ifference in  re a c tiv ity , th e  com parison  being  u n fav o u rab le  fo r estrone .

T h e  e n th a lp y  of th e  oxim e fo rm a tio n  of te s to s te ro n e  is also h ig h er b y  
a b o u t 2 cal/m ole.

I t  is in te restin g  to  exam ine th e  th e rm o d y n a m ic  values of th e  o x im atio n  
of cholest-4-ene-3-one w hich  con ta in s a  sim ilar ring  A; in  th is  case i t  is p ro b 
ab ly  th e  long alky l side-chain  a tta c h e d  to  C-17 w hich in fluences th e  oxim e 
fo rm a tio n , th u s  th e  a c tiv a tio n  e n th a lp y  o f th e  reac tion  is even  low er th a n
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t h a t  of estrone. T he h ig h  AH *  va lu e  of te s to s te ro n e  p ro p io n a te  is in  acco rdance  
w ith  th e  above fac ts . T h e  v a lu e  of th e  a c tiv a tio n  e n th a lp y  is h ighest in  th e  
case of n o rte s to s te ro n e , p ro b a b ly  because th e  e lec tro n  d o n a tin g  effect of 
th e  m e th y l group a t  C-10 is absen t.

I n  order to  ge t a  d eep e r u n d e rs ta n d in g  o f th e  p ro b lem s revealed  b y  our 
ex p erim en ts , th e  r e a c tiv i ty  o f cyclohexanone w as also exam ined ; th e  reac tio n  
ra te s  ob ta in ed  w ere th e  h ig h es t in th is  case, th e  r a te  c o n s ta n t being  h ig h er 
th a n  3. (This reac tio n  is th e  fa s te s t am ong th e  c a rb o n y l com pounds in v e s ti
g a ted .)

T he a c tiv a tio n  e n th a lp y  of cy c lo h ep tan o n e  u sed  fo r com parison  w as 
9.15 cal. and  th a t  o f cyclo o c tan o n e  w as 21.76 cal.; th is  w as th e  second h ighest 
v a lu e  am ong th e  a licyclic  ke to n es. T he a c tiv a tio n  e n th a lp y  of cyclohex-2-ene-
1-one w as 6.07 cal., close to  th a t  of cholest-4-ene-3-one. On th e  o th e r h a n d , 
th e  AH*  v a lue  o f cy c lo p en tan o n e  w as 14.63 cal., th e  v a lu e  of its  a c tiv a tio n  
e n th a lp y  ly ing b e tw een  th o se  of cy c lo h ep tan o n e  a n d  cyclooctanone. I t  has 
b een  supposed th a t  th e  th e rm o d y n am ic  values m easu red  in  m odel com pounds 
co n ta in in g  an  a ro m a tic  rin g  a tta c h e d  to  th e  c y c lo p en tan e  or cyclohexane 
sk e le to n  will be close to  th o se  of ca rb o n y l co m p o u n d s com prising  a ste ro id  
s tru c tu re . T herefo re, th e  reac tio n  k inetics p a ra m e te rs  o f th e  ox im ation  reac 
tio n  of te tra lo n es  w ere  s tu d ie d .

T he a c tiv a tio n  e n th a lp y  value  of a lfa -te tra lo n e  w as 7.18 cal/m ole, an d  
i t  can  easily be m e a su re d ; th e  AH*  v a lu e  o f b e ta - te tra lo n e  co n ta in in g  an  
iso la ted  ca rbony l g ro u p  w as 5.53. F rom  th is  p o in t of v iew , th e  values m easu red  
seem  to  be m ost s im ila r to  those  of c o n ju g a ted  keto n es.
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AROMATIC SULPHENYL CHLORIDES, VI
R E A C T IO N  O F  S U L P H E N Y L  C H L O R ID E S  

W IT H  C -A R Y L O X Y -N -A R Y L IM IN O M E T H A N E -S -O X ID E S

F . K l i v é n y i , G. S t á j e r , A. E . S z a b ó  and J .  P i n t y e

(In stitu te  o f  Pharm aceutical C hem istry, M edical U niversity , Szeged) 

R eceived  D ecem b er 13, 1971

The re ac tio n s  o f va rio u s su b s ti tu te d  C -ary loxy-N -ary lim inom ethane-S -ox ides 
a n d  o f th e  su lphen ic  acid  tau to m ers  o f th ese  oxides w ith  p - to lu en esu lp h en y l chloride w ere 
s tu d ied . I t  w as fo u n d  th a t  th e  su lp h en y l ha lides re ac t w ith  one of th e  tau to m eric  
fo rm s of su lphenic  acid  u n d e r  th e  e lim in a tio n  of hydroch lo ric  acid , to  afford  th e  co r
resp ond ing  S -p -to lu en e-th io su lp h in ic  acid  ester. T he in v estig a tio n s a p p ea r  to  confirm  th e  
co n d itions o f th io su lp h in a te  fo rm a tio n  s ta r tin g  from  su lpheny l ch lorides. T he s tru c tu re s  
o f th e  in itia l su b s ta n c es  and  th e  re a c tio n  p ro d u c ts  were p ro v e d  b y  th e  I R  sp e c tra .

W a l t e r  and  B o d e  [ la b c ]  s tu d ie d  th e  ox idation  of N -a ry lth io ca rb am ic  acid  
O -ary l esters  (I) p re p a re d  b y  th e m  earlie r. I t  was fo u n d  t h a t  th is  o x id a tio n  
affords a stab le  su lp h u r  oxide (II) on ly  i f  th e  com pounds to  be  ox idized ca rry  
v a rious o rth o  s u b s titu e n ts  in  tlic ir  O -a ry l ring , while a lk y l su b s titu e n ts  are  
p re se n t in  th e  2 ,6 -positions in  th e  N -a ry l ring :

Ri R3

Pv2

Ri R3

H;0;

I I

I n  th e  opinion o f th e  m en tio n ed  a u th o rs , th e  SO group  is s terica lly  fix e d  
b y  th e se  su b s titu e n ts  (or b y  th e  su b s titu tio n s  in  th e  m e n tio n e d  positions), 
as th e y  induce th e  fo rm a tio n  o f an  in tram o lecu la r  h y d ro g en  b ridge , w hich 
ac ts  as a  h in d ran ce  to  in te rm o le c u la r  associa tion . F u r th e r , i t  w as observed  
b y  th e se  au th o rs  [ lc ]  t h a t  in  co m pounds w here su b s titu e n t R., is a p h en y l 
group (П а), a ta u to m e r ic  equ ilib rium  ex ists  betw een  th e  su lp h u r  oxide an d  
its  p ro to n a te d  form , im in o m e th an esu lp h en ic  acid (Ilia). T h is  p resu m p tio n  
w as su p p o rte d  b y  in f ra re d  sp ec tra l in v e s tig a tio n s  p ro v in g  th e  sim u ltaneous 
p resence o f  rS ->  0 a n d  v C = N  b an d s.
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I I  I I I  (2)

w h ere  a : R 4 =  H ; R 2 =  CeH 5; R 3 =  R 4 =  C H 3 
b : R x =  R , =  C H 3; R 3 =  R 4 =  H  
c: R x == H ; R 2 =  R 3 =  R4 =  C H 3

T h ione-th io l ta u to m e rism  is also possible in  co m pounds I. T his w as 
p ro v e d  in  our earlie r in v es tig a tio n s  [2] b y  th e  o b se rv a tio n  th a t ,  e.g., in  th e ir  
re a c tio n  w ith  p -to lu e n e su lp h e n y l ch lo ride th e  co rrespond ing  N -ary l-iso th io- 
ca rb am ic  a c id -S -(p -to lu en esu lp h en y l)-0 -p h en y l esters w ere form ed.

In  c o n tra s t to  th e  u n s tab le  su lp h en ic  acids describ ed  th u s  fa r  in  th e  
lite ra tu re , th e  su lp h u r  ox ide in  its  ta u to m e ric  form  (im in o m eth an esu lp h en ic  
acid ) p rep ared  b y  W a l t e r  and  B o d e  [ lc ]  p roved  to  be an  easily ava ilab le  
a n d  ra th e r  s tab le  co m p o u n d .

V i n k l e r  a n d  one o f us (F . K l i v é n y i ) [3, 4] s tu d ie d  earlie r th e  h y d ro 
lysis of a ro m atic  su lp h e n y l ch lorid  ;s (IV) w here non-iso lab le  su lphenic acid  (V) 
is fo rm ed  as an  in te rm e d ia te . I t  has been  p resu m ed  th a t  th e  f irs t  stab le  p ro d u c t 
o f th is  hydro lysis , th e  th io su lp h in a te  (VI) is o b ta in ed , acco rd ing  to  th e  e q u a tio n  
below , from  tw o  ta u to m e rs  of su lphen ic  acid  of a m p h o te ric  ch a rac te r, b y  th e  
e lim ina tion  of w a te r.

A r—S — Cl

IV

[A r —S —OH

Va

A r - S - H ]
II
О

Vb

ILO
-> A r —S —S —Ar

О

VI
( 3)

H ow ever, th e  fo rm a tio n  of th e  th io su lp h in a te  m a y  also be in te rp re te d  
in  a w ay  th a t  one o f th e  ta u to m e rs  o f su lphen ic  acid  (Va or Vb) reac ts  w ith  
s till u n reac ted  su lp h e n y l chloride to  g ive th io su lp h in a te . T he im in o m e th an e 
su lphen ic  acids a p p e a re d  to  be su itab le  m odel com pounds fo r th e  e lucidation  of 
th is  problem . N am ely , if  th e  reac tio n  of com pound  Ilia  w ith  p -to lu en e  su lp h en y l

Вз

Hi B;t

Cl • S • C6H 4 ' С Н л р

V ila ,  b, c
W
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ch lo ride  a ffo rd s , e.g., a m ixed  th io su lp liin a te , th e n  th e  process show n below  
seem s p ro b a b le .

T h e  s tru c tu re s  o f th e  in itia l com pounds (II) an d  o f th e  su lp h e n y la te d  
p ro d u c ts  (VII) w ere s tu d ied  b y  in fra red  sp e c tra l in v estig a tio n s.

T h e  b ro a d  b a n d  betw een  2700 an d  2400 c m -1  ap p earin g  in  th e  v ic in ity  
o f th e  vN H  b a n d  in  th e  in fra red  sp ec tru m  o f com pound  l ia  (F ig . 1), fu r th e r

Microns

th e  s im u ltan eo u s  p resence  of b an d s  v C = N  an d  v C = S —>-О (see T ab le  1) 
in d ica te  th e  ex istence  o f a tau to m eric  equ ilib riu m  in  th is  com pound  b e tw een  
l i a  an d  I l i a ,  even in  th e  solid s ta te . T he in fra red  sp e c tra  o f com pounds l i b  
an d  l i e  (e.g., F ig . 2) h a v e  th e  b an d s  rN H  a n d  /?NH ch a rac te ris tic  o f th io - 
am ides, a n d  th e  b a n d  v C = S  —> О also ap p ears  (see T ab le  I). T hus, com pounds 
l ib  an d  l i e  m ay  be  considered  to  h av e  a u n ifo rm  su lp liox ide s tru c tu re , in  
c o n tra s t  to  th e  p reced in g  com pound.

Microns

Wavenumber cm"
F ig . 2

O n su b jec tin g  com pounds На, l ib  an d  l i e  to  su lp h en y la tio n , th e  th io -  
su lp h in a te - ty p e  com pounds of s tru c tu re  V ila , V llb  an d  V ile  are o b ta in ed . 
C onsequen tly , th e  d e riv a tiv e s  VII of com pounds l ib  an d  l i e  m ay  be d eriv ed  
from  th e  ta u to m e ric  fo rm s I llb  an d  IIIc. A ccord ing  to  th is  o b se rv a tio n , 
o x id a tio n  m a y  give s ta b le  s id p h u r oxides also from  such  N -a ry l-th io ca rb am ic
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a c id  O - a r y l  e s t e r s  w h ic h  d if f e r  f r o m  t h e  s t r u c t u r e s  d e f in e d  b y  W a l t e r  a n d  

B o d e  [ l c ] .

A s an  evidence of th e  p resu m ed  s tru c tu re , th e  b an d s rC —N , r S — S —> О 
an d  th e  b a n d  уСдгН  ch a ra c te ris tic  o f p -d is u b s ti tu t io n  a p p e a r in  th e  sp e c tra  
o f co m p o u n d s V ila , V llb  an d  V ile  (в.g F ig . 3, 4), w hereas th e  b an d s  rN H  an d  
/5NH o f th e  in itia l com pounds are  a b se n t, a n d  so is th e  b a n d  of 950 c m -1  o f  
co m p o u n d s  l ib  and  l ie ,  w h ich  m ay  be assigned  to  th e  v ib ra tio n  vC =  S —>• О 
(see T ab le  I).

Microns

F ig . 3

A s a re su lt of th e  p re se n t in v es tig a tio n s  i t  m ay  be s ta te d  th a t  su lp h en ic  
ac ids are  in  fa c t in te rm ed ia te s  in  th e  p ro d u c tio n  of th io su lp h in a te s  from  sul- 
p h e n y l ch lorides, an d  th a t  th io su lp h in a te s  are  n o t necessarily  fo rm ed  b y  th e  
co n d en sa tio n  of tw o ta u to m e ric  su lphen ic  acids of am p h o te ric  c h a ra c te r .

T h e  ex perim en ts also confirm  o u r ea rlie r o b se rv a tio n  [2] t h a t  in  th e  
su lp h e n y la tio n  reac tio n  o f th io c a rb a m ic  acid  d e riv a tiv es  th e  e lec troph ilic  
s u b s ti tu t io n  occurs alw ays on th e  su lp h u r  in s te a d  of th e  n itro g en  a to m .

Wavelength microns

F ig . 4
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Table I

Characteristic data o f  the infrared spectra o f  compounds I I  and  V II recorded in  K B r  pellets (c m -1)

c m ' 1
Ha

F ig .l
I lh

Fig. 2 U c
V ila
Fig- 3

VHb
Fig-4 V ile

vNH 3 0 5 0 -3 0 0 0 3 2 0 0 -2 7 0 0 3 1 8 0 -2 9 0 0 — — -  ■

v (S )0  H 2 7 0 0 -2 4 0 0 — — - -

/?NH - 1550 1490 - - —

v - S - S  —  0 — — — 1105

1090
1090 1080

v C = S  —  0 910 950 950 - - -

, sc Ar- o - c 1 2 0 0 -1 1 6 0 1 1 6 0 -1 1 0 0 1 1 4 0 -1 1 1 0 1 1 6 0 -1 1 4 0 1 1 7 0 -1 1 2 0 1 1 6 0 -1 1 1 0

v C = N 1640—1610 - - 1640 1650 1640

yCArH  (p -d isubst.) - - - 810 820 780

yCAlH  (o-disubst.) 750 740 740 740

yCArH  (1 ,2 ,3 -trisu b st.) 770 770

750

770 770 780

770

760

yCArl I .  y C ArCAr (m onosubst.) 690 - — 700 -

K
L

IV
É

N
Y
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E x p erim en ta l

(M elting  p o in ts  are  u n co rrec ted )

In fra re d  sp ec tra  w ere reco rd ed  in p o tass iu m  brom ide  pellets, w ith  a P e rk in — E lm er-457 
an d  a S p ectrom om  T y p e  2000 sp e c tro p h o to m ete r.

C-(2-Phenylphenoxy)-N-(2,6-dimethylphenyl) iminomethane-sulphinic acid-S-p. toluene-thiol 
ester (Vila)

A n h y d ro u s p y rid in e  (0.6 g; 0.008 m ole) w as ad d ed  to  a so lu tio n  o f 2.8 g (0.008 m ole) 
C -(2 -pheny lp h en o x y )-N -2 ,6 -d im eth y lp h en y lim in o m eth an esu lp h en ic  acid*  ( I l ia )  (m .p . 118—  
1 2 0  °C, fro m  a m ix tu re  o f benzene  a n d  p e tro leu m  e th e r)  in  20 ml a n h y d ro u s  e th e r ,  th e n  a so lu
tio n  o f  1 .2  g (0.008 m o le )p -to lu e n esu lp h e n y l chloride  in  e th e r was ad ded  d ropw ise , w ith  s tirrin g . 
W hen  th e  red  colour o f th e  so lu tio n  d isap p ea red , th e  p re c ip ita te d  p y rid in e  h y d ro c h lo rid e  w as 
f i lte re d  off, and  th e  e th e rea l f i l t r a te  w as w ashed w ith  w a te r  u n til  n e u tra l ,  a n d  dried . T h e  
re sid u e  o b ta in ed  on ev ap o ra tio n  o f th e  so lv en t w as a yellow , so lid ify ing  oil (1 .9  g; 50 .3% ).

R ecry sta lliza tio n  from  p e tro leu m  e th e r co n ta in in g  som e ben zen e  g av e  pa le  yellow  
need les , m .p . 116— 118 °C.

C28H 25N 0 2S2 (471.645). C alcd C 71.31; H  5.34: N  2.97. F o u n d  C 70.74; H  5 .65; N  2 .83% .

C-(2,6-Dimethylphenoxy)-N-(plienyl) iminomethane-sulphinic acid-S-p. toluene-thiol ester(Vllb)

A suspension of 2 .2 1  g (0.008 m ole) C -(2 ,6 -d im eth y lp h en o x y )-N -(p h en y l)-am in o m eth an e- 
S -ox ide (lib) (m .p. 123— 124 °C, fro m  a  m ix tu re  o f benzene and  p e tro leu m  e th e r)  in  40 m l 
e th e r  w as allow ed to  re a c t  in  th e  p resen ce  of 0.60 g (0.008 m ole) p y rid in e  w ith  1.30 g (0.008 
m ole) p - to lu en esu lp h en y l ch loride  as described  above fo r Vila an d  p rocessed  in th e  sam e w ay . 
A fte r  ev ap o ra tio n  of th e  so lv en t, th e  resid u e  w as 1.05 g (33 .2% ). W h en  re c ry s ta lliz e d  fro m  
a 1 : 2 m ix tu re  o f benzene  a n d  p e tro leu m  e th e r, yellow  prism s o f m .p . 119— 121 °C w ere 
o b ta in e d .

C22H 21N 0 2S2 (395.56). Calcd C 66.79; H  5.35; N  3.54. F o u n d  C 66.72; H  5 .78 ; N  3 .30% .

C-(2-Methylphenoxy)-N-(2,6-dimethylphenyl) iminomethane-sulphinic acid-S-p. toluene-thiol 
ester (Vile)

A  so lu tion  of 2.90 g (0.01 m ole) C -(2 -m ethy lphenoxy)-N -(2 ,6 -d im ethy lpheny l)-am ino- 
m eth an e-S -o x id e  ( l ie )  (m .p . 110— 112 °C, from  petro leum  e th e r) in  50 m l e th e r  w as allow ed 
to  re a c t,  in  th e  presence o f 0.80 g (0 .0 1  m ole) p y rid in e , w ith  1.60 g (0 .0 1  m o le )p -to lu en esu lp h en y l 
ch lo rid e  a t  — 10 °C as desc rib ed  fo r V ila . T he residue  le ft a fte r e v ap o ra tio n  o f th e  so lv en t w as 
a red -co lo u red  oil. I t  w as su b je c ted  to  em p irica l c h ro m a to g rap h y  on a silica gel co lum n, u s in g  
p e tro leu m  e th e r as th e  e lu tin g  a g en t. E v a p o ra tio n  of th e  so lven t le ft a  re s id u e  o f 0.75 g (18 .3% ). 
R ecry s ta lliz a tio n  fro m  a 1 : 1 m ix tu re  of benzene an d  p e tro leu m  e th e r  g av e  p a le  yellow  
p rism s, m .p. 113— 114 °C.

C23H 23N 0 2S2 (409.57). C alcd  C 67.46; H  5.66; N  3.42. F o u n d  C 68 .03 ; H  5.73; N  3 .37% .
*

T h e  a u th o rs’ th a n k s  a re  expressed  to  D r. P . Sohár  C. Chem . fo r v a lu a b le  d iscussions 
co n cern in g  th e  ev a lu a tio n  of th e  in fra re d  sp ec tra .
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FORMATION OF HYDANTOIN IN THE ALKALINE 
HYDROLYSIS OF METHYL N-CARBOBENZOXY- 

4,6-O-BENZYLIDENE-D-GLUCOSAMINOYLGLYCINATE

(Research In stitu te  fo r E xperim ental M edical Sciences o f  the H ungarian A cadem y  
o f  Sciences and Gedeon R ichter W orks, B udapest)

R eceived J a n u a ry  11, 1972

I n  th e  course of our research  w ork  on th e  p re p a ra tio n  of p ep tid es  co n 
ta in in g  D -glucosam inic acid as th e  am ino  acid  co m p o n en t, th e  p re p a ra tio n  
of N -carbobenzoxy-4 ,6 -0 -benzy lidene-D -g lucosam inoy lg lycine  w as p lan n ed . 
N -C arbobenzoxy-4 ,6 -0 -benzy lidene-D -g lucosam in ic  ac id  e th y le s te r(I) , described  
p rev io u sly  [1] w as co n v erted  in to  its  h y d raz id e  (II) an d  th is  w as allow ed 
to  re a c t w ith  m e th y l g lyc ina te  accord ing  to  th e  m e th o d  of azide coup ling , 
re su ltin g  in  m e th y l N -carbobenzoxy-4 ,6 -0 -benzy lid ine-D -g lucosam inoy lg lyci- 
n a te  (III):

(S H O R T  C O M M U N IC A T IO N )

G y . D e á k , E .  Z X r a - K a c z i á n  a n d  L .  K i s f a l u d y

C O O E t c o n h n h 2

h c - n h - c o - o - c h 2- c 6h 5 H C - N H - C 0 - 0 - C H 2- C eH 5

H O - C H H .N -N H , H O - C H

I

CO — N H  — C II2 — COOMe

NaNO„ HC1
I

H O - C H

H -  Gly OMe

I I I
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T h e hydro lysis  o f th e  ester (III) w as e ffec ted  w ith  1 N  sod ium  h y d ro x id e  
so lu tio n , th e  su b stan ce  being  su spended  in  a  m ix tu re  of ace to n e—w a te r (see 
E x p e rim e n ta l) . T h e  p rogress of th e 'r e a c t io n  w as checked b y  th in - la y e r  ch ro 
m a to g ra p h ic  e x am in a tio n  o f sam ples w ith d ra w n  period ically . T h e  a m o u n t of 
th e  s ta r tin g  m a te ria l w as found  to  decrease  g rad u a lly  fo r a b o u t one h o u r; 
n o  change was o b serv ed  in  th e  n e x t 2 -h o u r period . T he su b s ta n c e  o b ta in ed  
a f te r  th e  u su a l p rocessing  of th e  re a c tio n  m ix tu re  was poorly  soluble in  e th y l 
a c e ta te  and  v e ry  w ell so luble in  w a te r; a t  p H  4, its  so lub ility  w as ab o u t te n  
t im e s  h igher in  w a te r  th a n  in  e th y l a c e ta te . M thy len e  ch lo ride , ch loroform  
a n d  e th e r  d issolved th e  su b stan ce  even  w orse th a n  e th y l a c e ta te . T hese so lu 
b il i ty  conditions ren d e red  its  recovery  from  th e  aqueous h y d ro ly z a te  d ifficu lt.

F ig . 1. I R  sp ec tru m  o f 5 -(2 ,4 -0 -b en zy lid en e -l,2 ,3 ,4 -te trah y d ro x y b u ty l)-h y d an to in -3 -ac e tic
ac id  (K B r)

S ince con tinuous e x tra c tio n  could n o t be  u sed  because of th e  h igh  sen s itiv ity  
o f  th e  p ro tec tiv e  g roups to  acids, re p e a te d  ex trac tio n  w as ap p lied  a n d  th e  
deg ree  of e x tra c tio n  w as checked b y  m ean s of th in -lay e r c h ro m a to g rap h y . 
T h e  com bined  e th y l a ce ta te  e x tra c t w as ev ap o ra ted  to  d ryness in  v acu u m  
a n d  th e  p ro d u c t w as crysta llized  from  e th an o l. The p ro d u c ts  o b ta in ed  from  
p a ra lle l ex p erim en ts  m elted  a t 1 7 2 —175 °C, 1 7 8 —181 °C a n d  a t  186 °C, w ith  
decom position .

In  th e  in fra re d  sp ec tra  (Fig. 1), th e  b ro a d  b an d  ap p earin g  in  th e  2400 — 
3600 c m -1 w av en u m b er region in d ic a te d  th e  presence of a  ca rboxy lic  g roup . 
T h e  vasC — С — О b a n d  an d  th e  b a n d s  ch a rac te ris tic  of m o n o su b s titu te d  aro-

II
m a tic  rings are  a b se n t a t  1245 cm  1 a n d  a t  700 cm 1 an d  745 cm % resp ec
tiv e ly . The s tro n g , b ro a d  b an d  a p p ea rin g  a t  1755/1745 c m -1 p ro b a b ly  co n ta in s  
th e  rCO b a n d  of th e  carboxylic  acid  g ro u p , in  ad d itio n  to  th e  rCO b a n d ; 
fu r th e r  a  new  b a n d  appears a t  1670 c m -1 . These fac ts  a n d  li te ra tu re  d a ta  
allow  th e  conclusion th a t  th e  ca rb o b en zo x y  group is sp lit off u n d e r  th e  co n d i
tio n s  of a lkaline hyd ro ly sis ; only  th e  h y d a n to in  d e riv a tiv e  can  be iso la ted  
fro m  th e  reac tio n  m ix tu re  in  p u re  s ta te .
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T his re a c tio n  has been  know n fo r a long  tim e  [2a, b , c] an d  i t  ta k e s  
place m a in ly  w hen  glycine is p resen t n e x t  to  th e  am ino  acid  carry ing  th e  carbo- 
benzoxy  g ro u p .

O n th e  basis  of th e  above fa c ts  a n d  considering  th e  in fra red  sp ec tru m  
an d  th e  an a ly s is  d a ta , i t  can  be s ta te d  t h a t  th e  a lkaline h y d ro lysis  gave 
5 -(2 ,4 -0 -b e n z y lid en e -l,2 ,3 ,4 -te tra h y d ro x y b u ty l)-h y d a n to in -3 -a ce tic  acid  ( th a t  
is, 5 -(2 ,4 -0 -b e n z y lid en e -l, 2 ,3 ,4 -te trah y d ro x y b u ty l)-2 ,4 -d io x o -3 -im id azo lid in e  
acid) (IY) in s te a d  of th e  expec ted  p ro d u c t.

C O O E t

H O - C H

Н С -О ч

/
-N 4

C H ,C O O H

H N > = 0

H O - C H
I

Н С -О ч

СЩО/
IV

E xperim en ta l

M elting  p o in ts  a re  u n co rrec ted . T he in fra re d  sp e c tra  w ere reco rded  on a Zeiss sp e c tro 
p h o to m e te r M odel U R  10 (K B r). T he R ev alu es w ere d e te rm in e d  using  th e  ascending  tec h n iq u e  
o f th in -la y e r ch ro m a to g ra p h y  in  th e  following so lv en ts : (1) CHC13 : M eOH =  9 : 1 ;  (2) B u O H  : 
: A cO H  : H 20  =  80 : 20 : 5; (3) B uO H  : A cO H  : A cC H 3 =  80 : 20 : 20. F o r th e  d e te c tio n  of 
th e  spots n in h y d r in  an d  ch loro to lu id ine  was u sed , re sp ec tiv e ly .

N-Carhobenzoxy-4,6-0-benzylidene-D-glucosaminic acid ethyl ester ( I )

4 ,6-O -B enzylidene-D -glucosam ine e th y l e s te r  h y d ro ch lo rid e  (27 g; 0.077 m ole) [1] w as 
d issolved in  w a te r  (390 m l) a t  room  te m p e ra tu re  a n d  ch lo ro fo rm  (614 m l) an d  m ag n esiu m  
oxide (5.6 g) W'ere ad d ed  to  th e  so lu tion . T he suspension  w as cooled to  2 °C and  carb o b en zo x y  
chloride (24.2 g; 0.142 m ole) w as added  to  i t  d ropw ise  u n d e r  v igo rous s tirring . T h e  m ix tu re  
w as a g ita te d  f u r th e r  for 5 h rs. a t  2 °C. The excess o f acid  ch loride  w as th en  decom posed w ith  
p y rid in e  5.6 m l, a n d  th e  p H  w as a d ju s ted  to  3 w ith  5 N  HC1 so lu tion . A fter sep a ra tio n , th e  
chloroform  p h a se  w as w ashed  u n til  free from  acid , d ried  a n d  e v ap o ra te d  to  d ryness in  v a cu u m  
to  o b ta in  29.07 g (84 .3% ) of th e  p ro d u c t, m .p . 145°; R f  =  0.98.

N-Carbobenzoxy-4,6-0-benzylidene-D-glucosaminic acid hydrazide ( I I )

N -C arbobenzoxy-4 ,6 -0 -benzy lidene-D -g lycosam in ic  acid  e th y l e ste r (2.22 g; 0.005 m ole) 
w as dissolved in  20 m l o f h o t ab so lu te  e th an o l a n d  o f 98%  h y d raz in e  h y d ra te  (0.65 g; 0.013 
m ole) was a d d ed  to  i t .  T he so lu tion  w as re fluxed  fo r 1 h r  th e n  allow ed to  cool to  room  te m 
p e ra tu re . T he c ry s ta l  needles w hich  sep a ra ted  on  s ta n d in g  fo r 24 h rs  were filte red  off an d  
w ashed  w ith  som e cold (— 10 °C) ab so lu te  e th an o l. A fte r  recry s ta lliza tio n  from  a ce to n itr ile  
(200 p a r ts )  th e  p u re  h y d raz id e  w as ob ta in ed  in 78%  y ie ld , m .p . 195— 196 °C; R /  =  0.85.

C jiH jjN eO , (431.449). Calcd C 58.44; H  5.84; N  9.74. F o u n d  C 58.22; H  6.07; N  9 .50% .
IR : Â m ide  I  (Z) 1705; A m ide I (h y draz ide) 1760; A m ide I I  1520 cm -1 .
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M eth y l N -C arbobenzoxy-4 ,6-0-benzyliclene-D -g!uccsam inoyl g lycinate  ( I I I )

N -C arbobenzoxy-4 ,6 -0 -benzy lidene-D -g lucosam in ic  acid  hydraz id e  (5 g; 0.011 m ole) 
w a s  d isso lved  in a b so lu te  d im e th y lfo rm am id e  (1 0  m l) a t  room  tem p e ra tu re  an d  th e  so lu tio n  
w a s  cooled to — 15 °C. F i r s t  20%  hyd ro ch lo ric  acid  (6.9 m l; 0.04 m ole) w as ad d ed  to  i t  a t  
m a x im u m  — 10 °C te m p e ra tu re ,  follow ed b y  a so lu tion  o f sod ium  n itr i te  (1.07 g; 0.0146 m ole) 
in  w a te r  (7.3 m l), ad d ed  dropw ise; th e  sod ium  n i tr i te  so lu tion  w as th en  rin sed  in  w ith  4 m l 
o f d im e th y lfo rm am id e . T h e  m ix tu re  w as s tirred  fo r 5 m in  m ore a t  — 10 °C a n d  cooled to
— 20 °C in 2 m in.

A t th e  sam e tim e , g lycine  m eth y l e s te r  h y d ro ch lo rid e  (4.58 g; 0.0365 m ole) w as dissolved 
in  d im e th y lfo im am id e  (6 6  m l), cooled to  — 20 CC an d  t r ie th y k m in e  (15.4 g; 0.152 m ole) w as 
a d d e d  dropw ise to  th e  so lu tio n  (pH  8 ). T he azide  so lu tion  p rep ared  above and  cooled to
— 20 °C w as added  to  th is  so lu tion  by  d ro p s w ith  v igo rous s tirrin g : th e  te m p e ra tu re  m u s t n o t 
rise  ab o v e  — 10 °C d u rin g  th e  p rocedure  an d  th e  p H  of th e  so lu tion  should n o t  becom e low er 
th a n  8 . U ndesired  ac id ific a tio n  was p re v en ted  b y  th e  a d d itio n  of tr ie th y lam in e . T he m ix tu re  
w as s tir re d  for 1 h r  a t  — 10 °C, th en  it  w as k e p t  a t  0 °C fo r 22 hrs. A fte r th is  th e  d im e th y l
fo rm am id e  was e v a p o ra te d  on a w a te r b a th  o f m ax im u m  35 °C a t  a p ressu re  o f 0.6 to r r ,  an d  
th e  so lid  residue (m .p . 123— 126 °C) was d issolved in  a m ix tu re  of 1000 m l o f e th y l a c e ta te  
a n d  1 0 0 0  m l of 20%  so d iu m  chloride so lu tion  a t  0  °C. T h e  aqueous phase  w as e x tra c te d  tw ice  
w ith  e th y l ace ta te  (50 m l each) and th e  com bined  organ ic  ph ase  was w ashed w ith  20%  sod ium  
c h lo rid e  so lu tion  ( 6 X 7 0  m l) a t  0 °C (u n til th e  aq u eo u s ph ase  show ed n eg ativ e  n in h y d rid e  
re a c tio n ) . T he e th y l a c e ta te  so lu tion  was d ried  over a n h y d ro u s  sodium  su lfa te  an d  e v a p o ra te d  
to  d ry n e ss  in v acu u m  a t  20 °C to  leave 5.8 g o f th e  p ro d u c t, m .p . 175— 179 °C. T h e  cru d e  
p ro d u c t  was dissolved in  m e th an o l (30 p a r ts )  an d  p re c ip ita te d  w ith  a 1 : 1 m ix tu re  o f  e th e r  
a n d  p e tro le th e r  (15 p a r ts ) ,  th e n  it  w as c ry sta lliz ed  fro m  e th y l ace ta te  (80 p a r ts ) .  T h u s  3.4 g 
(6 0 .0 % ) of I I I  was o b ta in e d , m .p. 188 °C. R ‘j  =  0.90.

C24H 28N20 9 (488.506). Calcd. C 59.01: H  5.78; N  5.74. F o u n d  C 58.92; H  5.58; N  5 .64% .
IR : vCÖ (ester) 1745, A m ide I (Z) 1685; A m ide I (p ep tid e) 1660. A m ide I I  1560, 1530; 

vasC— C— 0  1255; yCC 700; y( =  CH) 745 c m " 1.

5 -(2 ,4 -G -B en zy lid en e-l,2 ,3 ,4 -te trah y d ro x y b u ty l)-h y d an to in -3 -ace tic  acid (IV )

N -C arbobenzoxy-4 ,6 -0 -benzy lidene-D -g lucosam inoy lg lyc ine  m eth y l e ste r (6.3 g; 0.013 
m ole) (III) was susp en d ed  in  acetone (95 m l) w ith  s tir r in g  a t  room  te m p e ra tu re  a n d  1 N  sod ium  
h y d ro x id e  so lu tion  (50.5 m l; 0.0504 m ole) w as p o u red  to  th e  suspension. T he solid  su b s tan ce  
d isso lv ed  in a few m in u te s , and th e  so lu tion  w as a g ita te d  for 1 h r, th e n  th e  ace to n e  w as 
e v a p o ra te d  in v acu u m  (20 °C/15 to rr)  an d  th e  aqueous so lu tio n  was acid ified  to  p H  3 w ith  1 N  
h y d ro ch lo ric  acid a t  0 °C. T h e  aqueous so lu tion  was th e n  e x tra c te d  w ith  e th y l a c e ta te  (4 0 X 3 0  
m l; a to ta l  of 1 2 0 0  m l) an d  th e  com bined organ ic  p h ase  was w ashed w ith  d is tilled  w a te r  
(3 X 50 m l) u n til free fro m  chloride ion, d ried  over a n h y d ro u s  sodium  su lfa te ; f in a lly  th e  so lv en t 
w as ev ap o ra te d  in v a cu u m  a t  room  te m p e ra tu re . T he crude  p ro d u c t (3.15 g; 65% ) w as c ry s ta l
lized  from  e th an o l (50 m l) to  ob ta in  1.25 g o f a w h ite  c ry sta llin e  su bstance, m .p . 178— 181 °C; 
R j  =  0.34.

C16H 18N20 8 (366.337). Calcd C 52.46; H  4 .95; N 7.65. F o u n d  C 52.45; H  4.83; N  7 .8 5 % .
IR : vOÛ  (c a rb o x y lic  acid) 2400— 3600; A m ide I 1755, 1670; /?NH 1400 cm - 1 .
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R e c e n tly , W h i s t l e r  an d  H o f f m a n n  [1] described  th e  d ecom position  o f  
l,2 ,3 ,5 -te tra -0 -ac e ty l-4 -th io -D -rib o fu ra n o se  to  y ield  2 -ace to x y m eth y l-4 -ace- 
to x y th io p h e n e . S im ilar re su lts  w ere o b ta in e d  b y  K u s z m a n n  an d  S o h á r  [2] w ho 
o bserved  t h a t  l,3 ,5 -tri-0 -ace ty l-2 -ch lo ro d eo x y -D -arab in o se  p a r t ly  decom poses 
in to  2 -ace to x y m eth y l-4 -ch lo ro fu ran  d u rin g  v acu u m  d is tilla tio n . T h e  com m on 
fe a tu re  o f  b o th  reac tions is th e  sp littin g  o ff o f  acetic  acid an d  th e  fo rm a tio n  
o f  a new  ca rb o n -carb o n  doub le  b o n d . R e c e n tly  we have observed  a s im ila r 
e lim in a tio n  reac tio n  w hile try in g  to  a c e ty la te  4 ,6 -0 -b en zy lid en e-2 -b en zy lo x y - 
carbony lam ino-2-deoxy-D -g lucon ic  acid  1 in  p y rid in e  w ith  acetic  an h y d rid e . 
C o n tra ry  to  th e  e th y l e s te r o f th e  befo re  m en tio n ed  D-gluconic ac id  1 w hich  
can  be tra n sfo rm e d  sm o o th ly  in to  its  d i-O -ace ty l d eriv a tiv e , a c e ty la tio n  o f 1 
y ie ld ed  a new  com pound 2 d iffering  in  co m position  an d  sp ec tra l d a ta  from  th e  
ex p ec ted  one. On th e  basis o f  IR  (T able I) an d  an a ly tica l d a ta , 2 is considered  
to b e  2 -b en zy lo x y carb o n y lam in o -4 ,6 -0 -b en zy lid en e-2 ,3 -d id eo x y -D -ery th ro -h ex - 
-2 -en o n o -l,5 -lac to n e  (m .p . 190 °C). F o rm e rly  sim ilar re su lt has been  re p o r te d  
fo r th e  co rrespond ing  N -benzoy l d e r iv a tiv e  [3]. T his s tru c tu re  w as co n firm ed  
b y  th e  N M R  sp ec tru m  (T able I) w hich  co n ta in ed  a do u b le t a t  <$ =  7.07 
c h a ra c te r is tic  o f the  olefin ic (H — 8) p ro to n .

COOH
I

HC—NH—Z
I

HO—CH
I

HO—
I

HC—OH f ' H —C6H5 

CH2—о

Z =  C6H5CH2OCO 
Fig. 1.

Acta Chim. (Budapest) 75, 1973



190 DEÁK et al.: /^-ELIMINATION

T able  I

The spectral data* o f  compound 2

Frequencies 
(cm *)

in KBr 1 in CHC13
Assignation

3410

3350

3400 V N H  (m onom eric and so lvated , re s
pectively)

V N H  (associated)

1740
1730 1725 V C =  0  (lactone)

1710 1710 V C =  0  (u reth an )

IR 1645 1645 v C  =  C
sp ec tru m 1635

1335
1325
1313 V C —0  (lactone and acetal)
1215
1080
1 0 2 0

753 у  СЛгН  (m onosubstitu ted  benzene)
748

698 у  CArCAr (m onosubstitu ted  benzene)

_
Signal ô (ppm) or 

V (Hz) Multiplicity Intensity Assignation

2 3 5 -2 8 5  H z m u ltip le t 3H  H —4, H —4’, I I - 10
NM R 4.88 p p m 2 X doublet* H I  H  —9

sp ec tru m 5.18 p p m singulet 2H  1 H -m ethylene of benzyl group
5.80 p p m singulet 1H  H —2
7.07 p p m doublet** 1H ! H — 8
4 3 0 - 4 6 0  H z m u ltip le t Ю Н  H of phenyl groups
8.9 p p m broad singulet 1H  ' N H

* J 9(10 =  9 H z, J 8>9 =  1.5 Hz, ** J 8>9 =  1.5 H z

* T he 1R sp ec tra  w ere  recorded in  K B r pelle ts an d  in  d ilu te  CHC13 solution w ith  a P e r 
k i n — E l m e r  457 in s tru m e n t. The NM R sp ec tru m  (in  hexadeuterod im ethy l-su lp liox ide) was 
o b ta in e d  b y  using  a  V a rian  A —60D sp ec trom eter, w ith  te tram e th y lsilan e  as in te rn a l s ta n d a rd .
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RECTIFICATION OF MULTICOMPONENT MIXTURES, II
LOCAL A N D  G E N E R A L  C H A R A C T E R IS T IC S  O F T H E  T R A JE C T O R IE S  

O F  R E C T IF IC A T IO N  P R O C E S S E S  AT IN F IN IT E  R E F L U X  R A T IO

L . A. S e r a f i m o v , У. S. T i m o f e e v  and M. I .  B a l a s h o v  

(Lomonosov In s titu te  fo r  F in e  Chemical Technology, M oscow)

R eceived  A pril 2, 1971

T he fu n d a m e n ta l ch a ra c te ris tic s  o f th e  re c tif ic a tio n  tra je c to r ie s  in an  id ea l 
c o u n te rc u rre n t a p p a ra tu s  a t  in fin ite  re flu x  ra tio  a re  stu d ied . I t  is d e m o n s tra ted  t h a t  
in  th is  case th e  co n tinuous re c tif ic a tio n  ranges are  ch arac te rized  b y  th e  tra je c to ry  beam  
o f th e  process lo ca ted  in  a p a r tic u la r  m an n e r in  th e  com position  sim plex . T he s tead y - 
s ta te  p o in ts  of th e  rec tif ic a tio n  process are  ju n c tio n  and  saddle  ty p e  p o in ts . T he b o u n d 
a ries  b e tw een  th e  re c tif ic a tio n  ran g es p ass th ro u g h  these  p o in ts  an d  th e ir  p o sitio n  
d ep en d s  on th e  d is tr ib u tio n  o f re sis tan ce  to  m ass tra n s fe r  b e tw een  th e  phases. T he 
lo ca tio n  of th e  tra je c to ry  b eam  in  th e  com position  sim plex is d e te rm in ed  b y  th e  s t ru c 
tu re  o f  th e  liq u id -v a p o u r  eq u ilib riu m  p h ase  d iag ram . A classifica tion  of th e  re c tif ic a tio n  
ran g es is g iven . T he po sitio n  o f c o n s ta n t com position  zones in th e  idea l c o u n te rc u rre n t 
a p p a ra tu s  is in v estig a ted .

In  a p rev ious p ap er [1] th e  fu n d a m e n ta ls  o f the  th e rm o d y n am ic -to p o lo g 
ica l an a ly sis  of liqu id—v a p o u r  eq u ilib riu m  d iagram s w ere estab lished . B y  
m ean s o f th is  analysis, th e  possib le com positions of th e  f in a l p ro d u c ts  of 
re c tif ic a tio n , th e  sequence o f th e  frac tio n s  and  th e  princip les of th e  sep a ra tio n  
tech n o lo g y  can  he q u a lita tiv e ly  d e te rm in ed . W e also d e m o n s tra te d  th a t  in  
th e  g enera l case, th e  com p o sitio n  s im plex  fo r an  re-constituen t m ix tu re  is 
com posed  of in d iv id u a l cells w h ich  w ere n am ed  ranges of con tin u o u s re c t i
fic a tio n  [2]. E ach  rec tific a tio n  ran g e  in  th e  com position  d iag ram  of a ph ase  
is ch a rac te rized  b y  a d efin ite  c o n fig u ra tio n . In  th e  general case, th e  b o u n d aries  
an d  th e  co n fig u ra tio n  of th e  re c tif ic a tio n  ranges depend  on th e  c h a ra c te r  of 
th e  course o f  th e  process, th e  la t te r  — in  tu rn  being  d e te rm in ed  b y  th e  
se t o f s ta tic  p a ram e te rs  an d  b y  th e  ty p e  of th e  m ass exchange a p p a ra tu s . 
T h e  s ta tic  p a ra m e te rs  inc lude  th e  re flu x  ra tio  R  an d  th e  o vera ll efficiency of 
th e  a p p a ra tu s , i.e., th e  n u m b e r re of sep a ra tio n  steps or th e  le n g th  l of th e  re c t i
f ic a tio n  co 'u m n , y ield ing  th e  possib le  co m bina tions show n in  T ab le  I.

Table I

R "(о

I in fin ite in fin ite

I I in fin ite fin ite

I I I fin ite in fin ite

IV fin ite fin ite
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C om binations I  a n d  I I I  co rrespond  to  th e  th e o re tic a lly  possible m ax im um  
se p a ra tio n  of th e  m ix tu re . T hese com b in a tio n s can n o t be  realized  in  p rac tice . 
H o w ev er, as will be sh o w n  in th e  follow ing, co m b in a tio n  I  can  be successfully  
u tiliz e d  in  th e  an a ly sis  o f  rec tifica tio n  tra je c to ry  b eam s as a w hole. C om bi
n a tio n  I I I  is u su a lly  ap p lied  in  co lum n design fo r ca lcu la tin g  m in im um  re flu x  
ra tio s . C om binations I I  an d  IV  are u sed  in  p rac tice .

F o r  th e  sake o f  s im p lic ity , th e  course of rec tific a tio n  tra je c to rie s  w ill 
b e  s tu d ie d  in  th e  fo llow ing  on th e  ex am p le  of m ass exchange a p p a ra tu se s  
w ith  ideal d isp lacem en t fo r b o th  liq u id  an d  v a p o u r phases. W e also assum e 
t h a t  th e  m ass tr a n s fe r  coefficients ß\x  ̂ an d  ß fo r th e  liqu id  an d  v a p o u r 
p h ases , respective ly , a re  id en tica l fo r all c o n s titu e n ts  o f th e  m ix tu re  being 
se p a ra te d .

F o r  an a rb itra r ily  selected  c o n s titu e n t i , th e  m ass (in mois) dg, passing  
from  one phase to  th e  o th e r  across u n i t  a rea  of th e  in te rface  w ill be p ro p o r
tio n a l to  th e  m ass tra n s fe r  coefficient /3, an d  to  th e  d ifference betw een  th e  
co n cen tra tio n s  on th e  in te rface  an d  in  th e  in te rio r  o f th e  s tream :

dgW =  ß(ix\ x i — xf)

dqV =  ß ? b f - Уд

fo r th e  liqu id  phase  ] 

fo r th e  v a p o u r p h ase  J

w here  у,- and  x t a re  th e  co n cen tra tio n s of c o n s titu e n t i in  th e  in te r io rs  of 
th e  v a p o u r  and  liq u id  s tream , resp ec tiv e ly , 

y f  and x f  a re  th e  co n cen tra tio n s  o f c o n s titu e n t i a t  th e  in te rface  on 
th e  v a p o u r  an d  on th e  liq u id  side, respective ly .

L e t us assum e t h a t  th e  co n cen tra tio n s  a t  th e  in te rface  are equ ilib rium  
co n cen tra tio n s, i .e . ,y g =  K f x f ,  w here K f  is th e  equ ilib rium  d is tr ib u tio n  coef
f ic ie n t o f c o n s titu e n t i be tw een  th e  liq u id  an d  v a p o u r phases  a t  th e ir  in te rface .

Since dq\x  ̂ =  dq\y\  th e  system  o f eq u a tio n s (1) y ields

№yt +  № *t =  +  №Yi ( 2)

A nalogous eq u a tio n s  can  be estab lish ed  fo r each c o n s titu e n t o f th e  m ix tu re .
I t  follows fro m  E q . (2) th a t  u n d e r  th e  g iven assu m p tio n s for a m ix tu re  

co n ta in in g  re c o n s titu e n ts  in  an  (re — l)-fo ld  c o n cen tra tio n  sim plex , th e  
liq u id —v ap o u r node  u n itin g  th e  eq u ilib riu m  com positions y f  and  x f  a t  th e  
in te rface  has a p o in t  o f in te rsec tio n  w ith  th e  segm en t u n itin g  th e  w orking  
co n cen tra tio n s у,- a n d  x t.

The co o rd in a tes  o f th e  p o in t o f in te rsec tio n  can  be  dete rm in ed  from  th e  
e q u a tio n

_r o _  +  . A M  +  / W  (3)
1 №  +  $ x) №  +  №
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T he p o in t o f in te rsec tio n  x ? d iv ides th e  liq u id -v a p o u r  node an d  th e  seg
m e n t u n itin g  th e  w ork ing  c o n cen tra tio n s  in to  p a r ts  t h a t  a re  inv erse ly  p ro 
p o rtio n a l to  th e  sh a re  o f each p h ase  in  th e  resistance  to  m ass tra n sfe r .

B y  d iv id ing  E q s (1) b y  /?;x) a n d  ß\y\  respective ly , a n d  ad d in g  th e  resu lts , 
an d  also ta k in g  in to  acco u n t E q . (2) an d  th e  eq u a tio n  y f  =  K f x f ,  th e  follow ing 
expression  is o b ta in ed :

B y  referring  dg, to  1 m ol of th e  v a p o u r  phase  a n d  ta k in g  in to  acco u n t
th a t

(5)
dl dl

w here m  is tan g en s o f th e  slope o f th e  w orking line, E q . (4) can  be w ritte n  
in  th e  form

—  = -----—  ( Kf x ,  -  y,) (6)
dl ßp>Kf -4-

fo r th e  v a p o u r  p h ase  an d

• ^ L  =  — ---------Ê IÉ lL----- щ х  _  y  ) ( 7 )
dl m ß ^ K I  +  ßip

fo r th e  liq u id  phase . T h e  fac to r

ß W K f  +  p p

w ill be  d esigna ted  b y  th e  sym bol B ,.
T h en , for an  « -c o n s titu e n t m ix tu re , th e  tra je c to ry  o f th e  con tinuous 

rec tif ic a tio n  process w hich  ch a rac terizes  th e  com position  ch an g e  in  th e  liqu id  
ph ase  along th e  h e ig h t l of th e  co lum n will be described b y  a  sy stem  of a u to n 
om ous d ifferen tia l eq u a tio n s:

& ( * ! „ - * )
dl m

i ^  =  A № 2 - y 2)
al m

.............................................................................  ( 8)

^ = L  =  *a= L ( K U x n-x  -  У п-г) ■ 
dl m
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A n analogous system  o f e q u a tio n s  is o b ta in ed  for th e  v a p o u r  phase:

^ -  =  В 1(Щ х1 - у 1) 
dl

=  В 2(Щ х2 y 2) 
dl
...................................  (9

dl

Since th e  d is tr ib u tio n  coeffic ien ts K f  are  d iffe ren t fo r each co n stitu en t, 
we h a v e  B, ^  Bj.

F o r th e  case o f in f in ite  re flu x  ra tio , jy, =  x ,■ an d  m =  1, consequently ', 
th e  tra jec to rie s  described  b y  system s of equ a tio n s (8 ) an d  (9) coalesce in to  
a sing le tra je c to ry  co rresp o n d in g  to  th e  follow ing sy s tem  of equa tions:

^ = B lXl( K f -  1)
dl

— ■ =  В 2х 2(Щ  -  1) 
dl

.............................................................................  ( 10 )

d r
^  =  B n_ 1x n_ 1( K U -  1). 

dl

L et us assum e t h a t  th e  resis tan ce  to  m ass tra n s fe r  is co n cen tra ted  in  th e  
v a p o u r  phase. In  th is  case th e  p o in t co rrespond ing  to  com position  x ® (see 
E q . (3)) coincides w ith  th e  p o in ts  x f  an d  .

In  fac t, a t  m  =  1 (jR =  oo) i t  follows from  E q . (3) th a t

- * у ?  _|____! _  х е

4 - * . - ^  ^  ( П )

I f  -jÿ-ç =  0 , i t  is e v id e n t th a t  x j — x, =  x f  a n d , co n sequen tly , y f  =  y f ,

w h ere  y f  is th e  c o n c e n tra tio n  of c o n s titu e n t i in  th e  v a p o u r  in  equ ilib rium  
w ith  co n cen tra tio n  *,■ in  th e  in te r io r  o f th e  liq u id  s tream .
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O bviously y*  =  K*Xi, w here K *  is th e  equ ilib riu m  d is tr ib u tio n  coeffi
c ien t, an d  Eqs (10) w ill ta k e  th e  form

■==j~ =  № х 1( к * -  l )
dl

* ^ = ß p ) x 2( K * -  1)
dl

( 12)

d r
^ = i = ß <nyl 1x n_ 1( K * . 1 -  1 ).

dl

Since it  h as  been  assum ed th a t  ß\y  ̂=  Д/У>, th e  coefficien ts ß^P in  th is  
case p la y  th e  p a r t  o f scale coefficients. This can  be  p ro v ed  by  d iv id ing  all 
eq u a tio n s of system  (12) b y  th e  e q u a tio n  for th e  (n — l ) t h  c o n s titu en t:

daq x i(K *  1)

d xn- i  * „_ i(K *_ -  1)

d x 2 x 2( K j  - 1)

dx n—l *„-i(Xn- i  1)
....................................................... (13)

d X n - 2  =  x n - 2 ( K * - 2 1 )
d x n_ x л:п_1(К*_1 — 1)

E q u a tio n  system  (13) is id en tica l w ith  th e  sy stem  of eq u a tio n s  describ ing  in  
d iffe ren tia l form  th e  tra je c to r ie s  of free equ ilib rium  ev ap o ra tio n , i.e., co rre 
spond in g  to  th e  co m position  change of th e  liq u id  p h ase  a t  free equ ilib rium  
ev ap o ra tio n .

In  th is  case, each  tra je c to ry  of th e  re c tif ic a tio n  process w ill fu lly  
coincide w ith  th e  t r a je c to ry  of th e  equ ilib rium  d is tilla tio n  process, an d  th e  
liq u id —v ap o u r nodes w ill be ta n g e n tia l  in  each  p o in t o f th e  in v es tig a ted  
tra jec to rie s .

L e t us now  assum e th a t  th e  resistance  to  m ass tra n s fe r  is co n cen tra ted  
in  th e  liqu id  phase . I n  th is  case, ta k in g  in to  acco u n t t h a t  y , =  Xj an d  x 1 — 
=  y i  =  y f , eq u a tio n  system  (10) will ta k e  th e  form
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d y  1 II ■gj
,

4" 1-* 1 1 )
dl К *  I

d y 2 II 1 1
d l f  K ï )

(14)

dl К •_!

w h ere  K f  =  .‘ *
x i

Since j3jX) =  ßjx\  eq u a tio n  system  (14) is eq u iv a len t to  th e  follow ing 
sy s te m  of equations:

d y , / М  К Г )

dy n - i  , Í ! _____L _ )
У "-1

1Vn - l

y %l l - ±  
d y2 =  K *

dVn-1 v  { , 1 I
V l | ^  <15)

Уп—2 [l------- —
d y n- 2_: 1 K * _ 2 J

d y n - i
KU  )

d escrib ing  th e  p rocess of free  equ ilib riu m  condensation . In  th is  case, each 
tr a je c to ry  of th e  re c tif ic a tio n  process fu lly  coincides w ith  th e  tra je c to ry  of 
free  equilib rium  co n d en sa tio n , an d  th e  v a p o u r- liq u id  n odes are  ta n g e n tia l 
to  th e se  tra jec to ries . I n  th e  genera l case, w hen  th e  tra je c to r ie s  o f free equ i
lib riu m  ev ap o ra tio n  a n d  of free equ ilib rium  con d en sa tio n  are  n o t s tra ig h t 
lines, th e y  do n o t co incide. C o n sequen tly , th e  d is tr ib u tio n  o f th e  co n stitu en ts  
a lo n g  th e  heigh t o f th e  co lum n sep a ra tin g  a  m ix tu re  w ith  id en tica l d is trib u tio n  
coeffic ien ts , b u t  c o n c e n tra tin g  th e  re sis tan ce  to  m ass tra n s fe r  in  d ifferen t
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phases, w ill d iffe r. I n  view  of th e  accep ted  assu m p tio n s, th e  tra je c to rie s  of 
free equ ilib rium  ev ap o ra tio n  an d  of free  equ ilib riu m  con d en sa tio n  are lim itin g  
tra je c to rie s . A ll o th e r  tra jec to rie s , co rrespond ing  to  d iffe ren t cases of th e  d is tr i
b u tio n  of res is tan ce  to  m ass tra n s fe r  b e tw een  th e  ph ases , are lo ca ted  b e tw een  
th ese  lim itin g  tra je c to rie s , and  th e  liq u id —v a p o u r n ode  (or v a p o u r—liqu id  node) 
is ta n g e n tia l  to  th e  tra jec to rie s  of th e  process in  p o in t x°i w h ich  d iv ides th e  
nodes in to  segm ents inverse ly  p ro p o rtio n a l to  th e  sh are  o f re s is tan ce  to  m ass 
tra n s fe r  in  each phase .

F ig. 1. L iq u id -v ap o u r nodes tan g e n tia l to  th e  p rocess tra jec to rie s  a t  R  — d o .  a — R esistan ce  
to  m ass tra n s fe r  co n ce n tra ted  in  th e  v a p o u r  p h ase ; b  — R esistance  to  m ass tran s fe r  d is tr ib 
u te d  b e tw een  th e  p h ases; c — R esistance  to  m ass tra n s fe r  c o n ce n tra ted  in  th e  liq u id  p h a se

Som e selected  cases are p re sen ted  in  F ig . 1. T he figu re  in d ica tes  th a t  in  
all th re e  cases th e  d irec tion  of th e  tra je c to r ie s  is d e te rm in ed  b y  th e  d irec tio n  
of th e  liq u id -v a p o u r  (or v a p o u r-liq u id )  node  in  th e  d iag ram  of th e  in v e s tig a te d  
m u ltic o n s titu e n t m ix tu re . The c h a ra c te ris tic  co n fig u ra tio n  of th e  node fie ld  
in  th e  co n cen tra tio n  sim plex  can be  u sed  fo r th e  c lassifica tion  of th e  d iag ram s. 
F ig . 2 p resen ts  th e  liq u id —v ap o u r n ode  fields fo r th e rm o d y n am ica lly  possib le  
p h ase  equ ilib rium  d iagram s in  th e  case o f a te rn a ry  m ix tu re . This figure  show s 
th a t  each  ty p e  of d iag ram  is ch a rac te rized  b y  a p a r tic u la r  node fie ld , an d  
co n seq u en tly  b y  a p a r tic u la r  course o f th e  tra je c to rie s  o f con tin u o u s re c t i
fica tio n .

L e t us in v es tig a te  in  general th e  local c h a rac te ris tic s  of th e  course of 
re c tif ic a tio n  process tra jec to rie s  in  th e  v ic in ity  of s te a d y -s ta te  p o in ts , i.e., 
p o in ts  in  w hich  th e  r ig h t sides of E q s (10) s im u ltan eo u sly  becom e zero. Since 
ßt is n e v e r  equal to  zero, tw o cases co rresp o n d  to  th e  cond itio n  of th e  zero 
so lu tion , nam ely ;

Xj =  0 o r K f  =  1

w hich can  a p p ea r in  vario u s com binations.
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A t  t  f с л

/ X  ч \
«У у W.VД аД

3.1 -  l b 3.1 - 1 c 3.1 - 2 3.1 - З а - 3.1 - з ь

F ig . 2. L iq u id -v ap o u r no d e  field  for d iag ram s o f d iffe ren t classes an d  ty p es . S te a d y -s ta te  
p o in ts  a re  m ark ed  b y  p o in ts . T he f irs t tw o d ig its  re p re se n t th e  class o f th e  m ix tu re . T he d ig it 
(a n d  le tte r)  a fte r  th e  d a sh  rep re sen t th e  ty p e  a n d  su b ty p e  of th e  m ix tu re . A n tip o d es a re  ob 

ta in e d  by  reversing th e  d irec tio n  of th e  nodes [1]

L e t us assum e th a t  all d is tr ib u tio n  coefficien ts K f are  equal to  1. In  th is  
case th e  in v e s tig a te d  s tead y -s ta te  p o in t corresponds to  th e  re-constituen t 
azeo tro p ic  m ix tu re  lo c a te d  on th e  h y p e rb o u n d a ry  of th e  c o n cen tra tio n  sim p lex .
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In  th e  case w hen  fo r (n — k)  co n stitu en ts  K f  =  1, an d  fo r к  co n s titu e n ts  
X, =  0, th e  s te a d y -s ta te  p o in t corresponds to  th e  azeo trop ic  m ix tu re  con
sisting  of (n -  k) c o n s titu e n ts .

I f  K f  =  1 fo r one c o n s titu e n t and  Xj =  0 fo r (n  — 1) c o n s titu e n ts , th e  
s te a d y -s ta te  p o in t co rresponds to  th e  pu re  c o n s titu e n t an d  is lo ca ted  a t  th e  
v e rte x  of th e  co n c e n tra tio n  sim plex . T hus, on ly  p o in ts  co rrespond ing  to  azeo
tro p ic  m ix tu res  or to  p u re  c o n s titu e n ts  can a p p e a r  as s te a d y -s ta te  po in ts  o f 
th e  tra je c to rie s  of rec tific a tio n  a t  R  =  oo.

I t  should  be  m en tio n ed  th a t  in  th e  case w hen  K f  =  1, we h av e  Xj =  y , 
an d , co n sequen tly , if  Xj =  0, th e n  x f  =  0.

L e t us in v e s tig a te  th e  course of th e  tra je c to r ie s  of th e  rec tific a tio n  
process in  th e  v ic in ity  o f th e  s te a d y -s ta te  p o in ts . F o r  th is  p u rpose , we shall 
sh ift th e  origin of th e  co o rd in a te  system  to  th e  s te a d y -s ta te  p o in t b y  in tro 
ducing  new  v ariab les  =  x , — x \^  fo r each c o n s titu e n t, w here x* s tan d s  for 
th e  coo rd in a te  of th e  sing u la r p o in t in  th e  c o n cen tra tio n  sim plex.

T h e  r ig h t sides o f E qs (8) are now  ex p an d ed  in to  T ay lo r series in  te rm s  
of v a riab le  x,,  re ta in in g  on ly  th e  lin ea r te rm s. T ak in g  in to  acco u n t th a t  m  =  ] ,  
a f irs t ap p ro x im a tio n  is o b ta in ed :

( 16)

dl

drjl

j= n- 1
B , ( K f -  1 ) V i  +  B 1 2  *1

J - 1

QKf 

9 xi
j= n-l QJÇg

В , ( K i -  1 ) ъ  +  В 1 2  x l — ± V j
dl j =  1 o X j

fin j= n—l r \K ë ,
S ^ L ^ B ^ K U -  l )4 n -i +  Bn- i  2  xzn - i ^ ~ — rirdl dxjJ= 1 ~~;

F ro m  th e  d e te rm in a n t of E q s (16), th e  c h a ra c te ris tic  eq u a tio n  is

( Щ -  ! )  +  x l
QKf

Эл^
-  X

*2
n-1

n B i
1

8Kf
( Щ -  1) +  x i

d i a
dx*

d K f
dx0

—  X . . . .  x l

d K f

®x n—l

э K j

9*„_1

/  9 J ^ - 1  9 ^ - iI -*'/1 — 1 _ x n —l
Эл^ dx„

( K i - I  -  1) + xZn-
9 ^ - i

Qxn-1
- X

=  0

(17)
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Л - 1

Since П  Bi ф  0, c h a ra c te r is tic  eq u a tio n  (17) is e q u iv a len t to  th e  char-
l

a c te r is tic  equation  s tu d ie d  in  d e ta il [3, 4] fo r th e  case o f free  equ ilib rium  
e v a p o ra tio n . A ccording to  th e  th eo rem  of ch a ra c te ris tic  ro o ts  p ro v ed  in  R ef. [5], 
th e  ro o ts  Я/ of E q . (17) w ill all be rea l. T h is m eans th a t  th e  s te a d y -s ta te  po in ts  
on th e  tra jec to ries  of th e  rec tific a tio n  process a t  in fin ite  re flu x  ra tio  w ill be 
e ith e r  o f th e  ‘ju n c tio n ’ o r  o f th e  ‘sad d le ’ ty p e . C onsequen tly , th e  ch a ra c te r  
o f th e  tra jec to ries  in  th e  v ic in ity  of s te a d y -s ta te  p o in ts  is s im ila r fo r equ i
lib r iu m  d istilla tion , fo r  eq u ilib riu m  co n d en sa tio n  an d  fo r co n tin u o u s  rec ti
f ic a t io n  a t  R  =  oo. I n  th e  s te a d y -s ta te  p o in ts  o f th e  ‘ju n c tio n ’ ty p e  all t r a 
je c to r ie s  of th e  re c tif ic a tio n  process e ith e r  e n te r  th is  p o in t or s ta r t  from  it.

I n  th e  case of s te a d y -s ta te  p o in ts  o f th e  ‘sad d le ’ ty p e , p a r t  o f th e  t r a 
je c to r ie s  enters th em  o r s ta r ts  from  th e m , w hile th e  o th ers  p roceed  hyper- 
b o lica lly  in  th e  v ic in ity  o f  th is  p o in t. T ak in g  in to  acco u n t th e  s im ila r course 
o f  tra je c to r ie s  in th e  v ic in ity  of s te a d y -s ta te  p o in ts  fo r th e  d iffe ren t processes 
l is te d  above, th e  re su lts  re p o rte d  in  [4 —9] can  be  u tilized  fo r  e luc ida ting  
v a r io u s  local c h a rac te ris tic s  o f th e  rec tific a tio n  process.

A  ‘range of c o n tin u o u s  rec tif ic a tio n ’ a t  in fin ite  re flu x  ra tio  refers to  
th e  m u ltitu d e  of co m p o sitio n s  in  th e  co n cen tra tio n  sim plex  in  w hich  all 
tra je c to r ie s  of th e  re c tif ic a tio n  process h av e  one in itia l s te a d y -s ta te  p o in t of 
th e  ‘u n s tab le  ju n c tio n ’ ty p e  an d  one s te a d y -s ta te  end  p o in t o f th e  ‘stab le  
ju n c t io n ’ type . T h u s, e ach  rec tific a tio n  ran g e  has a co rrespond ing  ch arac 
te r i s t i c  tra je c to ry  b eam  w ith  tw o  ‘ju n c tio n - ty p e ’ s te a d y -s ta te  p o in ts . These 
ra n g e s , com posed of o rd in a ry  tra je c to rie s , a re  sep a ra te d  from  each  o th e r by  
sé p a ra tr ic e s  of sa d d le - ty p e  s te a d y -s ta te  p o in ts . These la t te r  a re  p a r tic u la r  
tra je c to r ie s  of th e  re c tif ic a tio n  process, p roceed ing  from  th e  ju n c tio n s  to  th e  
sa d d le s  or in  th e  rev e rse  d irec tion . F o r  te rn a ry  m ix tu re s , th e  sad d le  sép a ra 
tr ic e s  are  lines, fo r fo u r-c o n s titu e n t m ix tu re s  th e y  are  su rfaces, fo r five- 
c o n s titu e n t m ix tu res v o lu m es, e tc . A tra je c to ry  or a se t o f tra je c to r ie s  of th is  
ty p e  is regarded  as a s e p a ra te  range  of con tin u o u s re c tific a tio n , ch a rac te rized  
b y  d e fin ite  s te a d y -s ta te  in itia l an d  end  p o in ts . T hese p o in ts  o f tra je c to ry  
b e a m s  belonging to  one rec tif ic a tio n  range a re  in  th e  in v es tig a ted  case m in im um  
a n d  m ax im um  boiling  te m p e ra tu re s  w ith in  th e  te m p e ra tu re  fie ld  ch a rac te riz in g  
th e  ran g e  in question . A long each  tra je c to ry  (no m a tte r  w h e th e r o rd in a ry  or 
p a r tic u la r )  the  d e r iv a tiv e  of th e  te m p e ra tu re  re ta in s  its  sign along  th e  heigh t 
o f  th e  colum n. W e sh a ll show  th is  on th e  exam ple  of te rn a ry  m ix tu re , u tiliz ing  
th e  v a n  der W aals e q u a tio n  connecting  th e  d is tr ib u tio n  coeffic ien ts K \  of th e  
c o n s titu e n ts  w ith  th e  te m p e ra tu re  an d  p ressu re  o f th e  coex isting  phases [10].

F o r te rn a ry  m ix tu re s  a t  c o n s ta n t p ressu re  th is  eq u a tio n  ta k e s  th e  fo l
low ing  form :

- Щ х , у ) d T  =  [ Í , / * ? ( £ ?  -  1) +  C i j x f ( K J  — 1)] d x f  +

+  [CjiXf ( K f  -  1) +  Z ,jx f(K f  -  1)] d x f
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w here  и](ху) — en tro p y  of p h ase  tra n s it io n ,
'Cij — second d e riv a tiv e  o f th e  G ibbs p o te n tia l w ith  re sp ec t to  con

cen tra tio n ,
T  te m p e ra tu re .

T ak in g  in to  accoun t th a t  ж,- =  y , ,  E q . (2), a fte r re a rra n g em e n t, y ie ld s

ß ix f  =  B/Xj  (19)
, 1 1 , 1w h e r e  —  = --------- ---------

ßt ß\x) ß (r

B y  so lv ing  E q . s (10) an d  (19) jo in tly , th e  following system  of eq u a tio n s  
is o b ta in e d :

d r
Ä = f t * f ( X f - l )

dl

=  A*S(*I ~  hdl
................................................................... ( 20)

dr
- ^ = / ? „ _ 1* « _ 1( Х ' _ , -  1).

d l

d x  •
B y  s u b s ti tu t in g  th e  expression  fo r ----- • o b ta in e d  from  th e  eq u a tio n  sy s tem  (20)

dxj
in to  E q . (18) a n d  som e re a rra n g em e n t, th e  following eq u a tio n  is o b ta in e d

d T ==_  д  ( K f - l ) a (* f )2 Cu+ 2 ( K f - l )  (Kf  - 1 ) xfxfCu+ ( K f - 1 )3 Zjj {2 1 )
d l ‘ rjxy

Since th e  n u m e ra to r  an d  d e n o m in a to r  in  th e  r ig h t side o f E q . (21),
, . . d T

as w ell as /?,, a re  alw ays p o sitive , th e  d e riv a tiv e  —— does n o t change i ts  sign
dl

w hen m ov ing  from  one s te a d y -s ta te  p o in t to  an o th e r w ith in  th e  b o u n d a rie s  
o f one tr a je c to ry  beam .

U n d e r  co n d itio n s w hen th e  s te a d y -s ta te  p o in t has been reach ed  b y  
sev era l c o n s titu e n ts , K i — K j  =  1, w hile  fo r th e  re s t of th e  c o n s titu e n ts

d T
x f  — 0 a n d  co n seq u en tly  — — =  0. I n  th is  case l —>oo, i.e., a c o n s ta n t te m p e r

ái
a tu re  zone will be  observed in  th e  rec tif ic a tio n  colum n co rresp o n d in g  to  
a c o n s ta n t co m position  of th e  m ix tu re  b e ing  sep ara ted . T hus, w h a te v e r  th e  
d is tr ib u tio n  o f th e  resistance  to  m ass tra n s fe r  betw een  th e  phases, each  t r a 
je c to ry  of th e  rec tifica tio n  process h as  one an d  only one p o in t of in te rse c tio n
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F ig . 3. I so th e rm -iso b a r  to p o g rap h ic  system s fo r th e  d iag ram s corresponding to  d iffe ren t 
c lasses an d  types. T h e  f i r s t  tw o dig its re p re sen t th e  class, th e  follow ing d ig it and  le t te r  re fe r

to  th e  ty p e  a n d  su b ty p e

w ith  th e  iso th e rm -iso b a r. C onsequently , th e  to p o g rap h ic  system  of iso th e rm s-  
iso b ars  uneq u iv o ca lly  characterizes th e  q u a lita tiv e  course of th e  tra je c to r ie s
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a t  in fin ite  re flu x  ra tio s. B y  w ay  of exam ple , Fig. 3 p re sen ts  th e  th e rm o d y n a m 
ica lly  possible to p o g rap h ic  sy stem s of iso th e rm s-iso b a rs  fo r te rn a ry  m ix 
tu re s  [3].

T he correspondence b e tw een  th e  tra je c to ry  sy stem  of th e  re c tif ic a tio n  
p rocess and  th e  to p o g rap h ic  sy stem  of te m p e ra tu re s  is m an ife s ted  b y  ‘ju n c tio n ’ 
ty p e  s te a d y -s ta te  po in ts  in  th e  tra je c to ry  d iagram  a p p ea rin g  as ‘c e n tre ’ ty p e  
s te a d y -s ta te  po in ts  in  th e  to p o g rap h ic  sy stem , an d  sad d le -ty p e  s te a d y -s ta te  
p o in ts  corresponding  to  saddles.

O u r analysis has show n th a t  th e  course of th e  tra je c to r ie s  of co n tin u o u s  
rec tific a tio n  differs a t  d iffe ren t shares of th e  co n tac tin g  phases in  th e  re sis tan ce  
to  m ass  tra n sfe r . I t  follows from  th is  t h a t  in  th e  general case, th e  b o u n d a rie s  
o f th e  rec tific a tio n  ranges (defined  as th e  m u ltitu d e  of tra je c to r ie s  p roceed ing  
from  th e  ju n c tio n  to  th e  sadd le  or reverse ly ) are m obile an d  depend  on th e  
d is tr ib u tio n  of th e  resis tan ce  to  m ass tra n s fe r  be tw een  th e  phases. O nly  th e  
s te a d y -s ta te  p o in ts  co rrespond ing  to  azeo trop ic  m ix tu re s  a n d  to  p u re  co n 
s t i tu e n ts  are im m obile in  th e  tra je c to ry  d iag ram . T he lim itin g  loca tio n  o f th e  
b o u n d a rie s  is de te rm in ed  b y  tra je c to r ie s  fo rm ing  a m u ltip lic ity  w hich  sep a ra te s  
th e  com position  sim plex in to  d is tilla tio n  ranges an d  a m u ltip lic ity  se p a ra tin g  
th e  com position  sim plex in to  co n d en sa tio n  ranges. In  th e  specific case o f t e r 
n a ry  m ix tu res , each of th e se  m u ltip lic itie s  consists of one tra je c to ry  or o f 
a f in ite  n u m b er o f tra jec to rie s .

I t  is know n [11, 12] t h a t  th e  class, ty p e  an d  su b ty p e  of th e  d iag ram  
is d e te rm in ed  b y  th e  to ta l  n u m b e r a n d  re la tiv e  positio n  of s ingu la r p o in ts  
o f th e  ‘ju n c tio n ’ an d  ‘sad d le ’ ty p e . As show n in  th e  foregoing, a ch a ra c te ris tic  
‘p a t te r n ’ of tra je c to ry  b eam s in  th e  co n cen tra tio n  s im p lex  corresponds to  
each  k in d  of d iag ram . In  te rn a ry  system s, all re c tific a tio n  ranges can  be su b 
d iv id ed  in to  five  groups, d ep en d in g  on th e  p a tte rn  of tra je c to ry  beam s. I t  
sh o u ld  be  n o ted  th a t  th e  t r a je c to ry  b eam  p a tte rn s  are  in d e p e n d e n t of th e  
d is tr ib u tio n  of th e  resistance  to  m ass tra n s fe r  be tw een  th e  phases b o th  w ith in  
th e  lim its  o f one range and  in  th e  d iag ram  as a whole.

T h e  f irs t g roup  inc ludes ranges w hose con figu ra tion , in  th e  genera l case, 
is a cu rv ilin ea r tr ian g le . T h e  ran g es belong ing  to  th is  g roup  are  ch a rac te rized  
b y  th e  p resence of tw o ‘ju n c tio n ’ ty p e  p o in ts  N 0 an d  of one ‘sad d le ’ ty p e  p o in t 
C 0 rep re se n tin g  a hyperbo lic  segm en t of th e  ‘sadd le’. I n  p a r tic u la r , th is  is 
th e  p rin c ip le  of th e  tra je c to ry  d iag ram  a t  R  =  oo for zero class m ix tu re s  [!]• 
T h is k in d  of d iag ram  is p re sen ted  in  F ig . 4a.

T h e  second group consists o f rec tific a tio n  ranges w ith  a defo rm ed  q u a d 
ra n g u la r  con figu ra tion . These ranges are  ch a rac te rized  b y  th e  presence o f tw o  
ju n c tio n  p o in ts  N 0 an d  tw o  sad d le  p o in ts  C 0. T his g roup  is fu r th e r  d iv id ed  
in to  tw o  subgroups. In  th e  f ir s t  su b g ro u p , th e  p o in ts  N 0 a n d  C 0 a l te rn a te  
(F ig . 4 b ), in  th e  second su b g ro u p  th e  p o in ts  N 0 an d  C0 a re  a rran g ed  in  p a irs  
(F ig . 4c).
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Fig. 4. E x am p les  for d iffe ren t g roups of re c tif ic a tio n  ranges

T he th ird  g roup  consists of re c tif ic a tio n  ranges co n ta in in g  th ree  sadd le  
p o in ts  C0 a t  th e  b o u n d a ry  an d  tw o ju n c tio n  p o in ts  N 0. G eom etrically , th is  
g ro u p  corresponds to  a deform ed p e n ta g o n  w here tw o  C 0 p o in ts  are lo ca ted  
n e x t  to  each o th e r on th e  b o u n d a ry  line an d  th e  th ird  C0 p o in t be tw een  tw o 
N 0 po in ts  (Fig. 4d).

T he fo u rth  g ro u p  consists o f re c tif ic a tio n  ranges con ta in in g  tw o  N 0 
p o in ts  and  four C 0 p o in ts . These ran g es co rrespond  to  a deform ed hex ag o n
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in  w hich  tw o  a d ja c e n t sides are  b o n d e d  to  each  o ther. Cases are  possib le  
w here  p a irs  o f C0 p o in ts  are se p a ra te d  b y  N 0 p o in ts  (firs t subgroup) (F ig . 4e). 
I n  th e  ran g es fo rm in g  th e  second su b g ro u p , th re e  C 0 po in ts  are  a d ja c e n t  
an d  one C 0 p o in t is lo ca ted  betw een  tw o  N 0 p o in ts  (F ig . 4f).

T he f if th  group  o f rec tific a tio n  ranges co rresponds to  th e  case w here  
tw o  N 0 p o in ts  and  fiv e  C 0 po in ts are  p re se n t. T he con figu ra tion  is t h a t  o f  a 
h e p tag o n  w ith  tw o  a d ja c e n t sides b o n d e d  (F ig . 4g).

D ep en d in g  on th e  ty p e  of th e  re c tif ic a tio n  ran g e , local ex trem a  fo r  th e  
in d iv id u a l c o n s titu e n ts  are  observed  along  th e  tra je c to rie s . In  ideal c o u n te r-  
c u rre n t co lum ns, a local ex trem u m  in  th e  c o n c e n tra tio n  of th e  c o n s titu e n t i  

co rresponds to  th e  cond itio n  y f  =  x f ,  i .e ., K f  =  1 fo r th is  co n stitu en t. A  n u m 
b e r of m u ltitu d e s  lo ca ted  c h a ra c te ris tic a lly  in  th e  co n cen tra tio n  s im p lex

2 3 2  3 2  3 2  3 2  3 2  3

1 1 1 1

F i g .  5. Thermodynamically possible diagrams of the K f  —  1 lines. The first two digits repre
sent the class, the digit after the dash refers to the type, the Latin letter represents the subtype 
and the Greek letters denote diagrams with particular deformation of the rectification tra

jectories at infinite reflux ratio
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In  th e rm o d y n a m ic a lly  possible l iq u id -v a p o u r  equ ilib rium  d iag ram s fo r th ree - 
c o n s titu e n t m ix tu re s  sa tis fy  th e  co n d itio n  th a t  th e  d is tr ib u tio n  coeffic ien t of 
an  in d iv id u a l c o n s ti tu e n t  be equal to  1. B y  w ay  of exam ple, F ig . 5 p re sen ts  
th e  lines K ; =  1. B y  com paring  F ig . 5 a n d  F ig . 3, i t  can  be seen th a t  in  
in d iv id u a l cases sev e ra l d iagram s of th e  K , =  1 lines m ay  co rrespond  to  one 
a n d  th e  sam e d ia g ra m  w ith  a c h a ra c te r is tic  p a tte rn  of iso th e rm s—isobars. 
T h is  ty p e  of d iag ram s, analogously  to  th e  d iag ram s of th e  tra je c to rie s  of free 
equ ilib riu m  e v a p o ra tio n  [12] m igh t he  ca lled  d iagram s w ith  d isc rim in a ted  
d e fo rm atio n  of th e  tra je c to rie s  of re c tif ic a tio n  an d  — re ta in in g  th e  class, 
ty p e  an d  su b ty p e  o f  th e  d iagram s m ig h t b e  d en o ted  b y  th e  sym bols a , ß, y.

F igs 3 an d  5 also  in d ica te  th a t  a lin e  К,- =  1 passes th ro u g h  th e  v e r te x  
i o f th e  trian g le  th ro u g h  w hich an  iso th e rm —iso b ar of fin ite  d im ension  passes. 
In  th is  case th is  v e r te x  appears in  th e  tr a je c to ry  d iagram  [12] as a segm en t 
o f th e  saddle  C 0, i.e.,  as a s te a d y -s ta te  p o in t o f th e  saddle ty p e . Tw o lines 
(K f  =  1 and  K f  — 1) pass th ro u g h  b o th  ju n c tio n  and  sadd le  ty p e  s tead y - 
s ta te  p o in ts  lo ca ted  on  th e  sides of th e  G ibbs tr ia n g le  ij . These p o in ts  co rrespond  
to  b in a ry  azeo tro p ic  m ix tu res . T hree  lines fu lfilling  th e  cond itio n  K f  — 1, 
K f =  1 and  K f  =  1 pass  th ro u g h  th e  s te a d y -s ta te  po in ts  o f th e  ju n c tio n  an d  
sad d le  ty p e , re sp ec tiv e ly , corresponding  to  te rn a ry  azeotropic  m ix tu res .

F o r  an y  re c tif ic a tio n  tra je c to ry  lo c a te d  in  th e  in te rio r  of th e  rec tific a tio n  
ran g e , th e  c o n s ta n t te m p e ra tu re  zones a t  l —>■ oo corresponding  to  zones of 
c o n s ta n t c o n c e n tra tio n  x, =  const, a re  lo c a te d  a t  th e  in itia l a n d  f in a l p o in ts  
o f th e  tra je c to ry . (T he  zones of c o n s ta n t co n cen tra tio n  are  u su a lly  called 
c o n s ta n t c o n c e n tra tio n  ranges, CCR.) T h ese  po in ts  are s te a d y -s ta te  p o in ts  
o f th e  liq u id -v a p o u r  equ ilib rium  d iag ram  a n d  correspond  as show n before  — 
to  azeo trop ic  m ix tu re s  an d  to  pu re  c o n s titu e n ts . T hus, th e  n u m b e r of such  
zones is tw o  fo r a n y  o rd inary  re c tif ic a tio n  tra je c to ry . T he c h a rac te ris tic  
S -sh ap e  of th e  te m p e ra tu re  curve a long  th e  h e ig h t of th e  co lum n is show n 
in  F ig . 6a  fo r th e  case  of o rd in ary  tra je c to r ie s  loca ted  in  th e  in te r io r  o f th e  
re c tif ic a tio n  ran g e .

T he sequence  o f  sim ple n o n -s te a d y  s ta te  po in ts  on an y  t r a je c to ry  co r
resp o n d s to  f in ite - le n g th , ideal d isp lacem en t rec tifica tio n  colum ns.

T herefo re, i f  i t  is assum ed th a t  th e  process is in te r ru p te d  a t  a de fin ite  
co n cen tra tio n  in  one or tw o cross-sections of th e  a p p a ra tu s , th e  le n g th  l o f 
th e  colum n w o rk ing  w ith in  th e  chosen co n cen tra tio n  range w ill co rrespond  
e ith e r  to  a f in ite  o r to  an  in fin ite , b u t  d e fin ite ly  to  only a single CCR zone. 
T h u s , th re e  cases can  be d istingu ished  a t  R  =  oo;

1. I =  oo, tw o  m arg ina l CCR zones ex ist,
2 . 1  =  oo, one m arg ina l CCR zone ex ists,
3 . I =  f in ite , n o  CCR zones ex is t.
T he la s t case corresponds to  th e  m in im u m  leng th  of th e  co lum n capab le  

o f  perfo rm ing  th e  req u ired  sep a ra tio n  (se t o f conditions I I  in  T ab le  I). T h u s ,
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F ig. 6. T em p era tu re  g ra d ie n t  along th e  h e ig h t of th e  co lum n a t  d iffe ren t n u m b er o f c o n s ta n t 
com position  zones a long  th e  b o u n d a ry  tra jec to rie s  o f th e  re c tif ic a tio n  process, a  — 2 CCR 
zones, b  — 3 CCR zones, c — 4 CCR zones, d — 5 CCR zones, e — 6 CCR zones, f  — 7 CCR zones

th e  tra jec to rie s  of th e  se t of cond itions I I  re p re se n t p a r t  o f  th e  tra jec to rie s  
o f th e  se t of co n d itio n s I ,  an d  co n sequen tly  are  fu lly  enclosed w ith in  th e  lim its  
of th e  con tinuous re c tif ic a tio n  range ch a ra c te ris tic  fo r th e  g iven d is tr ib u tio n  
of resistance  to  m ass tra n s fe r  betw een  th e  phases.

T he tra je c to rie s  co incid ing  w ith  th e  b o u n d aries  of th e  rec tifica tio n  ran g e  
are of p a r tic u la r  in te re s t .  T he h ighest and  low est boiling  te m p e ra tu re s  of th e  
m ix tu res  w hose c o n c e n tra tio n s  co rrespond  to  th e  b o u n d aries  of th e  rec tifica 
tio n  ranges are s te a d y -s ta te  p o in ts  o f th e  ju n c tio n  ty p e , w hile th e  te m p e ra tu re  
co rrespond ing  to  s te a d y -s ta te  p o in ts  of th e  sadd le  ty p e  is an  in te rm ed ia te  
te m p e ra tu re  w ith in  th e  given te m p e ra tu re  range. T herefo re , th e  rec tifica tio n  
tra je c to ry  m ay  e x te n d  from  one ju n c tio n  p o in t to  th e  o th e r, w hile passing  
th ro u g h  one or sev e ra l p o in ts  of th e  sadd le  ty p e . I n  th e  ran g es co rresponding  
to  sad d le -ty p e  s te a d y -s ta te  p o in ts , CCR zones w ill be observed  w hich — in  
c o n tra s t to  th e  b o u n d a ry  zones correspond ing  to  ju n c tio n - ty p e  s te a d y -s ta te  
po in ts  — w ill be lo c a te d  in  th e  m iddle  of th e  rec tific a tio n  co lum n. I t  is w o rth  
m en tion ing  th a t  in  th is  case, te rn a ry  sad d le -ty p e  azeo trop ic  m ix tu res m ay  
also ap p ea r as n o n -te rm in a l po in ts  o f th e  tra je c to ry . T hese w ill th e n  correspond 
to  a CCR zone lo c a te d  in  th e  m iddle of th e  colum n.

In  fac t, th e  re c tif ic a tio n  a p p a ra tu s  ap p ears  in  th e  in v es tig a ted  cases 
as if i t  w ere com posed  o f in d iv id u a l colum ns, each  se p a ra tin g  q u a lita tiv e ly
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d iffe ring  m ix tu res . A c tu a lly , th e  tra n s i t io n  from  one p a r t  of th e  colum n 
th ro u g h  a CCR zone to  an o th e r p a r t  is accom panied  b y  th e  d isap p earan ce  of 
a  c o n s titu e n t, w hile a n o th e r  c o n s titu e n t m ay  ap p ea r in  th e  su b se q u e n t p a r t  
o f  th e  colum n.

Since th e  n u m b e r  o f CCR zones along  th e  b o u n d a ry  tra je c to rie s  is equal 
to  th e  n u m b er of s te a d y -s ta te  p o in ts  a n d  th e  in itia l an d  f in a l s te a d y -s ta te  
p o in ts  are alw ays ju n c tio n - ty p e  p o in ts , in  th e  general case th e  n u m b e r S  
o f  th e  CCR zones fo r th e  b o u n d a ry  tra jec to rie s  is eq u a l to  th e  n u m b e r o f 
sa d d le -ty p e  s te a d y -s ta te  po in ts C 0 lo c a te d  one a fte r  th e  o th e r on th is  t r a 
je c to ry , +  2:

S =  C0 +  2 (22)

In  Fig. 6, th e  d iffe ren t cases o f  CCR zone lo ca tio n  along th e  p a r ts  o f 
th e  co lum n are p re se n te d . I t  can be  seen  from  th e  fig u re  th a t  th e  m ax im u m  
n u m b e r  of CCR zones fo r th e  b o u n d a ry  tra jec to ries  co rrespond ing  to  th e  se t 
o f  cond itions I  is 7 a n d  th e  m in im um  n u m b e r is 2. T he d e m o n s tra te d  ch a rac 
te r is tic s  of th e  b e h a v io u r  of tra je c to rie s  on  th e  b o u n d a ry  of rec tific a tio n  ranges 
a re  v e ry  in te res tin g , because  in  th is  case  frac tions of p u re  c o n s titu e n ts  h av in g  
m ed iu m  v o la tility  a n d  frac tions o f azeo tro p ic  m ix tu res  w ill be  p re se n t as in te r 
m e d ia te  frac tions. T h is  appears to  b e  a  genera lization  o f th e  know n th eo rem  
o f lim itin g  tra je c to r ie s  for te rn a ry  m ix tu re s , accord ing  to  w hich , th e  p u re  
c o n s titu e n t hav in g  a  m edium  v o la t i l i ty  value as co m p ared  to  th e  tw o  o th e r 
c o n s titu e n ts  can  a p p e a r  as a f ra c tio n  corresponding  to  a CCR zone [13]. 
I n  th is  case, only one sad d le -ty p e  s te a d y -s ta te  p o in t ex ists, ly ing  on th e  b o u n d 
a ry  o f th e  G ibbs tr ia n g le  and  co rresp o n d in g  to  th e  p u re  c o n s titu e n t hav in g  
m e d iu m  v o la tility  (cf. d iag ram  of th e  zero class in  F ig . 2, co rrespond ing  to  
azeo tro p ic  and  p a r t ly  to  ideal m ix tu re s ) .

In  princ ip le , th e  set of co n d itio n s  I I  on th e  b o u n d aries  of con tin u o u s 
re c tif ic a tio n  ranges is also rea lizab le . I f  th e  b o u n d a ry  passes th ro u g h  th e  
in te r io r  of th e  G ibbs trian g le , th is  case does n o t d iffer a t  all from  th e  case 
o f  o rd in a ry  tra je c to r ie s . I f  th e  tr a je c to ry  of th e  process coincides w ith  th e  
side  o f th e  G ibbs tr ia n g le , th is  case co rresponds to  th e  sep a ra tio n  of an  o rd in a ry  
b in a ry  m ix tu re  in  a  colum n of m in im u m  leng th , cap ab le  of sep a ra tin g  th e  
m ix tu re  in  question .

T hus, a t  R  =  oo, th e  co n tin u o u s  rec tifica tio n  ranges are ch a rac te rized  
b y  th e  tra je c to ry  b e a m  co rrespond ing  to  th e  set of cond itions I . T he com posi
t io n s  of th e  fin a l p ro d u c ts  co rrespond ing  to  th e  se t of co n d itions I I  are loca ted  
w ith in  th e  lim its o f th e  given ran g es . T he boundaries b e tw een  th e  ranges a re  
d e te rm in ed  by  th e  lim itin g  tra je c to r ie s  of th e  beam , passing  from  ju n c tio n  
to  ju n c tio n  th ro u g h  sad d le -ty p e  s te a d y -s ta te  p o in ts . E ach  tra je c to ry  beam , 
co rrespond ing  to  a n  in d iv id u a l re c tif ic a tio n  range, is ch a rac te rized  b y  its  
elosedness. T he c h a ra c te r  of th e  p o s itio n  of th e  beam  w ith in  one ran g e  an d
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th e  re la tiv e  lo ca tio n  of th e  beam s in  th e  G ibbs trian g le  do n o t d ep en d  on 
th e  d is tr ib u tio n  o f th e  resis tan ce  to  m ass tra n s fe r  betw een  th e  p h ases , b u t  
are  d e te rm in ed  b y  th e  s tru c tu re  of th e  liq u id —v a p o u r equ ilib rium  d iag ram ,
i.e., b y  th e  location  of l iq u id -v a p o u r  nodes an d  iso therm s-isobars in  th e  d ia 
g ram s in  q uestion . I n  th e  case o f ideal d isp lacem en t a p p a ra tu s , th e  p o sitio n  
of th e  b o u n d aries  b e tw een  th e  re c tif ic a tio n  ranges depends on th e  d is tr ib u tio n  
of re s is tan ce  to  m ass tra n s fe r  be tw een  th e  phases.
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RECENSIONES

Kinetics nnd M echanism  o f  Polyreactions

IU PA C  In ternational S y m p o s iu m  on Macromolecular Chemistry. P lenary and  
m ain lectures

E d ited  b y  F . T t Í D Ő s .  A k ad ém ia i K iad ó  (Pub lish ing  H ouse  o f th e  H u n g a rian  A cadem y of 
Sciences), B u d a p es t 1971. L I I  sh ee ts , 808 p p ., 457 figures, 149 tab le s

T he vo lum e co n ta in s 4 p le n a ry  an d  35 m ain  lec tu re s  p re sen te d  a t  th e  IU P A C  I n te r 
n a tio n a l S ym posium  on M acrom olecu lar C hem istry  held  in B u d a p e s t fro m  25 th  to  30 th  A u g u s t, 
1969.

T he su b jec t o f  th e  vo lu m e: k in e tic s  and  m echanism  o f p o ly rea c tio n s  an d  re la te d  p rob lem s 
in  th e  syn thesis an d  ch em istry  o f  p las tic s an d  h igh p o ly m ers. T h e  vo lum e gives a  co m p re
hensive v iew  of general re su lts  a tta in e d  in  th e  field  o f p o ly m ers.

I t  deals m ain ly  w ith  th e  follow ing sub jects:

P o ly ad d itio n  an d  p o ly co n d en sa tio n  
C ationic, an ion ic  a n d  ra d ic a l po lym eriza tion  
Ion ic  co o rd in a tio n  p o ly m eriza tio n  
R a d ia tio n  a n d  p h o to ch em ica l po lym eriza tion  
P o ly m eriza tio n  in h e te ro g en eo u s system s 
P o ly m erizatio n  in th e  solid  phase  
G rafting  and  cross-link ing  
Po lym er-analogous re ac tio n s
D epo lym eriza tion , d e g ra d a tio n  an d  stab iliza tio n  o f p o ly m ers

T he co n trib u to rs  o f th e  v o lu m e are  o u ts tan d in g  sc ien tis ts  an d  researchers o f in te r 
n a tio n a l re p u te . T he sc ien tific  m a te r ia l  o f th e  book com prises th e  m o st im p o rta n t re su lts  o f  
k inetic  and  m echanism  re sea rch  c a rried  o u t in th e  field  o f h ig h  po ly m ers an d  should  be  o f 
considerable use fo r all sc ien tis ts  in te re s te d  in th e  field  o f m ac ro m o lecu la r ch em istry  in  gain ing  
a view  of th e  re ce n t a ch iev em en ts  in  th is  field .

O w ing to  i ts  c o n te n t, th e  v o lu m e will u n d o u b ted ly  w in  h ig h  acclaim  am ong m ac ro 
m olecular chem ists fo r its  close re la tio n  to  sub jects o rig in a tin g  o r ra p id ly  developing d u rin g  
th e  la s t years.

T he w ork  is o f g re a t in te re s t  fo r specialists in th e  fie ld  o f  po ly m ers enab ling  th em  to  
ap p ly  th e  m o st re ce n t co n cep ts to  th e ir  own work.

T he p r in tin g  of th e  boo k  is v e ry  good; th e  fo rm ulas a n d  figu res are  clear, m isp rin ts  
an d  errors w ere n o t  found .

In  su m m ary , i t  is th e  op in io n  o f th e  review er t h a t  th e  bo o k  is w rit te n  in  a co h eren t 
w ay  and  is easy  to  h an d le . I t  m a y  b e  recom m ended to  sp ec ia lis ts  o f h igh  po lym ers, as w ell 
as ad v an ced  s tu d e n ts  specia lized  in  m acrom olecu lar c h em istry .

I. GÉCZY
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X X I I I r d  In ternational Congress o f  Pure  and A pp lied  Chemistry

B o sto n , USA, 1971. Specia l L ec tu res. B u tte rw o r th s , L ondon , 1971

IU P A C  organized a t  th e  end of J u ly  1971 i ts  X X I I I rd  congress, an d  th e  spec ia l lec tu res 
w e re  av a ilab le  a lread y  fo u r  m o n th s  la te r , in  D ecem ber 1971, in th e  fo rm  o f a  boo k  of ab o u t 
2500 pages, in 8 vo lum es, to  th e  re ad e rs  in te re s ted .

T h is  w orld reco rd  o f p u b lish in g  w as m ad e  possib le b y  th e  p h o to m ech an ica l rep ro d u c tio n  
o f  th e  o rig ina l m an u scrip ts . T h is ra p id i ty  w e n t n a tu ra lly  som ew hat to  th e  exp en se  of q u a lity , 
a n d  in  som e places even  th e  page  n u m b erin g  is p ro b lem atic . B u t th is  sh o rtco m in g  is by  far 
su rp a sse d  by  th e  a d v a n ta g e  th a t  th e  te x t  o f th e  p a p e rs  can  be  s tu d ied  a lre a d y  a t  a  tim e  when 
th e y  h a v e  n o t y e t lo st th e ir  a c tu a lity . A t su ch  a huge congress, even p a r tic ip a n ts  canno t 
a t t e n d  each  lec tu re  o f in te re s t  to  th em . T h e  p o ss ib ility  of q u ie t m e d ita tio n  o v er a w r it te n  te x t  
m e a n s , th erefo re , an  en o rm o u s a d v an tag e  fo r ev erybody .

V olum e 1, 417 pp . (U S $ 15), com prises th e  lec tu res  o f th e  follow ing sec tio n s: a) “ A ppli
c a t io n  o f q u a n tu m  m ech an ics  to  o rgan ic  re a c tio n  p a th s ” , 8 pap ers  (M. J .  S. D e w a r , F . F u k u i, 
e tc .)  on  175 pages. b ) ‘ “ In te rm o lec u la r  re a rra n g em en ts , valence iso m eriza tio n  an d  cyclo
a d d itio n , 7 papers (e.g. R . H u is g e n , E . D o e r in g , e tc .) 136 pages; c) “ P h o to c h em is try ” , 
c p a p e rs  (e.g. O. L. Ch a p m a n , D. E l a d , e tc .).

V olum e 2, 337 p p . (U S $ 12), c o n ta in s : a) “ G eneral m eth o d s of sy n th e s is” . In  th is  p a r t  
(5 p a p e rs , 120 pages), th e  le c tu re  o f E . J .  Co r e y  is o f p a r ticu la r  in te res t. I t  deals w ith  th e  com 
p u te r iz e d  design of th e  sy n th esis  o f co m plex  o rgan ic  m olecules, b) “ N ew  n a tu ra l  p ro d u c t 
sy n th e s is ”  (4 p apers, 111 pages). F ro m  th e  p r in te d  te x t  th e  p a p e r o f R . W o o d w a rd  on v ita 
m in  B 12 syn thesis has b een  re g re tta b ly  le f t o u t  (obviously  upo n  th e  re q u e s t o f  th e  lecturer). 
T h e  a u th o r  has re p o rte d  on  th e  co m ple tion  of th is  w ork in F e b ru a ry  1972, a t  th e  IU PA C  
sy m p o siu m  in New D elh i on  n a tu ra l  o rg an ic  su b stan ces , c) “ Sm all r in g s”  (8 p ap ers). I  i th is 
p a r t ,  we can read  th e  te x t  o f th e  env isaged  lec tu re  o f E . S chm itz , w hich could  n o t  be p resen ted  
b y  th e  a u th o r  in person .

V olum e 3, 131 p p . (U S $ 7.50), w ith  th e  follow ing p a r ts : a) “ M edicinal C hem istry”  
(4 lec tu re s , 54 pages), am o n g  th ese  C. D j e r a s s i : “ R eversib le  fe rti l ity  c o n tro l.”  b ) “ In sect 
c h e m is try ”  (3 papers) w ith  an  in tro d u c tio n  fro m  A. J .  B ir c h .

V olum e 4 (540 p p ., U S $ 18). a) “ S h o rt-liv ed  in te rm ed ia te s” , th e  t e x t  o f 10 lectures 
o n  222 pages, includ ing  am ong  th e  a u th o rs  N . K o rn blu m , G. A. R u s s e l , a n d  o th ers , b) “ Free 
ra d ic a l  an d  hom oly tic  m ech an ism s”  (153 p p .)  6 lec tu res, including those  o f P . D. B a rtlett , 
N . M. E m a n u el , etc. c) “ Io n  p a ir  p ro cesses” , 7 lec tu res (e.g., th e  p a p ers  o f  V. A. K abanov , 
M . S ch w a rz , etc.).

V olum e 5 (128 p p ., US $ 7.50), c o n ta in s : a) “ B iosyn thesis” , 110 p ag es w ith  4 lectures 
(A . R . B a tte r sb y , E . v an  T a m e l e n , e tc .), b ) T h e  section  “ M echanism  o f enzym e action” 
in c lu d e s  only th e  p a p e r  o f F . H . W e s t h e im e r .

V olum e 6 (296 p p ., U S $ 12), com prises th e  p a p ers  o f th e  follow ing sec tio n s: a) “ Organo- 
tra n s it io n  m eta l c h e m is try ” , 6 lec tu res  on 168 pages, includ ing  am ong o th e rs  th e  papers of 
R . M a so n , A. W. J o h n s o n , b) “ H om ogeneous ca ta ly s is”  con ta ins 4 p a p ers  (D . G. H . Balla rd , 
G . P . Ch iu s o l i, etc .).

V olum e 7 (279 p p ., US $ 12), re p o rts  on  th ree  sections: a) “ S p ec tro sco p y  in  s tru c tu re  
d e te rm in a tio n ” (9 lec tu re s  on  192 pages). T h e  d iscussion  of C-13 N M R  sp ec tro sco p y  by  J. D. 
R o b e r t s  is o f p a r tic u la r  in te re s t . In  a d d itio n , we cite  by  w ay of ex am ple  th e  le c tu re  o f R. C. 
L o rd  on laser-R am an  spec tro sco p y , a n d  t h a t  o f E . H e il b r o n n e r  on  p h o to e le c tro n  spec tro 
sco p y . b) “ A dvances in co n fo rm a tio n a l a n a ly s is”  (53 pp .). A fter an in tro d u c tio n  b y  D. B arto n , 
i t  co n ta in s  th e  lec tu res o f  F . A. B o v e y , M. G oodm an  an d  E . L. E l ie l . c) “ S y n th esis  and con
fo rm a tio n  of b io p o ly m ers.”  T he section  is re p re se n ted  b y  th e  te x t  o f th re e  lec tu re s  (e.g., R. В. 
M e r r if ie l d  and  B. Gu t t e ).

T he a rra n g e m e n t o f  th e  vo lum es m ak es i t  possible fo r each re ad e r  to  p u rc h ase  th e  te x t  
o f  p a p e rs  read  in th e  sec tions co rresp o n d in g  to  his sphere of in te res t.

Cs. SZÁNTAY
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X X I I I r d  In ternational Congress o f  Pure  and  A pp lied  Chemistry. Vol. 8.

S pecia l L ectures p re se n te d  a t  B o ston , U SA , J u ly  26— 30, 1971. B u tte rw o rth s , L o n d o n , 
1971. 317 pp.

V o lum e 8 con tains 19 lec tu res  from  th e  fie ld  o f m acrom olecu lar ch em istry .

T he f irs t fo u r p a p e rs  deal w ith  th e  p h o to c h e m is try  of m acrom olecu lar su b s ta n c es . 
T w o lec tu res discuss th e  p h o to ch em istry  a n d  th e  ex c ited  s ta te s  of p ro te in s  (F . W . J .  T e a l e ) 
a n d  nucle ic  acids (H . E . J ohns), w hile tw o  lec tu re s  t r e a t  th e  pho to ch em ica l d e g rad a tio n  of 
p o ly m ers (J . F . Н а в е к ) and energy t r a n s fe r  a n d  energy  m ig ra tion  w ith in  th e  p o ly m ers 
(G . Ge u s k e n s , C. D a v id ). The f irs t tw o  p a p e rs  fu rn ish  new  in fo rm atio n  on th e  s tru c tu ra l  
a n a ly s is  o f b io p o ly m ers, while th e  la t t e r  tw o  on  th e  new  possib ilities o f p h o to s ta b iliz a tio n  
a n d  pho tochem ical sy n th es is . The lec tu re  o f  J .  B oon  gives valuab le  new  d a ta  on th e  d e ta ile d  
m ech an ism  of th e  ste reoselec tive  p o ly m e riza tio n  o f o lefins w ith  Z iegler c a ta ly s ts , w hile  th e  
p a p e r  o f V. P. Zubov  re p o rts  on new p o ss ib ilitie s  o f th e  con tro l of p o ly m eriza tio n  and  co p o ly 
m eriza tio n  processes in  th e  presence o f com p lex -fo rm in g  add itives. T h e  n e x t  six p a p e rs  d eal 
w ith  th e  k in e tic  p ro b lem s of chem ical re a c tio n s  occu rrin g  in po lym ers (N . A. P l a t e  a n d  
A . D . L itm a no v ich ), w ith  th e  re la tio n sh ip  b e tw een  th e ir  physical p ro p e rtie s  an d  ch em ica l 
re a c tiv i ty  (II. Mo r e v e t z ), w ith  m ethods fo r  th e  p re p a ra tio n  of polym ers w ith  red o x  p ro p e rtie s  
(H . G. Ca ss id y ) an d  f in a lly , w ith th e  c ro ss-lin k in g  b y  g am m a-irrad ia tio n  of aqueous p o ly m e r 
so lu tio n s (E . K ir a n , F . R o driguez). T h e  to p ics o f th ese  papers p e rm it to  conclude t h a t  
a  s tu d y  of th e  chem ical tran sfo rm a tio n s  o f  p o ly m ers a lre ad y  form ed opens u p  new  p o ss ib ilities 
fo r  th e  acqu iring  of new  know ledge. T h e  le c tu re  on th e  re la tio n sh ip  be tw een  th e  m o rp h o lo g y  
a n d  th e  p rop erties  o f b lock-po lym ers (R . T . L a F l a ir ) is follow ed by a re p o rt  on  th e  ad v an c es  
in  th e  syn thesis of e thy len e-p ro p y len e  te rp o ly m e r  e lasto m ers (E . W . D u c k , W . Co o p e r ). 
T h e  n e x t  five  lec tu res d iscuss the  in te rn a l su rface  a n d  adhesion  problem s o f re in fo rced  p o ly m e r 
sy s tem s, w ith  p a r tic u la r  regard  to  th e  in te ra c t io n  p ro b lem s of glass, f ib e rs  an d  p o ly m ers. 
M odern  m ate ria ls  o f c o n stru c tio n  on p o ly m e r basis a re  a lm ost w ith o u t ex cep tio n  re in fo rced  
sy s te m s, and  th is  c ircu m stan ce  un d erlin es p a r tic u la r ly  b o th  th e  th eo re tica l a n d  th e  p ra c tic a l 
im p o rta n ce  of th e  fiv e  lec tu ie s  co m ple ting  th e  vo lum e.

In  sum m ary , i t  c an  be  seen from  th e  rev iew  g iven  above th a t  th e  19 lec tu re s  c o n ta in ed  
in  V olum e 8 give a c e r ta in  p ic tu re  on th e  lec tu re s  o f m acrom olecu lar c h em istry  in  B o sto n , 
b u t  th e  review er th in k s  t h a t  the  a v a ila b ili ty  in good tim e  of th e  m an u sc rip ts  to  th e  e d ito r  
p lay e d  a g re a te r  ro le in  th e  selection of th e  lec tu re s  in c lu d ed  in th e  vo lu m e, th a n  th e  c r itic a l 
e v a lu a tio n  of all th e  le c tu re s  p resented  a t  th e  Congress. M any v ery  im p o r ta n t  lec tu re s  w ere  
de liv e red  a t  th e  C ongress in Boston on  r e c e n t  re su lts  in  m acrom olecu lar c h em istry , w h ich , 
re g re t ta b ly , are n o t in c lu d e d  in th e  v o lu m e. Gy. H a r d y

R . G o m p p e r  ( e d i t o r ) :  Cycloaddition Reactions

IU P A C  Sym posium , M u n ich  1970. Specia lly  In v ite d  L ec tu res . B u tte rw o rth s , L ondon , 1971.
108 pp.

T he papers in c lu d e d  in  th is book w ere  also p u b lish ed  in P u re  an d  A pp lied  C h em istry  
(V ol. 27, No. 4, 1971).

T he paging of th e  book  s ta r ts  from  597 a n d  its  reaso n  is n o t in d ica ted . O f th e  m a te ria l  
o f  th e  Sym posium , th e  t e x t  o f five lec tu res  is in c lu d ed , to g e th e r  w ith  d e ta iled  re ference l is ts  
fo r  each. T his la t te r  su p p lem en t p rov ides a  con sid erab le  a d v an tag e  as co m p ared  w ith  th e  
sim p le  rep ro d u c tio n  of th e  oral p re sen ta tio n .

T h e  f irs t  p a p e r (P . D . B a rtlett , 13 pages) d eals w ith  some bord erlin e  cases o f cyclo 
a d d itio n ; w ith in  th is  v e ry  concisely and e ffec tiv e ly  d iscusses concerted  (2 +  2) cy c lo ad d itio n s 
a n d  th e  (2 +  2) a d d itio n  o f singlet oxy g en .

In  th e  lec tu re  o f H . B estiá n  (23 p ag es) th e  cy c loadd ition  of su lfonyl iso cy an a te s  on 
iso la te d  double  bonds, a liénés, ketenes, 1 ,3 -d ienes a n d  ace ty lenes are tre a te d .

S im ilarly  to  B a r t l e t t , Ch . S. F o o t e  also d iscusses th e  m echan ism  of a d d itio n  o f 
s in g le t oxygen to  o lefins a n d  o ther su b s tra te s  v e ry  in te re s tin g ly  on 12 pages.

G. M. J .  Sch m id t  deals w ith a re la tiv e ly  new  a n d  v e ry  d ifficult field , th e  p h o to d im e ri
z a tio n  in  th e  solid s ta te  (31 pages). T he le c tu re  is, u n fo r tu n a te ly , a p o sth u m o u s w ork , as 
th e  a u th o r  died in  1971. T his very  p rec ise ly  w r itte n  a n d  h ighly  in te re s tin g  p a p e r  a cu te ly
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rem in d s  th e  re ad e r o f  th e  g re a t  loss caused b y  th e  d e a th  o f th is  o u ts tan d in g  re sea rc h e r o f 
p h o to ch em is try .

T h e  a u th o r  o f th e  la s t  p a p e r  is N. J .  T u r r o , a n o th e r  o u ts ta n d in g  w orker in p h o to 
c h em istry  (C y c lo ad d itio n  re a c tio n s  o f carb o n y l com p o u n d s possessing  h igh  energy  c o n te n t) .

I t  is a p i ty  t h a t  som e o th e r  lec tu res t h a t  also a ro u sed  g re a t in te re s t (e .g . ,  th e  p a p e r  
b y  R . W o o d w a rd ) is n o t  p u b lish ed  in th e  book w h ich  h as been  ed ite d  carefully , in  good ty p o 
g rap h ica l p re se n ta tio n  a n d  w ith  a sh o rt p e iio d  o f p u b lica tio n .

Cs. Szá n ta  y

J .  T ö l g y e s s y , T .  B r a u n , Ж . K y r s : Isotope dilution analysis  

A k ad ém ia i K iadó , B u d a p e s t,  1972. p . 194.

T h is re ce n t boo k  o f th e  w ell-know n a u th o rs , to  w hich  P ro fesso r H a ïs s in s k y  w ro te  
a co m m en d a to ry  p re face , fills  a gap, as i t  is th e  f i r s t  m o n o g rap h  on  iso tope d ilu tio n  m ethods» 
p lay in g  a  ro le o f s te a d ily  in creas in g  im p o rtan ce  in  rad io an a ly s is . Iso tope  d ilu tio n  m e th o d s  
can  be  u sed  c o n v en ien tly  in  trac e  analysis, fo r th e  d e te rm in a tio n  of substances o f c losely  
re la te d  s tru c tu re , w h ich , th e re fo re , are d ifficu lt to  se p a ra te , p a r tic u la r ly  in  th e  fields o f o rg an ic  
ch em istry  an d  b io ch e m is try , fo r tes tin g  th e  p u r i ty  o f ra d io a c tiv e  p rep ara tio n s , fo r so lv ing  
p rob lem s in th e  d e te rm in a tio n  of geological age, fo r th e  ev a lu a tio n  of various ph y sico -ch em ical 
p ro b lem s, etc.

T h e  well sy s te m a tize d  su b jec t, w ritte n  in a lucid-sty le, is d iv id ed  in to  six m ain  c h a p te rs . 
T he f i r s t  c h a p te r  deals w ith  th e  th eo ry  of th e  iso to p e  d ilu tio n  m eth o d s , such as d irec t, rev ersed , 
d e riv ed  and  double  iso to p e  d ilu tio n , and  w ith  th e  ap p lica tio n  of th e  substo ich iom etric  p rin c ip le  
to  d irec t an d  rev ersed  iso to p e  d ilu tion . I t  d iscusses fu r th e r  th e  accu racy  and  se n s it iv ity  o f  
th e  iso tope  d ilu tio n  m e th o d s . T he second c h a p te r  m akes th e  re a d e r  acq u a in ted  w ith  e x p e ri
m en ta l tech n iq u es, p ro c ed u re s  used for se p a ra tio n , an d  w ith  th e  m odes of d e te rm in in g  th e  
q u a n tit ie s  o f su b s ta n c es  se p a ra ted . The th ird  c h a p te r  gives w ell selected d e te rm in a tio n s»  
im p o r ta n t  from  th e  p o in t  o f  view  of p rac tice , fro m  th e  field  o f ino rg an ic  chem istry , th e  fo u r th  
c h a p te r  from  those  o f o rg an ic  chem istry  a n d  b io ch em is try . T h e  f if th  c h ap te r  deals w ith  th e  
p rin c ip les , p ra c tic a l re a liz a tio n  and  possible a p p lic a tio n s  o f iso to p e  d ilu tion  p e rfo rm ed  w ith  
s tab le  iso topes, w hile th e  s ix th  c h ap te r  w ith  th e  ap p lic a tio n  of iso to p e  d ilu tion  to  som e specia l 
p ro b lem s, such  as m e a su re m e n t of volum e, so lu b ility , d e te rm in a tio n  of th e  q u a n tity  o f carrie rs , 
o f d issoc ia tion  c o n s ta n ts , io n  exchange c a p a c ity , e tc . A m ple l ite ra tu re  a t th e  end  o f each  
c h a p te r  he lps th e  re a d e r  in  fu r th e r  o rien ta tio n . T h e  a u th o rs  d iscuss in add ition  to  th e  a d v a n 
tag es o f th e  d iffe ren t iso to p e  d ilu tion  m eth o d s a lso th e ir  l im ita tio n s  an d  th e  possib le sources 
o f e rro r. A fu r th e r  m e r it  o f th e  au th o rs  is th a t  th e y  h av e  succeeded in  crea ting  o rd er in  th e  ju n g 
le o f  iso tope  d ilu tio n  m e th o d s , described in  th e  l i te ra tu re  b y  va rio u s nam es, th o u g h  th e y  
are  s im ilar in  p rin cip le  o r som etim es even id en tica l.

T his m o n o g rap h , p u b lish ed  by  A k ad ém ia i K iadó , m ay  g re a tly  c o n trib u te  to  th e  use 
in a  w ider field  o f  th e  iso to p e  d ilu tion  m e th o d , an  a n a ly tic a l to o l o f h igh sen sitiv ity , w hich  
can  be used  effic ien tly  fo r a w ide v a rie ty  of p u rp o ses . In d eed , as in d ica ted  also by  th e  au tho rs»  
ow ing to  th e  re la tiv e ly  low  level of ra d io a c tiv ity , th e  p ra c tic a l realiza tion  req u ires  o n ly  an  
iso to p e  la b o ra to ry , w h ich  can  be b u ilt a t  n o t  to o  h igh  costs. T h e  eq u ip m en t o f th e  la b o ra to ry  
costs on ly  s lig h tly  m o re  th a n  th a t  of th e  c u s to m a ry  lab o ra to rie s  fo r in s tru m e n ta l an alysis, 
w hile  a w hole series o f ra d io a c tiv e  p re p a ra tio n s  o f  th e  req u ired  p u r ity  and specific a c t iv ity  
can  be o b ta in ed  on th e  m a rk e t.

É . BÁNYAI
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A C TA  CH IM ICA

T O M  7 5  -  В Ы П .  2  

РЕЗЮМЕ

Газовохрэматографический анализ окисей азота, II

Анализ N 02 с  п о м о щ ь ю  газовохроматографического реактора
Ц . Э . Д Ё Р И Н Г ,  Р .  Г Е Й Е Р  и  П .  Р Ё С К Е

С помощью газовохроматографического реактора была изучена реакция N 02 с 
различными фосфорорганическими соединениями, включая фосфины и фосфиты. Было 
найдено, что с трифенилфосфитом реакция протекает стехиометрически с образованием 
N0. Описываются соответствующие условия реакции, а также использование реакции 
для анализа смесей, содержащих различные составляющие части.

Валентные колебания NH в области ниже, чем 3000 см-1, VIII

Циклические димерные структуры. Производные тиазолина и тиазина
П . Ш О Х А Р  и  Л .  Т О Л Ь Д И

С помощью ИК спектроскопии было доказано, что N-арил-тиомочевины реагируют 
с а, еи-дигалоалканами, давая соединение со структурой II. ИК спектры этих соединений 
значительно отличаются от спектров соответствующих тиазолинов и тиазинов (I). Различия 
в спектрах соединений последних двух типов делают возможными две таутомерные струк
туры 1а и lb. Ассоциационные структуры этих трех типов соединений в твердом состоянии 
также различаются.

Структура карбгтокси- и ацетил-производных 2-ариламинотиазолинов, 
-тиазинов и 1-арил-2-имино-тиазолинов

П .  Ш О Х А Р , Л .  Т О Л Ь Д И  и  К .  Ф А Р А Г О

Карбетоксилирование 2-имино-З-арил-тиазолидинов приводит к ацил-имино-про- 
изводным, структура которых была доказана появлением низковолновой (1670 см-1) 
карбонильной полосы в ИК спектре. Это подтверждает также полагаемую структуру 
исходного материала.

Ацилирование 2-ариламино-тиазолинов теоретически может давать два изомера. 
По согласующимся данным ИК и ЯМР спектров карбетокси- и ацетил-производных, были 
образованы лишь 2-замещенные соединения. В случае аналогичных тиазинов изомеры 
могут быть различены лишь по ЯМР спектрам, т. к. карбонильная частота, находящаяся 
для тиазолинов около 1750 см-1, в спектрах тиазинов лежит между 1745 и 1705 см-1. Данные 
ЯМР показывают, что, за исключением одного случая, где образуются два изомера, ациль
ная группа всегда присоединяется к экзоциклическому азоту также и в тиазинах.
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Исследование металлических хелатов смешанных аминокислот
М . В .  Ч И  Д А М Б  А Р А М  и  П .  К .  Б Х А Т Т А Х А Р Я

Было исследовано равновесие [MA]“ -f L-  [MAL] -  2, где М =  Си, Ni; А — нитри-
лотриуксусная кислота, L — глицин или аланин. Константы стабильности были определе
ны с помощью техники Эрвинга —Розотти. Было найдено, что при низких pH образуются 
комплексы MA с составом 1 : 1 ,  которые при повышенных pH стабильны. Константы ста
бильности комплекса со смешанным лигандом ( K m a l )> выраженные в логарифмах, при
близительно на две—четыре единицы меньше, чем для исходного комплекса металла с 
амином. Сравниваются и интерпретируются константы стабильности комплексов Ni(II) 
и Cu(II) смешанными лигандами.

Электронографическое исследование строения молекулы 
N, Г'Г-тио-бис-(диметиламина)

И .  Х А Р Г И Т Т А И  и  М . Х А Р Г И Т Т А И

Электронографическим методом было изучено строение молекулы N.N-тио-бис- 
(диметиламина) — (СН3)2 NSN (СН3)2 в газовой фазе. Методом наименьших квадратов 
были получены следующие длины связи и валентные углы: С—N 1.473 +  0.0С6 Á, S—N 
1.688 ±  0.006 Â, S—N—С 117.9 +  0.6°, С—N— С 116.5 ±  1.6°, N—S—N 114.5 +  1.6°. 
Основная форма внутреннего вращения оказалась аналогичной со случаем (СН3)2 NSON 
(СН3)2 и (CH3)2NS02C1 в газовой фазе и (CH3)2NS02N(CH3)2 в кристаллической фазе. Об
суждаются некоторые тенденции в изменениях конфигураций связей атомов серы и азота.

БЕНЗАЗЕПИНЫ, V

Дальнейшие исследования 2,3-дигидр о-1Н—[1, 5]-бензодиазепинов 
и 2,3-дигидро-[1, 5]-бензотиазепинов

К .  Х И Д Е Г  и  О . Х И Д Е Г - Х А Н К О В С К И

2,3-Дигидро-[1, 5]-бензодиазепины и -тиазепины могуть быть получены за счет 
конденсации о-фенилендиаминов или о-аминотиофенолов с различными /3-замещенными 
кетонами. Дигидро-производные могут быть восстановлены до тетрагидро-соединений: оба 
типа соединений легко подвергаются ацилированию. Были приготовлены также дигидро- 
пиримидино- и дигидропиридино-диазепины.

Изучение флавоноидов и модельных соединений с помощью ИК
спектроскопии, IV

Исследование вращательных изомеров 2’- и 2’,6’-замещенных
халконов

3 .  Д Ы Н Я  и  Д Ь .  Л И Т К Е И

Свойства ИК спектров 2’- и 2’, б’-замещенных халконов были исследованы с по
мощью различной техники снятия спектров. Было установлено, что для изученных соеди
нений в области валентных колебаний карбонила наблюдается двойное поглощение. На 
основе аналогий, взятых из литературы, это явление объяснялось присутствием S-цис и 
S-транс ротационных изомеров. Были исследованы структурные факторы, влияющие на 
появление ротационных изомеров, и на основе экспериментальных данных полагалась 
вероятная форма конформации этих соединений.
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Стероиды, XXI

Сравнительные кинетические исследования реакции образования 
оксимов из стероидных кетонов
И. ГААЛ, Б. МАТКОВИЧ, и М. МАРИК

Кинетические и термодинамические данные реакции образования оксимов из 
стероидных кетонов, изученной авторами, были сравнимы и рассмотрены с данными обра
зования из других карбонильных соединений.

Согласно экспериментальным данным, реакция образования оксимов, с кинети
ческой точки зрения, может быть хорошо описана уравнением скорости второго порядка.

На основе кинетических и термодинамических данных можно делать заключения 
относительно стереохимических, термодинамических и реакционноспособных свойств, 
играющих роль в образовании оксимов.

Исследования в области ароматических сульфенилхлоридов, VI

Реакция сульфенилхлорида с .С-арилокси-1М-арил-иминометан-5-
оксидами

Ф. КЛИВЕНИ, Г. ШТАЙЕР, А. Е. САБО и Й. ПИНТЕ

Была изучена реакция различных замещенных С-арилокси-М-арил-иминометан-S- 
оксидов, а также таутомеров сульфеновой кислоты этих соединений с п-толил-сульфе- 
нилхлоридом. Было установлено, что в реакции принимает участие один из таутомеров 
сульфеновой кислоты, образующийся при выделении соляной кислоты из сульфенил- 
галоида, давая при этом соответствующий эфир S-п-толил-тиолсульфиновой кислоты. 
Благодаря этим исследованиям были выяснены условия образования тиолсульфинатов из 
сульфенилхлоридов. Строение исходных веществ и продуктов реакции подтверждалось на 
основе ИК спектроскопических исследований.

Ректификация многокомпонентных смесей, II

Локальные и общие закономерности траекторий процесса 
ректификации при бесконечном флегмовом числе

Л. А. СЕРАФИМОВ, В. С. ТИМОФЕЕВ, и М. И. БАЛАШОВ

В работе рассмотрены основные закономерности хода траекторий процесса ректифи
кации при бесконечном флегмовом числе в аппаратах идеального противотока. Показано, 
что в этом случае области непрерывной ректификации характеризуются определенно 
уложенным в симплексе составов пучком траекторий процесса. Стационарные точки 
процесса ректификации являются узлами и седлами. Через эти точки проходят границы 
между областями ректификации, положение которых зависит от распределения между 
фазами сопротивления массопереносу. Характер укладки пучка траекторий в симплексе 
составов определяется струкутрой диаграммы фазового равновесия жидкость-пар. Прове
дена классификация областей ректификации. Исследован характер расположения зон 
постоянного состава в ректификационном аппарате идеального противотока.
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ORGANIC REAGENTS IN METAL 
ANALYSIS
by K. BURGER

Many analytical processes are based on coordination chemical reactions; the principles of 
such reactions and the factors deciding their analytical selectivities are discussed in the first 
part of the book. The second, practical part deals with procedures of using the most import
ant selective organic reagents in metal analyses. Detailed descriptions are given for the prac
tical solution of a number of analytical problems. The book is completed with a number of 
analytical tables.

In English • Approx. 240 pages • Cloth

A co-edition — distributed in the socialist countries by Kultura, Budapest, in all other coun
tries by Pergamon Press, Oxford

ACTIVATION AND DECAY TABLES 
OF RADIOISOTOPES

With the spreading use of radioisotopes in science and practice, it has become 
a routine task to calculate the expected activity of a sample irradiated in a reactor, 
or the rates of decay of the isotopes produced and used in activation analysis, 
radiochemical laboratories and in related fields. These calculations are greatly 
facilitated by the tables compiled with the aid of a computer.
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Budapest

PERGAMON PRESS 
Oxford

by E. Bujdosó, /. Fehér and G. Kardos

In English • Approx. 560 pages • Cloth

AKADÉMIAI KIADÓ ELSEVIER PUBLISHING COMPANY

Budapest Amsterdam

A co-edition — distributed in the socialist countries by Kultura, Budapest, in all other coun 
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ATLAS OF THERMOANALYTICAL CURVES II

(TG-, DTG-, DTA-curves measured simultaneously) 

edited by G. LIPTAY

The series, whose second volume is presented here, is a collection of thermoanalytical records 
of a wide range of materials derived from various sources: inorganic, organic, and synthetic 
organic substances, minerals, rocks, coal specimens, etc. In recording these curves, the editors 
have called in the aid of expert researchers in thermal analysis. In view of the influence of 
the experimental parameters, each sample was analysed twice, under different conditions, 
and one of the curves is printed in red on a transparent overlay; this additional information 
is helpful for the user in obtaining a better picture of the physical and chemical changes 
brought about by the termál treatment. Presumably, the series will be increased by two vo
lumes, yearly.

In English • Approx. 110 pages • Cloth

AKADÉMIAI KIADÓ HEYDEN AND SONS Ltd
Budapest London

A co-edition — distributed in the socialist countriesby Kultura, Budapest, in all other, 
countries by Heyden and Sons Ltd. London
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SOME CHEMICAL REACTIONS OF THE ELECTRODE 
GAP AND THEIR ROLE IN SPECTROCHEMICAL

ANALYSIS, X
ST U D Y  O F T H E  O X Y G E N  N IT R O G E N  R E A C T IO N  

Z. L . S z a b ó  and I .  T ó t h

(D epartm ent o f  Inorganic and A na ly tica l Chemistry, L . Eötvös U niversity , B udapest)  

R eceived D ecem b er 27, 1971

A p ro c ed u re  has been developed  fo r th e  d e te rm in a tio n  o f n itrogen  oxides p ro 
duced in th e  a re . W ith  th is i t  has b een  show n th a t  th e  p r im a ry  p ro d u c t in  th e  a rc  is 
n itrogen  m o n o x id e . I t s  am ount, h o w ev er, depends on th e  o th e r  reac tions in th e  a rc , 
and  p rim a rily  on  th e  form ation  of c a rb o n  dioxide; th is  re ac tio n  affects th e  local ra tio  
o f oxygen a n d  n itro g en . The reac tio n  zone o f th e  oxygen a n d  n itro g en  increases a lm o st 
linearly  w ith  th e  increase  of th e  c u rre n t.

In  p a rts  IV  a n d  Y  of this series an  acco u n t was given o f experim en ts w ith  
d isc-shaped , ro ta te d  fo u n d ry  a lu m in iu m  sam ples in  d iffe ren t oxygen—n itro g e n  
m ix tu res  [1], a n d  in  a ir  w ith a v a ry in g  c u rre n t [2], w ith  copper an d  ca rb o n  
coun te r-e lec trodes. B y  m eans of gas ch ro m a to g ra p h y  in  p a ra lle l w ith  a sp ec tra l 
s tu d y , th e  oxygen  consum ption  in  th e  a rc , depend ing  on th e  p o la rity  o f th e  
e lectrodes, an d  a lso , in  th e  case of th e  ca rb o n  cou n te r-e lec tro d e , th e  y ie ld  o f 
ca rb o n  dioxide to o  w ere m easured. I t  w as po in ted  o u t t h a t  th e  oxygen co n 
su m p tio n  d a ta  n o t  o n ly  refer to th e  re a c tio n s  betw een  th e  electrode m a te ria ls  
a n d  th e  oxygen in  th e  gas a tm osphere , b u t  also include th e  am o u n t of oxygen  
consum ed  in th e  o x y g en  nitrogen re a c tio n . The v alue  o f th is , p a rtic u la rly  in  
th e  case of th e  co p p e r coun ter-e lec trode , w hen  th e  to ta l  oxygen  co n sum ption  
o f  th e  arc is sm alle r, can  clearly no lo n g er be neg lec ted . T his reac tio n  an d  
energy  req u irem en t h a v e  been rev iew ed  b y  K o c s is  [3]. T h e  effect ex e rted  b y  
th e  n itrogen  oxide fo rm ed  on the f ie ld -s tre n g th  in  th e  electric  arc  has been  s tu d ied  
b y  K i n g  [4]. M c C a r t h y  [5] has in v e s tig a te d  th e  reac tio n  in  silen t d ischarges 
in  d ischarge tu b e s , w hile M a l t s e v  et al. [6— 11] h av e  m ade a de ta iled  t r e a t 
m e n t of th e  s ta t io n a ry  concen tra tion  o f  th e  n itrogen  m onoxide, its  d e te r 
m in a tio n  and its  in d u s tr ia l im portance . A t reduced p ressures (5 0 —400 to rr)  
th e y  s tud ied  th e  d ependence  of th e  re a c tio n  on th e  c u rre n t (50—700 m A ), th e  
su itab le  typ es o f d isch arg e  tube, th e  ro le o f  th e  com position  o f th e  gas m ix tu re , 
e tc . T he im p o r ta n t ro le  o f n itrogen  a n d  o x ygen  atom s in  th e  m echanism  o f th e  
re a c tio n  has been p o in te d  ou t [12]. T he a im  o f th e  p re sen t w ork  w as to  o b ta in  
fu r th e r  in fo rm atio n s on  th e  chem ical re a c tio n s  tak in g  p lace in  a po larized  a.c. 
a rc . I t  was p lan n ed  to  s tu d y  how o u r ea rlie r exp erim en ta l d a ta  are  affec ted  
b y  th is  reac tion , a n d  consequently  how  th e  shapes o f th e  ex p erim en ta lly  
o b ta in e d  graphs a n d  th e  values of th e  in d iv id u a l p o in ts  a re  m odified . M easure-
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m e n ts  were th ere fo re  ca rried  ou t s im ila rly  as in  our p rev ious inv estig a tio n s, 
w ith  o x y g en -n itro g en  m ix tu re s  of d iffe re n t ra tio s , and  also in  a ir  w ith  v a ry in g  
th e  c u rre n t. A gas an a ly s is  p rocedure  w as developed  fo r th e  d e te rm in a tio n  of 
th e  n itro g en  oxides fo rm ed  in  th e  a rc : th e  n itro g en  oxides are  oxidized to  
n itr ic  acid, w hich is t i t r a te d  w ith  a s ta n d a rd  alkali so lu tion .

Experim ental

T he ex p erim en ts w ere carried  o u t w ith  o u r  c u sto m a ry , 6 m m  th ic k  a n d  20 m m  d iam e te r 
d isc -sh ap ed  fo u n d ry  a lu m in iu m  electrodes, a n d  a n  e lec tro ly tic  copper o r R W  I I  carbon  co u n 
te r-e lec tro d e  end ing  in  a  60° fru s tu m  of cone. T h e  e lectro d e  d istan ce  w as 3 m m . S im ilarly  as 
p rev io u s ly , th e  a lu m in iu m  disc in  th e  50 c m 3 c losed  gas-cell ro ta tio n  a p p a ra tu s  [13] was ro ta te d  
d u rin g  th e  in v es tig a tio n  a t  a  ra te  of 5 r .p .m . T h e  cell was flu shed  o u t  w ith  a  gas m ix tu re  o f  
desired  com position a n d  th e n  filled. In  th e  case  o f  th e  various o x y g e n -n itro g en  m ix tu res  th e  
av erag e  cu rre n t o f th e  p o larized  a.c. arc w as 12 A  (th e  sh o rt-c ircu itin g  c u rre n t in  th e  e n tire  
p e rio d  was 25 A), w hile  in  th e  runs w here th e  c u r re n t  w as v a ried  a ir  w as used .

A fter an 8 sec b u rn in g  th e  gas c o n te n t o f th e  cell was sucked in to  a dry  600 cm 3 re ac tio n  
flask  [14] ev acu ated  p rev io u s ly  w ith  a w a te r-p u m p , an d  was flushed  w ith  a ir, while th e  in te r 
n a l p ressu re  was co m p en sa ted  b y  th e  e x te rn a l a ir  p ressu re . T he flask  w as allow ed to  s ta n d  fo r 
15 m in  to  enable th e  o x y g en  excess to  c o n v e r t  th e  n itro g en  m onoxide co m ple te ly  to  n itro g en  
d iox ide. T he closed f la sk  w as cooled w ith  ru n n in g  w a te r  so th a t  4 m l 1%  hydrogen  p e ro x id e  
(d is tilled  and  n e u tra liz ed  to  m eth y l red) a n d  10 m l d istilled  w a ter could  b e  sucked  in to  it. A fte r  
s ta n d in g  for 1 h our, d u r in g  w hich th e  c o n te n ts  o f  th e  fla sk  were sh aken  a t  freq u en t in te rv a ls , 
th e  so lu tion  was f lu sh e d  in to  a 200 cm 3 E rle n m e y e r  flask , pum ice w as ad d ed  an d  th e  d issolved 
c a rb o n  dioxide w as rem o v ed  b y  boiling. A fte r  cooling  th e  n itr ic  acid  fo rm ed , w hich was e q u iv 
a le n t to  th e  n itro g en  o x id e , w as [ titra ted  w ith  a  0.01 N  sodium  h y d ro x id e  so lu tion  in th e  p re s
ence o f 1 drop of m e th y l  re d  as ind ica to r. 1 m l 0.01 N  sodium  h y d ro x id e  so lu tion  is e q u iv a len t 
to  0.224 cm 3 n itro g e n  d io x id e  in th e  s ta n d a rd  s ta te .

T he p rocedure  w as checked by  t r e a tin g  so d iu m  n itr i te  so lu tions o f know n c o n ce n tra 
tio n s  w ith  po tassiu m  io d id e  u n d e r oxygen-free  con d itio n s to  lib e ra te  n itro g en  m onoxide, w h ich  
th e n  w as oxidized to  n itr ic  acid  in a sim ilar m a n n e r . T he erro r o f th e  m easu rem en t was a lw ay s  
less th a n  1% .

Results and discussion

Fig. 1 show s th e  am oun ts o f  n itro g e n  oxide, expressed  as n itro g e n  
d iox ide, o b ta in ed  b y  exc ita tio n  w ith  a copper counter-electrode in  v a rio u s  
o x y g en -n itro g en  gas m ix tu res. T he p o in ts  deno ted  b y  crosses an d  b y  tr ian g le s  
a re  th e  resu lts  o f  th e  anodic (a) a n d  th e  ca th o d ic  (c) ex c ita tio n s , re sp ec tiv e ly , 
o f  th e  a lum in ium . T h e  tw o curves co incide  reasonab ly  w ell. I t  is know n t h a t  
th e  reaction  ta k e s  p lace  m ain ly  in  th e  aureo le  and  n o t on th e  surface o f th e  
e lectrode. A ssum ing  th a t  a defin ite  iso th e rm a l lay er o f th e  p lasm a is th e  m o st 
fav o u rab le  fo r th e  reac tio n , i t  em erges fro m  th e  above th a t  in  th e  p resen t case  
w ith  a c o p p e r-a lu m in iu m  electrode p a ir  th is  iso th e rm al su rface  an d  hence th e  
vo lum e of th e  p la sm a  m ust be p ra c tic a lly  in d ep en d en t o f th e  po larities o f th e  
electrodes.

The follow ing d a ta  perm it conclusions as to  th e  zone w ith  th a t  te m p e ra tu re  
w hich  is o p tim u m  fo r th e  reac tio n . S ince n itro g en  d iox ide  decom poses ab o v e  
620°C to  n itro g e n  m onoxide a n d  o x y g en , an d  th is  re a c tio n  is reversib le , th e  
fo rm atio n  of th e  m onoxide req u ires  a te m p e ra tu re  h ig h er th a n  th is . B elow  
1500°C, how ever, th e  ra te  of fo rm a tio n  o f n itrogen  m onoxide  is v e ry  low .
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F or th is  reason , te m p e ra tu re s  h ig h er even th a n  th is  m u st he considered . 
A ccording to  l i te ra tu re  d a ta , a t  a ro u n d  3000°C th e  reac tio n  is ra p id  an d  
leads to  an  eq u ilib riu m  value o f  5 %  [15]. In  o u r case, how ever, th e re  w as no 
special effort to  freeze th e  re a c tio n , an d  since v e ry  d iffe ren t te m p e ra tu re s  are  
to  be  found  in  th e  in d iv id u a l zones o f  th e  p lasm a, w here  th e  e x te n t o f reac tio n

0 10 20 AO 60 80 100
% 0 2

Fig. 1. Measured am oun t of nitrogen oxide as a function of the oxygen content of the gas-cell
(copper counter-electrode)

is sh ifted  a n d  th e  re a c tio n  m ay  be  rev e rsed , th is  v a lu e  is n o t  a tta in e d . N o r can  
it  be a tta in e d , b ecau se  during  th e  8-sec b u rn in g  tim e  o f th e  arc  th e  to ta l  
a m o u n t o f gas (50 c m 3) could n o t p ass  th ro u g h  th e  re a c tio n  zone o f th e  arc  
p lasm a. T hus, even  in  th e  gas m ix tu re  w ith  th e  o p tim u m  50— 50%  com position  
a to ta l  o f only  1 .5%  n itro g en  m onox ide  w as m easu red .

W ith  a few sim p lifica tions it  w as possible to  ca lcu la te  th e  te m p e ra tu re  a t  
w hich th e  m ax im u m  am o u n t o f n itro g e n  m onoxide is fo rm ed . D isregard ing  
th e  sm all e x te n t o f io n iza tio n  of th e  p lasm a gases because  o f th e  low te m p e ra 
tu re s  invo lved , th e  m o st im p o r ta n t equ ilib ria  w hich  m u s t be  considered in  
th e  p lasm a a re  th e  follow ing [17] :

02 ^  20 
N 2 ^  2N 

N O  N +  O .

T he equ ilib rium  c o n s ta n ts  are:

K o ,  —

T l-Q

п о г

«N

« n2

= По '  n N

reNO

1* Acta Chim. (Budapest) 75, 1973



220 SZABÓ, TÓTH: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, X

w here th e  n  values h a v e  d im ensions of n u m b ers  o f p artic les p e r  c m 3. Ignoring  
th e  sm a ll am ount (a few  p e r  cent) o f th e  e lec trode  m a te ria l w hich  en te rs th e  
p la sm a , th e  to ta l n u m b e r  o f partic les  is g iven  b y

Z n — пог +  n Q +  n N2 -f- n N -f- raNO =  7.340 x lO -1/ T ',

w h ere  T  is the  ab so lu te  te m p e ra tu re .
T h e  relative a m o u n ts  o f th e  in d iv id u a l p a rtic le  species are  also contro lled  

b y  th e  in itia l ra tio  o f th e  gases ( 0 2 : N 2). F o r exam ple , in  th e  case o f th e  in itia l 
gas com position  20%  0 2 +  80%  N2 (1 : 4), th e  follow ing re la tio n  holds:

Ц пог +  1/2 «о  +  1/2 rcN0) =  n Ni +  1/2 n N +  1/2 n N0.

I f  th e  te m p e ra tu re  is considered  to  be  below  4500°C a fu r th e r  sim pli
f ic a tio n  is possible. T h e  a m o u n t of th e  n itro g en  a tom s can  be  neg lec ted  here, 
b e cau se  th e  d issociation  o f th e  n itro g en  m olecule begins p ra c tic a lly  above 
th is  tem p era tu re .

T h e  m ixed fo u r th -o rd e r  eq u a tio n s o b ta in ed  b y  re d u c tio n  o f th e  above 
e q u a tio n s  were solved fo r  th e  d iffe ren t te m p e ra tu re s  an d  s ta r t in g  m ix tu res, 
u s in g  th e  da ta  of R o e s  [16] an d  B o u m a n s  [17], an d  also th e  tem p e ra tu re  
d ep en d en ce  of th e  eq u ilib riu m  c o n s ta n ts :

30 4 0
log Л  + 1/2 log T + lo g  ( 1 - 1 0  0-625 “r ) ~ ^ - V d ,

w h ere  d  is a red u ced  p h ysica l c o n s ta n t (con ta in ing  m o lecu la r an d  a tom ic 
w e ig h ts , p a rtitio n  fu n c tio n s , s ta tis tic a l w eigh ts, an d  ro ta tio n  c o n stan ts), ca is 
th e  v ib ra tio n a l c o n s ta n t, T  is th e  ab so lu te  te m p e ra tu re , a n d  V d is th e  d is
so c ia tio n  po ten tia l o f  th e  gas m olecule in  e lectron  v o lts . F o r  purposes of 
c la r i ty , only a few o f th e  resu lts  a re  g iven in  Fig. 2. I t  can  be  seen from  th e  
g ra p h  th a t  the  cu rv es  a t ta in  th e ir  m ax im a  a t  a b o u t 3000— 3200°K , th e  
h ig h e s t tem p era tu re  m ax im u m  belonging  to  th e  in itia l gas com position
5 0 %  0 2 +  50%  N2.

As was ex p ec ted , th e  in d iv id u a l ex p erim en ta l p o in ts  (F ig . 1) gave a 
sy m m etrica l m ax im u m  cu rve , th e  m ax im u m  is found  a t  a com position  of 50%  
o x y g en  +  50%  n itro g e n . This confirm s th a t  p rim arily  n itro g en  m onoxide is 
fo rm e d  in  the  arc , a n d  th a t  th e  tw o  reac tio n  p a rtn e rs  a rr iv e  a t  th e  surface 
m en tio n ed  a t a p p ro x im a te ly  equal ra te s . T he n itrogen  m onox ide  n e x t diffuses 
to  th e  cooler reg ions, a n d  la te r  is tra n sfo rm e d  m ore slow ly to  n itro g en  dioxide 
b y  th e  excess oxygen . I f  n itrogen  d ioxide w ere fo rm ed  d irec tly  in  a zone cooler 
th a n  th e  previous o n e , th en  a m ax im u m  w ould ap p ea r on th e  curve a t  a gas 
m ix tu re  com position  o f  ab o u t 67%  oxygen  an d  33%  n itro g en .

I t  could be sh o w n  from  th e  d a ta  of th e  above ca lcu la tio n  th a t  th is cu rve  
sh o u ld  be d is to rted  because  of th e  increasing  d issociation  o f th e  oxygen (as
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F ig . 2. C alculated a m o u n ts  o f n itro g en  m onoxide  in  th e  p lasm a as a  fu n c tio n  of th e  tem p e ra 
tu re  in  th e  cases o f som e 0 2 —N2 gas m ix tu re s

7. 0 2

Fig. 3. M easured (d ashed  line) an d  calcu la ted  (solid  line) am o u n ts  o f  n itro g en  m onoxide as a 
fu n c tio n  o f th e  oxygen  c o n te n t o f th e  cell

lias been  m entioned  th e  d issociation  of n itro g en  is negligible in  th is  te m p e ra tu re  
region). I t  also follow s from  th e  tre n d  o f th e  d is to rtio n  o f th e  curves th a t  a  
decisive role is p la y e d  in  th e  m ain  b y  th e  am o u n t o f oxy g en  m olecules, and  
less b y  th e  am o u n t o f oxygen  a to m s, in  th e  fo rm a tio n  o f th e  n itro g en  m onoxide. 
F o r  th e  sake of b e t te r  com parison , th e  cu rves were tra n sfo rm e d  to  id en tica l 
m ax im u m  values b y  th e  v a r ia tio n  of th e  scales on th e  v e r tic a l axis of th e  
g rap h s, an d  th e  ex p e rim en ta lly  m easu red  d a ta  were f i t te d  to  th ese  curves so 
th a t  th e  m ax im um  v a lu e  agreed  w ith  t h a t  ca lcu la ted  (F ig . 3, in  w hich only 
th e  values ca lcu la ted  fo r 1500 an d  4500°K  are  show n in  a d d itio n  to  th e  curves
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o b ta in e d  by  m easuring  th e  d a ta  o f th e  anodic  and  ca th o d ic  e x c ita tio n  of th e  
a lu m in iu m ). I t  can  b e  seen th a t  th e  ca th o d ic  cu rve  for th e  a lu m in iu m  exh ib its  
a good  agreem ent w ith  t h a t  ca lcu la ted  fo r th e  low est te m p e ra tu re . I t  m u st be 
co n c lu d ed  from  th is  th a t ,  a lth o u g h  th e  fo rm atio n  of n itro g en  m onoxide is 
fa s te r  a t  higher te m p e ra tu re  (a ro u n d  3000°K ), d u rin g  th e  d iffusion  to  th e  
cooler region of th e  p la sm a  th e  eq u ilib riu m  has tim e  to  a d ju s t itse lf  tow ards 
th e  v a lu es  valid  th e re , o r possib ly  th e  g rea te r  p a r t  o f th e  re a c tio n  nevertheless 
ta k e s  p lace in  th e  lo w e r-te m p e ra tu re  zone. D ue to  th e  g re a te r  ev ap o ra tio n  of 
th e  a lum in iu m  coupled as anode, its  oxy g en  consum ption  is h ig h er, to o . A sligh t, 
b u t  rep roducib le  cu rv e  d is to r tio n  is th e re fo re  observed . T h is m a y  correspond 
to  th e  fa c t th a t  th e  sam e a m o u n t o f  oxygen  is availab le  fo r th e  reac tio n  a t 
so m ew h a t higher o x ygen  p ercen tag es in  th e  reac tio n  zone.

7 .0  2
F ig . 4. M easured a m o u n t o f  n itro g en  ox ide  as a  fu n c tio n  of th e  oxygen  c o n te n t o f th e  gas-cell

(carb o n  co u n te r-e lectro d e)

Fig. 4 shows th e  re su lts  o f  th e  m easu rem en ts w ith  th e  c a rb o n  c o u n te r 

e le c tr o d e .  The curves h e re  are  co n sid e rab ly  d is to rted , th e  m ax im a  being  sh ifted  
to w a rd s  higher o x ygen  p e rcen tag es. In  th e  case o f anod ic  a lum in iu m  th e  
m ax im u m  is a t  an  o x y g en  c o n te n t o f ab o u t 60% , an d  in  th e  ca th o d ic  case a t  
a b o u t 70% . A t th e  sam e tim e  th e  h e ig h t of th e  m ax im u m  is less, th e  anodic  
c u rv e  ly ing above th e  ca th o d ic  one. T he reason  for these  p h en o m en a  is th a t  th e  
c a rb o n  electrode, as described  ea rlie r [1, 2], consum es a la rg e r a m o u n t of 
o x y g en  and th u s  th e  com position  o f th e  gas a tm o sp h ere  in  a closed cell is 
ap p rec iab ly  changed . D uring  th e  ex c ita tio n  th e  reac tio n  ta k e s  p lace in  an  
a tm o sp h ere  increasing ly  poorer in  oxygen . F rom  th e  sh if t in  th e  p o sition  o f 
th e  m axim um  it  is possib le to  m ak e  an  ap p ro x im a te  ca lcu la tio n  of th e  to ta l  
decrease  in  th e  o x y g en  co n te n t o f  th e  gas-cell du ring  th e  b u rn in g  of th e  arc. 
In  th e  case of th e  an od ica lly  coup led  carbon  electrode th is  tu rn e d  o u t to  be 
10 c m 3, while in  th e  ca th o d ic  case i t  was 5 c m 3, in  good ag reem en t w ith  th e  
d ire c tly  m easured  v a lu es . (F o r an  oxygen  co n ten t o f 5 0 % , F ig . 8 in  p a r t  IV  
o f  th is  series [1] show s oxygen  decreases o f 10.0 an d  4.6 c m 3, th e  m a jo rity  o f
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w hich  is devo ted  to  th e  fo rm atio n  o f  ca rb o n  d ioxide.) T h is confirm s, th e re fo re , 
t h a t  th e  reason fo r th e  d is to rtio n  o f  these  cu rves is th e  oxygen  co n su m p tio n  
o f th e  electrodes, w h ich  is g rea te r  w hen th e se  are  an od ica lly  excited . T he 
h e ig h t of th e  m a x im u m  decreases fo r  th e  sam e reason .

In  Fig. 4 in  p a r t  IY  of th is  series [1] (in th e  case o f th e  copper counter- 
electrode) the  co n su m p tio n  values re la tin g  to  p u re  oxygen  could n o t be g iven  
a t  t h a t  tim e b ecau se  th e  gas c h ro m a to g ra p h ic  m easu rem en t did n o t give 
re liab le  resu lts for th e se  sm all va lues w ith  th e  p ro ced u re  b ased  on th e  difference

F ig. 5. T o ta l oxygen co n su m p tio n  of th e  a rc  Fig. 6. C om bined oxy g en  consum ptions o f  th e

as a  fu n c tio n  of th e  o x y g e n  co n ten t o f th e  co p p er a n d  a lu m in iu m  electrodes as a fu n c tio n
gas-space (copper co u n te r-e lectro d e) o f  th e  oxy g en  c o n te n t o f th e  gas-space

fo rm a tio n . I t  was p o in te d  ou t in p a r t  V I I I  [18] th a t  since tho se  d a ta  re fe rrin g  
to  p u re  oxygen are  com m on to  th e  m easu rem en ts  in  oxygen—argon a n d  in  
o x y g en -n itro g en  m ix tu re s , th e  m issing  values could  be supp lied  b y  th e  t i t r i -  
m e tric  gas analysis d a ta .  The g raphs so o b ta in ed  are  re p o rte d  in  Fig. 5 o f th e  
p re se n t paper, since th e y  will be req u ired  la te r . T h is figu re  gives th e  d a ta  fo r 
th e  to ta l  oxygen co n su m p tio n  o f th e  a lu m in iu m  copper electrode p a ir, and  
from  th ese  th e  a m o u n ts  o f oxygen consum ed  in  th e  n itro g en -o x y g en  reac tio n  
can  b e  su b trac ted . I n  th is  w ay F ig . 6 could be  p lo tte d ; a an d  c in d ica te  th e  
po la rities  of th e  a lu m in iu m  electrode. I t  is obv ious also h ere  th a t  m ore oxygen  
is consum ed  b y  th e  m o re  ac tive  a lu m in iu m  an o d e , w hile th e  resu lts  are affected  
b y  th e  copper e lec tro d e  to  a m uch sm alle r e x te n t. E v en  a f te r  th e  su b tra c tio n  
of th e  n itrogen  d iox ide  values th e  cu rves d id  n o t becom e s tra ig h t. The curves 
h av e  a tendency  to  increase , and  also  ex h ib it m ax im a . T he reason  fo r th e  
increase was given ea rlie r  [1]. The m ax im u m  n a tu re  follow s th e  curve fo r th e  
n itro g en  oxide fo rm a tio n , suggesting  th a t ,  p ro p o rtio n a lly  w ith  its  a m o u n t, th e  
n itro g en  oxide increases th e  co n su m p tio n  o f th e  e lec trode  m a te ria l, an d  hence 
its  o x id a tio n  too . (O xygen  atom s a re  fo rm ed , in  d irec t p ro p o rtio n  to  th e
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a m o u n t o f n itrogen  m o nox ide , as an  in te rm e d ia te  in  th e  ch a in  re a c tio n  o f  th e  
fo rm a tio n  of n itrogen  m onox ide  [12].) T h is effect is p a r tic u la r ly  sign ifican t 
w ith  th e  anodic a lu m in iu m .

C u rv a tu re  in  th e  p lo ts  d raw n  from  th e  sim ilar d ifference values o b ta in e d  
w ith  th e  carbon counter-electrode likew ise rem a in ed ; because o f  th e  large  a m o u n t 
o f c a rb o n  dioxide an d  th e  u n k n o w n  a m o u n t o f carbon  m onoxide , how ever, its

F ig . 7. M easured  am ount o f n itro g e n  oxide as a fu n c tio n  of th e c u rre n t  (copper cou n te r-e lec tro d e)

A

Fig. 8. M easured  a m o u n t o f n itro g en  ox ide  as a fu n c tio n  of th e  c u rre n t 
(carb o n  coun te r-e lec tro d e)

n a tu r e  can n o t be e s tab lish ed . F o r th is  reason  th e  curves are  n o t g iven here. 
W e sh a ll re tu rn  to  th e se  d a ta  an d  curves in  th e  fu tu re , w hen  th e  d irec t d a ta  
re la t in g  to  th e  a m o u n t o f carbon  m onoxide  w ill be availab le .

T he am oun ts o f n itro g e n  oxides fo rm ed  depend  m uch  less on the change 
o f  the current. Figs 7 a n d  8 show  th e  d a ta  o b ta in ed  w ith  th e  copper an d  carb o n  
co u n te r-e lec tro d es, re sp ec tiv e ly . In  th e  case o f th e  copper counter-electrode the  
cu rv es  ob ta in ed  w ith  th e  tw o ty p es of p o la r ity  again  agree well in d ep en d en tly  
o f th e  cu rren t. In  each  case th e  3 e x p e rim e n ta l po in ts  (average values !) lie on 
a p ra c tic a lly  s tra ig h t line , p re su m ab ly  as a re su lta n t o f tw o effects. B o th  th e  
l in e a r i ty  and  th e  a p p ro x im a te  coincidence o f th e  s tra ig h t lines o b ta in e d  w ith
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th e  tw o  ty p es o f  p o la r ity  can  be exp la ined  b y  th e  e x p e rim e n ta l fac t th a t  w ith  
increased  e v a p o ra tio n  th e  vo lum e of th e  p lasm a  increases, b u t  its  av e rag e  
te m p e ra tu re  (d ed u ced  from  th e  sp ec tra l ch a rac te r)  decreases. In  th is  w ay  a 
reac tio n  zone can  develop , th e  te m p e ra tu re  o f  w hich is o p tim a l for th e  re a c tio n , 
and  w hich increases p rac tica lly  lin ea rly  w ith  th e  increase  o f th e  c u rren t. I n  
th is  zone th e  ro le  o f  th e  low er ev ap o ra tio n  in  th e  case o f  th e  ca thod ic  alum in-- 
iu m  is co u n te rb a lan ced  by  th e  h igher av erag e  te m p e ra tu re  o f th e  arc  com 
p a re d  to  th e  an o d ic  one. W hen a carbon counter-electrode is used , th e  d ifferences 
a rising  from  its  o x y g en  consum ption  ap p e a r here  too . T h e  ca th o d ic  cu rve  lies 
u n d e r  th e  earlie r com m on line an d  w ith  increasing  c u rre n t, as th e  a m o u n t o f  
oxygen  consum ed b y  th e  carbon  also increases, th e  d ifference becom es la rg e r.

A
Fig. 9. Com bined o x y g en  consum ptions o f th e  copper a n d  a lu m in iu m  e lec tro d es as a fu n c tio n

of th e  c u rre n t

A f la t te r  curve is th u s  o b ta in ed . T his difference is even g re a te r  in  th e  case o f  
th e  carbon  anode , w hen , as has a lread y  been  m en tio n ed , th e  gas a tm o sp h ere  
becom es m uch p o o re r  in  oxygen. T he curve  a t ta in s  th e  h o riz o n ta l and  i t  m a y  
be p resum ed  t h a t  a t  even h igher c u rre n t (perhaps b y  m ean s of th e  longer 
b u rn in g  of th e  a rc  too) th e  exp erim en ta l va lu es  w ill beg in  to  decrease.

T he above f in d in g s  n a tu ra lly  refe r to  a closed gas-cell in  w hich th e  gas 
su p p ly  is no t secu red . In  ou r earlie r ex p erim en ts , how ever, i t  w as show n th a t  
even in  th e  case o f  a flow ing gas th e  gas exchange b y  d iffusion  does n o t give 
com plete  m ixing. T h u s  th e  oxygen co n su m p tio n  o f th e  ca rb o n  electrode m u s t 
in fluence  th e  fo rm a tio n  o f n itrogen  oxide in  th is  case too .

F ig . 9 show s th o se  curves w hich give th e  com bined  oxygen  con su m p tio n s 
of th e  copper a n d  a lu m in iu m  electrodes as a fu n c tio n  o f th e  average  c u rre n t. 
These curves w ere o b ta in e d , s im ilarly  to  tho se  show n in  F ig . 6, b y  su b tra c tin g  
th e  am o u n ts  d e v o ted  to  th e  fo rm atio n  of n itro g en  oxide from  th e  to ta l  oxygen  
consum ption  of th e  a rc  [2]. T he s tra ig h t lines so o b ta in e d  can  be  e x tra p o la te d  
to th e  origin. T h ey  confirm  also th a t  in  th e  case o f th e  co p p er a lum in ium  
elec trode  p a ir th e  o x y g en  consum ption  of th e  a lum in iu m  is decisive, and  th a t  
th e  o x id a tio n  o f th e  a lum in ium  begins even a t  v e ry  low  c u rre n t p resu m ab ly  
m ain ly  a t  th e  b u rn in g  spo t.
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A c ta  C h im ic a  A c a d e m ia e  S c ie n tia ru m  H u n g a r ic a e , T o m u s  7 5  ( 3 ) ,  p p .  2 2 7  — 2 3 3  ( 1 9 7 3 )

ANIONENAUSTAUSCHVERHALTEN VON URAN NEBEN 
ANDEREN METALLIONEN IM MIKROGRAMMBEREICH

AM WOFATIT-SBU
A N A L Y T IS C H E  A N W E N D U N G  VON E S S IG -, G L Y K O L -, T H IO G L Y K O L -, B E R N S T E IN -, 

Ä P F E L - U N D  T H IO Ä P F E L S Ä U R E  ALS K O M P L E X B IL D N E R

0 .  G ü r t l e r , Ch u - X u a n - A n h  und H . H olzapfel

( Sektion Chemie der K a rl-M a rx -U n ivers itä t, Leipzig , D D R )

E ingegangen a m  10. J a n u a r  1972

E s w urde d as  Io n e n au s ta u sc h v e rh a lte n  von  U ran (V I) neben  T ho riu m (IV ) u n d  
a n d e re n  M etallionen  im  M ikrogram m bere ich  in  G egenw art von  Essig-, G lykol-, T h io- 
g lyko l-, B ern ste in -, Äpfel- und  T h io ä p fe lsä u re  bei v e rsch iedenen  p H -W erte n  u n te r 
su c h t u n d  eine säu len ch ro m a to g rap h isch e  T ren n u n g  von  U ran (V I) in  A nw esen h e it v o n  
T h io g lyko lsäu re  beschrieben . A u ß e rd e m  w u rd en  die V erte ilungskoeffiz ien ten  v o n  
U (V I), T h(IV ), M o(V I), F e (II), F e ( I I I ) ,  S E ( I I I ) ,  Y (I I I ) ,  M g(II), C a(II), S r(II)  u n d  B a ( I I )  
bei p H -W e rte n  v o n  2,5 und  4 in  G e g en w art der an g efü h rten  Säuren  im  B a tc h - u n d  
S äu len v erfah ren  a m  W O FA T IT -SB U  u n d  -SB W  b estim m t.

W äh ren d  das A u s ta u sc h v e rh a lte n  von  U ran (V I) an  s ta rk  b asisch en  
A n io n en au stau sch e rn  in  C h lo rw assersto ffsäure [1], S a lpe te rsäu re  [2], F lu o r 
w assersto ffsäu re  [3 ,4 ]  u n d  S chw efelsäure [5] bzw . in  versch iedenen  S a lz 
lö sungen  [6— 9] sy s tem a tisch  u n te r s u c h t  w urde , g ib t es —  insbesondere  an  
schw ächer basischen  A n io n en au stau sch e rn  — n u r  w enige A rbeiten , in  den en  
K o m p lex b ild n er zu r säu len ch ro m a to g rap h isch en  A b tren n u n g  des U ra n s  v o n  
T h o riu m  u n d  anderen  Io n en  h e rangezogen  w erden.

So u n te rsu c h te n  m ehrere  A u to re n  [10— 15] das A u s tau sch v e rh a lten  von  
U ran(V I) am  D ow ex-1, A m b erlite -Ira-4 0 0  u n d  W ofatit-M  in  a c e ta th a lt ig e n  
L ösungen  u n d  d isk u tie r te n  die d a fü r in  F rag e  kom m en d en  n eg a tiv  g e ladenen  
U ra n y l- tr ia c e ta to - , bzw . -te tra a ce ta to -K o m p le x e . K orkisch  [16, 17] e m p 
fieh lt, zu r A nre icherung  von U ran (V I) am  A m berlite -Ira-400  A sco rb insäu re  
als K o m p lex b ild n er zu verw enden. L i u n d  W h ite  [18], Zaki u n d  S h a k i r  
[19] sowie K orkisch  u n d  H azan  [20] beschre iben  T ren n m ö g lich k e iten  
des U ran s  v o n  T h o riu m  und a n d e re n  E lem en ten  m itte ls  gem essener V e r
te ilu n g sv erh ä ltn isse  am  Dowex-1 b zw . L ew atit-M N  in  G egenw art v o n  a li
p h a tisc h e n  Di- u n d  T rica rb o n säu ren  bzw . O x y carb o n säu ren . Ch e n  [21] 
sowie E r is t a v i  [22, 23] u n te rsu c h te n  die S o rp tion  v o n  U ran (V I)-E D T A - 
K om plexen  am  A m berlite -Ira-400  b z w . A N -2, AV-16, AV-17 u n d  d isk u 
t ie r te n  einige T rennm öglichkeiten . J e r c a n  u n d  D i n o i n  [24] v e rsu c h te n  
sch ließ lich  m it H ilfe v o n  A m inoessigsäure am  D ow ex-2 und  V ionit-A T-1 
U ran  v o n  an d eren  Io n e n  ab zu tren n en .

In  d e r vo rliegenden  A rbeit w urde  d as  A u stau sch v e rh a lten  des U ran s(V I) 
in  G egenw art von T h o riu m  und a n d e re n  E lem en ten  am  A n io n en au stau sch er
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W o fa tit-S B U  (und  als V ergleich am  W o fa tit-S B W ) in  A nw esenheit von  
E ssig- u n d  B e rn s te in säu re  bzw . deren  in  a -S te llu n g  su b s titu ie rte n  D eriv a ten  
u n te rs u c h t.

Experimenteller Teil
T ren n säu len  und H arzv o rb e re itu n g

Die fü r die T ren n v e rsu c h e  im M ik rogram m bere ich  v erw endeten  T ren n säu len  h a tte n  
e inen  in n eren  D urchm esser v o n  5 m m  und  eine L änge  v o n  300 m m . Es w urden  s te ts  2 m l 
(ca. 200 m m  Füllhöhe) vo rg eq u o llen en  H arzes, m it  e inem  ausgesieb ten  K o rngrößenbere ich  von 
0,1 bis 0,2 m m  D urchm esser, e ingese tz t. Als A n io n e n au s ta u sc h er d ien ten  die in  an a lysen reiner 
F o rm  v o m  Y E B  СКВ B itte rfe ld -W o lfen  h e rg este llten  u n d  in  früheren  A rbeiten  a u f  ih r A us
ta u sc h v e rh a lte n  eingehend  u n te rsu ch ten  A n io n en au s tau sch er W ofatit-S B U  [25] u n d  W o
fa ti t-S B W  [26], die a u f  d e r  B asis P o ly sty ro l-D iv in y lb en zo l au fg eb au t sind. Beide A u s ta u 
scher w u rd en  vor V e rw en d u n g  je  dreim al in  die H y d ro x id - bzw. C hlorid-Form  eingefahren  
u n d  sch ließ lich  in der C h lo rid -F o rm  v erw endet. D ie  F ließgeschw indigkeit b e tru g  0,5 bis 0,7 
m l/m in .

L ösungen u n d  R eag en zien

F ü r  die S ta n d a rd lö su n g e n  w urden die a n a ly sen re in en  Salze U 0 2( N 0 3)2 • 6H 20  u n d  
T h ( N 0 3)4 • 4 H 20  (je  5 m g M etall/m l) verw endet. A ls S tö re lem en te  w urden  SE -O xide (in HCl 
gelöst), E rd a lkalich lo ride , F e ( N 0 3)3 • 9H 20 ,  (N H 4)fiMo70 24 • 4 H 20  und N H 4V 0 3 eingese tz t. 
V on den  als K om plex b ild n er e ingesetz ten  V e rb in d u n g en  E ssigsäure , G lykolsäure u n d  Thio- 
g ly k o lsäu re  sowie B e rn ste in sä u re , A pfelsäure u n d  T h io äp fe lsäu re  w urden  aussch ließ lich  1M -  
S tam m lö su n g en  h e rg este llt.

A ls Pufferlösung  fü r  d ie sp ek tra lp h o to m e trisch e  U ran b estim m u n g  d ien te  eine 1M -  
C hloressigsäurelösung, d e ren  p H -W e rt au f 3 d u rc h  Z u sa tz  v o n  2M -N aO H  u n d  8M-HC1 e inge
s te ll t  w urde.

C hlorphosphonazo I I I  w urde als 0 ,05% ige u n d  A rsenazo  I I I  als 0 ,l% ig e  Lösung v e r
w en d et.

Q u an tita tiv e  B estim m ung der E lem ente

U ran(V I) w urde sp e k tra lp h o to m e trisc h  m it d em  von  Carl-Zeiss Je n a  herg este llten  
S p e k tra lk o lo rim ete r  »Spekol« in  0,5 bis 1 cm  K ü v e tte n  m itte ls  C hlorphosphonazo I I I  [27] 
u n d  au ß erd em  p o la ro g rap h isch  [28] m it Hilfe des v o lltran s is to ris ie rten  S q u arew ave-P o laro - 
g rap h en  OH -104 der F irm a  R adelk is, B u d ap es t, b e s tim m t. L etz te res G e rä t is t m it a u to m a ti
sch er T astzeitreg e lu n g  a u s g e s ta t te t  u n d  a rb e ite t  m it  10, 20 u n d  40 m V/p.p. F ü r  die B estim m u n g  
v o n  T h o riu m  und der SE  k a m  die p h o to m etrisch e  M ethode  m itte ls  A rsenazo I I I  [29] bei p H  3 
(S E ) u n d  in  4IV-HC1 (T h o riu m ) am  Spekol zu r A n w endung .

M olybdän(V I) w u rd e  d u rch  F ä llu n g s titra tio n  m it B lein itra tlö su n g  b e s tim m t; der e rs te  
ü b erschüssige  T ropfen  d e r B le in itra tlö su n g  g ib t m it P A R  [4-(P yridy l-2 /-azo )-reso rcin -na trium - 
sa lz] eine ro te  F ä rb u n g , a u ß erd em  g rav im etrisch  m it 8-O xychinolin . E is e n (III)  w urde im  
am m oniakalischen  M edium  in  G egenw art v o n  T h iog lyko lsäu re  ph o to  m etrisch  b e s tim m t. 
D ie B estim m ung  der E rd a lk a lie n  u n d  des M agnesium s erfo lg te  k o m plexom etrisch  m it E rio -T  
als In d ik a to r .

B estim m u n g  der D u rc h b ru ch sk ap az itä t der Säulen

Zur E rm ittlu n g  d e r D u rc h b ru ch sk ap a z itä t d e r  e ingese tz ten  Säulen  w urde eine 0,1 A i 
T liiog lykolsäurelösung  (p H  — 2,5), die 100 fig  U ran /m l bzw. 100 ßg  T horium /m l en th ie lt, m it 
e in e r D urch flu ß g esch w in d ig k eit von 0,6 m l/m in  d u rc h  die H arzfü lliing  der Säule gesch ick t, d ie  
ab la u fen d e  Lösung in  5 m l K ölbchen  aufgefangen u n d  d e r U ran- bzw7. T h o riu m g eh alt b e s tim m t. 
(F ü r  U ra n  w urden 60 m g gem essen.)

B estim m ung  der V erteilungskoeffiz ien ten

E inige V erte ilungskoeffiz ien ten  der M etallionen  zwischen den A n io n en au s tau sch er
h a rze n  und  kom plexen L ösu n g en  w urden m itte ls  des S äu lenverfah rens (fü r die Seltenen E rd e n  
L a n th a n , Sam arium  u n d  fü r  Y ttr iu m ) nach  T o m pk in s  u n d  Mayer  [30] b e s tim m t:

T  =  D  • m
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In dieser Beziehung bedeuten!) den Verteilungskoeffizient, m die Masse des trockenen Harzes 
in der Säule und V  das Elutionsvolumen, abzüglich des Blindvolumens, bis zum maximalen 
Elutionspeak. Die übrigen D-Werte wurden nach der Batch-Methode ermittelt. Dabei werden 
in einem 25 ml Kölbchen jeweils 5 mg des entsprechenden Metallions in soviel ml Komplex
bildnerlösung gelöst, daß damit Endkonzentrationen von 0,01-, 0,1-, 0,5- und 0,9-M  an Kom
plexbildner erreicht werden. Dann wird der gewünschte pH-Wert durch Zugabe von NH3 und 
HCl unter potentiometrischer Kontrolle eingestellt, je 0,25 g lufttrockenes Harz eingetragen und 
zum Eichstrich mit wenig H20  aufgefüllt. Nach Inständigem Schütteln in einer Schüttelma
schine wird das Harz von der Lösung abgefrittet und die Metallionenkonzentration im Filtrat 
nach einer der oben angeführten Methoden bestimmt. Die experimentellen Fehler bei der 
Bestimmung von D  liegen für kleine Werte bei +5%  und bei Werten über 100 bei +10% .

Ergebnisse u n d  D iskussion

N achdem  in  V orversuchen  fe s tg es te llt w urde , d aß  der A n io n en au s
ta u sc h e r  W o fa tit-S B U  die u n te rsu c h te n  U ranyl- u n d  T horium ionen  in  G egen
w a rt d er an g e fü h rten  K o m p lex b ild n er im  pH -B ere ich  von  2— 4 q u a n t i ta t iv  
so rb ie rt — bei g rößeren  p H -W e rte n  t r i t t  infolge H ydro lyse  N iedersch lags
b ild u n g  a u f  —  u n d  in  diesem B ere ich  die E rd a lk a li- , Seltenen E rd m e ta ll- , 
E isen (II)-  und E isen (III)-Io n en  v o m  H arz  n ich t zu rü ck g eh a lten  w erd en , 
w urden  die V erte ilungskoeffiz ien ten  v o n  U ran(V I) u n d  T horium (IV ) in  A n 
w esenheit von E ssigsäure, G ly ko lsäu re  u n d  T hiog lyko lsäure  bei p H  =  4 u n d  
in  A nw esenheit v o n  B ern ste in säu re , Ä pfelsäure u n d  T h ioäpfe lsäure  bei p H  =  
2,5 im  B atch -V erfah ren  b es tim m t u n d  die G leichgew ichts-V erteilungskoeffi
z ien ten  nach  der B eziehung

//g E le m e n t/g  lu fttro ck en es H arz  

/ig E le m e n t/m l L ösung

b e rech n e t. In  den  T abellen  I u n d  I I  sind  die E rgebn isse  an g efü h rt.

Tabelle I
J'erteilungskoeffizienten bei p H  — 4 und 20° C

Ion Komplexbildner Wofatit-SBU Wofatit-SBW
(Mol/1) 0,01 0,1 0,5 0,9 0,01 0,1 0,5 0,9

Essigsäure 10 125 250 165 10 125 160 125
U 02(II) Glykolsäure 220 575 425 150 575 315 190 100

Thioglykolsäure 1500 4000 2000 1100 1350 2500 2000 800

Essigsäure 15 125 25 10 15 10 15 15
Th(IV) Glykolsäure 10 10 10 10 10 10 10 10

Thioglykolsäure Flg. Flg. 150 150 Flg. Flg. 115 120

A us den  T abellenw erten  g e h t h e rv o r, daß  die V erte ilu n g sv erh ä ltn isse  
von U ran (V I) u n d  Thorium (IV ) a m  W o fa tit-S B U  —  u n d  auch  am  s ta rk  
basischen  A n io n en au stau sch er W o fa tit-S B W , der zum  V ergleich in  die U n te r 
suchungen  einbezogen w urde —  a m  g ü n stig sten  in  G egenw art von  T h io 
g lyko lsäure als K om plexb ildner s in d . A llerdings t r i t t  bei p H  =  4 te ilw eise

Acta Chim. ( Budapest) 75, 1973



230 GÜRTLER und Mitarb.: ANIONENAUSTAUSCHVERHALTEN VON URAN

Tabelle II
Verteilungskoeffizienten bei p H  =  2,5 und 20° C

Ion
Komplexbildner Wofatit-SBU Wofatit-SBW

(Mol/1) 0,05 0,1 0,2 0,05 0,1 0,2

Bernsteinsäure 215 345 295 20 25 55
U 0 2(II) Apfelsäure 1190 1565 2030 1850 1950 1380

Thioäpfelsäure 650 950 825 295 370 430

Bernsteinsäure 20 40 10 20 25 20
Th(IV) Apfelsäure 470 425 330 615 435 445

Thioäpfelsäure 100 65 20 210 270 280

N iedersch lag sb ild u n g  v o n  T horium  au f, w o d u rch  die G efahr d er M itfällung  
v o n  U rany lionen  b e s te h t . Aus diesem  G ru n d e  w urde  zu n äch st d er p H -E in flu ß  
a u f  d as  S o rp tio n sv e rh a lten  des W o fa tit-S B U  gegenüber U ran , T ho riu m  u n d  
e in igen  anderen  als S tö re lem en te  bei d e r  T ren n u n g  U ran  v o n  T h orium  a u f
tr e te n d e n  M etallionen gen au  u n te rsu c h t. D ie E rgebnisse sind  in  Tabelle I I I  
e in g eo rd n e t. D ie T ab e llen w erte  zeigen, d a ß  in  G egenw art v o n  0,1 M -Thio- 
g ly k o lsäu re  sich als g ü n stig s te r  p H -B ere ich  d er zw ischen 2 u n d  2,5 fü r die 
U ra n — T h o riu m -T ren n u n g  an b ie te t.

Tabelle III
p H -E in flu ß  a u f  das Austauschverhalten von X Jra n (V I), T h o r iu m (IV ) u. a. M etallionen am  

W o fa tit-S B U  in Anw esenheit von Thioglykolsäure

pH 1 2 2,5 3 5 7 9

U(VI) gegeh. (/(g) 200 200 200 200 200 200 200

gef- C«g) 4 196 202 199 200 201 204

Th(II) gegeb. (/ig) 200 200 200 200 200 - 200

gef- Og) 0 Spur 10 175 195 - 210

SE(III) gegeb. ( p g ) - - 125 - 125 — —

gef- ( Е ё ) - - 20 - 15 — —

Y(III) gegeb. (/ig) - - 125 - 125 - —

gef- ( Е ё ) - — 10 — 15 — -
Mo(VI) gegeb. (mg) 1,92 - 1,92 - 1,92 — —

gef. (mg) 1,90 - 1,85 - 1,80 - -

Fe(II), gegeb. (mg) 1,12 - 1,12 1,12 1,12 1,12 1,12

(III) gef. (mg) 0 — 0 0 Spur 1,14 1,14

A nschließend w u rd en  die V erte ilu n g sv erh ä ltn isse  der g en an n ten  M eta ll
ion en  in  G egenw art versch iedener M engen T h iog lyko lsäure be i einem  p H - 
W e rt von  2,5 u n te rs u c h t. Die e rm itte lte n  V erte ilungskoeffiz ien ten  sind  in  
T ab e lle  IV  a n g e fü h rt.
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Tabelle IV
Verteilungskoeffizienten bei p H  =  2,5 und 20° C

Ion

Wofatit-SBU 
Thioglykolsäure Mol/1 Wofatit-SBW

0,01 0,1 0,5 0,9 0,01 0,1 0,5 0,9

U 02(II) 80 950 1050 800 20 125 320 750
Th(IV) 15 25 40 45 5 15 25 45
Mo(VI) > 103 > 1 0 3 > 1 0 3 V о w > 1 0 3 > 103 > 1 0 3 > 1 0 3
Fe(II), (III) <  1 <  1 <  1 <  1 <  1 <  1 <  1 <  1
SE(III) <  1 3 5 10 <  1 3 5 5

Y(III) <  1 5 5 10 <  1 5 5 5
Ca, Sr, Ba(II) <  1 <  1 <  1 <  1 <  1 <  1 <  1 <  1

Mg(H) <  1 <  1 <  1 <  1 <  1 <  1 <  1 <  1

A us der T abe lle  is t ersich tlich , d a ß  die T rennm ög lichke it von  U ra n  am  
W o fa tit-S B U , v o n  T horium  und a n d e re n  S tö rionen , be i p H  =  2,5 in  A nw esen
h e it v o n  0,1 b is  0,5 M  T hiog lyko lsäure  erfo lgversp rechend  ist.

D ie a u f  d e r B asis der e rm itte lte n  V erte ilu n g sv erh ä ltn isse  a u sg e a rb e ite te  
säu len ch ro m ato g rap h isch e  T ren n u n g  d e r U ran y lio n en  von T h o riu m  u n d  
a n d e ren  S tö re lem en ten  in  A nw esenheit von  T h iog lyko lsäu re  am  W o fa tit-S B U  
is t in  A b b ild u n g  1 v e ran sch au lich t. D ie E lu tio n  erfo lg t zu n äch st m itte ls

Abb. 1. Säulenchromatographische Trennung von 1000 p g Th(IV) und 476 pg U(VI) neben 
anderen in Tab. V angeführten Ionen hei 20° C. Säulenabmessung =  0,5 cm 0  und 2 ml 

Wofatit-SBU, Korngröße 0,1 — 0,2 mm 0
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0,1 M -T h iog lyko lsäure , w om it alle E rd a lk a li- , se ltenen  E rd m e ta ll- , E isen (II)- , 
E ise n (I I I ) -  u n d  d er H a u p ta n te il  d er v o rh a n d e n e n  T horium ionen  vom  A us
ta u s c h e r  e lu iert w erden . N ach  ca. 100 m l E lu tio nslösung  w ird  als E lu tio n s
m itte l  0,1 1V-H2S 0 4 e ingese tz t, w obei die re s tlich en  T horium ionen  im  E lu a t 
e rsche inen . Im  vo rliegenden  V ersuch re ic h te n  d azu  50 ml HV-H2S 0 4 aus. D as 
noch  am  H arz  zu rü ck g eh a lten e  U ran  w ird  sch ließ lich  m it 1 iV-HCl vo lls tän d ig  
e lu ie rt.

I n  A nw esenheit v o n  M olybdän  w ird  dieses nach  der A b tre n n u n g  des 
U ra n s  m itte ls  e iner am m oniaka lischen  P ero x y d isu lfa tlö su n g  n ach  Z ie g l e r  und  
R i t t n e r  [31] vom  A n io n en au stau sch er e lu ie rt. In  Tabelle V sind  die n ach

Tabelle V

Säulenchromatographische Trennung von U r a n (V I)  von 
anderen Ionen am W o fa tit-S B U  bei 20° C

U O ,(II) 
gegeb., |ig

Störelemente 
gegeb., ug

UOa(II)
gpfM flg

11 420 -- - 11 400

19,5 — 19,5

9,5 — 9,5

476,0 T h(lV ): 1 977 405,0

380,8 100 380,0

238,0 1 977 225,0

238,0 1 977 240,0

238,0 1 977 252,0

190,5 100 190,0

119,0 1 977 121,0

38,0 400 38,0

15,5 200 13,5

15,5 2 000 18,5

190,5 M o(VI): 5 000 185,0

190,5 5 000 190,0

15,5 1 920 15,0

15,5 F e (II) :  1 500 15,0

15,5 F e (I I I ) :  10 000 15 0

15,5 S E (III) : 850 17,5

190,5 850 194,0

15,5 850 20,0

190,0 850 193,0

119,0 Ca, Sr: je  10 ~ 2M 120,0

15,5 B a, Mg: je  10 -2 M 16,0
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dieser T re n n m e th o d e  erzielten  E rg eb n isse  in  G egenw art von  S tö rionen  in  
u n te rsch ied lich en  M engenverhältn issen  an g efü h rt.

Aus d en  M eßw erten  der T abelle  У  is t  zu sehen, d aß  der h ier v erw en d e te  
Io n e n a u s ta u sc h e r W ofa tit-S B U  seh r g u t geeignet is t fü r  die A b tren n u n g  der 
U ran y lio n en  v o n  T h orium  und  an d e ren  S tö rionen , w enn  die oben an g e fü h rten  
B ed ingungen  e in g eh a lten  w erden. So k ö n n e n  noch  10 ^ug U ran  von  einem  200- 
fachen  T h o riu m ü b ersch u ß , von  einem  500fachen  E isen-, 200fachen M olybdat-, 
200faclien SE - u n d  500fachen E rd a lk a lien -Ü b ersch u ß  g u t a b g e tre n n t w erden .
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RECTIFICATION OF MULTICOMPONENT 
MIXTURES, III

LOCAL C H A R A C T E R IS T IC S  O F  T H E  T R A JE C T O R IE S  O F  C O N TIN U O U S 
R E C T IF IC A T IO N  P R O C E S S E S  AT F IN IT E  R E F L U X  R A T IO S

L . A . S e r a f i m o v , У .  S .  T i m o f e e v  and M . I .  B a l a s h o v

(Lom onosov In s titu te  fo r  F ine  Chemicals, M oscow)

R ece iv ed  A pril 26, 1971

Local ch arac te ris tic s  o f  rec tif ic a tio n  tra jec to rie s  in  th e  v ic in ity  o f s te a d y -s ta te  
p o in ts  a t  f in ite  re flu x  ra tio s  a re  d iscussed . I t  is d e m o n s tra ted  t h a t  on ly  “ju n c tio n - ty p e ” 
a n d  “ sa d d le -ty p e ”  s te a d y -s ta te  p o in ts  characterize  th e  d y n a m ic  system  of rec tific a tio n . 
D ifferen t cases o f  th e  s te ad y  s ta te  in  th e  system  in q u estio n  a re  analyzed . Id e a l co u n te r- 
c u rre n t m odels w ith  th e  co n d itio n  th a t  th e  m ass tra n s fe r  coeffic ien ts fo r a ll co n s titu e n ts  
in b o th  ph ases a re  iden tica l w ere u sed  in  th e  analysis. F o r  zeo tro p ic  m ix tu re s  w ith  d ia 
gram s in  w h ich  no line  a  y  =  1 is p re sen t, a general p ic tu re  o f th e  course o f th e  t ra je c 
to ries for c o n tin u o u s  re c tif ic a tio n  is given. T he q u a lita tiv e  course o f th e  s te a d y -s ta te  
lines in  th e  co n ce n tra tio n  sim plexes is dem o n stra ted .

T he fu n d a m e n ta l local a n d  non-local ch a ra c te ris tic s  of rec tific a tio n  
tra je c to rie s  in  c o n cen tra tio n  sim plexes a t  in fin ite  re f lu x  ra tio  an d  f in ite  or 
in fin ite  co lum n le n g th  w ere es tab lish ed  prev iously  [1].

T he p resen t p a p e r  deals w ith  sets o f conditions rea lizab le  a t  f in ite  re flu x  
ra tio s  in  a p p a ra tu se s  o f in f in ite  o r fin ite  len g th . A n  ideal liq u id -v a p o u r  
co u n te rc u rren t m odel will be ap p lied  to g e th e r w ith  th e  cond ition  th a t  th e  
p a r tia l m ass tra n s fe r  coefficients a re  id en tica l for all c o n s titu e n ts  o f th e  m u lti- 
co m ponen t m ix tu re  in  b o th  phases.

In  th e  case w hen  th e  re s is tan ce  to  m ass tra n sfe r  is d is tr ib u te d  be tw een  th e  
phases, th e  tra n s fe rre d  m ass o f  th e  i th  co n stitu en t re fe rred  to  1 m ole o f th e  
v a p o u r  phase (dqf) can  be expressed  b y  th e  follow ing eq u a tio n s:

dqt d f i
dl

II 1 4 (1)

dq,
m dxj

d l
=  ß {p ( x i~  x f)  ■ (2)

w here an d  ß\x  ̂—  m ass tra n s fe r  coefficients of c o n s titu e n t i in  th e  v a p o u r 
an d  liq u id  p h ase , respective ly ;

y f  and  x f  —  in te rface  co n cen tra tio n s o f c o n s titu e n t i in  th e  v a p o u r 
an d  liq u id  p h ase , respective ly . I t  is assum ed th a t  these  
are  eq u ilib riu m  co n cen tra tio n s, i.e. y f  =  K f  x f ,  w here 
K f  is th e  equ ilib rium  d is tr ib u tio n  coefficien t;
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y t and  x t —  w o rk in g  co n cen tra tio n s  in  th e  in te r io r  o f  th e  v ap o u r 
a n d  liq u id  s tream s, re sp ec tiv e ly , re la te d  to  each o th e r 
in  th e  genera l case b y  th e  m a te ria l ba lance  y t —
=  mXf +  (1  — m)x'i,
w h ere  m  —  slope o f th e  w orking line ,

x{ —  c o n c e n tra tio n  of c o n s titu e n t i in  th e  
f in a l fra c tio n  of re c tif ic a tio n , i.e. con
c e n tra tio n  in  th e  d is tilla te  (m  <  1 ) or in  
th e  b o tto m  p ro d u c t (m  > 1 ).

T h e  s im ultaneous so lu tio n  of E qs (1) a n d  (2), w ith  th e  e lim ination  of 
dqj y ie ld s

fi¥>xt+ ß y > y i = ß p x f + ß p > y f .  (3)

L e t us orien t th e  seg m en ts  y i —— x i an d  y f  —• x f  in  th e  d irec tio n  poin ting  
f ro m  th e  liquid phase  co m p o sitio n  to w ard s  th e  v a p o u r p h ase  com position . W e 
th e n  o b ta in  tw o v e c to rs , x t y t an d  x fy f -  T h e  len g th  an d  d irec tio n  o f th e  f irs t 
v e c to r  will be d e te rm in ed  b y  th e  w orking  co n cen tra tio n s x ( a n d  y t o f th e  liqu id  
a n d  v a p o u r  phases, re sp ec tiv e ly . T he len g th  an d  d irec tion  o f th e  second v ec to r 
co in c id e  w ith  th e  le n g th  an d  d irec tio n  o f th e  liq u id -v a p o u r  node. E q . (3) 
in d ic a te s  th a t  th e  in te rse c tio n  o f  th e  tw o  v ec to rs  is a t

*? - -  y f
ß \ x) X i + ß ^ y t  _  ß (ix) x f + ß {iy) У?

ß P  +  ßW ß \ x)+ ß \ y)
(4)

T he in te rsec tion  p o in t ж? =  у? d iv ides b o th  vecto rs in to  p a r ts  w hich are 
p ro p o rtio n a l to  ßff* a n d  ß f^ .  T h u s th e  p o sitio n  of th e  p o in t ж? =  у? is d e te r
m in e d  b y  th e  re la tiv e  d is tr ib u tio n  o f th e  resis tan ce  to  m ass tra n s fe r  betw een 
th e  liq u id  and  v a p o u r  ph ases .

T he vector у (. у й  in  E q . (1), p re se n t as th e  d riv ing  force y f  — y t, is defined 
as th e  difference o f tw o  v ec to rs :

y ,.y f  =  x 4 y f  a fy , (5)

A nalogously, th e  v e c to r  x,-xf is also d e te rm in ed  as th e  d ifference of tw o 
v e c to rs :

X j X f  =  X ° X  I v"xf- ( 6)

A t th e  sam e tim e , th e  equalities

l*?*?l +  |*?y? | =  \ x f y f \

a n d
I*í4 -| +  |*?y,-| =  I Xj yi\

a re  va lid .

( 7 )

( 8 )
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T he w o rk ing  concen tra tions a re  connected  th ro u g h  th e  m a te ria l b a la n c e  
eq u a tio n

y  I =  mxi~\- ( 1 — m) x'j

an d , co n seq u en tly , dy,- =  mdxt.
A nalogous equ a tio n s can be w ritte n  fo r an y  o th e r  c o n s titu e n t o f  th e  

m u ltico m p o n en t m ix tu re . B y d iv id ing  one b y  th e  o th e r , th e  eq u a tio n

d j L =  ( 9 )

dvj d  Aij

w ill be  o b ta in e d  fo r any  p a ir o f c o n s titu e n ts . I t  follows from  E q . (9) t h a t  th e  
ta n g e n ts  to  th e  tra jec to rie s  of th e  process re la tiv e  to  th e  liqu id  an d  v a p o u r  
phases  w ill be p a ra lle l lines in  th e  com position  sim plex .

Fig. 1. D ifferent form ulations of driving force in  the rectification process, a — R esistance to  
mass tran sfe r concentrated in  the vapour phase; 6 — resistance to  mass transfer d is tribu ted  
betw een th e  phases; c — resistance to mass transfer concentrated in  the liquid phase; D — 
point corresponding to the distillate; G — tra jec to ry  of the vapour phase; L  — tra jec to ry  o f the

liquid phase

In  v iew  o f E q s  (5) an d  (6), i t  can  be  seen th a t  th e se  ta n g e n ts  co rresp o n d  
to  th e  v ec to rs  y ty f  an d  XjXf  and  th e se  v ec to rs  are collinear.

T he re su lts  o b ta in ed  are i l lu s tra te d  b y  F ig . lb  w here  th e  tra je c to rie s  o f 
th e  process fo r th e  co n cen tra tin g  p a r t  o f th e  co lum n (m <  1) are  p re se n te d .

I f  th e  re s is tan ce  to  m ass tra n s fe r  is c o n cen tra ted  in  th e  v ap o u r p h ase , 
Xj =  д;°i =  x gj a n d  y f  =  y* ,  w here y*  =  K *  x t an d  K *  is th e  coeffic ien t o f 
eq u ilib riu m  d is tr ib u tio n  (c f . F ig . la ) .  I f  th e  resis tan ce  to  m ass tra n sfe r  is co n 
c e n tra te d  in th e  liqu id  phase, obv io u sly  yi =  y°i =  y f  an d  x f  =  x f ,  w here 
*î -  У.i / K ?  (cf. F ig . lc ).
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In  th e  follow ing, th e  general case co rrespond ing  to  th e  d is tr ib u tio n  of 
th e  re s is tan ce  to  m ass tra n s fe r  b e tw een  th e  v a p o u r  and  liq u id  phases will be 
d iscussed .

I t  follows from  th e  m a te ria l ba lan ce  th a t  w hen x i =  x \  th e n  y i =  xf. 
L e t u s  determ ine th e  in it ia l  ch a rac te ris tic s  o f th e  tra je c to rie s  in  th e ir  in te r 
se c tio n  p o in ts  w here  x { =  y t =  xf.

E q . (3) ind ica tes  t h a t  in  th e  p o in t in  q u es tio n  x \? =  x ;- =  y ,, co n seq u en tly ,

^ Ъ = ~  = ß <iy ) ( y f - x ° d
d l  ( 10)

d l

Since th e  p o in t x f lies on th e  node x ey g, b o th  tra je c to rie s  are ta n g e n tia l 
to  th is  node in  p o in t x f .

In  fac t, since ß\y) ( y f  —  xf)  =  ß f \ x f  —■ xf), th e  fo llow ing eq u a tio n s are  
o b ta in e d  for any  p a ir  o f  co n stitu en ts :

d y t __ $ y)( j f - * ? )  _  ( y f -* ? )  (11)

'b 'l ßjy) ( y sj  -  xj ) ( y J - X j )
dxj =  ß\x) (x? — x f)  _  (x4 -  xf)

(h ' l  ßj (Xj  -  xf) (x(j  xf)

I f  the  resis tan ce  to  m ass tra n sfe r  in  th e  liqu id  phase is zero, obviously 
Xj =  x? =  x f  and , co n seq u en tly , th e  ta n g e n t to  b o th  tra je c to r ie s  is th e  liquid  
v a p o u r  node x ty f-

I f  th e  resis tan ce  to  m ass tra n sfe r  in  th e  v a p o u r  phase is zero, y t — x f  =  y f  
a n d , consequen tly , th e  v a p o u r- liq u id  n o d e  y t x* is ta n g e n tia l to  b o th  tr a je c 
to rie s .

T he in v es tig a ted  cases of th e  po sitio n s of th e  tra je c to rie s  and  ta n g e n ts  
a re  show n in F ig . 2. F ro m  th is  figure an d  from  E qs (11) a n d  (12) i t  can  be 
seen  th a t  the  tra je c to r ie s  of th e  process in  th e  liquid  an d  v a p o u r  phases are  
ta n g e n tia l  to  each  o th e r  in  th e  po in ts  t h a t  co rrespond  to  th e  com positions of 
th e  f in a l frac tions o f  re c tific a tio n , i.e. to  th e  frac tions co rrespond ing  to  th e  
com positions o f th e  b o tto m  p ro d u c t an d  o f  th e  d is tilla te , respective ly .

L e t us now  assu m e  th a t  fo r one o f th e  c o n stitu en ts  y t =  y f .  T hen , in 
E q . (1), dyj/dl =  0, a n d , since th e  above v ec to rs  are p a ra lle l, x t =  x f  and  
dXj/dl =  0. This re su lt co rresponds to  th e  co n d itio n  of ex trem e  values on th e  
tra je c to r ie s  w ith  re sp e c t to  th e  c o n c e n tra tio n  of c o n s titu e n t i. U n d er these  
co n d itio n s  th e  v ec to rs  y . y f  an d  x t x f  will becom e para lle l to  th e  h y p e rb o u n d a ry
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of the concentration sim plex corresponding to an ( n  —  l)-con stitu en t m ixture  
from which constituent i  is absent.

Thus, the extrem a w ith  respect to concentration on the rectification  
trajectories corresponding to  the liquid and vapour phase w ill he observed at 
one and the same point of the rectification colum n. In  addition, the typ e of 
the extrem um  (m axim um  or m inim um ) will be identical on both trajectories.

F ig . 2. P ositions o f th e  tra je c to r ie s  a n d  th e  liq u id -v a p o u r  nodes in  th e  v ic in ity  o f th e  d is tilla te  
p o in t. R esistan ce  to  m ass tra n s fe r : a )  c o n ce n tra ted  in  th e  v a p o u r  p h a se ; b )  d is tr ib u te d  b e tw een  

th e  p h ases; c) c o n ce n tra ted  in  th e  liq u id  ph ase

Let us now investigate the local characteristics o f the trajectories in  the  
v icin ity  o f steady-state points. For this purpose, Eqs (1) and (2) w ill be 
com bined, yielding th e  equations

a b c

(13)

for the trajectory o f the vapour phase, and

(14)

for the trajectory o f the liquid phase, where

ß ,  ß \ X) +  ß P
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T he s tead y -s ta te  p o in ts  o f th e  tra je c to r ie s  occur w hen  th e  r ig h t sides of 
E q s  (13) and  (14) ta k e  th e  va lu e  of zero. I t  can  be read ily  seen th a t  th e  rig h t 
s id es  o f  Eqs (13) an d  (14) tu rn  to  zero sim u ltan eo u sly , since ß t ^  0 an d  th e  
d ifferences in b rack e ts  a re  id en tica l in  b o th  eq u a tio n s. E v id e n tly , th e  con
d itio n  o f steady  s ta te  is expressed  b y  th e  sy stem  o f eq u a tio n s

(ji — *f) — (ji — *j) =  0
(y°2 — *!) — ( ji  — *2) =  0

(15)

( У п — 1 *n—l) ( У п -1 ^-n-l)   0 .

L e t us assum e t h a t  y t =  x t in  all eq u a tio n s  o f th e  sy s tem  (15). This 
m e a n s  th a t  the  com positions of b o th  th e  liq u id  an d  v a p o u r  p h ases  are  iden tica l 
w ith  t h a t  of a fina l f ra c tio n  o f rec tific a tio n , i.e. th e  b o tto m  p ro d u c t (m  > 1 )  
o r d is tilla te  (m <C 1).

T hen  th e  eq u a litie s  y f  — x f  w ill co rrespond  to  th e  co n d itio n  o f steady  
s ta te .  These equa lities in d ica te  th a t  th e  com positions o f th e  v a p o u r  and  
liq u id  phases are id e n tic a l an d , co n seq u en tly , th e  s te a d y -s ta te  p o in t w ill cor
re sp o n d  to  th e  p u re  c o n s titu e n t or to  an  azeo trop ic  m ix tu re  c o n ta in in g  tw o 
to  n  co nstituen ts.

T hus, if  the  s te a d y -s ta te  p o in t coincides w ith  th e  p o in t co rrespond ing  to  
th e  d is tilla te  or b o tto m  p ro d u c t, th e n  th is  s te a d y -s ta te  p o in t o f  th e  rec tifi
c a t io n  tra je c to ry  w ill co rrespond  to  a s in g u la r p o in t on th e  liq u id —v ap o u r 
eq u ilib riu m  phase d ia g ra m . T he resu lts  fu lly  co rrespond  to  th e  s te a d y -s ta te  
s e t  o f  conditions a t  in f in ite  re flu x  ra tio s  (m  =  1) set fo r th  earlie r [1]. I t  should 
b e  rem ark ed  th a t  th e  co n d itio n  o f all d ifferences y f  —  x f  s im u ltan eo u sly  
c h a n g in g  to  zero a t  y t x { does n o t in  itse lf  lead  to  th e  co n d itio n s of th e  
s te a d y  s ta te  and  c a n n o t be realized  in  p rac tice . In  th is  case, if  a tra je c to ry  
w o u ld  pass th ro u g h  a s in g u la r p o in t (e.g. th e  p o in t co rresp o n d in g  to  th e  n- 
c o n s ti tu e n t azeo trop ic  m ix tu re ) a t  a fin ite  v e locity , w ith o u t a n y  in terference  
so u rce , a te m p e ra tu re  ex tre m u m  w ould  be  observed  a long  th is  tra je c to ry , 
c o n tra d ic tin g  th e  second  law  o f th e rm o d y n am ics.

T he conditions o f  th e  s te a d y  s ta te  in  th e  in v e s tig a te d  case w ill be called 
e x te rn a l  conditions o f  th e  s te a d y  s ta te , since th e  com positions co rresponding  
to  th e  s tead y -s ta te  p o in ts  are  id en tica l in  th is  case w ith  th e  com positions of 
th e  f in a l fractions, i.e. th e  d is tilla te  or th e  b o tto m  p ro d u c t.

The second co n d itio n  o f th e  s te a d y  s ta te  is th e  e q u a lity  y f  — x f  =  
— у  I —  Xj for all c o n s ti tu e n ts . T hese eq u a litie s  occur a t  y f  — y t an d  x f  =  x ,■ 

(cf. E q s 1 and 2). In  th is  case, th e  v ec to rs  an d  x f y f  co incide an d  con
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seq u en tly  th e  len g th  of th e  v ec to rs  y ty f  an d  XjXg- becom es zero  and  
th e ir  d irec tio n  in d e te rm in a te .

T he above case o f th e  s te a d y  s ta te  is illu s tra te d  in  F ig . 3.
I t  can  read ily  be seen th a t  in  th is  case у,- =  y f  =  y*  an d  x t =  x f  =  x* 

an d  co n seq u en tly , th e  resistance  to  m ass tra n s fe r  is equal to  zero in  b o th  
phases. T his co n d ition  of th e  s te a d y  s ta te  xvill be  called  in te rn a l co n d itio n  since  
i t  is fu lfilled  in  a given zone o f  th e  rec tific a tio n  a p p a ra tu s  and  th e  co m p o 
sition  in  th is  zone is n o t th e  sam e as th a t  o f th e  fin a l p ro d u c ts  o f re c tif ic a tio n .

F ig . 3. R e la tiv e  p o sitio n  o f th e  re c tif ic a tio n  tra jec to rie s  and  th e  liq u id -v a p o u r  nodes co rre 
sponding  to  th e  in te rn a l conditions o f th e  s te a d y  s ta te , a — C o n cen tra tin g  p a r t  o f th e  co lu m n ; 
b — e x h au s tin g  p a r t  o f  th e  colum n; D  — p o in t o f d is tilla te ; W  — p o in t o f b o tto m  p ro d u c t

F o r o u r fu r th e r  in v es tig a tio n , E q s (13) an d  (14) are  rea rran g ed , ta k in g  
in to  acco u n t E q . (3), to  give

^ - ^ B ^ K l x ,  y i )
a t

=  В 2( Щ х 2- у 2) 
a t

dy n- 1 
d l

в n—1 -У п -1)
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fo r th e  v ap o u r p h ase , a n d

—  (*f*i Ji)

dx  2 B 2

dl m
( Щ х 2—у  ti

( 17)

( K L x  * „ - i - y „ - i )
dl m

fo r  th e  liquid  p h ase , Avhere

1 _ g f  : 1

B, ß\x) ß\y)

a n d  consequen tly , #  Б 2 t4 ■ • . #  B n_ x since  К f ^  K f  ^  . . . =?£ .
As each s te a d y -s ta te  p o in t in  th e  d ia g ra m  o f th e  tra jec to rie s  described  b y  

E q s  (16) has a co rresp o n d in g  s te a d y -s ta te  p o in t in  th e  d iag ram  of th e  tr a je c 
to rie s  described b y  E q s  (17), we shall lim it o u r fu r th e r  in v estig a tio n s to  th e  
sy s te m  of eq u a tio n s (17). T ak ing  in to  a c c o u n t th a t  y i =  m x i -f- (1 —  тп)х\, 
E q s  (17) can be f u r th e r  rearran g ed  b y  s u b s titu tin g  y (.

T he follow ing e q u a tio n s  are o b ta in e d  [2]:

- ^  =  —  [ * i ( * f -  m) +  ( m - l ] * i ]  
dl m

А - [ * 2( Щ - т )  +  ( т  l)*fl
dl m  ( lo )

% L =  ^ = L K - « - 1 m H - i m - l ) ^ ] .
dl m

L et us assum e t h a t  th e  s te a d y -s ta te  p o in t corresponds to  th e  com position  
x f \  W e th en  sh ift th e  o rig in  of th e  co o rd in a tes  to  th e  singu lar p o in t in  question  
b y  in tro d u c in g  th e  v a r ia b le  =  x t —  x f \  T h e re b y  E qs (18) w ill ta k e  th e  form
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dC! в ,
dl m

dC2 B 2
dl m

TC

43 B n -
dl m

[(£i + * Í 2)) {Щ  mJ +  C onstj] 

[(C2+ 4 2)) (Щ  m) +  C onst2]

[ ( ín - l  +  ̂ l )  (К еп_ у  n*) +  C onst„_1].

(19)

B y  ex p an d in g  th e  v alue  (K f  —  m) in to  a T a y lo r series w ith  re sp ec t to  
v a riab le s  x v  *2, e tc ., a n d  re ta in in g  o n ly  th e  lin ea r te rm s , we o b ta in

A
dl

dC2 

dl

A
m

B 0

( X f - m ) + * £to Ж
( K i  m )+ x \(z )

3*x

QKj
3*„

n - 1
+  2 * 1

i= i
to Ж

Qxí
Ci

+ 2 # ^ - b9 x t

П — 2
2i=i ( 20)

dCn-1 
dl f n - l ( Щ _ 1- т ) + х &  д К "~1

дх.П—1

л-2 Э К 8
+  2 ’® * Ц г к < = 1 9*,.

с,

T he ty p e  o f th e  in v e s tig a te d  s te a d y -s ta te  p o in t will d ep en d  on th e  signs o f th e  
ro o ts  o f th e  ch a ra c te ris tic  e q u a tio n  es tab lish ed  b y  m eans of th e  d e te rm in a n t 
of E q s  (20):

n- 1
П  B i

( Щ — т ) + х [ г) 

д Щ

QK{

4г)
ЗлГ]

3*t

( Щ — m ) +  *2

t o d K « ~ ( z )
1  9 * 2

■ ■ x l

0 »  d K *  1  
2  9 * 2

- я  4 Z )

3 K f

3*n—1 
3K§

9*VÍ-1

&  x to  ж ±x n - l  x n - 1
O X ОЛ̂2

(K n - i - m ) + x ^ L 1to d K " - i
dxn- 1

-Я

=  0 . ( 21)

H — 1
П  Q f c g  Эу*

Since — î— -—  0 an d  K f  — K f ,  w hile K f  -f- -----— =  — —, ch ar ■
m n - i  1 ‘ 1 1 ‘ FU-. a . . .  ’Qxj Qxj
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a c te r is tic  eq u a tio n  (21) can be w ritte n  in  th e  follow ing fo rm :

{ dy* ml ; 9У\

1 j дх2 ®хп—1

CD

7 Э.У2

HCD m
Э*2 8*п-1

Ы - 1 Ы - 1 - ml -CD дх2 9*л-1 1

(22)

L e t  us ad d  and  s u b tra c t  1 to  each  d iag o n a l te rm  an d  d esigna te  th e  te rm  
(A -f- m  — 1) b y  A0; th e  following fo rm  o f th e  ch a rac te ris tic  eq u a tio n  is ob 
ta in e d :

9y î ! Я0 9уГ ЭуГ
dxt д х2 9жп—1

э r î [ Qyl 1 ; Эу2*
1 9х2

ло
9 х п- х

У п -1 дУп-1
дх2

. .  ( 8̂ - i  
1 9 ^ - i

- я0

(23)

T he ch a ra c te ris tic  eq u a tio n  (23) co rresponds to  th e  d y n am ic  sy stem  o f 
free  equ ilib rium  ev ap o ra tio n  an d  ch arac te rizes  th e  course o f d is tilla tio n  
tra je c to r ie s  in th e  v ic in ity  of s in g u la r p o in ts . A s tu d y  o f th is  eq u a tio n  in d ica ted  
t h a t  a ll its  c h a ra c te ris tic  roo ts A0 a re  rea l [3].

Since A =  A0 - f  1 —  m , th e  ro o ts  o f th e  ch a rac te ris tic  eq u a tio n  (22) will 
also  be  real, in d ic a tin g  th a t  th e  s te a d y -s ta te  p o in ts  o f th e  eq u a tio n  sy stem
(18) a re  e ither ju n c tio n s  (all A va lu es  h av e  th e  sam e sign) or sadd les (som e 
o f th e  A values are  po sitiv e , w hile o th e rs  a re  n ega tive).

T he presence o f  focuses an d  cen tres  is excluded .
L e t us now  in v e s tig a te  th e  case w here  th e  s te a d y -s ta te  p o in t in  q u estio n  

is a singu lar p o in t in  th e  liq u id -v a p o u r  p h ase  equ ilib rium  d iag ram .
Since x t =  у  I =  x[ =  x f ,  th e  signs an d  va lu es  o f th e  ro o ts  o f th e  c h a ra c 

te r is t ic  equa tion  (22) w ill fu lly  coincide w ith  th o se  of th e  c h a rac te ris tic  e q u a tio n  
fo r th e  dynam ic sy s tem  of free e v a p o ra tio n . T his m eans t h a t  n -c o n s titu e n t 
a z eo tro p ic  m ix tu res  w ith  m in im um  o r m ax im u m  boiling  te m p e ra tu re s  will 
co rresp o n d  to  ju n c tio n  s te a d y -s ta te  p o in ts  on  th e  d iag ram  o f rec tific a tio n
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tra je c to r ie s . H yperbo lic  n -c o n s titu e n t azeotropic m ix tu re s  will co rrespond  to  
s te a d y -s ta te  po in ts  o f th e  “ sad d le”  ty p e . N a tu ra lly  th e  azeo trop ic  m ix tu re  
w ith  th e  m in im um  boiling  p o in t can  be rem oved as d is tilla te  an d  th e  azeo
tro p ic  m ix tu re  w ith  th e  m ax im u m  boiling  p o in t as b o tto m  p ro d u c t. T he azeo
tro p ic  m ix tu re  of th e  sadd le  ty p e  can  be rem oved  b o th  as d is tilla te  a n d  as 
b o tto m  p ro d u c t, depend ing  on w hich  of the  sep a ra tr ix e s  passing  th ro u g h  th e  
s te a d y -s ta te  p o in t de te rm in es th e  course of th e  re c tif ic a tio n  process.

As for azeo trop ic  m ix tu re s  conta in ing  (ra —  1), (n  —  2), e tc ., con
s ti tu e n ts , if  th e y  ap p e a r as ju n c tio n s  in  th e  tra je c to ry  d iag ram , th e n  th e  azeo
tro p ic  m ix tu res  w ith  m in im u m  bo iling  te m p e ra tu res  w ill be rem oved in  th e  
d is tilla te  and  tho se  w ith  m ax im u m  boiling  te m p e ra tu re s  in  th e  b o tto m  p ro d 
u c t. I f  th e y  ap p e a r as sadd les in  th e  tra je c to ry  d iag ram , th e  azeo trop ic  
m ix tu re  w ith  th e  m ax im u m  bo iling  tem p era tu re  can  b e  rem oved  in  th e  d is
til la te  an d  th a t  w ith  th e  m in im u m  boiling p o in t in  th e  b o tto m  p ro d u c t. 
N a tu ra lly , in  th e  case o f s te a d y -s ta te  po in ts of th e  sad d le  ty p e , on ly  one o f th e  
tra je c to r ie s , th e  one w hich passes th ro u g h  these s te a d y -s ta te  p o in ts , w ill h av e  
a p h y sica l m eaning.

As d e m o n s tra te d  in  R efs [4, 5], some of th e  azeo tro p ic  m ix tu res  con
ta in in g  (n  —  1) co n s titu e n ts  m a y  a p p e a r as s te a d y -s ta te  p o in ts  th a t  a re  com 
p o site  w ith  resp ec t to  th e  b o u n d a ry  o f th e  c o n cen tra tio n  sim plex  consisting  of 
its  h y p e rb o u n d a ry , edges a n d  ve rtex es . P o in ts  o f th e  p o s itiv e -n e g a tiv e  
ju n c tio n , sad d le -ju n c tio n  an d  p o sitiv e -n eg a tiv e  sad d le  ty p e  are  such s tead y - 
s ta te  p o in ts . I f  an  га-c o n s titu e n t m ix tu re  is being  se p a ra te d  in  th e  colum n, 
azeo tro p ic  m ix tu res  of th is  ty p e  c a n n o t be rem oved  e ith e r  as d istilla tes or as 
b o tto m  p ro d u c ts . F o r in s tan ce , th e  p o in t co rrespond ing  to  th e  c o n s titu e n t 
w ith  m ed ium  v o la tility  in  te rn a ry  m ix tu res is a p o in t o f th is  ty p e . W ith  
re sp ec t to  th e  G ibbs tr ia n g le , th is  p o in t is a po sitiv e  n eg a tiv e  ju n c tio n  an d  
co n seq u en tly  i t  is im possib le to  s e p a ra te  th e  c o n s titu e n t w ith  m edium  v o la tility  
b y  rec tific a tio n  a t  an y  fin ite  v a lu e  o f m. The genera lized  s itu a tio n  m ay  be 
fo rm u la te d  as follow s: on ly  th o se  co n stitu en ts  can  be  rem o v ed  in  th e  fo rm  of 
f in a l p ro d u c ts  in  con tin u o u s rec tific a tio n  to  w hich s te a d y -s ta te  po in ts  of th e  
“ ju n c tio n ”  ty p e  correspond  in  th e  ve rtex es  of th e  c o n c e n tra tio n  sim plex. T he 
v ic in itie s  o f th e  s te a d y -s ta te  p o in ts  discussed above a re  segm en ts of sadd les of 
d iffe ren t o rders an d , th e re fo re , n o t a single tra je c to ry  of th e  rec tific a tio n  
process from  th e  in te rio r  of th e  co n cen tra tio n  s im p lex  passes th ro u g h  th ese  
p o in ts .

T he cases discussed above  are  re la ted  to  th e  e x te rn a l cond itions o f th e  
s te a d y  s ta te . As fo r th e  in te rn a l conditions of th e  s te a d y  s ta te , th e y  a p p ea r 
each  tim e  w hen th e  d irec tio n  o f th e  liq u id -v a p o u r n odes in  th e  co n cen tra tio n  
s im p lex  coincides w ith  th e  d irec tio n  o f th e  lines u n itin g  th e  po in ts  co rresp o n d 
ing  to  th e  f in a l p ro d u c t co m position  and  to  th e  a c tu a l  com position  in  th e  
in te r io r  o f th e  co lum n (cf. F ig . 3).
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I t  is know n from  th e  th e o ry  of eq u ilib riu m  d is tilla tio n  a n d  equilib rium  
co n d en sa tio n  th a t  th e  liq u id —v a p o u r an d  v a p o u r- liq u id  n odes are  tan g en tia l 
to  th e se  tra jec to ries [6]. I f  a series o f lines are tra c e d  from  th e  d is tilla te  p o in t 
o r th e  b o tto m  p ro d u c t p o in t a n d  all ta n g e n tia l  po in ts  o f th e se  lines to  th e  
tra je c to r ie s  of e q u ilib riu m  d is tilla tio n  a n d  equ ilib rium  co n d en sa tio n  are 
d e te rm in e d , it  is possib le to  fin d  tw o lim itin g  m u ltitu d es  o f th e  in te r io r  s tead y 

in g .  4. S tead y -s ta te  lines in  th e  d iag ram s of zeo trop ic  m ix tu re s  a t  d iffe re n t n u m b ers  of zero 
co n cen tra tio n s  in  th e  f in a l p ro d u c ts  o f th e  rec tif ic a tio n , a b c  — C o n c en tra tin g  p a r t  of th e  col
u m n ; a ' b ' c' — e x h au s tin g  p a r t  o f th e  colum n; a a ' — no zero co n ce n tra tio n s ; b b' — one 

zero c o n ce n tra tio n ; c c ' — tw o  zero co n cen tra tio n s

s ta te  points. One o f th e se  co rresponds to  th e  cond itions u n d e r  w hich th e  re 
s is ta n c e  to  mass tr a n s fe r  is co n cen tra ted  in  th e  v a p o u r p h ase , th e  o ther to  
th o se  w here th e  re s is tan ce  is co n c e n tra ted  in  th e  liqu id  phase .

E ach  pair o f p o in ts  co rresponds to  a d e fin ite  v a lue  o f  m. B o th  m u lti
tu d e s  lim it a defin ite  se t of com positions in  th e  in te rio r o f th e  co n cen tra tio n  
s im p lex  w hich co rresp o n d s to  th e  in te rm e d ia te  cases o f re s is tan ce  to  m ass 
tr a n s fe r  d is trib u tio n  b e tw een  th e  phases.

In  Fig. 4 an  ex am p le  is g iven for th e  co n stru c tio n  o f th e  m ultip lic ities 
o f  in te rio r  s te a d y -s ta te  p o in ts  for th e  case o f te rn a ry  azeo tro p ic  m ix tu res in  
w h ich  th e  resistance to  m ass tra n s fe r  is d is tr ib u te d  b e tw een  th e  phases. The 
f i r s t  th ree  d iagram s co rresp o n d  to  th e  case of th e  c o n c e n tra tin g  p a r t  o f th e  
co lu m n  under th e  co n d itio n s  th a t  all co n s titu e n ts  are p re se n t in  th e  d istilla te  
(F ig . 4a), tw o c o n s titu e n ts  are  p re sen t (F ig . 4b) an d  one c o n s titu e n t is p resen t 
(F ig . 4c). The second series of d iag ram s (F igs 4 a ',  4 b ' an d  4 c ')  is re la ted  to  th e
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e x h au s tin g  p a r t  o f th e  colum n. I t  should be m en tio n ed  th a t  in  th e  case o f 
azeo trop ic  m ix tu re , w hen  tw o ze ro -concen tra tions a re  p re se n t in  th e  d is tilla te  
or in  th e  b o tto m  p ro d u c t, and  n o t a single line is p re se n t in  th e  G ibbs tr ia n g le  
a long  w hich th e  re la tiv e  v o la tility  ay  o f th e  c o n s titu e n ts  i and  j  (h av ing  zero 
co n cen tra tio n s) is eq u a l to  1, th e  line of th e  s te a d y -s ta te  po in ts b reak s  dow n 
in to  tw o b ran ch es proceed ing  a long  th e  sides o f th e  G ibbs triang le  (F igs 4c 
an d  4 c ') . Also, tw o  va lu es  o f m co rrespond  to  one an d  th e  sam e d is tilla te  p o in t 
(F ig . 4c) or b o tto m  p ro d u c t p o in t (F ig. 4 c ') , w hich are  th e  lim iting  v a lu es  o f  
m  in  th e  b in a ry  sy stem s 1— 2 an d  1— 3, resp.

Fig. 5. S te ad y -s ta te  lines in  th e  d iag ram s o f zeo trop ic  m ix tu re s  w ith  tw o zero c o n ce n tra tio n s  
in  th e  f in a l p ro d u c ts . A lin e  a y  =  1 ex ists , a  — C o n cen tra tin g  p a r t  o f th e  colum n; b — e x h a u s t

ing p a r t  o f th e  colum n

F o r th e  d is tilla te  (Fig. 4c)

d y l  d y l
m i 2 =  l ,m  —*—  5 m i3 — n m  —- — .

*s-o d x { X,-o  d x j

F o r th e  b o tto m  p ro d u c t (F ig. 40')

d y l  d y l
m.o = h m  —=-=- , =  lim  — — .

*»-o dXl «.-о d x 2

T he case w here tw o co n s titu e n ts  i an d  j  h a v e  zero co n cen tra tio n  in  th e  
fin a l p ro d u c t, w hile th e  line ay  =  1 passes in  th e  in te r io r  o f th e  G ibbs tr ia n g le , 
is o f  p a r tic u la r  in te re s t . In  th is  case th e  line o f th e  s te a d y -s ta te  p o in ts  co in 
cides w ith  th e  line a y  =  1. F ig . 5 d em o n stra te s  a s im ila r case w hich can  be 
en co u n te red  in  zeo trop ic  m ix tu res . H ere th e  line o f  th e  s te a d y -s ta te  p o in ts  
has th re e  b ran ch es. T h e ir in te rsec tio n s form  a cu rv ed  trian g le .

N a tu ra lly , each  s te a d y -s ta te  p o in t o f th e  b ran ch es  corresponds to  a 
de fin ite  v a lue  o f m , i.e. to  a d e fin ite  ra tio  of th e  liq u id  an d  v ap o u r s tre a m s in  
th e  co lum n, an d  can  be  o f th e  ju n c tio n  or saddle  ty p e  w ith  respect to  th e  re c ti-
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f ic a tio n  tra jec to ries , d ep en d in g  on th e  signs o f th e  c h a ra c te ris tic  ro o ts  of 
E q . (22).

T h e  th erm o d y n am ic-to p o lo g ica l an a ly sis  reveals d iffe ren t cases for th e  
co u rse  o f m u ltitu d es à t] =  1 in  th e  c o n c e n tra tio n  Sim plexes. Since several 
fu n d a m e n ta lly  d iffering  v a r ia n ts  of th e  course  of th e  m u ltip lic itie s  a ?/ =  1 

co rre sp o n d  to  each class a n d  ty p e  of d iag ram , th e  to ta l  n u m b e r  o f th e  possible 
cases  sh a rp ly  increases w ith  th e  n u m b er o f  c o n stitu en ts , b e in g  as h igh  as 135 
a lre a d y  in  te rn a ry  m ix tu re s .

L e t us exam ine in  som e d e ta il th e  loca l ch a rac te ris tic s  o f th e  course of 
th e  tra je c to rie s  in  th e  v ic in ity  o f s te a d y -s ta te  p o in ts , ta k in g  in to  acco u n t th e  
in te r n a l  conditions of s te a d y  s ta te . T e rn a ry  m ix tu res  shall b e  discussed b y  
w a y  o f exam ple.

1J T he  distillate or the bottom product contains all the constituents

A fte r  re a rra n g em e n t, th e  cond itions o f s tead y  s ta te  (E q . 15) for the  
l iq u id  phase  can be w r it te n  in  th e  form

*<■> =
— m

x <g) =  -------------X (24)
K f - m

Щ - т

w h ere  x ^ \  x ^  and  л;^ a re  th e  co n cen tra tio n s  o f  th e  c o n stitu en ts  correspond ing  
to  th e  in te rn a l cond itions o f  th e  s te a d y  s ta te , i.e. th e  coo rd inates o f th e  steady- 
s ta te  p o in ts . The ty p e  o f th e  s te a d y -s ta te  p o in t is de te rm in ed  b y  th e  signs of the  
ro o ts  o f charac teris tic  e q u a tio n  (2 2 ) w hich  —  for th e  te rn a ry  m ix tu re  —  has 
th e  follow ing form :

( d y l—^ ----;— m -  Я
3yï

CD 3*2

Ы 3yJ
— m - Я*CD 3*0

(25)

I f  3yf/3*. 0 a n d  ЭУг/Эя^ <C 0, th e  s te a d y -s ta te  p o in t w ill be  an  un stab le
ju n c t io n . I f  th e  co n d itio n s 0 8yf/3a ;1 <C тп a n d  0 <[ Эу*/Эдг2 "C m  a re  fulfilled,
th e  in v es tig a ted  s te a d y -s ta te  p o in t will also he  an  un stab le  ju n c tio n . I f  th e  in 
e q u a litie s  0  <  m <  3У*1дх1 an d  0  <  m  <  3y*/3* 2 are fu lfilled , th e  in v estig a ted  
s te a d y -s ta te  po in t w ill be  a stab le  ju n c tio n .
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F in a lly , if  for one c o n s titu e n t th e  in eq u a lity  0 < m <  d y * l d x 1 an d  fo r th e  
o th e r c o n s titu e n t 0  <  Эу*/Э# 2 <  in or ду*1дх2 <C 0  w ill be  fu lfilled , th e  s tead y - 
s ta te  p o in t w ill be o f th e  sadd le  ty p e . Since th e  se t o f  th e  possib le s te a d y -s ta te  
po in ts  form s a line in  th e  G ibbs tr ia n g le  (с/. F igs 4 a , 4 a ') ,  a n d  each p o in t o f th is  
line co rresponds to  a de fin ite  v a lu e  o f m, u n d e r th e  chosen  cond itions th e re  w ill 
be  n o t m ore th a n  one s te a d y -s ta te  p o in t in  th e  in te r io r  o f th e  G ibbs tr ia n g le  
fo r th e  case o f a zeo trop ic  m ix tu re  a t  an y  op tio n a l v a lu e  of m. T h u s, in  th e  
presence o f all th re e  c o n s titu e n ts  in  th e  d is tilla te  or in  th e  b o tto m  p ro d u c t, fo r 
zeo tropic  m ix tu re s  th e  eq u a tio n  sy stem  (24) w ill a lw ays h av e  one so lu tio n  
w ith  p ositive  values of x ^ \  x ^  a n d  x f \  I f  in  th is  case th e  line a 23 =  1 is 
ab sen t, th e  s te a d y -s ta te  p o in t in  q u estio n  will be  o f th e  ju n c tio n  ty p e .

2 )  The concentration o f  the constituents in  the f i n a l  product is zero

In  th is  case th e  co n d itio n  o f th e  s te a d y  s ta te  can  be  w ritte n , fo r ex am p le , 
n  th e  fo llow ing  fo rm :

*<»= L
K { — m

1 ~ m  ( 2 6 )

2 ” jq— 2

(A f m) 4 2> =  0 .

Since th e  in d e p e n d e n t v a riab le s  in  th is  system  o f eq u a tio n s  a re  th e  co n 
c e n tra tio n s  o f an y  tw o c o n s titu e n ts , one of th e  s te a d y -s ta te  cases w ill co r
resp o n d  to

K {  m  (27)

4 z> =  o .

In  th is  case, th e  s te a d y -s ta te  p o in t is lo ca ted  on th e  1— 2 side o f th e  
G ibbs trian g le . T hen , c h a ra c te r is tic  e q u a tio n  (22) w ill h a v e  th e  form

_ * 1  [ ( A l - m )  —A3] =  0 . (28)
Д ° x i  J ■

F ro m  th is  eq u a tio n , th e  ex p lic it fo rm  of th e  c h a ra c te ris tic  roo ts a n d  A3 

can  be o b ta in ed :

;.3 =  K f - m .  (2 9 )
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In  th e  c o n c e n tra tin g  p a r t  o f th e  co lum n , th e  d e riv a tiv e  dy*lQx1 for th e  
b in a ry  com bination  1 — 2  is alw ays g rea te r  th a n  m,  co n seq u en tly , is alw ays 
p o sitiv e . As for th e  lim itin g  v a lu e  of th e  d is tr ib u tio n  coeffic ien t o f th e  th ird  
c o n s titu e n t a t  * 3 —► 0 , fo r zeo trop ic  m ix tu re s  th is  is a lw ays low er th a n  m. 
C onsequen tly , th e  s te a d y -s ta te  p o in t co rresp o n d in g  to  th e  co n d itio n  x 3 =  0 
w ill be  of the  sadd le  ty p e  fo r zeo tropic  m ix tu re s .

In  the general case, th e  follow ing v a r ia n ts  are  possib le  fo r azeotropic  
m ix tu re s :

K i  >  m

Qy* Щ  <  m
3*j

Ä i > m , K f <! m
3* 1

3y*
<  m, K §  >  m

d x1

—  stab le  ju n c tio n

—  u n s ta b le  ju n c tio n

— saddle .

A nother s te a d y -s ta te  cond ition  co rresp o n d in g  to  E q . (26) is

X, = -------------x [ , K§ = m .
1 Щ - т

(30)

In  th is  case th e  s te a d y -s ta te  p o in t is lo ca ted  in  th e  in te r io r  of th e  G ibbs 
tr ian g le . C onsequen tly , in  accordance  w ith  th e  choice o f th e  in d e p e n d e n t con
c e n tra tio n s , and  ta k in g  in to  acco u n t th a t  K 3 —  m  =  0, c h a ra c te r is tic  eq u a tio n  
(2 2 ) will have th e  fo llow ing  fo rm :

M
3 ^

M
dxx

m A

4 Z)
m
Эж3

X

=  0 . (31)

T heore tically , v a rio u s  com b in a tio n s o f  th e  signs o f th e  ch a rac te ris tic  
ro o ts  are possible fo r  E q . (31), s im ila rly  as fo r E qs (22) a n d  (25). F o r th e  
specific  case of zeo tro p ic  m ix tu re s , th e  s te a d y -s ta te  p o in t w ill be  of th e  ju n c tio n  
ty p e  (Ax A2 > 0 ) .

3 )  The f in a l  product o f  the continuous rectification is a p u re  constituent, while 
the other two constituents have zero concentrations

In  th is case, choosing  th e  co n cen tra tio n s  o f th e  zero -co n cen tra tio n  con
s t i tu e n ts  as in d e p e n d e n t v a riab les  an d  ta k in g  in to  acco u n t t h a t  x[ =  1, tw o  
cond itions for th e  s te a d y  s ta te  will be  o b ta in e d  from  E q . (24):
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X VZ)1

X (z)1

1 m
Щ  =  т , *(z) =  0

K {
V

m

1 m
K i  =  m, ~(z)x 2 =  0

K \ -
•>

m

(32)

(33)

C o n d itio n  (32) corresponds to  th e  lo ca tion  o f th e  s te a d y -s ta te  p o in t  on 
th e  1— 2 side o f  th e  G ibbs tr ia n g le , th e  cond ition  (33) to  its  loca tio n  o n  side 
1— 3.

F ro m  th e  ch a rac te ris tic  e q u a tio n  fu lfilling  co n d itions (32) an d  (33), th e  
ro o ts  can  be  o b ta in ed  in  th e  ex p lic it fo rm :

Aj =  ——-----m  A3 =  K f — m  (32a)
Qxi

3vTAx — -  — m  A2 =  K% -  m. (33a)
dxi

T he ty p e  o f  th e  s te a d y -s ta te  p o in ts  depends on th e  signs of ro o ts  Ax, A3 
an d  A15 Аз.

I f  no lin e  a 23 =  1 is p re se n t in  th e  G ibbs tr ia n g le , th e n  K f  =И= K i  an d  
th e  in te r io r  o f  th e  trian g le  does n o t  co n ta in  a s te a d y -s ta te  p o in t. If , on  th e  
o th e r  h a n d , a line a 23 =  1 ex ists, i t  is possib le th a t  in  ad d itio n  to  th e  s tead y - 
s ta te  p o in ts  lo c a te d  on th e  sides o f  th e  G ibbs tr ian g le , s te a d y -s ta te  p o in ts  also 
a p p e a r in  i ts  in te rio r . T he co n d itio n  o f  th e  s te a d y  s ta te  co rrespond ing  to  th is  
case can  b e  w r it te n  in  th e  form

K  f  — m  (34)

Щ  =  Щ — m .

T he a b o v e  analysis refers to  tra je c to r ie s  ch a rac te riz in g  th e  ch an g e  of 
c o n c e n tra tio n s  in  th e  liqu id  phase  a long  th e  h e ig h t o f th e  colum n. A n an a logous 
analysis can  also he  carried  o u t fo r  tra je c to r ie s  ch a rac te riz in g  c o n c e n tra tio n  
changes in  th e  v a p o u r phase.

I t  h as  b e e n  m entioned  th a t  to  each  s te a d y -s ta te  p o in t in  th e  liq u id  p h ase  
tra je c to ry  d ia g ra m  (1), a s te a d y -s ta te  p o in t of th e  sam e ty p e  co rresponds in  
th e  v a p o u r  p h a se  tra je c to ry  d iag ram  (2). This m eans th a t  an y  tr a je c to ry  
d iag ram  (1) m a y  be  con tinuously  a n d  u n eq u iv o ca lly  tran sfo rm ed  in to  d iag ram  
(2), i.e. co rrespondence  ex ists b e tw een  th ese  d iag ram s. T he tra n s fo rm a tio n  
fu n c tio n  can  b e  w ritte n  in  th e  fo rm  /  : X  —► У, w here  x t £ X  a n d  y { £ Y .  
T his tra n s fo rm a tio n  is essen tia lly  d iffe ren t from  th e  m u tu a l tra n s fo rm a tio n  
o f th e  d ia g ra m s referring  to  free e v a p o ra tio n  an d  free  condensa tion . I n  th e  
la t te r  case, a ll s te a d y -s ta te  p o in ts  in  th e  d iagram s rem ain ed  im m obile d u rin g
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th e  tra n sfo rm a tio n . T h ese  w ere po in ts  co rresp o n d in g  to  azeo trop ic  m ix tu res  
o f  d iffe ren t o rders a n d  p o in ts  co rrespond ing  to  th e  pu re  c o n s titu e n ts . W hen  
th e  tr a je c to ry  d iag ram s o f con tinuous re c tif ic a tio n  (1) an d  (2) are m u tu a lly  
tra n s fo rm e d , on ly  th o se  s te a d y -s ta te  p o in ts  rem a in  im m obile th a t  co rrespond  
to  th e  ex te rn a l co n d itio n s  of th e  s tead y  s ta te ,  viz. th e  com positions of th e  f in a l 
p ro d u c ts  co rrespond  to  azeo trop ic  m ix tu re s  o r to  p u re  c o n s titu e n ts . As fo r th e  
s te a d y -s ta te  po in ts  co rresp o n d in g  to  in te rn a l  cond itions of th e  s tead y  s ta te , 
th e y  a re  n o t im m obile , b u t  are  sh ifted  b y  th e  tra n s fo rm a tio n  along w ith  th e  
l iq u id —v ap o u r nodes.

L e t us now  co n sid e r som e non-lo ca l ch a rac te ris tic s  o f th e  tra je c to ry  
d ia g ra m  of co n tin u o u s rec tifica tio n .

Since th e  tra je c to r ie s  of th e  liq u id  (1) a n d  of th e  v a p o u r  (2) are in  u n 
eq u iv o ca l co rrespondence , th e  analysis w ill be  p erfo rm ed  w ith  tra jec to rie s  (1). 
T h e  s im p lest case is t h a t  o f zero class d iag ram s [7], inc lu d in g , in  p a r tic u la r , 
d iag ram s of ideal m ix tu re s  an d  of m ix tu re s  co n ta in in g  no azeo trop ic  m ix tu res . 
I n  th e  case of such  d iag ram s, th e  to ta l  a re a  o f  th e  G ibbs tr ia n g le  corresponds 
to  one  rec tifica tio n  ra n g e  [8]. The course o f  th e  tra je c to rie s  in  d iagram s of th is  
ty p e  is p resen ted  in  F ig . 6. Figs 6a, 6b a n d  6c co rrespond  to  1 (con
c e n tra t in g  p a r t  o f th e  co lum n), w hile F ig s  6 a ',  6 b ' an d  6 c ' correspond to  
ш  > 1  (ex h au stin g  p a r t  o f th e  co lum n). A ll d iag ram s are  ch a rac te rized  b y  
th re e  s te a d y -s ta te  p o in ts  w hose re la tiv e  p o s itio n  de te rm ines th e  presence or 
ab sen ce  o f zero c o n s titu e n ts  in  th e  f in a l p ro d u c ts . In  d iag ram s 6a an d  6 a ',  
co rresp o n d in g  to  th e  case th a t  all c o n s ti tu e n ts  are ab sen t in  th e  d is tilla te  
(F ig . 6a) or in  th e  b o t to m  p ro d u c t (F ig . 6 a ') ,  one s te a d y -s ta te  p o in t is fo u n d  
in  th e  in te rio r o f th e  G ibbs trian g le , th is  p o in t being o f th e  stab le  ju n c tio n  
( ty p e  N F in  F ig . 6a) a n d  o f th e  u n s ta b le  ju n c tio n  ty p e  (N p in  Fig. 6 a ') , 
re sp ec tiv e ly . O u tside  th e  G ibbs tr ian g le , each  d iag ram  co n ta in s  one ju n c tio n  
( N d a n d  N w) an d  one  sad d le  (CF an d  Cw). N a tu ra lly , in  b o th  d iagram s on ly  
th e  one tra je c to ry  w h ich  passes th ro u g h  p o in t D  co rrespond ing  to  th e  com 
p o s itio n  o f th e  d is tilla te  or th ro u g h  p o in t W  co rrespond ing  to  th e  com position  
o f th e  b o tto m  p ro d u c t h a s  an y  ph y sica l m ean in g .

F igs 6b an d  6 b ' re p re se n t th e  cases w h ere  th e  co n cen tra tio n  of one con
s t i tu e n t  is zero in  th e  d is tilla te  (6b) or in  th e  b o tto m  p ro d u c t (6b ').

B y  passing  to  th is  set of co n d itio n s , th e  ju n c tio n -ty p e  s te a d y -s ta te  
p o in ts  N d and  N w  w h ich  w ere o u tside  th e  G ibbs trian g le  are  sh ifted  closer to  
th e  tr ia n g le  along th e  c o n tin u a tio n  o f a side o f th e  trian g le , b u t  still rem ain  
o u ts id e  th e  tr ia n g le . T h e  sad d le -type  s te a d y -s ta te  po in ts  C F an d  Cw are  now  
lo c a te d  on th a t  side o f  th e  trian g le  w hich  co rresponds to  th e  cond itio n  th a t  th e  
co n c e n tra tio n  of one o f  th e  co n stitu en ts  is zero . T he ju n c tio n -ty p e  s te a d y -s ta te  
p o in t  N f rem ains in  th e  in te rio r o f th e  tr ia n g le  in  b o th  figures. H ere, th e  
tra je c to r ie s  w hich  a re  sep ara trix es  o f  th e  sadd les Cp an d  Cw  have  p h ysica l 
m ean ings. One o f th e  sep a ra trix e s  coincides w ith  th a t  side o f th e  trian g le  on
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Fig. 6. C on tinuous re c tif ic a tio n  tra jec to rie s  in  th e  d iagram s of zeo trop ic  m ix tu re s  a t  d iffe re n t 
n u m b ers  o f  zero c o n ce n tra tio n s  in  th e  f in a l p ro d u c ts , a b c  — C o n cen tra tin g  p a r t  o f th e  c o lu m n ; 
a ' b' c — e x h au s tin g  p a r t  o f th e  colum n; a a ' — no zero co n cen tra tio n ; b b' — one zero co n 

c en tra tio n ; с c — tw o  zero co n cen tra tions
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w hich  th e  po in ts D  (co m position  of th e  d is tilla te )  an d  W  (com position  o f th e  
b o tto m  p ro d u c t) are  lo c a te d . T he o th e r s e p a ra tr ix  passes in  th e  in te rio r o f th e  
G ibbs trian g le  an d  u n ite s  th e  ju n c tio n  N F w ith  th e  sadd le  CF o r Cw .

T h e th ird  case, p re se n te d  in  F igs 6c a n d  6 c ', co rresponds to  th e  co n 
d itio n  th a t  tw o c o n s titu e n ts  have  zero co n c e n tra tio n s  in  th e  d is tilla te  or in  th e  
b o tto m  p ro d u c t.

H ere  th e  ju n c tio n - ty p e  s te a d y -s ta te  p o in ts  N D a n d  N w , w hich earlie r 
w ere o u tside  th e  G ibbs tr ia n g le , now  co incide  w ith  a v e r te x  o f th e  tr ia n g le ,
i.e. th e  ex te rn a l co n d itio n  of th e  s te a d y  s ta te  is fu lfilled . T h e  sad d le -ty p e  
p o in ts  CF an d  Cw  re m a in  on  th e  sides o f  th e  tr ia n g le  co rrespond ing  to  th e  
b in a ry  m ix tu res  o f th e  co n s titu e n ts  h a v in g  h ig h est a n d  m ed ium  v o la tility  
(F ig . 6c) or m edium  a n d  lo w est v o la tility  (F ig . 6 c '). T he ju n c tio n  N F, fo rm erly  
w as in  th e  in te rio r o f  th e  G ibbs tr ian g le , n o w  passes to  one o f its  sides. In  th is  
case, all tra jec to rie s  w ith in  th e  triang les N D— CF— N F a n d  N w— Cw— N F h av e  
p h y sica l m eanings a n d  correspond  to  th e  v a rio u s  co n cen tra tio n s  of th e  co n 
s t i tu e n t  w ith  m edium  v o la ti l i ty  in  th e  in it ia l  m ix tu re . I t  shou ld  be m en tio n ed  
th a t  th e  tra jec to rie s  p re se n te d  in  F ig . 6 re fe r  to  zeo trop ic  m ix tu res  w hose 
liq u id —v a p o u r d iag ram s do n o t co n ta in  a lin e  а  у =  1 w ith in  th e  G ibbs trian g le . 
T h is is co rrec t for all id e a l m ix tu res  an d  fo r th e  m a jo rity  o f zeo trop ic  m ix tu res . 
H ow ever, th e re  are ex cep tio n s  in  th e  l a t te r  case, w hich h a v e  been confirm ed 
ex p erim en ta lly .

T h u s fa r we h a v e  s tu d ie d  th e  cases co rrespond ing  to  in fin ite  h e igh ts, l, 
o f th e  rec tifica tio n  co lu m n  an d  to  fin ite  re f lu x  ra tio s . I f  th e  process is s to p p ed  
a t  a n y  p o in t of a t r a je c to ry  w ith  physica l m ean ing , passing  th ro u g h  th e  p o in t 
co rrespond ing  to  th e  co m position  of a f in a l p ro d u c t, th is  is eq u iv a len t to  a 
f in ite  h e ig h t of th e  co lu m n . These are th e  cases n o rm ally  fo u n d  in  rec tific a tio n  
p rac tice . H ow ever, th e  in v es tig a tio n  o f th e  gen era l local a n d  non-local ch a ra c 
te ris tic s  of th e  re c tif ic a tio n  tra jec to ries  w ith in  th e  scope o f de fin ite  m ass t r a n s 
fe r m odels is im p o r ta n t since i t  allows a b e t te r  u n d e rs ta n d in g  o f th e  process 
a n d  serves as a sc ien tific  b as is  for ca lcu la tio n s of m u ltic o n s titu e n t rec tifica tio n .
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T he n o n -loca l c h arac te ris tic s  of re c tif ic a tio n  tra je c to r ie s  a t  fin ite  va lues o f  th e  
re flu x  ra tio  h a v e  b een  s tu d ied  fo r n o n -id ea l te rn a ry  m ix tu re s  con tain ing  azeo tro p ic  
c o n s titu e n ts . T h e  m ain  ch arac te ris tics  o f  th e  fo rm a tio n  o f  rec tific a tio n  ran g es w ith  
v a ry in g  re flu x  ra tio s  a re  described.

T he lines o f possib le lim itin g  com positions o f th e  f in a l  p ro d u c ts  (d is tilla te  a n d  
b o tto m  p ro d u c t)  a re  d e te rm ined .

I t  h a s  b een  estab lish ed  t h a t  th e  co n fig u ra tio n  o f  th e  rec tifica tio n  ran g es m a y  
change w ith  v a ry in g  re flu x  ra tio s . T he c h a ra c te ris tic s  o f th e  d eg eneration  an d  d e v e lo p 
m e n t o f re c tif ic a tio n  ran g es a t  various re flu x  ra tio s  a re  p re sen te d .

In  a p rev io u s p a p e r  [1], th e  local c h a ra c te ris tic s  of th e  tra je c to rie s  o f 
con tinuous re c tif ic a tio n  in  th e  v ic in ity  o f s te a d y -s ta te  p o in ts  were d iscussed . 
Also, th e  g enera l c h a rac te ris tic s  of th e  course of tra je c to r ie s  in  th e  case o f 
zeo tropic te rn a ry  m ix tu re s  w ere considered . I t  is k n o w n  th a t  th e  n u m b e r  o f 
th e rm o d y n a m ic a lly  possib le d iagram  ty p e s  fo r  te rn a ry  m ix tu re s  is 26, if  a n t i 
podes an d  d iag ram s w ith  d iffering d e fo rm a tio n  o f th e  tra jec to rie s  a re  n o t 
ta k e n  in to  acco u n t [2]. E ach  d iag ram  ty p e  is c h a ra c te riz e d  b y  a specific  b e 
h av io u r o f th e  c o n s titu e n ts  in  con tin u o u s re c tif ic a tio n . B ased  on th e  re su lts  
rep o rted  in  [1], a q u a lita tiv e  p ic tu re  of th e  tra je c to r ie s  o f con tinuous r e c t i 
fica tion  can  be g iven  fo r each ty p e  of d iag ram  an d  th e  s tru c tu re  of th e  t r a je c 
to ry  d iagram s can  be  estab lished . A nalogous s tu d ies  w ere carried  o u t ea rlie r 
fo r zeo tropic m ix tu re s  w hose d iagram s do n o t  c o n ta in  a re la tiv e  v o la tility  line 
of u n ity , a ij =  1, in  th e  in te rio r  o f th e  G ibbs tr ia n g le , i.e. a line along w hich  th e  
d is trib u tio n  coeffic ien ts K t an d  K j  of tw o c o n s titu e n ts  be tw een  th e  liq u id  an d  
v ap o u r phases w ere id en tica l.

L e t us now  in v e s tig a te  th e  case o f zeo trop ic  m ix tu re s  w here such  a line 
exists. In  F ig . 1 a re  show n th e  d is tr ib u tio n  coeffic ien ts in  th e  b in a ry  m ix tu re s  
co n stitu tin g  th e  te rn a ry  m ix tu re  to g e th e r  w ith  th e  lim itin g  values o f th e  d is
tr ib u tio n  coeffic ien ts w hen  one of th e  c o n s titu e n t con cen tra tio n s te n d s  to  
zero. T he line a23 =  1 passing  in  th e  in te rio r  o f th e  G ibbs triang le  is also 
p resen ted .

F o r d iag ram s of th e  in v es tig a ted  ty p e , th e  t r a je c to ry  p a tte rn  does n o t  
differ from  th a t  considered  in  Ref. [1] fo r th e  cases w hen  none of th e  co n 
s titu e n ts  h av e  zero co n cen tra tio n  in  th e  f in a l f ra c tio n , and  w hen one con-
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s t i tu e n t  has zero co n c e n tra tio n  in  th e  f in a l frac tion . A p e c u lia r  t ra je c to ry  
p a t te r n  is only o bserved  in  th e  case w h en  tw o c o n stitu en ts  h a v e  zero con
c e n tra tio n s  in  th e  f in a l p ro d u c t, i.e. w h en  x'2 =  x'3 =  0. In  th is  case, th e  
e q u a tio n s  o f th e  tra je c to r ie s  in d ica tin g  th e  com position  ch an g e  o f th e  liqu id  
p h a se  [1] can  be w ritte n  in  th e  fo llow ing fo rm :

dx  2

dl

dx3
dl

—— ( K f  m ) x 2 
m

m

( i )

F ig . 1. D is tr ib u tio n  coefficien t lines of c o n s titu e n ts  in  b in a ry  c o n s titu e n ts  a n d  a 23 =  1 lines 
in  te rn a ry  azeo trop ic  m ix tu re s . In  p o in ts  a an d  b a n d  on th e  lines co n n ec tin g  th ese  p o in ts , 

K 2 =  K 3 an d , c o n seq u en tly  a 23 =  K J K 3 =  1

w here m  —  slope o f th e  w ork ing  line,

1 _ K f  1
B, ß\x) №

l/ß \x\  l ! ß f ) —  resistance  to  m ass tra n s fe r  in  th e  liqu id  an d  v a p o u r  p h ase , 
re spec tive ly ,

K f  —  coefficien t o f equ ilib rium  d is tr ib u tio n  of c o n s titu e n t i a t  th e  
in te rface  o f  th e  phases,

X/ —  w orking  co n cen tra tio n  o f c o n s titu e n t i, 
l — h e igh t o f th e  colum n.

In  po in ts  a an d  b (F ig . I) th e  eq u a litie s  Щ  =  Щ  =  K a and  K f  — K f  =  
=  Кь  a re  va lid , w hile K a Kf,.
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In  an  earlier p a p e r  [1] we h a v e  estab lished  th a t  in  th e  in v es tig a ted  case 
th ree  lines of s te a d y -s ta te  po in ts  ex is t fo r w hich dx2/dl =  d x 3ldl =  0 in  E q . (1). 
Two of th e se  fu lly  co incide w ith  th e  sides 1— 2 an d  1— 3 o f th e  G ibbs tr ia n g le , 
w hile th e  th ird  line coincides w ith  th e  line oc23 =  1.

U po n  chan g in g  m , w hile m a in ta in in g  th e  co n d itio n  x'2 — x'3 =  0, th e  
s tead y  s ta te  po in ts  o f  th e  tra je c to rie s  will be lo ca ted  on th e  above m en tio n ed  
lines of th e  s tead y  s ta te .  L e t us assum e th a t  Кь  >  K a an d  m  varies w ith in  
th e  follow ing lim its :

for b in a ry  m ix tu re  1— 2 

for b in a ry  m ix tu re  1— 3

lim
X2-4-Q

lim
* 3-*-0

dxx

dyi

< m  <  K a 

<  m  <  K a.

W hen m  changes w ith in  th e se  lim its , th e  c h a ra c te ris tic  e q u a tio n  fo r th e  
s te a d y -s ta te  p o in t ly in g  on  side 1— 2 o f th e  trian g le  (considering  th a t  K 2 =  m) 
will have  th e  fo llow ing fo rm :

[(K°3 K 2) A a ] Э  K 2
dx2

( 2)

Since in  th e  com position  ran g e  s tu d ied  (cf. F ig . 1) K 3 >  K 2 an d  
QKJdx., 0, th e  ro o ts  o f  ch a rac te ris tic  eq u a tio n  (2) A2, A3 will he p o sitive  a n d , 
consequen tly , th e  s te a d y -s ta te  p o in t lo ca ted  a t  side 1— 2 o f th e  trian g le  w ill 
he o f th e  stab le  ju n c t io n  ty p e .

W hen  m  changes w ith in  th e  sam e lim its , th e  c h a rac te ris tic  e q u a tio n  fo r 
th e  s te a d y -s ta te  p o in t ly ing  on side 1— 3 of th e  tr ia n g le  (considering th a t  
K 3 =  m) will h av e  th e  follow ing fo rm :

[(* 2 к°3) A,] ЭК3
Зя:3

=  0 . ( 3)

In  th is  range o f  com positions, K 3 K 2 an d  *^1 d K 3/dx3 ]> 0 u p  to  p o in t 
b. C onsequently , A2 <C 0 an d  A3 0, an d  th e  s te a d y -s ta te  p o in t in q u estio n  is 
o f th e  sadd le  ty p e . W ith  increasing  values of m, b o th  s te a d y -s ta te  p o in ts  w ill 
be  sh ifted  along sides 1— 2 and  1— 3 o f th e  trian g le , aw ay  from  its  v e r te x  1 
and  will rem ain  ju n c tio n  an d  sadd le  ty p e  po in ts u p  to  a de fin ite  m om en t.

Ow ing to  th e  a ssu m p tio n  th a t  Кь  >  K a, th e  s te a d y -s ta te  p o in t on side 
1— 2 w ill reach  m ore ra p id ly  th e  c o n cen tra tio n  a t  w hich  K 2 =  K 3 =  K a. W h en  
p o in t a is reached , A3 becom es zero an d  th e  s te a d y -s ta te  p o in t in  questio n  
becom es a com plex s ta b le  ju n c tio n . A t th e  sam e tim e , th e  s te a d y -s ta te  p o in t 
on side 1— 3 rem ains a saddle.
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U pon fu r th e r  in c rease  o f m  b y  an  in fin ite ly  sm all a m o u n t, th e  com plex 
s te a d y -s ta te  p o in t b re a k s  u p  in to  tw o sim ple s te a d y -s ta te  p o in ts . O ne of these  
re m a in s  on side 1— 2, w h ere  a fte r  h av in g  passed  p o in t a, K 2 becom es g rea te r 
th a n  K 3 (cf. F ig. 1) a n d , co n seq u en tly , th e  ro o t A3 of ch a ra c te ris tic  e q u a tio n  (2) 
b ecom es negative , w hile  th e  ro o t A2 p reserves its  sign. T herefo re , th e  s teady- 
s ta te  p o in t on side 1— 2 w ill be  of th e  sad d le  ty p e . The second sim ple steady - 
s ta te  p o in t will be lo c a te d  on th e  a 23 =  1 line an d  will be  a s ta b le  ju n c tio n . 
T h e  ch a rac te ris tic  e q u a tio n  fo r th is  p o in t is

i z)
ЭЩ

A *42) ■
9 X f

dx2 э * з

i z)
m i

A
dx9 9 * 3

U p o n  fu r th e r  in c rea se  of m  w ith in  th e  lim its  K a <  m  <  Кь, all th ree  
s te a d y -s ta te  po in ts  w ill b e  sh ifted  in  th e  follow ing d irec tions:

1. th e  sad d le -ty p e  p o in t on side 1— 2 w ill be sh ifted  to w a rd s  v e rte x  2 
o f  th e  G ibbs tr ian g le ,

2. th e  sad d le -ty p e  p o in t on side 1— 3 w ill be  sh ifted  to w ard s  v e r te x  3 of 
th e  G ibbs trian g le ,

3. th e  stab le  ju n c tio n  p o in t will be sh ifted  along th e  a23 =  1 line tow ards 
p o in t  b.

U po n  fu r th e r  in c rease  o f m  w ith in  th e  lim its  K a <  m  <  Кь, th e  
s te a d y -s ta te  p o in t w ill f in a lly  reach  p o in t b an d  will m erge w ith  th e  saddle- 
ty p e  s te a d y -s ta te  p o in t m ov ing  a longside 1— 3 to  p o in t b. A t th e  m om ent 
w h e n  th e  tw o s te a d y -s ta te  p o in ts  m erge, — K 3 a t  л;2 =  0 a n d  th e  ro o t A2 
in  E q . (3) will be zero , w hile th e  s te a d y -s ta te  p o in t th u s  fo rm ed  will be a 
co m p o site  ju n c tio n  lo c a te d  a lread y  on side 1— 3 o f th e  G ibbs tr ia n g le .

U pon  fu r th e r  —  even  in fin ite s im a l —  increase o f m,  th is  com posite 
s te a d y -s ta te  p o in t becom es a sim ple one, b u t  A 2  changes its  sign  a n d , therefo re , 
th is  sim ple p o in t rem a in s  a s tab le  ju n c tio n . A fu r th e r  increase o f m  up  to  th e  
v a lu e  of u n ity  will b r in g  a b o u t no fu r th e r  change in  th e  tr a je c to ry  p a tte rn . I t  
c a n  b e  easily  d e m o n s tra te d  t h a t  u n d e r th e  in v es tig a ted  co n d itio n s, th e  steady - 
s ta te  p o in t loca ted  a t  v e r te x  1 o f th e  G ibbs trian g le  will co n tin u e  to  be  an  
u n s ta b le  ju n c tio n  a t  all v a lu es  o f m.  T he  ch a rac te ris tic  eq u a tio n  fo r th is  p o in t 
c a n  b e  w ritten  in  th e  fo rm

[(K 2° -  m) -  A2] • [(K°3 -  m) -  A3] 0 .  (5)

Since K 2 <  m  a n d  K 3 <  m in  th is  p o in t, b o th  ro o ts  A 2 ,  A 3  are  neg a tiv e , 
th is  be ing  th e  co n d itio n  fo r th e  u n s ta b le  ju n c tio n . T hus, as opposed  to  th e  
case  o f ideal te rn a ry  m ix tu re s , a s te a d y -s ta te  p o in t of th e  s ta b le  ju n c tio n  ty p e  
m a y  a p p ea r w ith in  th e  G ibbs trian g le  in  th e  case of zeo trop ic  non-ideal m ix-
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tu re s  w ith  tw o zero -co n cen tra tio n  c o n s titu e n ts  in  th e  f in a l frac tio n , if  m  h as  
a  v a lu e  w ith in  a defined  range.

F ig . 2 show s th e  sequence o f changes in  th e  s tru c tu re  of th e  t r a je c to ry  
d iag ram s a t  m <  1. N a tu ra lly , on ly  th o se  tra je c to rie s  h av e  physica l m ean in g  
t h a t  p a ss  th ro u g h  th e  G ibbs trian g le , in c lu d in g  sides 1— 2 an d  1— 3 a n d  th e  
s e p a ra tr ix  o f th e  sad d le -ty p e  s te a d y -s ta te  p o in t.

F ig . 2 in d ica tes  th a t  in  th e  in v e s tig a te d  case th e  d irec tion  of co n v e x ity  
o f th e  tra je c to r ie s  changes and , co n seq u en tly , th e  presence of a c o n c e n tra tio n

F i g .  2 . Development of rectification ranges in zeotropic mixtures at increasing reflux ratios 
for the concentrating part of the column, a — b is the line with a23 =  1J

e x tre m u m  for one o r an o th e r c o n s titu e n t a long  th e  h e ig h t o f th e  co lum n  
d ep en d s  on th e  re flu x  ra tio .

I n  th e  g enera l case, liqu id—v a p o u r d iag ram s con ta in in g  severa l azeo 
tro p ic  p o in ts  a re  ch a rac te rized  b y  th e  p resence  o f  several aijj — 1 lines passin g  
in  th e  in te r io r  o f th e  G ibbs triang le . D iag ram s belonging  to  class 1.1, ty p e  2 
are  exam p les  o f such  phase  equ ilib rium  d iag ram s [2]. M ixtures o f th is  class 
an d  ty p e  h av e  one b in a ry  azeotropic  c o n s titu e n t w ith  a m in im um  (or m ax im u m ) 
bo iling  te m p e ra tu re  a n d  one te rn a ry  azeo trop ic  c o n s titu e n t o f th e  h y p erb o lic  
ty p e . T h e  d iag ram  o f d is tilla tion  lines is ch a rac te rized  in  th is  case b y  th re e  
s in g u la r  p o in ts  o f th e  ju n c tio n  ty p e , co rrespond ing  to  th e  vertexes of th e  G ibbs 
tr ia n g le , one s ingu la r p o in t of th e  ju n c tio n  ty p e , correspond ing  to  th e  b in a ry
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azeo tro p ic  c o n s titu e n t, an d  one singu lar p o in t o f th e  saddle  ty p e , co rrespond ing  
to  th e  te rn a ry  azeo tro p ic  co n stitu en t.

B y  w ay of ex am p le , le t us consider th e  generalized  case of th e  tr a je c 
to rie s  in  such a d iag ram  u n d e r th e  co n d itio n  th a t  th e  b in a ry  azeo trop ic  co n 
s t i tu e n t  has a m ax im u m  boiling te m p e ra tu re . T he w a te r-fo rm ic  acid—acetic  
acid  m ix tu re  y ields a d iag ram  of th is  ty p e  [4].

F i g .  3 .  a )  (Ujj =  1 lines for diagrams of class 1.1, type 2. b )  Trajectories of rectification at 
infinite reflux ratio. Л’, — junction-type steady-state point (binary azeotropic mixture with a 
maximum boiling temperature), C2 — hyperbolic azeotropic mixture, c )  Lines of steady- 

state points of the rectification process when the distillate consists of pure constituent 1

In  Fig. 3a are  show n th e  c h a rac te r  o f  th e  d is tr ib u tio n  coefficient lines in  
th e  b in a ry  c o n s titu e n ts  an d  also th e  a  y  =  1 lines. I t  can  be seen th a t  th re e  
lines, a 13 =  l ,  ж2з =  1 a n d  a i 2 =  1? pass th ro u g h  th e  G ibbs trian g le . T hese 
lines h a v e  an in te rse c tio n  po in t, C2, w h ich  corresponds to  th e  hyperbo lic  
te r n a r y  azeo trop ic  c o n s titu e n t. F ig . 3b p re se n ts  th e  tra je c to rie s  o f th e  
re c tif ic a tio n  process a t  m  — 1 and  l =  со. T he tra je c to rie s  form  fou r beam s, 
each  o f w hich co rresp o n d s to  one re c tif ic a tio n  range. L e t us consider th e  
case w hen  th e  c o n s titu e n ts  2 and  3 h av e  zero  co n cen tra tio n  in  th e  d is tilla te  
o f th e  colum n o p e ra tin g  a t  1. T h en  th e  sy stem  o f d iffe ren tia l eq u a tio n s
d escrib in g  th e  tra je c to r ie s  can  be w ritte n  in  th e  fo rm  of E q . (1).

F ig . 3c p resen ts  th e  lines of th e  s te a d y  s ta te  along w hich th e  r ig h t sides 
o f E q . (1) becom e zero.

F o r  b in a ry  c o n s titu e n t 1— 3, th e  v a lu e  o f m  m ay  change w ith in  th e  lim its  
lim  d y j d x  г < m <  1. H ow ever, w hen m  =  1, th e  lim itin g  com position , i.e.
x,-»o

th e  com position  o f th e  b in a ry  azeo trop ic  m ix tu re , N v  w ill be reach ed  a t  th e  
b o tto m  of th e  co lum n. F o r  b in a ry  c o n s titu e n t 1— 2, th e  possible values o f m
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are  in  th e  range  Hin d y jd x y  <  m <  1, th e  low er lim it co rrespond ing  to  v e r te x  1,
хг—0

th e  u p p e r  lim it to  v e r te x  2. T h u s, s im ila rly  to  th e  case d iscussed ab o v e , tw o 
lines o f  s te a d y -s ta te  po in ts  ex is t w hich  co rrespond  to  th e  v a ria b le  ire. In  
a d d itio n , a s te a d y -s ta te  line passes th ro u g h  th e  G ibbs trian g le  a long  w hich 
a 23 =  1.

I n  th e  case u n d e r co n sid e ra tio n , ire =  K 2 =  K 3 is th e  co n d itio n  of 
th e  s te a d y  s ta te . On side 1— 2, th e  s te a d y -s ta te  p o in t will be sh if te d  w ith  
v a ry in g  va lu es  of ire =  K 2 from  v e r te x  1 to  v e r te x  2 in  th e  gen era l case. 
T h is p o in t CF will be of th e  sadd le  ty p e  from  x[ =  1 to  p o in t a, w here K 2 =  K 3 
[cf. c h a ra c te ris tic  eq u a tio n  (2) a n d  F igs 3a, c ] , since in  th is  range  K 3 K 2 
(Л3 <  0) an d  д К 2/дх2 > 0 ,  (Я2 0). In  b in a ry  c o n s titu e n t 1— 3 ,th e  second
s te a d y -s ta te  p o in t N F is a s tab le  ju n c tio n  a t  all va lues of in, since [cf. E q . (3) 
a n d  F igs 3a, c] K?2 >  K 3, (Л2 >  0) an d  QK3!dx3 0, ( A 3  >  0).

W h en  th e  v alue  ire =  K 2 =  K 3 is reach ed  on side 1— 2, th e  s te a d y -s ta te  
p o in t w ill m erge w ith  p o in t a a n d  becom e a com posite  p o in t, since A3 == 0 
an d  ire — K a. A fu r th e r  increase o f ire re su lts  in  th e  sep a ra tio n  of th e  com posite  
p o in t in to  tw o  s te a d y -s ta te  p o in ts . O ne o f th ese , th e  sad d le -ty p e  p o in t CF, 
beg ins to  m ove along th e  a 23 =  1 line , w hile th e  o th e r, th e  stab le  ju n c tio n  N F 
(since K® >  K 2 an d  ?.3 >  0, x ^  д К 2/д х2 0 an d  X2 0), con tinues to  m ove 
a long  side 1— 2.

A ll th re e  s te a d y -s ta te  p o in ts  reach  v e r te x  2 s im u ltaneously , th e  p o in ts  
o f th e  te rn a ry  and  of th e  b in a ry  azeo tro p ic  m ix tu re s  a t  m =  1.

T h e  s te a d y -s ta te  p o in t o f th e  u n s ta b le  ju n c tio n  ty p e  co rresp o n d in g  to  
th e  v e r te x  1, s im ilarly  to  th e  p reced in g  case, rem ains im m obile w ith  ch an g in g  
v a lu es  o f  m.  T he p o in t N'D m erges w ith  v e r te x  3 a t  m  =  1.

T h e  changes in  th e  s tru c tu re  o f  th e  tra je c to ry  d iag ram  for v a rio u s va lu es  
o f  m  a re  show n in Fig. 4.

T h is figure  ind ica tes  th a t  a t  ш <  K a, one rec tifica tio n  ran g e  w ith  a 
c h a ra c te r is tic  tra je c to ry  beam  passing  th ro u g h  th e  G ibbs trian g le  ad jo in s  th e  
v e r te x  1. U n d e r th e  cond ition  o f K a <  m  <  1, th is  ran g e  b reaks u p  in to  tw o 
c o n tin u o u s  rec tifica tio n  ranges, each  b e in g  ch a rac te rized  b y  its  ow n tr a je c to ry  
beam . T h e  lim itin g  tra je c to ry  is th e  one w hich  is th e  se p a ra tr ix  o f sad d le  CF. 
T h e  tra je c to r ie s  loca ted  below  th is  s e p a ra tr ix , as w ell as those  o u ts id e  th e  
G ibbs tr ia n g le , h av e  no physica l m ean ing .

L e t us follow th e  m ovem en t o f p o in t CF . I ts  p a th  begins in  th e  p o in t 
w here  m  =  K a on side 1—-2. W ith  in c reasin g  va lu es  of m, th e  sad d le  ty p e  
p o in t is sh ifted  along th e  a23 =  1 line  a n d  reaches th e  p o in t of th e  h y p erb o lic  
azeo tro p ic  c o n s titu e n t a t  ire =  1.

T h u s , from  a defin ite  v a lue  o f  m  <C 1, th e  s tru c tu re  of th e  re c tif ic a tio n  
tra je c to r ie s  q u a lita tiv e ly  rep roduces th e  s tru c tu re  o f th e  tra jec to rie s  a t  ire =  1, 
w ith  th e  o n ly  difference th a t  in  a g iven  p a r t  o f th e  G ibbs trian g le  th e  t r a je c 
to rie s  in te rse c t its  sides, i.e. th e  closedness o f th e  tra je c to rie s  c h a ra c te ris tic  for
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m  =  1 is ab sen t. T he n u m b e r an d  ty p e  o f s te a d y -s ta te  p o in ts  e x a c tly  co r
re sp o n d  to  th e  n u m b e r a n d  ty p e  of such  p o in ts  in  th e  tra je c to ry  d iag ram  a t 
m  =  1, -with th e  o n ly  d ifference th a t  one p o in t ,  viz. N'D, is lo ca ted  o u ts id e  th e  
G ibbs trian g le . T he fo llow ing  conclusion m a y  b e  d raw n  from  these  find ings. A t 
a d e fin ite  value of m , th e  tw o rec tifica tio n  ran g es  in  th e  c o n cen tra tin g  p a r t  o f  
th e  co lu m n  m ay  m erge to  give one ran g e . I n  techno log ica l te rm s th is  m eans,

F i g .  4 .  Development of rectification ranges for diagrams of class 1.1, type 2, at varying reflux 
ratios, in the case when the distillate N p  consists of pure constituent 1. a — C2 is the line with 

a23 =  1. The figures at the vertexes of the triangle indicate the constituents

t h a t  i t  is possible to  b r in g  ab o u t a tr a n s it io n  fro m  one range  in to  th e  o th e r  b y  
v a ry in g  th e  re flu x  ra tio . This m e th o d  fo r  o b ta in in g  th e  fra c tio n  w ith  th e  
d es ired  com position  w ill be called th e  m e th o d  of co n cen tra tio n  fie ld  re d is tr i
b u tio n  betw een  re c tif ic a tio n  ranges b y  v a ry in g  th e  re flu x  ra tio  in  g iven re c ti
f ic a tio n  colum ns.

T he rem ain ing  cases of th e  re c tif ic a tio n  o f  m ix tu res  of th is  ty p e , i.e. th e  
s e p a ra tio n  of p u re  c o n s titu e n t 3 in  th e  d is tilla te  or o f p u re  c o n s titu e n t 2 in  
th e  b o tto m  p ro d u c t, c an  be ana lyzed  in  an  analogous m anner.
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L e t us now  p ass  to  th e  analysis  o f th e  tr a je c to ry  d iag ram  in th e  e x h a u s t
ing  p a r t  o f th e  co lum n . B y  w ay  o f exam ple , th e  m ix tu re  o f class 2, ty p e  2b [2] 
w ill be  discussed. A t / =  oo an d  m  =  1, tw o c o n tin u o u s  rec tifica tio n  ran g es  
a re  fo u n d  in  th e  d iag ram s o f th is  class an d  ty p e . O ne o f  th ese  ranges belongs 
to  th e  te tra g o n a l ty p e  [1].

F i g .  5 .  Development of rectification ranges when the bottom product consists of pure constit
uent 3 (IVr/). The figures at the vertexes of the triangle indicate the constituents. JVX and C \  

are binary azeotropic constituents of the junction and saddle type, respectively. 
Diagram class 2, type 2b

In  th e  in te r io r  o f th e  G ibbs tr ian g le , tw o a,-,- =  1 lines are p resen t. T h e  
line a 12 =  1 s ta r ts  fro m  th e  ju n c tio n  p o in t N l w h ich  co rresponds to  th e  b in a ry  
azeo trop ic  c o n s titu e n t 1— 2 w ith  m in im um  bo iling  te m p e ra tu re  an d  ends on  
side 1— 3 (in F ig . 5, th is  line is show n b y  a d o tte d  line). T he line a 13 =  1 s ta r t s  
from  sadd le  p o in t Cx w hich corresponds to  th e  b in a ry  azeotropic  c o n s titu e n t 
1— 3 w ith  m in im u m  boiling  p o in t an d  ends on side 1— 2 (th is line is also 
in d ica ted  in  F ig . 5 b y  a d o tte d  line). B o th  lines a re  fu lly  lo ca ted  w ith in  one o f  
th e  rec tific a tio n  ran g es  a t  l == oo a n d  m  =  1.
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L e t us consider th e  case in  w hich th e  com position  of th e  b o tto m  p ro d u c t 
is x'3 =  ] ,  * 2 = 0 ,  x{ =  0. B y  p erfo rm in g  th e  analysis o f th e  ch a rac te ris tic  
e q u a tio n  fo r th e  s te a d y -s ta te  p o in ts  a t  d iffe ren t values o f m  w ith in  th e  lim its 
lim  K 1 >  m  >  1 an d  lim  K 2 >  m  >  1, th e  series of tra je c to ry  d iagram s
X, —о хг —о
sh o w n  in  F ig . 5 is o b ta in ed .

I f  lim  K 1 lim  K 2 >  m  >  K a, w here  K a is th e  d is tr ib u tio n  coefficient
X x— 0 Х г — 0

o f  c o n s titu e n ts  1 an d  2 in  p o in t a ly in g  on  th e  a 12 = . 1 line , a t  x 2 -- 0, th e n  
a ll re c tif ic a tio n  tra je c to r ie s  s ta r t  from  th e  ju n c tio n  p o in t N P lo c a te d  on side
1—  3 o f th e  trian g le  an d  end  in  p o in t N w  w here x 3 =  1. T h e  sad d le  p o in t CF 
in  th e  v ic in ity  of w hich  th e  course o f th e  tra jec to rie s  is h y p erb o lic  lies on side
2—  3. A t m =  K a, th e  ro o t X2 o f th e  c h a ra c te ris tic  eq u a tio n  becom es zero and  
th e  s in g u la r p o in t N p ,  co incid ing  w ith  p o in t a, becom es a co m p o site  ju n c tio n . 
A t m  <C K a, th is  com posite  ju n c tio n  N F sep a ra te s  in to  tw o  sim ple s te a d y -s ta te  
p o in ts . One of these  is th e  sad d le -ty p e  p o in t CF w hich, w ith  decreasing  values 
o f  in, is sh ifted  along th e  side 1— 3 to w a rd s  th e  azeotropic  m ix tu re , w hile th e  
o th e r  p o in t, th e  ju n c tio n - ty p e  p o in t N F m oves along th e  a 12 =  1 line to w ard s  
th e  o th e r  azeo trop ic  m ix tu re  lo ca ted  on side 1— 2. S im u ltan eo u sly , a fte r 
p a ss in g  th e  p o in t in  w hich  m  =  K a, th e  rec tifica tio n  ran g e  changes its  con
f ig u ra t io n  from  th e  tr ig o n a l ty p e  to  th e  te tra g o n a l ty p e .

A t m  =  1, p o in t N F coincides w ith  p o in t N 1 (b inary  azeo tro p ic  m ix tu re  
1— 2), th e  p o in t CF coincides w ith  p o in t C0 (pure c o n s titu e n t 2) a n d  th e  
seco n d  p o in t CF coincides w ith  p o in t Cx (b in a ry  azeo trop ic  m ix tu re  1— 3). 
S im u ltan eo u sly , p o in t N w  w hich a t  a ll v a lu es  of m, excep t th e  v a lu e  of 1, is 
lo c a te d  ou tside th e  G ibbs tr ia n g le , coincides w ith  th e  p o in t N 0 (pure con
s t i tu e n t  1).

T he above exam ple  c learly  d e m o n s tra te s  th e  fac t t h a t  th e  con fig u ra tio n  
o f  th e  rec tifica tio n  ran g e  depends on th e  va lu e  of m, in  o th e r  w ords, on th e  
v a lu e  o f th e  re flu x  ra tio .

S im ilarly  to  th e  p reced in g  cases, th e  size of th e  re c tif ic a tio n  range  cor
re sp o n d in g  to  th e  ex h a u s tin g  p a r t  of th e  co lum n (m  >  1) decreases w ith  in 
c re a s in g  values of m  (decreasing  re f lu x  ra tio s).

In  Fig. 6 are  show n th e  re c tif ic a tio n  ranges for m ix tu re s  of th e  above 
c lass a n d  ty p e , u n d e r th e  cond itio n  th a t  th e  com position  o f th e  d is tilla te  is th e  
sa m e  as th e  com position  o f th e  b in a ry  azeo trop ic  m ix tu re  1— 3 w ith  m in im um  
b o ilin g  te m p e ra tu re . A t m  =  0, th e  re c tif ic a tio n  range is a p o in t co rrespond ing  
to  th e  d is tilla te . W ith  increasing  v a lu es  o f m, tw o re c tif ic a tio n  ranges im 
m e d ia te ly  ap p ear. T hese ranges are  se p a ra te d  from  each  o th e r  b y  th e  sep- 
a r a t r ix  of saddle C'F. In  th is  case, th e  tra je c to r ie s  s ta r t  from  ju n c tio n  N x (N D) 
co rresp o n d in g  to  b in a ry  azeo trop ic  m ix tu re  1—2 an d  end  in  one o f th e  re c ti
f ic a t io n  ranges on side 1— 2 in  ju n c tio n  N F, while in  th e  o th e r  rec tific a tio n  
ra n g e  in  ju n c tio n  N p  lo ca ted  w ith in  th e  G ibbs trian g le . I n  th e  v ic in ity  of
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sad d les  C'p an d  CF, th e  course of th e  tra jec to rie s  is h y p erb o lic . W ith  a fu r th e r  
in crease  of m  u p  to  1, b o th  rec tif ic a tio n  ranges ex p an d . A t m  =  1, th e  p o in t 
N f  coincides w ith  v e r te x  1 o f th e  tr ia n g le , po in t C'p co incides w ith  v e r te x  3 
a n d  p o in t CF coincides w ith  th e  p o in t loca ted  on side 1— 3 a n d  correspond ing  
to  th e  com position  o f th e  b in a ry  azeo tro p ic  m ix tu re . In  th is  lim itin g  case, th e  
tra je c to r ie s  hav in g  a p h y sica l m ean in g  occupy th e  to ta l  a rea  o f th e  tr ia n g le . 
T h e  selected  exam ple  is ch a rac te rized  b y  rec tifica tio n  ran g es  re ta in in g  th e ir  
co n fig u ra tio n  in d ep en d en tly  o f th e  v a lu e  of m.

T hus fa r th e  b o u n d aries  o f  th e  rec tifica tion  ran g es  w ere d e te rm in ed  
u n d e r  th e  cond ition  th a t  th e  p o in ts  corresponding to  th e  com position  o f  th e  
d is tilla te  or of th e  b o tto m  p ro d u c t are  located  on th e  e lem en ts of th e  con-

F ig . 6. D evelopm en t o f rec tif ic a tio n  ra n g es  a t  v a ry in g  reflux  ra tio s  fo r  m ix tu re s  o f class 2, 
ty p e  2b in  th e  case w hen  th e  d is tilla te  consists of b in ary  azeo tro p ic  m ix tu re  1 S ( A ',)

c e n tra tio n  sim plex (vertexes or sides). L e t us now  s tu d y  th e  case w here all 
c o n s titu e n ts  are  p re sen t in  th e  f in a l p ro d u c t o f con tin u o u s rec tifica tio n . I n  a 
v a r ia n t  of th is  case, th e  co m position  o f th e  d istilla te  is th e  sam e as th e  co m 
p o s itio n  of th e  te rn a ry  azeo trop ic  m ix tu re  w ith  a m in im um  bo iling  te m p e ra tu re .

L e t us s tu d y  th is  case on th e  exam ple  of th e  d iag ram s correspond ing  to  
class 3.1, ty p e  2. T he m ix tu re s  b e long ing  to  one of th e  a n tip o d es  of th e  class 
a n d  ty p e  in  question  h av e  th re e  b in a ry  azeotropic c o n s titu e n ts  an d  one 
te r n a r y  azeotropic  c o n s titu e n t w ith  a m in im um  boiling  te m p e ra tu re . L e t us 
a ssu m e  th a t  th e  com position  o f th e  d is tilla te  is th a t  o f th e  te rn a ry  azeo trop ic  
c o n s titu e n t. T hen , a t  m =  0, th e  to ta l  rec tification  ran g e  degenera tes in to  a 
p o in t corresponding  to  th e  com p o sitio n  of th e  te rn a ry  azeo tro p ic  m ix tu re . 
A t m  >  0, th ree  rec tific a tio n  ran g es  appear, ex p an d in g  w ith  increasing  
v a lu e s  of m  and  occupy ing  th e  to ta l  a rea  of th e  G ibbs tr ia n g le  a t  m  =  1. T h e  
series of tra je c to ry  d iag ram s fo r th is  case is show n in  F ig . 7, ind ica tin g  th a t  
a t  m  <  1, th e  tra je c to ry  system  h as seven  s tead y -s ta te  p o in ts , rep ea tin g  a t  a 
sm a lle r  scale th e  s tru c tu re  o f th e  t r a je c to ry  d iagram  a t  m =  1. In  th e  case o f 
m  — 1, all peripheric  ju n c tio n - ty p e  s tead y -s ta te  p o in ts  a re  lo ca ted  a t  th e  
v e r te x e s  of th e  G ibbs tr ia n g le , w hile  th e  sadd le-type  s te a d y -s ta te  p o in ts  
co incide w ith  th e  p o in ts  co rresp o n d in g  to  th e  b in a ry  azeo trop ic  m ix tu re s .
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L et us now assum e t h a t  th e  te rn a ry  azeo trop ic  c o n s titu e n t is hyperbolic  
a n d  le t us s tu d y  th e  co u rse  of th e  tra je c to r ie s  on th e  ex am p le  of d iag ram s 
b e long ing  to  class 2.1, ty p e  3b.

W e d em o n stra ted  ea rlie r [1] th a t  i f  th e  com position  o f  th e  final p ro d u c t 
is th e  sam e as th a t  o f  th e  te rn a ry  azeo tro p ic  c o n s titu e n t, th e  ty p e  of th e  
s te a d y -s ta te  p o in t co rresp o n d in g  to  th is  azeo trop ic  m ix tu re  will no t change

F ig . 7. D evelopm ent o f re c tif ic a tio n  ranges a t  v a ry in g  va lues o f m  fo r d iagram s of class 3 .1, 
ty p e  2. T he d istilla te  co n sis ts  o f  th e  te rn a ry  azeo tro p ic  m ix tu re  (IVß) w ith  a  m inim um  boiling

te m p e ra tu re

F ig . 8. D evelopm ent o f re c tif ic a tio n  ranges a t  v a ry in g  va lues o f m  fo r  d iagram s of class 2 .1 , 
type  3b. T he d is t il la te  consists o f th e  te rn a ry  h yperbo lic  azeo tro p ic  m ix tu re  Cp

w h en  th e  value of m  ch an g es from  m  — 1 to  an y  fin ite  v a lu e . Also, th e  steady - 
s ta te  po in t, co rresp o n d in g  to  th e  h y p erb o lic  te rn a ry  azeo tro p ic  m ix tu re  will 
re m a in  a sadd le-type  p o in t  in  th e  tra je c to ry  d iag ram  if  th is  azeotropic  m ix tu re  
is th e  fin a l p ro d u c t o f  th e  rec tifica tio n . T h is s te a d y -s ta te  p o in t is reached  b y  
o n ly  tw o tra jec to ries , th e se  being th e  sep a ra tr ix e s  of th e  sad d le . C onsequently , 
th e  hyperbolic azeo tro p ic  m ix tu re  can  b e  rem oved  as f in a l frac tio n  from  th e  
co lum n only in  th e  case  w hen  th e  tra je c to ry  of th e  p rocess is one of th e  sep 
a ra tr ix e s . N a tu ra lly , to  each  value of m,  de fin ite  se p a ra tr ix e s  will belong, w ith  
d e fin ite  slopes in  th e  s te a d y -s ta te  p o in t correspond ing  to  th e  hyperbolic azeo
tro p ic  m ix tu re . F ig . 8 p re se n ts  th e  tra je c to r ie s  for th e  cases m  <[ 1 and  m  =  1.
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I f  th e  fina l p ro d u c t considered  is th e  d is tilla te , th e  rea l tra je c to r ie s  a t  
m <C 1 w ill be th e  tw o  sep a ra trix e s  a long  w hich th e  m o v em en t is d ire c te d  
aw ay  from  th e  te rn a ry  azeo trop ic  m ix tu re . T he tw o  o th e r sep a ra trix es  w here  
th e  d irec tio n  of m o v em en t is to w ard s th e  azeo trop ic  m ix tu re  co rrespond  to  
th e  rem o v a l of th is  azeo trop ic  m ix tu re  as b o tto m  p ro d u c t an d  h av e  no p h y sica l 
m ean ing  in  th e  given exam ple.

H ow ever, th e y  do acqu ire  a p h ysica l m ean ing  w hen th e  com position  of 
th e  te rn a ry  h yperbo lic  azeo trop ic  m ix tu re  is th a t  o f th e  b o tto m  p ro d u c t an d , 
co n seq u en tly , m  1. I n  th is  case, all o th e r  tra je c to rie s , inc lud ing  th e  s e p a ra 
tr ix e s  d irec ted  aw ay  fro m  th e  azeo trop ic  p o in t lose th e ir  physica l m ean ing .

T he discussed cases o f th e  d ev e lo p m en t of rec tif ic a tio n  ranges a t  v a ry in g  
re flu x  ra tio s  for th e  c o n cen tra tin g  an d  ex h au stin g  p a r ts  o f th e  co lum n , to 
g e th e r w ith  a d e ta iled  analysis o f all th e rm o d y n am ica lly  possible d iag ram  
ty p e s , allow  to  fo rm u la te  a n u m b e r o f general ru les fo r th e  case w hen  th e  
co m position  of th e  f in a l p ro d u c t co rresponds to  a s te a d y -s ta te  p o in t in  th e  
tr a je c to ry  d iagram .

1. In  « -co n s titu en t m ix tu res  a t  f in ite  re flu x  ra tio s  (m <  1 or m >  1), th e  
re c tif ic a tio n  range  co rrespond ing  to  one tra je c to ry  beam  is sm aller in  th e  
genera l case th a n  th e  rec tifica tio n  ran g e  correspond ing  to  an  in fin ite  re flu x  
ra tio  (ret =  1).

2. T h e  d irec tion  o f co n v ex ity  o f th e  tra je c to rie s  an d  th e  co n fig u ra tio n  o f 
th e  re c tif ic a tio n  ran g e  rem ain  u n ch an g ed  w ith  v a ry in g  re flu x  ra tio s  i f  th e  
f in a l p ro d u c t (d is tilla te  or b o tto m  p ro d u c t)  does n o t co n ta in  (re —  1) zero- 
c o n c e n tra tio n  c o n stitu en ts .

3. I f  th e  f in a l p ro d u c t of th e  rec tific a tio n  co n ta in s (re —  1) zero -con 
c e n tra tio n  c o n stitu en ts  an d  th e  tra je c to rie s  in te rse c t th e  a,;- =  1 line a t  
x{ — Xj =  0, a change in  th e  co n v ex ity  of th e  tra je c to rie s  an d  in  th e  co n 
fig u ra tio n  o f th e  re c tif ic a tio n  ran g e  co n ta in in g  th ese  tra jec to rie s  w ill be  o b 
served  a t  a defin ite  v a lu e  of th e  re flu x  ra tio .

4. In  th e  case w hen  th e  fin a l p ro d u c t co n ta in s (re —  k) ze ro -concen tra tion  
c o n s titu e n ts , w here к  <( (re —  1), th e  n u m b e r o f  rec tific a tio n  ran g es d ev e l
op ing  from  th e  p o in t co rrespond ing  to  th e  com position  o f th e  f in a l p ro d 
u c t  w ith  v a ry in g  re flu x  ra tio s  is eq u a l to  th e  n u m b e r o f rec tific a tio n  ranges 
ad jo in in g  th is  p o in t a t  in fin ite  re flu x  ra tio  (m  =  1) an d  in fin ite  co lum n le n g th
( l  =  o o ).

L e t us now  consider a case in  w hich  th e  com position  of th e  f in a l p ro d u c t 
(d is tilla te  or b o tto m  p ro d u c t)  does n o t co rrespond  to  a s te a d y -s ta te  p o in t in  
th e  v a p o u r- liq u id  equ ilib riu m  d iag ram .

E a rlie r  we d em o n stra ted  [1] th a t  fo r th e  s tu d ied  m odel ch a rac te rized  b y  
ideal c o u n te rc u rren t a n d  b y  th e  d is tr ib u tio n  of resistance  to  m ass tra n s fe r  
b e tw een  b o th  phases, a t  f in ite  re flu x  ra tio s  (m <  1 or m  >  1) th e  tra je c to r ie s  
o f th e  rec tifica tio n  fo r th e  liqu id  an d  v a p o u r phases are  ta n g e n tia l to  th e
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liq u id —v a p o u r node t h a t  ch arac terizes  th e  equ ilib riu m  b e tw een  th e  in te rface  
co n cen tra tio n s  x f  a n d  y f  in  th e  p o in t x[  co rrespond ing  to  th e  f in a l p ro d u c t.

T he p o in t x[ d iv id es  th is  node in to  segm ents inverse ly  p ro p o rtio n a l to  
th e  p h a se  resistances an d

In  th e  case o f in f in ite  re flu x  ra tio  (m =  1), th e  nodes o f th is  ty p e  are  
ta n g e n tia l  to  th e  tra je c to r ie s  in  an y  p o in t w h ich  w ill also d iv ide th e  node in to  
seg m en ts  inverse ly  p ro p o rtio n a l to  th e  p h ase  resistances. T h u s, th e  cond itio n  
rea lized  in  th e  p o in t o f  th e  end  p ro d u c t a t m ^ l  w ill be fu lfilled  in  all p o in ts  
o f th e  tra jec to rie s  a t  ire =  1. A t a fix ed  com position  o f th e  end  p ro d u c t, 
changes in  ire re su lt in  th e  fo rm a tio n  o f a t r a je c to ry  b eam  com posed o f t r a je c 
to rie s  all of w hich w ill h e  ta n g e n tia l to  th e  node %fyf  an d  w ill be  lo ca ted  on 
one side o f th is  node. H ow ever, in  v iew  o f th e  fa c t th a t  th e  c u rv a tu re  of th e  
tra je c to r ie s  increases w ith  th e  e x te n t o f m  d ev ia tin g  from  1, all tra je c to rie s  a t  
ire 1 w ill be lo ca ted  on  one side o f th e  tr a je c to ry  correspond ing  to  in fin ite  
re f lu x  ra tio  (ire =  1). T h is is illu s tra te d  in  F igs 9a an d  9b. T hus th e  tra je c to ry  
o f  th e  process a t  ire =  1 is a lim itin g  t r a je c to ry  in  th e  sense th a t  all o th e r  
tra je c to r ie s  for w hich m  1 are  lo ca ted  a t  one side of th e  lim itin g  tra je c to ry . 
N a tu ra lly  all c h a rac te ris tic s  discussed above  ap p ly  to  th e  v ic in ity  o f th e  p o in t 
co rrespond ing  to  th e  f in a l p ro d u c t o f th e  re c tific a tio n , u n d e r th e  cond ition  
th a t  th is  p o in t is n o t  a s te a d y -s ta te  p o in t. A c tu a lly  in  th is  case all tra je c to rie s  
o f  th e  rec tific a tio n  p rocess a t r o ^ l  a re  ta n g e n tia l  to  th e  lim itin g  tra je c to ry  
on t h a t  side to w ard s  w hich  th e  la t te r  is concave (cf. F igs 9a a n d  9b).

T he set of lim itin g  tra je c to rie s  y ields th e  tra je c to ry  d iag ram  a t  m =  1 
a n d  l =  oo [!]•

E ach  tra je c to ry  d iag ram  of th is  ty p e  co n ta in s  o rd in a ry  tra je c to rie s  an d  
tra je c to r ie s  th a t  a re  sep a ra tr ix e s  o f sadd les. T he la t te r  d iv ide th e  to ta l  space 
o f th e  sim plex  (e.g. th e  G ibbs d iagram ) in to  sep a ra te  rec tific a tio n  ranges co r
re sp o n d in g  to  th e  co n d itio n  ire =  1 an d  l =  oo. T he o rd in a ry  tra je c to rie s  fo rm  
c h a ra c te r is tic  beam s. T h e ir p a tte rn  in  th e  co n cen tra tio n  sim plex  de te rm in es 
th e  con fig u ra tio n  o f th e  rec tific a tio n  ran g es. E ach  beam  corresponds to  one 
re c tif ic a tio n  range. T h e ir  analysis in d ica te s  t h a t  if  th e  com position  of th e  d is
t i l la te  o r o f th e  b o tto m  p ro d u c t lies on  an  o rd in a ry  lim iting  tra je c to ry , th e n , 
in d e p e n d e n tly  of th e  v a lu e  o f m, th e  tr a je c to ry  hav in g  a ph y sica l m ean ing , 
w ill lie in  th a t  re c tif ic a tio n  ran g e  to  w hich  th e  above o rd in a ry  lim itin g  t r a je c 
to ry  corresponds.

T he m ost in te re s tin g  case is th e  one w here th e  com position  of th e  f in a l 
p ro d u c t a t  ire ^  1 lies on  th e  lim itin g  tra je c to ry  w hich sep ara tes  tw o  re c ti
f ic a tio n  ranges from  each  o th e r a t  m — I  an d  l =  oo.

In  th is  case, th e  tra je c to rie s  o f re c tif ic a tio n  a t  m  1 b re a k  u p  in to  tw o  
b eam s. E ach  of th e se  b eam s lies in  one o f th e  rec tifica tio n  ranges an d  is ta n g e n 
t ia l  to  th e  lim iting  t r a je c to ry  in  th e  p o in t co rrespond ing  to  th e  com position  
of th e  fin a l p ro d u c t (d is t’lla te  or b o tto m  p ro d u c t).
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These c h a rac te ris tic s  are  p resen ted  in  F igs 9c a n d  9d for th e  d is tilla te  
an d  th e  b o tto m  p ro d u c t, respectively .

T hus, w ith in  th e  scope o f th e  in v es tig a ted  m ass tra n s fe r  m odel, in  th e  
g enera l case th e  com position  ly ing  on th e  sep a ra tio n  line o f  th e  rec tifica tio n  a t  
m  =  1 and  l — со w ill be  th e  possible lim itin g  co n c e n tra tio n  of th e  f in a l 
p ro d u c t.

F ig . 9. Cases o f th e  lim itin g  co m position  of th e  end  p ro d u c ts , a an d  c — d istilla te , b an d  d  — 
b o tto m  p ro d u c t, a an d  b — th e  com position  of th e  end  p ro d u c t lies on  th e  o rd in ary  tra je c to ry  
co rrespond ing  to  th e  c o n d itio n  of m =  1. c and d — th e  com p o sitio n  o f th e  final p ro d u c t lies 

on  th e  s e p a ra t io n  lin e  o f  rec tif ic a tio n  correspond ing  to  th e  co n d itio n  of m  =  1

I f  th e  resis tan ce  to  m ass tran sfe r is c o n c e n tra ted  in  th e  v apour ph ase , 
th e  line o f th e  possib le  lim itin g  com positions o f th e  en d  p ro d u c t will be th e  
sep a ra tio n  line o f d is tilla tio n , i.e. th e  line w hich  d iv ides th e  co n cen tra tio n  
tr ia n g le  in to  ranges o f  free equ ilib rium  ev ap o ra tio n .

I f  th e  re sis tan ce  to  m ass tran sfe r is c o n c e n tra ted  in  th e  liqu id  phase , th e  
line  o f  th e  possible lim itin g  com positions o f th e  en d  p ro d u c ts  will be th e  s e p a ra 
tio n  line of co n d en sa tio n , i.e. th e  line w hich d iv ides th e  co n cen tra tio n  tr ia n g le  
in to  ranges o f free eq u ilib riu m  condensation .
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In  th is  p ap er th e  rec tif ic a tio n  ran g es corresponding  to  so-called  incom plete  
co lu m n s, i.e. colum ns co n sisting  o f one co n cen tra tio n  or e x h a u s tin g  p a r t ,  were 
d iscu ssed . F o r com plete  co lum ns, th e  p resence of tw o tr a je c to ry  b eam s is 
c h a ra c te r is tic , one o f th e se  co rresp o n d in g  to  th e  c o n c e n tra tin g  p a r t  o f th e  
co lu m n  (m <  1), th e  o th e r  to  th e  e x h a u s tin g  p a r t  (m  > 1 ) .  T h e  tra je c to r ie s  of 
th e se  b eam s are co rre la ted  pairw ise b y  th e  overall m a te ria l b a lan ce  e q u a tio n  
fo r e ach  c o n s titu e n t a n d  b y  th e  m a te r ia l  b a lance  e q u a tio n  fo r th e  m a te ria l 
flow s a t  th e  feed level o f th e  co lum n. H ow ever, in  view  o f th e  ch a rac te ris tic s  
d esc rib ed  above, i t  is fu lly  ev id en t t h a t  th e  tra jec to rie s  h av in g  physica l 
m e a n in g  will be lo ca ted  in  one re c tif ic a tio n  range, viz. in  t h a t  ran g e  w here th e  
co m p o sitio n  of th e  in itia l m ix tu re  b e in g  rec tified  is co n ta in ed  [2].
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T h e  a d so rp tio n  of n -p ro p an o l on a  p la tin iz ed  P t  e lectrode has been  in v e s tig a te d  
b y  tra c e r  m eth o d s . T he process h as p ro v ed  to  be  an  irreversib le  chem iso rp tio n  th a t  
c an n o t be  ch arac te rized  b y  an  eq u ilib riu m  iso th e rm . T he a p p a re n t co n cen tra tio n  an d  
p o te n tia l  d ependences o f a d so rp tio n  are p re su m ab ly  due  to  c e rta in  o x id a tio n -re d u c tio n  
reac tions.

In  con n ec tio n  w ith  o u r investig a tio n s on th e  o x id a tio n  of rc-propanol on 
a p la tin ized  p la tin u m  electrode a n u m b er o f  q u estions has arisen  concern ing  
th e  ad so rp tio n  o f th e  alcohol. T he m ost im p o r ta n t  p roblem s were co n n ec ted  
w ith  th e  re v e rs ib ility  of a d so rp tio n , th e  ex is ten ce  o f adso rp tio n  eq u ilib rium , 
a n d  w ith  th e  fo rm  of th e  ad so rp tio n  iso th erm . F o r solv ing these  p rob lem s, th e  
m o b ility  of th e  ad so rb ed  m olecule an d  th e  p o te n tia l  an d  co n cen tra tio n  d ep e n 
dences o f th e  a d so rp tio n  w ere to  be s tu d ied .

B ased  on  o u r prev ious in v estig a tio n s concern ing  f irs t of all i-p ro p an o l
[1], i t  has b een  assum ed  th a t  th e  ap p lica tio n  o f tra c e r  m ethods will be help fu l 
also in  th is  case fo r e lu c id a tin g  th e  re la tio n  b e tw een  ad so rp tio n  an d  o x id a tio n .

Experimental

M easurem en ts w ere carried  o u t in  I N  I1C104 so lu tio n  b y  a  m eth o d  a lread y  described  
[2]. F o r  th e  ex p erim e n ts  14C-labelled n -p ro p an o l o f 0.1 to  10 m Ci/m ol specific a c t iv ity  was 
used . T he e lec tro d e  p o te n tia l  v a lu es g iven  in  th is  p a p e r  a re  re fe rred  to a 1 a tm  h y d ro g en  
e lectrode  im m ersed  in to  I N  HC104.

Results

As fa r  as th e  c o n cen tra tio n  dependence o f ad so rp tio n  is concerned  it  
has been  fo u n d  t h a t  s ta r tin g  from  v ery  low  c o n cen tra tio n s , a t  ce rta in  p o te n tia l  
va lues, th e  a d so rp tio n  w ith in  th e  ex p e rim en ta l e rro r (10% ) is in d e p e n d e n t 
o f  th e  c o n c e n tra tio n  (see F ig . 1).

T he b e h a v io u r  of th e  ad so rp tio n  as a fu n c tio n  o f p o ten tia l w as observed  
to  depend  f irs t  o f a ll on th e  p o te n tia l a t  w hich  th e  m easu rem en t was s ta r te d , 
an d  on th e  d irec tio n  o f p o te n tia l change d u rin g  th e  experim en t. T he co u n t 
r a te  vs. p o te n tia l  cu rve  in  F ig . 2 w as o b ta in ed  b y  s ta r tin g  th e  m easu rem en t a t
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0 m V  a n d  proceeding in  th e  d irec tion  of p o sitiv e  p o ten tia ls . W hen  s ta r t in g  th e  
m e a su re m e n t a t  400 m V a n d  chang ing  th e  p o te n tia l  to w ard  0 mV, an  en o rm o u s
ly  h ig h  am o u n t of su b s ta n c e  rem ains on th e  electrode even a t  0 m V  (see 
F ig . 3 , cu rve  a). The su b s ta n c e  rem ain ing  on  th e  electrode can  be rem o v ed  on ly  
b y  s tro n g  anodic p o la riza tio n . On th e  o th e r  h a n d , w hen  s ta r tin g  th e  m easure-

Fig. 1. V a ria tio n  of th e  c o u n t r a te  a t  400 mV w ith  tim e . C oncentration : 1: 6 x l 0 -5  m ol/1;
2: 3 x  1 0 - 4 m ol/1

E mV

F ig . 2. P o te n tia l  dependence o f a d so rp tio n  a t  a n  га-p ro p an o l co n cen tra tio n  of 3 x  1 0 -4  m ol/1.
S ta rtin g  p o te n tia l:  0 mV

m e n t a t  0 mV a fte r a n  ano d ic  reg en era tio n , som etim es h igher a b so rp tio n  w as 
o b se rv ed  a t  400— 500 m V  th a n  a t  th e  b eg inn ing  (see Fig. 3, cu rv e  b). (The 
c o u n t r a te  p ro p o rtio n a l to  th e  am o u n t o f ad so rb ed  su bstance  genera lly  depends 
v e ry  m u ch  on th e  p re - tre a tm e n t of th e  e lec trode , i.e. on th e  e x te n t o f th e  re 
m o v a l o f very  s tro n g ly  ad so rb ed  im p u ritie s .)

W hen  s ta rtin g  th e  m easu rem en t a t  v e ry  positive p o ten tia ls  (h igher th a n  
400— 500 mV), and  in c reasin g  th e  p o te n tia l d u rin g  th e  ex p erim en t, th e  curves 
d e p en d in g  on th e  c o n c e n tra tio n  becom e s lig h tly  d ifferen t, as i t  can  be  seen in  
F ig . 4.
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F ig. 3. T h e  h y ste re s is  o f adso rp tion Fig. 4. P o te n tia l  dependence  of a d so rp tio n  a t  
a  co n ce n tra tio n  o f 10 -4  m ol/1. S tarting : 

p o te n tia l:  500 mV

i m A

Fig. 5. P o la riz a tio n  cu rv e  a t  0.3 mol/1 p ro p an o l co n cen tra tio n . G alv an o sta tic  m e th o d

The e x p e rim e n ta l fac ts  given above ap p e a r to  be  ra th e r  c o n tra d ic to ry  
an d  n o t easily  in te rp re ta b le . In  th e  in te rp re ta tio n  o f th e  exp erim en ts , o f  
course, th e  o x id a tio n  o f  th e  alcohol a t  p o te n tia ls  above 500 mV should  also be  
ta k e n  in to  acc o u n t. T his la t te r  req u irem en t is d e m o n s tra te d  by  th e  p o la riz a 
tio n  p o rtio n  o f th e  g a lv an o sta tic  curve (F ig . 5), o b ta in ed  fo r p ropano l a t  a con
c en tra tio n  (0.3 mol/1) m uch  higher th a n  th e  ran g e  s tu d ied  here. The m ain  p ro b 
lem  is to  f in d  th e  s te a d y -s ta te  or equ ilib riu m  processes t h a t  p lay  a role in  th e  
observed  a d so rp tio n  phenom ena. The p rob lem  can  be  solved b y  s tu d y in g  th e  
m o b ility  o f ad so rb ed  m olecules.
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F ig . 6. D eso rp tio n  in  th e  p u re  b ack g ro u n d  so lu tion

F ig . 7. D eso rp tio n  in  th e  p resen ce  of u n labe lled  ra-propanol

F o r th is  p u rp o se , th e  d eso rp tio n  ra te  an d  th e  exchange b e tw een  th e  a d 
so rb ed  and  so lu tion  phases w ere in v e s tig a te d  in  our p rev ious w ork . L abelled  
n -p ro p an o l was ad so rb ed  on th e  e lec tro d e  (a t  300 mV), th e n , a f te r  th e  rem o v al 
o f  th e  solu tion  co n ta in in g  th e  labe lled  su b s ta n c e , th e  cell c o m p a rtm e n t ho ld ing  
th e  electrode w as refilled  e ith e r  w ith  p u re  b ackground  so lu tio n  (Fig. 6), o r 
w ith  a so lu tion  co n ta in in g  u n lab e lled  n -p ro p an o l (Fig. 7). T he b eh av io u r of 
th e  adso rbed  m olecules can be in v e s tig a te d  conven ien tly  b y  th is  m e th o d . In  
F igs 6 and  7 an a rro w  ind ica tes th e  tim e  a t  w hich th e  so lu tion  w as changed  or 
u n lab e lled  p ro p an o l w as added .
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I t  can  be  concluded from  th e  cu rves th a t  th e  m olecules adso rbed  a t  300 
mV do n o t leave , or leave only e x tre m e ly  slowly th e  surface a t  th e  sam e p o te n 
tia l. T he s itu a tio n  rem ains essen tia lly  th e  sam e a t  400 an d  200 mV. A t m ore 
n e g a tiv e  p o te n tia ls  th e  am o u n t o f th e  adsorbed  labelled  su b stan ce  decreases, 
a considerab le  p a r t  o f it, how ever, s till rem ains on th e  surface w ith o u t ta k in g  
p a r t  in  th e  reac tio n  or in  th e  ex ch an g e . This p e rm an en tly  bon d ed  fra c tio n  can  
be  rem o v ed  b y  ox ida tio n  only a t  500 m V  or a t  even h ig h er p o ten tia ls .

t  m i n

F ig . 8. P re a d so rp tio n  w ith  n -p ro p an o l, w ash ing , th e n  a d d itio n  of labe lled  p ro p an o l 
in  1 . 5 x l 0 -4 m ol/1 co n ce n tra tio n  (a t  300 mV)

T h e co n d itions of ad so rp tio n  can  be s tu d ied  even b e tte r  in  ex p erim en ts  
w here  lab e lled  p ro p an o l is p re se n t in  th e  so lu tion  an d  th e  p re a d so rp tio n  is 
ca rr ied  o u t w ith  th e  un labelled  co m p o u n d . Fig. 8 refers to  an  ex p e rim en t of 
th is  ty p e . As th e  surface is covered w ith  s tro n g ly  b o nded  u n labe lled  com pound , 
no in c rea se  o f  th e  coun t ra te  is o b se rv ed  a t  300 an d  400 mV. A t 500 mV th e  
a d so rp tio n  o f th e  labelled  com pound  increases. I t  w as show n in  F ig . 6 th a t  
p a r t  o f th e  ad so rb ed  substance  is rem o v ed  from  th e  su rface a t  500 mV. T his 
la t te r  ex p e rim en t, on th e  o th e r h a n d , show s th a t  ad so rp tio n  on th e  su rface  
occurs in  th is  case too . W hen th e  p o te n tia l  is changed  to  600 mV, th e  co u n t 
ra te  increases fo r a while, th e  sam e b e in g  observed  a t  800 mV. A t h ig h er p o te n 
tia ls , how ever, on ly  desorp tion  can  be  observed.

B efore p roceeding  to  th e  in te rp re ta t io n  of th e  ex p erim en ta l fa c ts , i t  is 
n ecessa ry  to  describe th e  in v estig a tio n s concern ing  th e  ad so rp tio n  o f th e  o x id a 
tio n  p ro d u c ts  o f n-propanol.

In  th e  o x id a tio n  process o f th e  alcohol, as was show n b y  o u r ex p erim en ts  
n o t d iscussed  here , f irs t p ro p io n a ld éh y d e , th en  p ropionic  acid  is fo rm ed  [3].
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T ak in g  in to  acco u n t t h a t  in th e  tra c e r  ex p erim en ts  r a th e r  low  alcoho l 
co n cen tra tio n s  are em p lo y ed , th e  to ta l  a m o u n t o f alcohol can  be oxidized in  a 
re la tiv e ly  sho rt tim e  a t  800— 1000 mV. T h is is p ro v ed , f ir s t  o f all, b y  th e  fa c t 
t h a t  th e  ch a rac te r o f th e  p o te n tia l dependence  o f th e  a d so rp tio n  changes, as is  
show n in Fig. 9. In  th is  ran g e  th e  shape o f th e  co u n t ra te  vs. p o te n tia l cu rv e

Fig. 9. P o te n tia l dependence  o f th e  adso rp tio n  o f o x id a tio n  p ro d u c ts  ( s ta r tin g  co n cen tra tio n :
10 ~l m ol/1)

Fig. 10. V aria tio n  of th e  c o u n t ra te  up o n  changing  th e  in it ia l  specific a c tiv ity  (a 0) b y  add ing
propion ic  acid

becom es in d ep en d en t o f  th e  d irection  o f p o te n tia l  change. T he shape of th e  
cu rv e  in  Fig. 9 is e ssen tia lly  th e  sam e as t h a t  found  for th e  ad so rp tio n  of acetic  
acid  [4]. In  order to  p ro v e  th a t  th e  a d so rp tio n  phenom enon  is indeed  th e  a d 
so rp tio n  o f propionic ac id , th e  changes caused  h v  th e  d ilu tio n  w ith  un labelled  
p rop ion ic  acid a t a g iven  p o ten tia l h av e  b een  s tu d ied . P ro v id ed  th a t  th e  in 

Acta Chim. ( Budapest) 75, 1973



HORÁNYI, NOVÁK: INVESTIGATION OF ADSORPTION PHENOMENA, XII 277

c rea se  o f c o n cen tra tio n  does n o t s ig n if ic a n tly  increase th e  ad so rp tio n , i t  is v e ry  
p ro b a b le  th a t  th e  labelled  su b stan ce  h as  been  rea lly  co n v e rted  to  p rop ion ic  
ac id , i f  th e  a d d itio n  o f p ropionic  acid  reduces th e  observed  coun t ra te  p ro p o r
tio n a lly .

C ount ra te s  m easu red  a t  600 m V , a fte r  th e  specific  a c tiv ity  (a 0) has 
decreased  to  1/2 a n d  1/4 of its  o rig in a l v a lu e , are given in  F ig . 10. C om bining 
th e  fac ts  given ab o v e  an d  th e  in fo rm a tio n  in  Fig. 10, i t  ap p ea rs  d o u b tless th a t  
th e  cu rve  given in  F ig . 9 rep resen ts  th e  p o ten tia l dependence  o f th e  a d so rp 
tio n  o f p ropionic  ac id . I t  is to  he  n o te d  th a t  a t  th e  ad so rp tio n  m ax im u m  o f th e  
p ro d u c t (a t a b o u t 800 mV) th e  c o u n t ra te  is m uch h ig h er (29,000 cpm , see 
F ig . 2; specific a c tiv itie s  are th e  sam e in  b o th  cases). T his fa c t leads to  th e  con
c lusion  th a t ,  p ro v id ed  th a t  in  th e  case o f alcohol th e  surface is com pletely  covered , 
th e  s te ric  re q u ire m e n t of p rop ion ic  ac id  m olecules is m u ch  low er th a n  th a t  
o f  p ro p an o l, an d  th a t  th e  tw o ty p e s  o f m olecules are a rran g ed  on th e  su rface  in  
a d iffe ren t m an n er. T his is also su p p o rte d  b y  th e  fac t t h a t  th e  m o b ility  o f th e  
ad so rb ed  p rop ion ic  acid  is su b s ta n tia lly  h igher th a n  th a t  o f th e  alcohol. T he 
a d so rb ed , labelled  prop ion ic  acid can  easily  be exchanged fo r in ac tiv e  p ro p io n ic  
ac id .

Interpretation of experimental results and conclusions

O n th e  basis  o f  th e  ex p erim en ta l re su lts  one m ig h t f ir s t  conclude th a t ,  
e v e n  if  th e  d is tu rb in g  effect of th e  o x id a tio n  reaction  is d isregarded , an  a d so rp 
tio n  equ ilib rium  fo r th e  alcohol, a t  le a s t on  a considerable p a r t  o f th e  su rface , 
c a n n o t be  assum ed . T he ad so rp tio n  ta k in g  place a t  300— 400 mV is an  ir re 
v e rs ib le  ch em iso rp tion  process, d u rin g  w h ich , p resum ab ly , d eh y d ro g en a tio n  p ro 
cesses ta k e  p lace. A  considerab le  p a r t  o f  th e  adsorbed  m olecules fo rm ed  in  th is  
p rocess, how ever, is so stro n g ly  b o n d e d  to  th e  surface t h a t  i t  c an n o t be  re 
m o v e d  from  th e  su rface  b y  h y d ro g e n a tio n , n o t even a t  0 mV. A t th e  sam e tim e , 
th e  fa c t  th a t  in th e  ex perim en ts s ta r t in g  a t  0 mV (Figs 2 an d  3) th e  e x te n t  of 
a d so rp tio n  is s till low  a t  100— 200 m V , also ind ica tes t h a t  d eh y d ro g en a tio n  
m a y  p lay  a role in  th e  a d so rp tio n  p rocess, and  th a t  th e  ad so rp tio n  process 
b eg in s  only  if  th e  p o te n tia l  is changed  in  th e  positive d irec tio n , i.e. in  th e  d irec
tio n  o f decreasing  h y d ro g en  coverage.

I t  can  be  seen  from  th e  forego ing  th a t  th e  o x id a tio n  reac tio n  is n o t p re 
ced ed  b y  an  a d so rp tio n  eq u ilib riu m , i.e. th e re  are  on ly  irreversib le  steps 
( tra n s p o r t  p h en o m en a , ad so rp tio n , reac tio n ) in  th e  p rocess co n v ertin g  alcohol 
to  a ldehyde  or ac id . E ach  of th e se  e lem en ta ry  processes m a y  depend  on  th e  
co n c e n tra tio n  a n d /o r  p o te n tia l, b u t  th e  re la tio n  betw een  th e  adso rbed  a m o u n t 
a n d  th e  p o te n tia l in  th e  overall p rocess c a n n o t be a t tr ib u te d  to  a single s tep , 
e.g. ad so rp tio n . T h is shou ld  be em p h asized  since th e  ex p erim en ta l ad so rb ed

Acta Chim. (Budapest) 75, 1973



278 H0RÁNYI, NOVÂK: INVESTIGATION OF ADSORPTION PHENOMENA, XII

a m o u n t vs. p o te n tia l, or ad so rb ed  am o u n t vs. c o n cen tra tio n  p lo ts  are reg a rd ed , 
in  severa l cases, as th e  p o te n tia l  dependence o f  th e  a d so rp tio n  or an  ad so rp tio n  
iso th e rm .

The question  o f w h e th e r  th e  adsorbed  m olecules a c tu a lly  ta k e  p a r t  in  th e  
o x id a tio n  reac tion  y ie ld in g  a ldehyde  or ac id , resp ec tiv e ly , deserves p a r tic u la r  
a t te n tio n . I t  is c e r ta in  t h a t  a t  least a p a r t  o f th e  m olecules does n o t, since 
o therw ise  in th e  p resen ce  o f in ac tiv e  p ro p an o l th e  labelled  p ro p an o l p rev iously  
a d so rb ed  on th e  su rface  shou ld  be com ple te ly  rem oved  from  th e  surface a t  a 
re la tiv e ly  low p o te n tia l  Value (400— 500 mV),, ow ing to  th e  ox idation .

I t  has been assu m ed  th a t  th e  a ld eh y d e  m olecules m a y  be s trong ly  a d 
so rb ed  on the  surface o f th e  electrode. In d e e d , in  th e  p resence  of p ro p io n a ld é
h y d e  no adso rp tion  o f p ro p a n o l has been  observ ed . A t th e  sam e tim e , in v es tig a 
tio n s  of d ifferen t n a tu re  h av e  show n th a t  even  in  th e  p resence  of p ro p io n 
a ld éh y d e  th e  o x id a tio n  o f  a lcohol takes p lace  a t  an  ap p rec iab le  ra te  [3]. G en
e ra lly , below 800 m V  p la tin u m  electrodes, th e  ra te  of th e  o x id a tio n  of alcohols 
is h ig h e r th a n  th a t  o f a ld eh y d es a t  th e  sam e p o te n tia l [5, 6]. (This is w hy a ld e 
h y d es  can be p re p a re d  fro m  alcohols on a p la tin u m  electrode.) B ased on th e  
a b o v e  facts it  seem s lik e ly  th a t  th e  a ldehyde  fo rm ed  from  alcohol is en riched  
o n  th e  surface and  th e  a p p a re n t  p o te n tia l d ependence  of th e  ad so rp tio n  o f a lco 
h o l, beyond  400 m V, is d e te rm in ed  b y  th e  o x id a tio n  p rocess of th e  adso rbed  
a ld eh y d e . C onsequen tly , th e  o x ida tion  o f a lcohol to  a ld eh y d e  can also ta k e  
p lace  on a surface t h a t  is p rac tica lly  co m p le te ly  covered w ith  aldehyde. T h is 
f a c t  is n o t su rp rising  a t  a ll; a sim ilar ph en o m en o n  has b een  observed in  th e  
o x id a tio n  of i-p ro p an o l [1]. In  th is  case i t  cou ld  be  p ro v ed  th a t  th e  adso rbed  
m olecules do n o t ta k e  p a r t  in  th e  reac tio n .

On th e  basis o f th e  above  discussion we th in k  i t  is u n d e rs ta n d a b le  w h y  
do th e  o b ta ined  re su lts  v a ry , b o th  w hen s tu d y in g  th e  o x id a tio n  reac tio n  and  
w h en  inv estig a tin g  th e  a d so rp tio n  phenom enon , w ith  th e  cond itions of e x p e ri
m e n ts , e.g. w ith  th e  in it ia l  v a lu e  of th e  p o te n tia l  an d  w ith  th e  d irec tion  o f  
p o te n tia l  change.

F u rth e r  co m p lica tio n s m ay  arise due to  th e  fa c t th a t  in  ad so rp tio n  s tu d 
ies using  trace r  m e th o d s , in  th e  low alcohol c o n cen tra tio n  range, th e  a d so rp 
tio n  of the  e n d -p ro d u c t (i.e. propionic acid) m ig h t also p la y  a role. Since th e  
a d so rp tio n  of p rop ion ic  ac id  is a reversib le process, w hereas t h a t  of n -p ropano l 
is irreversib le , i.e. th e  la t te r  is m uch m ore s tro n g ly  adso rb ed , th e  d is tu rb in g  
e ffec t due to  th e  a d so rp tio n  o f propionic acid  has no im p o rtan ce  u n til th e  co n 
c e n tra tio n  of th e  alcohol in  th e  im m ed ia te  v ic in ity  of th e  e lectrode su rface is 
n o t  su b stan tia lly  low er th a n  th a t  of th e  acid .

The exact in te rp re ta t io n  of th e  p h en o m en a  m eets w ith  d ifficulties. T he 
m a in  goal of th is  w ork  w as, f irs t of all, to  co llect in fo rm a tio n  th a t  will serve 
as a basis for th e  s tu d y  o f th e  k inetics an d  reac tio n  m echan ism  of th e  o x id a 
t io n  of n-propanol.
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SPECTROPHOTOMETRIC OBSERVATIONS ON THE 
REACTIONS OF 2,3-DICHLORO-5,6-DICYANO-p- 

BENZOQUINONE WITH VARIOUS DONORS

R am D. S r iv a st a v a  and G. P r a sa d

( Chemical Laboratories, U niversity  o f  Lucknow , Lucknow , In d ia )

R eceived S ep tem b er 2, 1971

S p ec tro p h o to m etric  s tu d ies  in  ch loroform  of th e  re ac tio n  be tw een  2 ,3-dichloro-
5 ,6-d icyano-p-benzoquinone w ith  acen ap h th e n e , d ip h en y lam in e, o-to lu id ine a re  re p o r t 
ed. T he re su lts  in d ic a te  th a t  in  a ll cases c h arg e -tran sfe r b a n d s  ap p ear in it ia lly  w hich 
v an ish  w ith  th e  sim ultaneous em ergence of a b a n d  n e a r 340 nm . T he n a tu re  a n d  th e  
orig in  o f  th is  h a n d  a re  discussed.

C harge tra n s fe r  com plexes are  k n o w n  to  be  fo rm ed  as th e  f irs t  s tep  in 
m a n y  reac tions invo lv ing  2,3-dichloro-5,6-dicyano-p>-benzoquinone (D D Q ). As 
y e t,  how ever, l i t t le  is know n a b o u t th e  s ta b ility  o f  these  com plexes. T he 
d u ren e -D D Q  com plex  is rep o rted  to  be  u n s ta b le  [1], how ever, th e  n a p h th a le n e — 
D D Q  com plex in  m eth y len e  ch loride is s tab le  fo r a t  le a s t 48 hours [2]. F o ster  
an d  H orm an  h av e  observed  th a t  severa l a ro m a tic  h y d ro carb o n s fo rm ing  charge  
tra n s fe r  com plexes w ith  D D Q  undergo  su b seq u en t irreversib le  reac tio n  [3 ] .T h e  
im p o rtan ce  of D D Q  an d  its  reac tio n s h as  been  em phasised  recen tly  [4]. In  a 
p rev io u s w ork done in  th is  la b o ra to ry  w ith  th e  system  D D Q  and  benzene  [5], 
a ch a rg e -tran sfe r h a n d  a t  427 n m  w as fo u n d , w hich decreased  in  in te n s ity  w ith  
tim e  a n d  b y  th e  s im u ltan eo u s em ergence o f a new  h a n d  n e a r 355 n m . I t  has 
been  o f in te re s t to  p erfo rm  a fu r th e r  sy s tem a tic  s tu d y  on sp ec tra l changes 
d u rin g  th e  in te ra c tio n  in  o rder to  u n d e rs ta n d  th e  com plete  reac tio n  sequence .

Experim ental

P u re  2 ,3 -d ich loro-5 ,6-d icyano-p-benzoquinone (D D Q ) was o b ta in ed  from  L ig h t & Co. 
I t  w as fu r th e r  p u rified  b y  crysta lliz ing  fro m  chloroform . A cen ap h th en e  and  d ip h en y lam in e  
w ere p u rif ied  b y  re p ea te d  c ry sta lliza tio n s fro m  ab so lu te  e th an o l, w hile o-toluidine w as d is tilled  
u n d e r  red u ced  pressu re  j u s t  before use. A n a la r  ch loroform  o b ta in e d  from  B .D .H . w as u sed  as a 
so lv en t fo r th e  p re sen t s tu d ies  w ith o u t fu r th e r  p u rific a tio n .

S p e c tro p h o to m etric  s tud ies w ere c a rried  o u t  on  a U nicam  SP-500 sp e c tro p h o to m e te r 
u sing  10 m m  m atch ed  silica cells. T he m easu rem en ts  w ere m ade  a t  room  tem p e ra tu re  (30 °C +  
+  2.0 °C). Since th e  a b so rp tio n  due to  D D Q  w as ap p rec iab le  in  th e  w av elen g th  reg io n  u n d e r  
s tu d y , its  c o n cen tra tio n  w as k e p t m u ch  below  th e  do n o r co n cen tra tio n . T he a b so rp tio n  d u e  to  
th e  p resence  of DD Q  was e lim in a ted  b y  u sing  a re ference  so lu tion  w ith  th e  sam e D D Q  co n cen 
tra tio n .

Results and discussion

W hen th e  colourless so lu tions o f d iffe ren t donors a re  m ixed  w ith  th e  y e l
low  so lu tio n  of D D Q , a d is tin c t change in  th e  colour occurs. T he re s u lta n t
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in it ia l  colour, how ever, fades w ith  tim e  an d  is rep laced  b y  a n o th e r  colour. T he 
fo llow ing  tab le  gives th e  in fo rm atio n s on th e  v isu a l o b serva tions.

Table I

Colour m ixtures o f DDQ with different donors in  chloroform

Donor
Colour just 

after mixing
Colour after a certain 

period of time

Benzene yellow in tense  yellow

A cenaph thene green red

o-Toluidine violet-b lue p ink-red

D iphenylam ine green pink-red

T he colour changes h av e  been  found  to  be  fa s te r  w hen h ig h er donor an d  
a c c e p to r  co n cen tra tio n s  w ere used.

In  th e  fou r sy stem s w ith  D D Q  as acc e p to r an d  benzene, a c en ap h th en e , 
o -to lu id in e  and  d ip h en y lam in e  as donors, th e  sp ec tro p h o to m etric  s tu d ies  
show  th e  presence o f new  b an d s  in  th e  reg ion  4 0 0 —700 nm  w hich  are  a t t r ib u te d  
to  CT tra n s itio n s . (B enzene a t  427 n m , a c e n ap h th en e  a t  490 an d  720 n m , 
o -to lu id in e  a t  690 n m , an d  d ipheny lam ine  a t  700 nm .) H ow ever, th e  in te n s ity  
o f th e se  CT bands d im in ishes in  tim e  an d  a new  b a n d  is seen to  gain  in  in te n s ity  
n e a r  340 nm  (Figs 1— 3). I f  th e  in itia l b a n d  is supposed  to  be  a CT tra n s it io n  
b a n d , th e  decrease in  its  in te n s ity  in tim e  is due  to  a decrease in  th e  c o n c e n tra 
tio n  o f  th e  c h a rg e -tran sfe r com plex.

In  th e  in itia l s tag e  th e  com plex  h as  th e  ch a rac teris tic s  o f a CT com plex ,
i.e. th e  g round  s ta te  o f th e  com plex is an  a d m ix tu re  of th e  ionic s ta te  (D + A - ) 
a n d  th e  no bond  s ta te  (D A ), th e  c o n tr ib u tio n  o f th e  la t te r  being  p red o m in an t. 
O n s ta n d in g , how ever, a com plete  tra n s fe r  o f  an  e lectron  from  th e  donor to  
th e  accep to r occurs, an d  an  ion p a ir  is fo rm ed :

D +  A ^  D , A D  + A -

S u ch  a  m echan ism  has been  p rev io u sly  p ro p o sed  b y  M u l l i k e n  an d  R e i d  [ 6 ] 

fo r  th e  p y rid in e - io d in e  com plex. T he in te n s ity  increase of th e  b an d  a t  340 nm  
is n o t  due to  a CT com plex  h u t  to  th e  em ergence o f an  ion p a ir  (inner com plex).

T h e  b an d  a t  340 n m  c a n n o t he a t t r ib u te d  to  th e  donor, as i t  has no a b 
so rp tio n  h an d s in  th is  region. B enzene, a lth o u g h  h av in g  its  fo rb id d en  s in g le t-  
t r ip le t  tra n s itio n  b a n d  in  th is  region, c a n n o t possib ly  gain th a t  m uch in  in te n 
s i ty  [7].

I t  is of in te re s t  to  n o te  th a t  a lth o u g h  acen ap h th en e  show s a m ore p ro 
n o u n c e d  in te ra c tio n  th a n  n ap h th a le n e , th e  sh ap e  of th e  b an d  and  its  positio n
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are  in d e p e n d e n t o f th e  n a tu re  of th e  donors. A lso, a shou lder ap p earin g  a ro u n d  
370 n m  in  th e  so lu tion  spectra  o f p u re  D D Q  is observed  to  be ab sen t in  D D Q  
a ro m a tic  h y d ro ca rb o n , b u t p re sen t in  D D Q -am in e  system s.

Solid s ta te  sp ec tra  o f p -b en zo q u in o n e  an d  re la te d  com pounds h av e  b een  
s tu d ie d  b y  S id m a n  [8], and  of D D Q  in so lu tion  b y  B u r s t e in  and  R in g o ld  [9].

320

Interaction bands for 
DDQ + Diphenylamin«

1. Within 10 minutes of mixing
2. Within 20 minutes of mixing
3. Within 30 minutes of mixing

8. 11- 10’ *  M  
Diphenytamine 69Э-1СГ/7

ЗАО 360 
Wavelength mp

Fig. 1

380 A00

T he L j b a n d  polarized  along an  axis p e rp en d icu la r to  th e  line jo in in g  th e  o x y 
gen a to m s o f qu inone is th e  w eaker л  —*■ л*  tra n s itio n  occu rring  a t  340 n m . 
T he n —*■ л*  tra n s itio n  in  th e  w eak ab so rp tio n  region is expec ted  a t  h ig h e r 
w av e len g th s  [10].

T he in ten s ifica tio n  of th e  b a n d  a t  340 n m  in  so lu tion  can be  ex p la in ed  
on th e  basis  o f th e  reac tio n  m echan ism  p roposed  b y  F o ster  an d  H orm an  [3].
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F ig . 2

In  th e  system  D D Q —poly aro m atics  th e  f in a l reac tio n  p ro d u c t iso la ted  from  th e  
m ix tu re  was th e  fo llow ing:

CN CN
I___ I

Н 0 - /  ^>-0-D

Yn
Cl Cl

w here  (D — ) is a d o n o r  m olecule sh o rt in  one of its  p ro to n s.
In  th e  above sig m a com plex co n fig u ra tio n  th e  qu inone chrom ofore h as  

b een  tran sfo rm ed  in to  a benzene chrom ofore . Such su b s titu te d  benzenes [И ]  
a re  know n  to  abso rb  n e a r  340 nm . T he sp e c tra l changes in  D D Q -h y d ro ca rb o n s
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Wavelength mp.

F ig . 3

h av e  to  be exp la ined , th e re fo re , in  te rm s o f  th e  ra te  an d  a m o u n t of such chro- 
m ofore changes. T he L a b a n d  m ay also becom e allow ed a n d  co n tr ib u te  to  th e  
increased  in te n s ity . T h ese  spectra  do n o t  show  n —*■ л*  tra n s itio n s  w hich fu r 
th e r  su p p o rt th e  v iew  t h a t  quinone chrom ofore is n o t m a in ta in e d  in  such  in te r 
ac tions.

The above m echan ism  explains w ell th e  in ten s ifica tio n  o f b an d  a t  340 
n m  w hen D D Q  re a c ts  w ith  hyd rocarbons. W hen  am ines re a c t w ith  D D Q ,
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besides in ten s ifica tio n  o f  th e  340 n m  b a n d , a shoulder n e a r  370 n m  is also o b 
se rv ed . T his suggests t h a t  qu inone ch rom ofo re  is p ro b ab ly  n o t  d is tu rb e d  b y  
th e  reac tio n  of D D Q  w ith  am ines. N a g a k u r a  [12] has suggested  th e  fo llow ing 
fo rm u la  w hich m a in ta in s  th e  qu inone chrom ofore:

О
IIw
«
о

I n  such cases th e  in ten s if ica tio n  h as  to  b e  explained  on  th e  basis  o f  in te r 
a c tio n  b e tw een  th e  tra n s it io n  m o m en ts  o f  th e  donor an d  acc e p to r m olecules. 
C harge resonance could  also c o n tr ib u te  to  a rise in  in te n s ity . A  th e o re tic a l 
an a ly sis  o f th e  v a rio u s fac to rs  resp o n sib le  fo r in ten sifica tio n  m ig h t b e  o f in 
te re s t .

*

O ne o f u s  (G. P ra sa d )  is th a n k fu l to  th e  M in istry  o f E d u c a tio n  fo r th e  aw ard  o f a 
re se a rc h  tra in in g  scho larsh ip , an d  to  th e  H e ad  o f th e  C hem istry  D e p a r tm e n t fo r p ro v id in g  th e  
I a b o ra to ry  facilities.
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INFRARED SPECTRA OF Ni(II) PYRIDINE, 
PICOLINE AND LUTIDINE COMPLEXES
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(Institu te o f General and Physical Chemistry, A . Józse f University, Szeged) 

R eceived  O ctober 11, 1971

The in fra re d  sp ec tra  o f N i(p y )2X 2, N i(py)4X 2 (X  =  Cl- , f ir  ) and  N i(4-Y -py)4Cl2 
(Y = m e th y l,  e th y l, p ro p y l, v in y l; 3 -m eth y l) com plexes a re  in te rp re te d  in  th e  375— 8750 
cm -  1 region. T h e  in -p lan e  and  o u t-o f-p lan e  rin g -d efo rm atio n  v ib ra tio n s o f  th e  a ro m a tic  
ligand  ap p ea rin g  a t  a b o u t 610 cm - 1 a n d  410 cm -1 , as w ell a s  th e  v(Ni— N ) a n d  j>(Ni— X ) 
v ib ra tio n s  in  th e  low -energy reg io n  a re  su itab le  fo r th e  d e te rm in a tio n  of th e  g eo m e try  
of th e  s tru c tu re .

I t  is well k n o w n  th a t  th e  su b s titu e n ts  of lig an d s  s ign ifican tly  a ffec t or 
d e te rm in e  th e  com position , s tru c tu re , bonding  co n d itio n s , e tc ., of a com plex  
m olecule. P y rid in e  a n d  its  m e th y l derivatives ( fu r th e r  on, p y rid in e , p icoline 
an d  lu tid in e  will b e  d eno ted  as p y , p ic, and  lu , re sp ec tiv e ly ) form  s tab le  com 
pounds o f w ell-defined  com position  w ith  the n ic k e l(II)  ion. The com positions 
a n d  s tru c tu re s  o f  th e se  m olecules, depending  on th e  n a tu re  of th e  su b s titu e n t 
an d  th e  an ion , a re  th e  follow ing: (a )  N i(base)2X 2 (sq u are  p lan a r, te tra h e d ra l  
o r  po lym er o c ta h e d ra l; S tru c tu re s  I — II I ) ;  (b )  N i(base)4X 2 (d is to rted  o c ta 
h ed ra l; S tru c tu re  IV) (Fig. 1). M oreover, N i(p y )3( N 0 3)2 and  N i(py)e(C104)2 
m olecules have  also b een  iso la ted  o r detected .

In  th e  p re se n t p a p e r in fra red  spectra  in  th e  reg ion  375— 8750 c m -1 of 
N i(py)2X 2, N i(py)4X 2 (X  =  C l- , B r - ) and  N i(base)4Cl2 (base =  4-pic, 4 -e thy l- 
p y , 4 -p ropy l-py , 4 -v iny l-py) com plexes are d iscussed .

Experimental

T he com pounds w ere  p rep ared  b y  m ix ing  abso lu te  e th a n o lic  so lu tions o f N iX 2 w ith  
th e  ligand  in th e  m ole ra tio s  1 : 2.1 a n d  1 : 4.2, re sp ec tive ly  [1— 4]. A fte r p ro longed  cooling 
th e  p ro d u c t was f i lte re d  off, w ashed w ith  e th a n o l co n ta in in g  5 %  o f th e  base, an d  d ried  o ver 
P 20 6. T he com position  o f  th e  p ro d u c t w as checked b y  C, H  a n d  N i analysis.

T he in frared  sp e c tra  w ere reco rd ed  w ith  a U nicam  S P  100 sp e c tro p h o to m ete r in  K B r p e l
le ts. 2 m g of th e  co m plex  w as com prised  in  pelle ts of 400 m g w eigh t.

Results and discussion

T he in fra red  sp e c tra  of th e  com pounds lis ted  ab o v e  are d iscussed in  tw o 
g roups —  p a r tly  on  th e  basis of l i te ra tu re  d a ta . F ir s t  th e  ch a rac te ris tic  f re q u e n 
cies o f th e  co o rd in a ted  ligands a re  d e a lt w ith ; in  th e  second p a r t  th e  N i-base
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a n d  N i—X  valence v ib ra tio n s  are  tre a te d . T h e  fo rm er v ib ra tio n s  a re  usually  
s h if te d  in  th e  com plexes to w ard s  h igher energies an d  th e  e x te n t  o f  th is  sh ift 
d ep e n d s  on th e  s te reo ch em ica l cond itions p rev a ilin g  in  th e  m olecule  an d  on th e  
c e n tra l  ion, while i t  is p ra c tic a lly  in d e p e n d e n t o f X . T he N i— X  v ib ra tio n s  are  
m o s tly  characterized  b y  th e  r(N i— N) <[ r(N i— X ) re la tio n sh ip .

F ig . 1

T he bands a p p e a rin g  in  th e  in fra red  sp ec tru m  o f th e  p y rid in e  m olecule 
o f C2v sym m etry  in  th e  ra n g e  375— 1800 c m -1  are given in  T ab le  I .  The fre 
q u e n c y  values are in  good ag reem en t w ith  th e  d a ta  of o th e r a u th o rs . T he n o ta 
t io n  o f frequencies co rresp o n d s to  th a t  u sed  b y  K l in e  an d  T u r k e v ic h  [5].

T he ring v ib ra tio n s , tre a te d  in th e  f i r s t  ap p ro x im a tio n  analogously  to  
th e  n o rm a l v ib ra tio n s o f  benzene [6], can , in  general, be id en tif ied  defin itely  
in  th e  in frared  sp e c tru m ; th is  does n o t ho ld  fo r th e  hyd rogen  v ib ra tio n s , and  
th e  op inions of d iffe ren t a u th o rs  are n o t u n d iv id ed  in  th e ir  ass ig n m en ts  [7— 9].

In  th e  com plex, th e  b an d s  of th e  free base  are sh ifted  to w a rd s  higher 
freq u en c ies . I t  can be s ta te d , how ever, th a t  on ly  few a lte ra tio n s  show  system 
a tic  re la tionsh ip  w ith  th e  e lec tro n eg a tiv ity , m ass, e tc ., o f th e  m e ta l. I t  was 
fo u n d  [10] th a t  in  sev e ra l M eL2X 2 com pounds th e  positions o f  th e  6a (av  in 
p la n e  ring  defo rm ation) a n d  16a (62, o u t-o f-p lan e  ring  d e fo rm atio n ) v ib ra tio n s 
a t  a b o u t 620—630 c m -1  a n d  410—440 c m -1  show  a reg u la r ch an g e  (Table I I ) . 
I t  is also know n th a t  th e  energy  of th e  6a v ib ra tio n  is m ore sen s itiv e  to  stereo
chem ica l changes (T able  I I I )  [10].
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Table I

Infrared spectral data o f N i(p y )nX 2 compounds* 
( n =  2 ,4 ;  X =  C l-, B r -J

Pyridine N‘(Py)lCI! Ni(py).c |i Ni(py)„Br, Ni(py).Br, Type of vibration

1582 1614 s 1613 s 1614 S 1612 s 8a (A ,)
1608 s 1608 s 1609 s 1607 s

1572 1581 w 1582 w 1583 w 1581 w 86 (B j)
1485 1498 m 1498 m 1498 m 1496 m 19a (A!)
1437 1455 s 1455 s 1456 s 1453 s 196 (A j)

— 1397 w 1394 w 1393 w 1391 w

— 1374 w 1374 w 1372 w 1369 w 14 (B )2?

1215 1232 m 1231 m 1232 m 1230 m 3 (B j)
1144 1164 w 1163 w 1164 w 1161 w 9a (Aj)

1067 1082 m 1082 m 1082 m 1082 m H a  (A 2)

1028 1054 m 1054 m 1054 m 1051 ш 12 (A ,)
~ 1 0 0 7 1024 m 1026 m 1024 m 1022 m

~  9 9 3 - 1009 w 1010 w 1009 w 1008 w
938 987 w 984 w 985 w 983 tv 1 (A t)

957 w 956 w ? 955 w

- 764 m 762 m 764 m 762 m 10a (A2)
708 701 m 701 m 701 s 701 s

605 636 m 629 m 637 m 630 m 6 a +  66 (A , +  H i)

— 532 m 530 m 530 m 530 m

404 437 w 430 w 439 w 430 w 16a (A2)

* s: s trong , m : m edium , w: weak.

Table II

The change o f 6a and 16a vibrations by different 
transition metal complexes

Metal ion 6 a 16a

Mn2 + 627 419

F e2 + 629 424

Co2 + 631 429

N i2+ 634 439

Cu2 + 644 441
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Table III

The wavenumbers o f 6a and 16a vibrations by some C o ( I I )  
complexes with different stereochemical arrangement

Complex 6 a 16a

C°(py)2Cl2 (quasi-te trah ed ra l) 642 422

C°(py)2Cls (po lym eric  octahedral) 631 422

Co(py)4Cl2 (quasi-octahedral) 625 422

T he g rea t s im ila r ity  of the  sp ec tra  o f  free and  coord inated  p y rid in e  in d i
c a te s  an  alm ost u n c h a n g e d  electron d e n s ity  o f  th e  ring , w hich m ay  be a t t r ib 
u te d  to  b ack -co o rd in a tio n , am ong o th e r  fa c to rs  [11]. A lthough  no  u n e q u iv 
oca l evidence ex is ts  fo r  b a ck -co o rd in a tio n  in  th e  p y rid in e  com plexes, th is  
h y p o th es is  is usefu l f ro m  th e  p o in t o f in te rp re ta t io n  of th e  ex p erim en ta l d a ta . 
T h e  sp ec tra l d a ta  o f  fo u r  pyrid ine  com plexes a re  lis ted  in  T ab le  I  an d  tw o 
c h a ra c te r is tic  ex am p les  are  shown in F ig s  2 an d  3.

500 600 800 1000 1200 1400

Fig. 2. In f ra re d  sp ec tru m  of N i(py )4Cl2 in  th e  region 375 —1800 c m “ 1
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C oncern ing  th e  sp ec tra  of p y rid in e  d e riv a tiv es  reference can be m ad e  to  
th e  l i te ra tu re  [12— 15]. I t  should be  n o te d  th a t  th e se  sp ec tra  are m uch  m ore  
co m plica ted  th a n  t h a t  of th e  p a re n t com pound , th e re fo re  th e  id en tif ic a tio n  
o f th e  h an d s  is a g re a te r  problem . T h e  sp ec tra l d a ta  o f som e 4 -a lk y l-p y rid in e  
com plexes a re  g iven  in  T able IV ; th e  sp ec tru m  o f N i(4 -e thy lpy rid ine)4Cl2 is 
show n in F ig . 4.

— 1----------------- 1-------------------1-------------1 1 1 1 1 1 1 1 I I

400 600 800 1000 1200 1400
cm'1

F ig . 3. In f ra re d  sp ec tru m  of N i(p y )4B r2 in  th e  reg ion  375 — 1800 c m -1

I t  is seen t h a t  in  th e  sp ec tra  o f  4 -e th y lp y rid in e  an d  4 -p ro p y lp y rid in e  
com plexes a single sh a rp  b an d  ap p ea rs  a t  1233 c m -1  an d  1232 c m -1 , re sp ec 
tiv e ly , w hile in  th e  case of th e  m e th y l a n d  v in y l d e riv a tiv e s  these  h a n d s  are  
sp lit (1239 -(- 1211 c m -1  and  1233 -f- 1216 c m -1). T he ou t-o f-p lane  ring  defor- 
m a tio n a l v ib ra tio n  h a n d  found b e tw een  820 c m -1 an d  850 c m -1 ap p ea rs  a t  
820, 839, 848, 836, 810, 848 c m -1 in  th e  m e th y l, e th y l, p ro p y l and  v in y l d e r iv 
a tiv es , re sp ec tiv e ly . T he bands ab so rb in g  betw een  1600 c m -1 and  1400 c m -1 
can  be  assigned to  th e  C = C  and  C = N  v ib ra tio n s  o f th e  p y rid in e  ring .

F ro m  th e  a sp ec t o f bond ing  co n d itio n s and  s tru c tu re , th e  region below  
400 c m -1  com prising  th e  r(N i— N) an d  r(N i— X) v ib ra tio n  bands is th e  m o st 
in te re s tin g . T he ty p e s  and  num ber o f th e  in fra red  ac tiv e  v ib ra tio n s possib le  in 
v a rio u s geom etries can  be found  in T ab le  V [10].
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T he r(N i— N) va lu es  of som e com plexes are  given in T ab le  V I [16— 18].
In  d is to rted  te tr a h e d ra l  m olecules, tw o  r(N i— X ) a n d  r(N i— N) v ib ra 

tio n s  each are possib le . A ccord ing  to  th e  d a ta  availab le , th e  r(N i— X ) b a n d s  
can  be  d e tec ted  in  th e  C l~ , B r~  a n d  I -  com pounds, an d  so can  one o f th e  
p(N i— N) b an d s; th e  o th e r  falls p ro b a b ly  be low  200 cm -1 . In  m olecules o f iden-

500 600 ' 80 0  1000 1200 1400
cm'1

Fig. 4. In fra red  sp e c tru m  of N i(4 -e th y lp y rid in e )4Cl2 in  th e  region 3 7 5 — 1800 c m -1

t ic a l  ty p e , the  p(Ni— N) v ib ra tio n s  a p p e a r  p ra c tic a lly  a t  id en tica l frequencies. 
I n  th e  case of id e n tic a l base an d  v a ry in g  X , th e  changes a re  sligh t in  th e  
r(N i— N) b ands, w hile th e y  are  considerab le  in  th e  r(N i— X ) b an d s . In  t e t r a 
h e d ra l m olecules, th e  ra tio s  Рвг/fci ~  0.77 a n d  vi/vci ~  0.65 h av e  been  ob 
se rv ed  [10, 19— 21]. T h e  r(N i— X ) frequenc ies fo r te tra h e d ra l N iX 4 m olecules 
a re  alw ays low er th a n  those  for th e  d is to r te d  te tra h e d ra l N iL.,X , com pounds 
(T ab le  V II) [10, 22].

In  th e  v ib ra tio n  sp ec tru m  of a N iL 4X 2 d is to rted  o c ta h e d ra l com pound  
(D ih) one valence v ib ra tio n  b a n d  is ex p ec ted . T he energies o f th e  r(N i—-N) 
v ib ra tio n s  are v e ry  close to  one an o th e r.
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Table IV
Infrared spectral data o f  compounds o f the N i (4 -Y -p y ) tCl2 type

Y  = M ethyl E th y l Propyl V in y l

1623 s 1622 s 1620 s 1619 s

1566 w 1562 w 1560 w 1554 m

1511 m 1507 m 1506 m 1509 m

1445 ш 1467 m 1470 m —

1431 m 1433 s 1433 s 1425 s

1392 w 1389 w 1389 w

1239 m 1233 m 1232 s 1233 s

1221 m — — 1216 w

1116 w 1120 w — 1116 w

1079 w 1076 m 1074 m 1077 m

1028 m 1026 m 1026 m 1021 m

990 w 983 w 988 w 1000 m

— — — 940 m

— — 880 w 880 w

820 s 839 s 836 m 848 s

— — 810 s 807 m

— 788 w — —

731 m - 759 w 740 m

710 w 720 w — -

— — 649 w

— 607 m —

549 w 508 m 589 w 575 m

503 ш 509 m 516 m -

— — 477 m

In  po lym eric  o c tah ed ra l (C() m olecules th e re  are  tw o sh o rt an d  tw o  long 
m e ta l-h a lo g e n  b o n d s; tw o r(N i— X ) an d  one r(N i— N) v ib ra tio n s  a re  in fra red  
ac tiv e . T hree b an d s  can be reco rd ed  b e tw een  200 c m -1  a n d  400 c m - 1 ; tw o  of 
th e m  show  a ra tio  o f VßTjvci ~  0 .86, th u s  th e y  can be  supposed  to  be  r(N i— X) 
b a n d s . The th ird  h a n d , in d e p e n d e n t o f X , belongs to  th e  r(N i— N) v ib ra tio n . 
I t  should  be n o te d  th a t  th e  s tru c tu re s  of th e  spectra  o f po lym eric  o c tah ed ra l 
m olecules are  n ev er so well defined  as those  of th e  co rrespond ing  m onom eric  
m olecules.

A lthough  none of th e  exam ples given in  th is  p a p e r  rep resen ts  th is  ty p e  
o f  com pounds, i t  shou ld  be m en tio n ed  th a t  one b an d  is ex p ec ted  fo r a d is to r te d  
p la n a r  com pound; th e  energy  o f th e  r(N i— X ) v ib ra tio n s  is th e  g re a te s t in 
th is  case [10].
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Table V

The num ber and the type o f  the in frared active N i—X  and N i — N  vibrations by nickel( I I )  complexes
w ith  different sym m etry

G e o m e try v(Ni— X )
In fr a re d
ac tiv e p(Ni— N)

In fra re d
ac tive

N iL jX j q u a site trah e d ra l (C2„) «1 4- h 2 ° i  +  b2 2

disto rted  p la n a r  (D 2ft) a g  b 3U 1 “ g  +  h u 1

polym eric o c ta h e d ra l (C/) 2a g  +  2au 2 a g 4" a u 1

N iL jX j d isto rted  o c ta h e d ra l (D 4/,) ° lg  +  a 2U 1 a l g  +  b i g  +  e u 1

Table VI

v (  N i —N )  frequencies o f  some complexes 
o f  the N iL 2X 2 and N iL i X 2 type

C om plex G eo m etry v(Ni— N )

N i(py)2Cl2 pO 244

B r2 pO 245

(N SC )2 pO 230

I 2 k T 240

N i(2-pic)2Cl2 k T 239

B r2 k T 239

N i(Py )4Cl2 kO 242 +  236

B r2 kO 235

h kO 240 - f  228

(N C S)2 kO 232

N i(3-pic)4(N C S)2 kO 240

Table VII

N i — X  stretching vibrations o f  tetrahedral 
and distorted tetrahedral n icke lf I I J  complexes

C om plex V ib ra tio n c m -1

(NiCl4)2- v (N i-C l) 285

N i(2-p ic)2Cl2 327 +  297

(N iB r4)2- v ( N i - B r ) 224

N i(2-p ic)2B r2 256

(N il4)2- r ( N i - I ) 189

N i(2-p ic)2I 2 230
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A ccord ing  to  th e  above fac ts , th e  po sitio n s of th e  v(N i— X ) b an d s can  
also be v e ry  d iffe ren t in  th e  various geo m etrica l form s. In  general, th e  o rd e r 
is: p la n a r >■ q u a s ite tra h e d ra l >  m onom eric  o c tah ed ra l. T he r(N i— N) f re 
quency  depends on  th e  n a tu re  of th e  lig an d  com prising  th e  connecting  N -a to m . 
E .g ., M e-N H 3: 420— 500 c m -1 [23], M e-hydraz ine : 306—440 c m -1  [24], 
M e-glycine: 275— 423 c m -1 [25], M e-pyrid ine : 200— 287 c m -1 .

S te rica lly  n o n -h in d erin g  su b s titu e n ts  m ay  influence th e  in fra red  sp e c tra  
in tw o w ays [16]:

(a) b y  th e ir  e lec tric  effects and
(b) b y  th e  a l te ra tio n  of th e  red u ced  m ass.
A lkyl s u b s ti tu e n ts  h a rd ly  in fluence  th e  p(Ni— N) freq u en cy  b y  m eans o f  

th e ir  m ass ac tio n . In  accordance w ith  th e ir  h y p e rco n ju g a tio n  effect, th e y  d o 
n a te  e lec trons to  th e  a ro m atic  system , th u s  th e y  increase th e  charge d e n s ity  a t  
th e  N -a to m  an d  decrease  th e  p o ssib ility  o f  th e  t2g —  n*  charge  tran sfe r, as w ell 
as th e  bo n d  o rd e r a n d  th e  correspond ing  freq u en cy . In  accordance  w ith  th e  
d irec tive  in fluence  o f  a lky l groups, th e  ch an g e  observed  in  4 -su b s titu te d  com 
pounds is la rg e r th a n  in  3 -su b stitu ted  ones. T he su b s titu e n ts  in fluence th e  
v(Ni— X ) freq u en cy  b y  m eans of s im ila r effects.
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CONVERSIONS OF TOSYL AND MESYL 
DERIVATIVES OF THE MORPHINE GROUP, XII*

14-H Y D R O X Y  D E R IV A T IV E S  O F  M O R P H IN E , I I I  
ISO TH IO C Y A N A T O  D E R IV A T IV E S

R. B o g n á r , T. M il e , S. Ma k l e it  and S. B e r é n y i

( Institu te  o f  Organic Chemistry, L . K ossuth  U niversity , Debrecen)

R eceived  D ecem ber 20, 1971

6-Deo xy-6-azido- 14-liyd roxy  isocodeine an d  6 -deoxy-6-azido-14-acetoxyisoco- 
deine  w ere co n v erted  in to  th e  co rresponding  iso th io cy an a to  d e r iv a tiv e s  w ith  carbon  
d isulfide in  th e  p resence  o f trip h en y lp h o sp h in e .

In tram o lec u la r  conversion  o f th e  in te rm ed ia te  iso th io c y a n a to  d e riv a tiv e  o b ta in ed  
fro m  8 -deoxy-8-azido-14-hydroxypseudocodeine u n d e r  th e  co n d itio n s o f th e  above 
re ac tio n  re su lted  in  2’-th iono-oxazolid ino-(4’,5 ’ : 8/S,I4/S)-8-deoxypseudocodeine.

T he s tru c tu re s  o f th e  com pounds p re p are d  are  v e rified  b y  th e ir  sy n th es is , ch em i
cal conversions, as w ell as b y  th e ir  spectroscopic  p ro p e rtie s  ( IR , N M R ).

In  th e  course of an  in v es tig a tio n  of th e  conversions of th e  p ro d u c ts  ob
ta in e d  on nucleophilic  su b s ti tu tio n  of to sy l an d  m esyl es te rs  o f m o rp h in e  
d e riv a tiv e s  con ta in in g  a h y d ro x y l group a t  th e  C14 positio n , th e  p re p a ra tio n  of 
th e  co rresponding  iso th io cy an a to  d e riv a tiv es  w as a tte m p te d . In  c o n tra s t  w ith  
o u r observa tions on d e riv a tiv e s  con ta in in g  no su b s titu e n t a t  C14 [1], 6-O -tosyl- 
14-hydroxycodeine could n o t be converted  in to  th e  desired  p ro d u c t w ith  p o ta s 
sium  th io c y a n a te  in  ap ro tic  so lven ts (abso lu te  acetone , m e th y l e th y l k e to n e , 
ace to n itrile , d im eth y lfo rm am id e), in sp ite  o f th e  use of w idely  v a ried  reac tio n  
cond itions (mole ra tio , te m p e ra tu re , reac tio n  tim e).

T he conversion of th e  am ino de riv a tiv es  o f 14-hydroxycodeine [2] in to  
14-hydroxycodeine iso th io cy an a to  deriv a tiv es  w ith  carb o n  d isu lfide  [3] and  
th iophosgene [4] in  a lka line  m edium  could n o t be a tte m p te d  because o f the  
se n s itiv ity  of th e  m olecule to  th e  cond itions of th e  reac tio n  described  in th e  
p ap ers  m en tioned . T herefo re , th e  selected  procedure  w as th e  m e th o d  o f t r e a t 
ing an  azide w ith  carb o n  d isu lfide in th e  presence of trip h en y lp h o sp h in e , w hich 
ensures v e ry  m ild reac tio n  cond itions [5].

In  one of ou r p rev ious papers [2] th e  p re p a ra tio n  o f 6-deoxy-6-azido-14- 
hydroxy isocodeine  (I) an d  8-deoxy-8-azido-14-hydroxypseudocodeine (III) 
w as described.

T he reac tion  o f I w ith  carb o n  disu lfide in  th e  presence of tr ip h e n y lp h o s 
p h ine  y ielded  6 -deoxy-6-iso th iocyanato -14-hydroxy isocodeine  (II).

W hen III w as allow ed to  re a c t in th e  above m an n er, its  in tram o lecu la rly  
cyclized d eriv a tiv e , 2’-th iono-oxazo lid ino-(4 ’,5’ : 8 /?,14/l)-8-deoxypseudocodeine

* P a r t  X I :  S. Ma k l e it , L. R a d ic s , R . B ognár , T. M il e : A cta  Chim. A cad . Sei. H ung . 
74, 111 (1972) and  M agy. K ém . F o ly . 78, 228 (1972)
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(IV) w as ob ta ined  in s te a d  o f th e  expec ted  8 -deoxy-8-iso th iocyanato -14-hydro- 
xypseudocodeine. T h e  s tru c tu re  o f IV w as confirm ed  b y  m eans o f in frared  
spec tro scopy  (see th e  re sp ec tiv e  d a ta  o f T ab le  I).

Since in th e  la t te r  case th e  iso th io cy an a to  d e riv a tiv e  can n o t be p repared  
in  th e  above m an n er, th e  syn th esis  o f th e  d e riv a tiv e  co n ta in in g  an  iso th iocya
n a to  group a t  C-8 w as a tte m p te d  th ro u g h  th e  co rrespond ing  8-azido-deriva- 
t iv e  o f 14-acetoxycodeine.

In  the  azido lysis o f  6 -0 -to sy l-1 4 -ace to x y co d e in e  (V), how ever, only  one 
p ro d u c t was o b ta in ed , in  sp ite  o f th e  w idely  v a ried  reac tio n  cond itions also used 
in  th e  case of 6 -0 -to sy l-1 4 -h y d ro x y co d e in e  [2]; th is  p ro v ed  to  be 6-deoxy-6- 
azido-14-acetoxycodeine  (VI). I ts  s tru c tu re  w as verified  b y  chem ical an d  p h y s
ica l (IR ) d a ta . T h e  d e a c e ty la tio n  of VI gave 6 -deoxy-6-azido-14-hydroxy- 
isocodeine (I). T he p h y s ica l co n stan ts  (m .p . an d  [a]p ) o f  th e  p ro d u c ts  o b ta in ed  
in  tw o  d ifferent w ays w ere id en tica l an d  th e  d ifference in  th e  in fra red  sp ec tra  
occu rrin g  in  th e  case o f  C-6 an d  C-8 su b s titu te d  p ro d u c ts , C-6 =  940 +  10 
c m -1 , C-8 =  900 +  13 c m -1 , could  n o t be observed  e ith er.

6 -D eoxy-6-iso th iocyanato -14-acetoxy-isocodeine  (VII) w as p rep a red  from  
VI b y  allowing i t  to  re a c t  w ith  carbon  d isu lfide in  th e  presence o f tr ip h en y l- 
ph o sp h in e .

The tre a tm e n t o f  b o th  6 -deoxy-6-iso th iocyanato -14-hydroxy isocodeine  
a n d  6 -deoxy-6-iso th iocyanato -14-acetoxy isocodeine  w ith  am m onia  in  aqueous 
alcoholic m edium  [7] re su lted  in  th e  sam e p ro d u c t, N -(6-deoxy-14-hydroxy- 
isocodeiny l)-th iourea  (VIII).
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T he id e n ti ty  o f  th e  p roducts w as also confirm ed  b y  in fra red  (and in  th e  
case o f IV , b y  th e  N M R ) spectra .

T he p h y sica l c o n s ta n ts  and  a n a ly tic a l d a ta  o f th e  new  com pounds a re  
sum m arized  in  T ab le  I.

Table I

Formula M. p.,
°c 1*1»

Analysis
IRMol. wt.

Calcd. % Found %

11* C19H 2i 0 3N 2S 204 - 1 8 2 .7 ° N 7.83 6.98 vOH 3400 c m -1

357.446 S 8.97 8.39 i» N = C = S  2060 c m -1
IV»* C19H 2i 0 3N 2S 2 8 5 - 7 +  120° N 7.83 7.95 vNH 3076 c m - 1

357.446 S 8.97 8.77 t>NH—C = S  1.1512 c m - 1

11.1283 c m - j  

111.1173 c m - 1

j>C =  S 714 c m -1
VI C jqH j j O j N j 1 5 0 - 1 - 3 1 6 ° N 14.65 14.43 vOAc 1739 c m -1

382.402 vNs 2085 c m -1 

rOA c 1740 c m -1
VII c 21h 22o 4n 2s 163 - 2 7 7 ° N 7.03 6.65 t> N = C = S  2108 c m -1

398.466 S 8.04 8.32 vOH 3400 c m -1
VIII c 19h 24o 3n 3s 1 9 8 -2 0 0 - 3 2 0 ° N 11.24 10.83 vN H  3320 c m -1

374.472 S 8.56 8.21 vH 2N —C = S  1600 c m -1

* T he in fra re d  sp ec tru m  was recorded in  50 m g/m l chloroform  solution.
** rC =  S 714 c m -1 (la te s t lite ra tu re  d a ta  [9] assign rC =  S a t  ab o u t 700 cm -1 , c o n tra 

d icting  K a t r it z k y  [10] w ho expects i t  a t  a b o u t 1170 c m -1). IV : N M R  d a ta : J 8 n h  ~  10.5 H z 
(JE O L  100, d eu te ro p y rid in e  solution).
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Experimental
6- D eoxy-6-iso th iocyanato-14-hydi'oxy isocodem e ( I I )

6 -D eoxy-6-azido-14-hydroxyisocodeine (I) (1 g; 0.0028 m ole) [2] w as dissolved in  c a rb o n  
d isu lf id e  (15 m l); trip h e n y lp h o sp h in e  (0.73 g; 0.0028 m ole) was ad d ed  a n d  th e  so lu tion  w as 
re flu x e d  fo r 2 hrs. T h e  re a c tio n  m ix tu re  was e v a p o ra te d  to  d ryness an d  th e  solid resid u e  su s
p en d ed  in  anh y d ro u s e th e r . T he non-d isso lved  tr ip h e n y lp h o sp h in e  su lfide  w as rem o v ed  b y  
f i l t r a tio n  (m .p . 156— 159 °C). T h e  f i ltra te  w as e v a p o ra te d  to  d ryness a n d  th e  sy ru p  resid u e  
c ry s ta lliz ed  from  e th e r. T h e  c ry sta llin e  p ro d u c t w as s till  co n ta m in a te d  w ith  trip h en y lp h o sp h in e  
su lfid e; th is  was re m o v e d  b y  m eans of co lu m n  ch ro m a to g rap h y  (S ilicagel G benzene : 
m e th a n o l =  8 : 2) to  o b ta in  450 g (43 .2% ) o f th e  p ro d u c t, m .p .  204° C; [a ]D —182.7° 
(ch lo ro fo rm , 0.29).

C19H 210 3N2S (357.446). Calcd. N 7.83; S 8.97. F o u n d  N  6.86, 6.98; S 8.38, 8 .39% .
IR :  3400 cm “ 1 (— O H ); 2060 c m " 1 (— NCS).

2’-T h io n c-o x azo lid in o -(4 ’,5’; : 8 :14  )-8-deoxypseudocodeiiie  (IV )

8 -D eoxy-8-azido-14-hydroxypseudocodeine (III)  (1.7 g; 0.005 m ole) [2] was d isso lved  in  
c a rb o n  d isulfide  (25 m l) a n d  a f te r  th e  a d d itio n  o f  tr ip h en y lp h o sp h in e  (1.32 g; 0.005 m ole) th e  
m ix tu re  was re fluxed  fo r  2 h rs . A crysta lline  su b s ta n c e  se p a ra ted  du ring  th e  reac tio n . T he p re 
c ip i ta te  w as filte red  o ff  a n d  a fte r  ev ap o ra tio n  o f  th e  carbon  disulfide, th e  solid residue w as 
e x tra c te d  f irs t w ith  e th e r  th e n  w ith  chloroform . T h e  non-so lub le  p o rtio n  w as id en tica l w ith  th e  
p ro d u c t  w hich se p a ra ted  fro m  carbon  d isu lfide  (m .p ., m ixed  m .p ., TLC , analysis); 1.56 g 
(8 6 .2 % ); [a ]D + 1 2 0 .7 °  (ch lo ro fo rm  : e th an o l =  2 : 1 ,  0.546).

C19H 210 3N 2S (357.446). Calcd. N  7.83; S 8.97. F o u n d  N  7.95, 8.09: S 8.73, 8 .77% .
IR :  3076 cm  1 (N H ); I .  1512 c m - '

I I .  1283 c m - 1 (N H — C = S ) ;
I I I .  1173 c m " 1

714 c m - 1 (C =  S).

6- D eoxy-6-azido-14-acetoxyisocodeine (V I)

6 -0 -T osy l-14 -acetoxycodeine  (V) (5 g; 0.01 m ole) [8] was dissolved in  d im e th y lfo rm a- 
m id e  (150 m l), and  so d iu m  azide (0.78 g; 0.012 m ole) d issolved in  w a te r  (8 m l) w as ad d ed  to  i t .  
T h e  m ix tu re  was boiled  o n  a h o t  w a te r b a th  fo r 4 h rs . T h e  reac tio n  m ix tu re  w as cooled, p o u red  
in to  w a te r  (750 m l) a n d  e x tra c te d  w ith  3 X 1 5 0  m l o f  e th e r. T he com bined  e th e rea l phases w ere  
w ash ed  w ith  sa tu ra te d  so d iu m  chloride so lu tio n  (2 X 50 m l), d ried  o v er m agnesium  su lfa te  a n d  
e v a p o ra te d  to  d ryness. T h e  residue  was su sp en d ed  in  som e a n h y d ro u s e th e r  an d  filte red . T h e  
p ro d u c t  w as purified  b y  recry s ta lliza tio n  from  a  m ix tu re  o f ace tone  a n d  w a te r  to  give 2.03 g 
(5 4 .5 % ) o f th e  p ro d u c t, m .p . 150— 151 °C; [oc] q  — 316° (chloroform , 0.5).

C20H,„O4N4 (382.402). Calcd. N 14.65. F o u n d  N  14.43, 14.99% .
IR :  1739 c m - 1 (— О A c); 2085 cm “ 1 (— N 3).

6 -D eoxy-6-iso th iocyanato-14-acetoxyisocodeine  (V II)

6-D eoxy-6-azido-14-acetoxyisocodeine (VI) (1.9 g; 0.005 m ole) w as dissolved in  carb o n  
d isu lf id e  (25 ml), a n d  tr ip h e n y lp h o sp h in e  (1.32 g; 0.005 m ole) was ad d ed  to  it .  T he so lu tion  w as 
b o iled  fo r 2 hrs. T he re a c tio n  m ix tu re  w as e v a p o ra te d  to  d ryness an d  th e  resid u e  su sp en d ed  in  
a n h y d ro u s  e th e r. T h e  non-d isso lved  trip h e n y lp h o sp h in e  su lfide  was rem oved  b y  f i ltra tio n . 
T h e  e th e rea l f i ltra te  w as e v ap o ra te d  to  d ry n ess a n d  th e  residue ru b b e d  w ith  a n h y d ro u s e th e r. 
T h e  c ry s ta ls  w hich se p a ra te d  were recry sta llized  fro m  a m ix tu re  o f ace to n e  an d  w a te r  to  give 
0.55 g (27 .9% ) of th e  p ro d u c t,  m .p . 163 °C. [a ]D—277° (chloroform , 0.41).

C21H„20 4N2S (398.466). Calcd. N  7.03; S 8.04. F o u n d  N  6.63, 6.65; S 8.32, 8 .42% .
IR :  1740 c m '1 (— O A c); 2108 c m 1 (— NCS).

N -(6-deoxy-14-hydroxy isocodeiny l)-th iou rea  (V III)

(a )  6 -D eoxy-6 -iso th iocyanato -14-hydroxy isocodeine  (II) (780 m g; 1.95 m ole) w as 
re flu x ed  in a m ix tu re  o f 24%  am m onia  (7.68 m l) a n d  e th an o l (7.68 m l) fo r 3 hrs. On cooling 
a c ry s ta llin e  p ro d u c t se p a ra te d  w hich was p u rif ie d  fu r th e r  b y  re c ry s ta lliz a tio n  from  aq u eo u s 
e th a n o l to  give 250 m g  (30 .6% ) of th e  p ro d u c t, m .p . 193— 200 °C; [a ]D— 320° (ch loroform , 
0.5).
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Ci9H 240 3N 3S (374.472). Calcd. N  11.24; S 8.56. F o u n d  N  10.81, 10.83; S 8.21, 8 .1 5 % . 
IR :  3400 cm “ 1 (— O H ); 3320 c m '1, 1600 cm “ 1 th io u rea .

(b )  6 -D eoxy-6-iso th iocyanato -14-acetoxy isocodeine  (200 m g; 0.56 m m ole) (V II) w as 
re flu x e d  in  a  m ix tu re  o f 24%  am m onia  (2 m l) an d  e th an o l (2.5 m l) fo r 3 h rs. T he c ry s ta llin e  
p ro d u c t w h ich  se p a ra ted  from  th e  re ac tio n  m ix tu re  on cooling was rec ry s ta llize d  from  a q u eo u s  
e th an o l.

A s show n by  its  physical c o n s tan ts  (m .p ., m ixed  m .p ., IR ), th e  p ro d u c t was id e n tic a l 
w ith  th e  co m pound  p rep ared  accord ing  to  f a ) .

*

T h e  a u th o rs ’ th a n k s  are due to  th e  S c ien tific  D e p a rtm en t I of th e  H u n g a rian  A cad em y  of 
Sciences a n d  to  th e  A lkalo ida  C hem ical W o rk s, T iszav asv ári, H u n g a ry , fo r su p p o rtin g  th is  w ork . 
W e are  g ra te fu l to  th e  A n a ly tical L a b o ra to ry  of th e  In s t i tu te  for th e  an aly ses, and  to  Z. D in y a  
fo r reco rd in g  and ev a lu a tin g  th e  in fra re d  sp e c tra .
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INVESTIGATIONS IN THE FIELD OF SOLID STATE 
POLYMERIZATION, XXIX*

IN V E S T IG A T IO N  O F  SO L ID  STA TE O L IG O M E R IZ A T IO N  O F  A C E N A P H T H Y L E N E  
IN IT IA T E D  B Y  IO D IN E . S T R U C T U R E  O F  T H E  M O N O M ER A N D  O L IG O M E R S**

G y . H a r d y , G . K o v á c s , F . C s e r  and G y . K o s z t e r s z i t z

(Research Institu te  fo r  P lastics , B udapest)

R eceived  N o v em b er 5, 1970

T he s tru c tu re  o f a cen ap h th y len e  a n d  th e  p ro d u c t o f i ts  solid  s ta te  o ligom erization  
in it ia te d  b y  iodine w as in v es tig a te d  b y  X -ra y  an a ly tica l a n d  in frared  spec troscop ic  
m eth o d s. A cen ap h th y len e  crysta llizes in  th e  o rth o rh o m b ic  sy s tem  w ith  a space  group  
P b a 2 . T he la ttic e  c o n stan ts  an d  th e  o r ie n ta tio n  of th e  m olecules in  th e  u n it  cells w ere 
d e te rm ined .

T he m onom eric  u n its  in  th e  o ligom er m olecules —  show ing  a three-d i- iso tac tic  
co n fig u ra tio n  —  are  a rran g ed  along a h e lix  w ith  a tw ofold screw  axis. T he a p p ro x im a te  
size o f th e  c ry s ta l g ra ins b u ilt up  fro m  th e  oligom er chains h as been d e te rm in ed . 
C om parison of th e  m onom er s tru c tu re  w ith  t h a t  o f th e  o ligom er has rev ea led  th a t  th e  
o ligom erization  is possible by  a re la tiv e ly  sm all m otion  of th e  acen ap h th y len e  m olecu les, 
i.e. th e  c rysta llin e  ph ase  con tro ls th e  p rocess , therefore, i t  is a  to p o ta c tica lj re a c tio n . 
T his fa c t corresponds to  th e  lin ea r k in e tic  ch a ra c te r  described  b y  us earlier.

In  a p rev ious p u b lica tio n  [1] we rep o rted  on th e  iod ine in it ia te d  solid 
s ta te  o ligom erization . I t  has been  e s tab lish ed  th a t  th e  re a c tio n  can be describ ed  
b y  a lin ea r k in e tic  cu rve  an d  th e  e le m e n ta ry  reac tio n  o f in itia tio n  ta k e s  p lace  
via  charge  tra n sfe r  com plex  fo rm a tio n  b e tw een  iod ine an d  a c e n a p h th y len e  
fo llow ed by  its  d issociation  in to  ions. A n acco u n t will now  be  given of o u r  s tu d 
ies concern ing  th e  s tru c tu re  o f th e  o ligom er form ed an d  th e  to p o ta c tic  c h a ra c 
te r  o f th e  reac tio n .

Solid s ta te  po ly m eriza tio n  m ay  he  accom plished  essen tia lly  in  tw o w ays. 
I n  cases w hen th e  c ry s ta l s tru c tu re  p e rm its  link ing  of th e  m olecules w ith  each 
o th e r  th ro u g h  re la tiv e ly  sm all m o v em en ts , th e  positions o f th e  reac tin g  m o n o 
m er u n its  d u rin g  th is  m o v em en t, a n d  also in  th e  m o m en t of coupling  to  th e  
g row ing  chain , are unam b ig u o u sly  fix ed  b y  th e  c rysta lline  phase . This lead s to  
a ch a in  w hich has a reg u la r s tru c tu re  co rre la tin g  w ith  th e  positions o f th e  m o n o 
m er m olecules in  th e  c ry s ta l la ttic e . T h is ty p e  of solid s ta te  p o ly m eriza tio n  
is called  to p o ta c tic . Should  th e re  be  no  p o ssib ility  for th is , th e  p o ly m eriza tio n  
ta k e s  p lace in  a new  am orphous ph ase  d iffe ren t from  th e  m onom er p h ase  in to  
w hich  th e  m olecules a rriv e  b y  d iffusion  a f te r  emer ging from  th e ir  c ry s ta l la ttic e . 
I n  th e  course o f th is  m o tion  th e ir  p o s itio n  is random  w ith o u t be in g  d e te r-

* P a r t  X X V III :  H a r d y , Gy ., K ovács, G., K oszterszitz , Gy ., Cs e r , F .: A c ta  Chim. 
(B u d a p es t)  75, 69 (1972).

** P re se n ted  a t  th e  IU P A C  In te rn a tio n a l  Sym posium  on M acrom olecu lar C h em istry , 
B u d a p es t, A ugust 25— 30, 1969.
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m in ed  b y  any  de fin ite  con tro llin g  force, th e re fo re , th e  p o ly m er chain  fo rm ed  
is also w ith o u t a n y  re g u la r ity . This ty p e  o f  reac tio n  is re fe rred  to  as ‘top o - 
a ta e t ic ’. E xam ples o f  to p o ta c tic  reactions a re  th e  solid s ta te  po ly m eriza tio n  o f  
cyclic  com pounds [2], c e ty l v iny l e ther [3], or cholestery l a c ry la te  [4]. A topo - 
a ta c t ic  process is th e  p o ly m eriza tio n  of IV -vinyl succin im ide [5].

U n til recen tly  th e  question  of to p o ta c tic  vs. to p o a ta c tic  process w as 
g en era lly  se ttled  b y  k in e tic  m ethods. N am ely , th e  fo rm er ty p e  was considered  
to  co rrespond  to  a lin e a r  o r  decelerating  conversion  vs. tim e  re la tionsh ip  an d  
th e  la t te r  ty p e  to  a n  acce le ra tin g  one. H o w ev er, on th e  basis  of m ore re c e n t 
re su lts  an d  reassessm en t o f  th e  earlier d a ta  i t  seem s lik e ly  th a t  th e  fo rm a l 
c lassifica tion  is n o t a lw a y s  co rrec t, and  th e  c h a ra c te r  of th e  reac tion  shou ld  be 
se ttle d  in each case in d iv id u a lly  by  co m p arin g  th e  re su lts  of s tru c tu ra l an d  
k in e tic  investiga tions [6] ta k in g  even th e  a c tu a l  conversion  in to  accoun t.

E xperim en ta l

M aterials

A cenaph thy lene  w as a  ‘S ch u ch ard t’ (M ünchen , G erm any) p ro d u c t;  its  p u rif ic a tio n , 
p ro p e rtie s , th e  conditions o f  o ligom erization  an d  th e  ch ara c te riz a tio n  o f th e  p ro d u c t h av e  b een  
d esc rib ed  elsewhere [1].

E xperim ental m ethods

T h e  X -ray  d iffrac to g ra m s w ere ob tained  on  a P h ilip s  pow der d iffrac to g rap h  using  n icke l 
f i lte re d  Cu— К  ra d ia tio n . T h e  single c rysta l p a t te rn s  w ere  reco rded  on th e  in s tru m e n t o f th e  
C e n tra l R esearch  In s t i tu te  fo r  C hem istry , H u n g a rian  A cad em y  of Sciences, w ith  n ickel f ilte red  
Cu— K «  rad ia tio n  using  a B u e rg er-cam era ; th e  p recession  angle w as /i =  30°.

A  Zeiss U R -10 ty p e  sp e c tro p h o to m ete r was u sed  fo r th e  I .R . in v es tig a tio n  of th e  oligo
m ers , th e  disks were m ad e  o f  3— 5 m g oligom er a n d  1 g po tassiu m  b rom ide . T he w av en u m b er 
a cc u rac y  of th e  sp ec tra  is 10 cm - 1 .

Results and discussion

T h e d iffrac to g ram s ob ta ined  are c h a ra c te ris tic  o f o rdered , c ry sta llin e  
p ro d u c ts . To estab lish  a possib le  co rre la tion  b e tw een  th e  s tru c tu re  of th e  s t a r t 
in g  m a te ria l and  th e  e n d -p ro d u c t a d e ta iled  analysis o f b o th  was necessary .

F o r d e te rm in ing  th e  c ry sta l s tru c tu re  o f th e  m onom er, single c ry s ta ls  
h a v e  been  p rep ared  b y  d iffusive c ry s ta lliz a tio n  ap p ly in g  an  alcohol w a te r  
so lv e n t—nonso lven t sy s te m . B uerger cam era  p h o to g rap h s  in  accordance w ith  
th e  th re e  axes w ere ta k e n .  I t  has been es tab lish ed  from  th e  p ro jec tions t h a t  
th e  m a te ria l c ry sta llizes w ith  o rtho rhom bic  sy m m etry , its  la ttic e  c o n s ta n ts  
a re : a  =  7.70 A; b — 7 .85  A ; c =  14.11 Á. T h e  u n it cell co n ta in s  4 m olecules.

C o h e n  [7] has re c e n tly  rep o rted  c ry sta llo g rap h ic  d a ta  o f acen ap h th y len e . 
I t  is obvious th a t  th e  sp ace  group sym bols (P b a 2 15 P bm a) can n o t be co rrec t 
a n d  th e re  are som e sm a ll differences concern ing  also th e  u n it  cell d im ensions.

T h e  density  c a lc u la te d  from  th e  cell d im ensions —  1.182 g/cm 3 —  agrees 
w ith  th e  value w hich h a s  b een  m easured b y  us (1.176 g /cm 3).
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Packing considerations

T he s tu d y  o f sy stem atica lly  a b se n t reflec tions (Л01: h =  2n  2 , 
Ofcl: к  =  2n -|- 1) in d ica tes  th e  p o ss ib ility  o f tw o  space g roups: P ba2  or P b a m  
(No. 32 or 55). T h e  sy m m etry  re la tio n s  req u ired  b y  th e se  to g e th e r w ith  th e  
d im ensions o f acen ap h th y len e  —- ta k e n  as a f ir s t  a p p ro x im a tio n  equal to  th o se  
o f acen ap h th en e  [8] —  require  th a t  th e  sy m m e try  ax is o f  th e  m olecules co rre 
sponds to  th e  th e  crysta llo g rap h ic  c a x :s. A s a consequence o f th is , th e  m olecules 
m u st be  in  special p o sitio n  and , on th e  o th e r  h a n d , th e  s tru c tu re  can n o t b e lo n g  
b u t  to  th e  P b a2  space  group. In  such  a special position  th e  sy m m etry  p e rm its  
on ly  tw o m olecules. T he in tensities o f  001 reflec tions a re  v e ry  w eak w h en

Fig. 1. E le c tro n  d ensity  m ap  o f ace n ap h th y len e  p ro jec te d  on  Л.01

l =  1, 2 an d  3. T herefo re , i t  has to  b e  assu m ed  th a t  th e  o th e r tw o m olecules 
belonging  to  th e  u n it  cell are rep e a te d  in  th e  d irec tio n  o f  th e  c axis w ith in  
ap p ro x im a te ly  one h a lf  period. T he fa c t  t h a t  th e  d is tan ce  b e tw een  tw o m olecu 
les m u s t be  a t  le a s t th e  v an  der W aals ra d iu s  (3.5 Â) im plies th a t  th e  X  a n d  Y  
co o rd ina tes o f th e  m olecules in  th e  la y e rs , one b e n e a th  th e  o ther, c a n n o t b e  
equa l, i.e. tw o m olecules canno t be lo c a te d  im m ed ia te ly  u n d e r one a n o th e r  
b u t  are  sh ifted  a long  th e  a or b axis w ith  one h a lf  o f a cell d im ension. F u r th e r 
m ore, th is  m eans t h a t  th e  angle b e tw een  th e  p lane  of th e  p e rin ap h th y len e  r in g s  
an d  th e  a ax is in  a ce rta in  layer is a p p ro x im a te ly  th e  sam e as th a t  co rresp o n d 
ing to  th e  b ax is in  th e  layers b e n e a th  a n d  above. B ecause o f th e  fac t o f o ligo
m eriza tio n , i t  h a s  to  b e  supposed th a t  th e  v in y l g roups o f  th e  acen ap h th y len e  
m olecules in  tw o  ne ighbouring  layers a re  d irec ted  to w ard s  each o ther.

T he f irs t  F o u rie r  m aps o b ta in ed  from  th e  phases o f s tru c tu re  fac to r  c a l
cu la tions b ased  on  pack ing  consid era tio n s are  p re sen ted  in  Figs 1 an d  2 :

R„or =  0-26, R 0ia  =  0.4 .
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C alculations fo r th e  ex ac t d esc rip tio n  o f th e  s tru c tu re  are  in  p rogress;*  
th e  above s tru c tu re  is show n in F ig . 3. T h e  h eavy  lines d esigna te  th e  u n it 
cell an d  th e  sy m m e try  elem ents. M edium  co n to u r lines are  used  to  in d ica te  
m olecules of th e  u p p e r  lay e r and  a th in  line gives th e  b ack b o n e  o f th e  m olecules

F ig . 2 . Electron density map of acenaphthylene projected on Ofcl

F ig .  3 . Crystal structure of acenaphthylene

in  b o th  layers. T h e  co n cep t show n in  th e  fig u re  has been  verified  w ith  a th ree -  
d im ensional F o u rie r-d iag ram .

Structure o f the oligomer

T he X -ray  d iffrac to g ram  of th e  p ro d u c t o b ta in ed  in  io d ine  in it ia te d  so lid  
s ta te  o ligom erization  is show n in F ig  4. F ro m  th is  tw o essen tia l conclusions 
ca n  be  draw n co n cern in g  th e  s tru c tu re  o f  th e  oligom er: th e  p ro d u c t is c ry s ta l
line  a n d  its  s tru c tu re  preserves ce rta in  e lem ents o f th e  m onom er s tru c tu re .

* F. Cs e r , К. Sa s v á r i; to be published in Acta Chim. Acad. Sei. Hung.
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2 0 °

F ig .  4 . X-ray diffractogram of acenaphthylene oligomer

Q u a n tita tiv e  e v a lu a tio n  o f th e  d iffrac to g ram s m akes possible to  asce r
ta in  even fin er d e ta ils . F rom  th e  half-peak  w id th  o f th e  d iffrac tion  lines th e  
ranges of re g u la r ity  fo r th e  m a te ria l can  be d e te rm in ed . T he spacings co rre 
spond ing  to  th e  d iffrac tio n  lines, th e  ranges o f re g u la r ity  ca lcu la ted  from  th e  
half-pftak w id th  as w ell as th e  co rre la tion  b e tw een  th e  face indices o f th e  c ry s
ta l  an d  th e  lines a re  sum m arized  in  T ab le  I.

Table I
C h a r a c te r is tic  d a ta  o f  th e  c r y s ta ll in e  o lig o m er o f  a c e n a p h th y le n e  

f o r m e d  i n  s o lid  s ta te  u n d e r  th e  in f lu e n c e  o f  io d in e

d-spacing of 
the oligomer 

(■*)
A

Range of 
regularity

A

Corresponding 
crystal face 

indices 
(Ш)

7.6 100 100
5.3 20 102
3.9 20 020
2.1 15-17

T hree  fu r th e r  reflec tions can  be recognized on th e  m ore d e ta iled  d iffra c to 
gram  w ith  line w id th s  co rrespond ing  to  100— 150 Â ranges o f re g u la rity .

A m ong th e  lines found  on th e  d iffrac to g ram  th e  d  =  3.9 Â one has th e  
h ig h est in te n s ity , th e  3.9 Â id e n tity  period  m u s t be specific to  th e  m a jo rity  of 
th e  a to m s b u ild in g  u p  th e  chain  m olecules. T h is is conceivab le  th eo re tica lly  
e ith e r  as an  in te rc h a in  or as an  in tram o lecu la r  id e n t i ty .  H ow ever, in  th e  case 
of chains w ith  side g roups, as th e  a c en ap h th y len e  oligom ers, such a sm all 
in te rm o lecu la r id e n ti ty  period  is im possib le. H ence, th is  line is due n o t to  th e  
h ig h ly  o rdered  a r ra y  o f th e  chain  m olecules b u t  to  re p e titio n  w ith in  th e  chain  
itself.
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Supposing th e  p o ss ib ility  o f stereo isom erism  owing to  tw o d iffe ren t con
f ig u ra tio n s  of th e  m o n o m er u n it  in  th e  p o ly m er chain , fo u r k in d s o f reg u la r 
c h a in  s tru c tu re s  are  th e o re tic a lly  possib le: erythro- an d  threo-, d iiso o r d i-syndio- 
ta c t ic .  B u t it  follows fro m  th e  s tru c tu ra l  p a ram e te rs  of th e  a c en ap h th y len e  
m olecu le  th a t  only  fftreo-diiso or i/ireo-d i-syndio tactic  reg u la r chain  can  be  
fo rm ed .

E ry th ro  chains c a n n o t be im ag in ed  because d iiso tac tic  chain  p ro p a g a 
tio n  w ould  lead to  th e  fo rm a tio n  o f a se lf-te rm in a ted  cyclic tr im e r  or te tra m e r. 
O n th e  o th e r h an d , th e  co rresp o n d in g  d i-sy n d io tac tic  po lym er chain  is im pos
sib le ow ing to  th e  sign ifican t ste ric  h in d ran ce  caused by  th e  1 ,8 -p e rin ap h th y len e  
rin g .

F ig .  5 . Two possible types of the acenaphthylene polymer chain with ordered structure

F ro m  th e  tw o possib le  reg u la r  s tru c tu re s  th e  threo-d iiso tac tic  sp iral 
c h a in  corresponds to  a h e lix  an d  th e  (Лгео-d i-sy n d io tac tic  a rra n g e m en t re su lts  
a s ta ir -s te p p e d  rig id  ro d . In  th e  case o f th e  f irs t, in  accordance  w ith  th e  tw o 
possib le  configura tions o f  th e  m onom er u n its , a righ t- o r le f t-h an d ed  he lix  m ay  
b e  fo rm ed . I f  only left- o r on ly  r ig h t-h a n d e d  helices w ere fo rm ed , th e  p ro d u c t 
w o u ld  ro ta te  th e  p lane  o f  po la rized  lig h t, th ere fo re , th e  s tru c tu re  o f  such  chains 
co u ld  be  proved  b y  m easu rin g  th e  o p tica l a c tiv ity . H ow ever, since th e  p resen t 
sy s te m  con ta ins no a sy m m e tric  c a ta ly s t , th e  fo rm atio n  o f helices w ith  b o th  
ch ira litie s  is equally  p ro b ab le . H ence, th e  ex p erim en ta l fa c t t h a t  th e  p ro d u c ts  
a re  o p tica lly  in ac tiv e  does n o t  m ean  a rod-like s tru c tu re  w ith  t/ireo-di-syndio- 
ta c t ic  a rran g em en t. T h is effect o f course c an n o t be th e  re su lt o f com pensation  
b e tw e e n  u n its  linked  to g e th e r  in  one oligom er m olecule. C om pensation  betw een  
w hole oligom er m olecules is r a th e r  m ore lik e ly  since w ith in  one chain  configu
ra t io n  only  th e  sam e k in d  can  ex is t, th e  ro ta tio n  ab o u t th e  C— C bonds of th e  
m a in  back b o n e  being  s te rica lly  h in d ered .

T h e  tw o possible ty p e s  o f chain  w ith  ordered  s tru c tu re s  are  show n in
F ig . 5.

S tereochem ical co n sid e ra tio n s  alone also in d ica te  th a t  th e  p ro d u c t cor
resp o n d s  to  th e  threo-d iiso tac tic  s tru c tu re .

T h e  s ta ir-s tep p ed  s tru c tu re  fo rm ed  due to  th e  d i-sy n d io tac tic  a rra n g e 
m e n t m u s t be lim ited  to  b locks o f n o t m ore th a n  3—4 u n its  because o f th e
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p resence  o f rig id , b u lk y  side g roups, w hile th is  steric  h in d ran ce  does n o t  ac t 
in  th e  case o f a helical s tru c tu re . T h is supposition  is co rro b o ra ted  b y  th e  fac t 
t h a t  co m pounds con ta in ing  a ro m a tic  rings generally  fo rm  reg u la r s tru c tu re s . 
N am e ly , th e  rings are  lo ca ted  in  p a ra lle l a t  a d istance  o f 3.4 +  0.1 Â from  
each  o th e r , an  a rran g em en t v e ry  easily  realized in  a he lica l form .

F u r th e r  ev idence in  fav o u r o f th e  above s tru c tu re  has been  o b ta in e d  b y  
in fra re d  spectroscopy .

A s in d ic a te d  in  Fig. 5 th e  tw o  hydrogens linked  to  th e  te r t ia ry  carb o n  
a to m s in  1.3 positio n  have d iffe ren t s te ric  anella tions in  th e  tw o ty p es  o f s tru c -

3 200  3000 2800 c m - 1

F ig . 6 . Characteristic part of the I. R. spectrum of the oligomer formed in solid state

tu re s . T h is p e rm its  to  d istingu ish  b e tw een  th e  la t te r  on th e  basis  of th e  in fra red  
sp e c tra  [9]. T hese hydrogens in  a d iiso tac tic  s tru c tu re  are  1 .3-ax ial (a ,a ) ,  
w hile in  a d i-sy n d io tac tic  one, 1 .3 -eq u a to ria l (e,e). S im ilar positions a re  occupied  
b y  th e  h y d ro g en s in  cis- an d  irares-decalin  w ith  the c h a ir  co n fig u ra tio n . T he 
d irec tio n  o f  th e  b o n d  in  th e  tw o  C— H  groups linked to  th e  spo t o f an e lla tio n  
in  c is-decalin  is a,e anelled , while in  frans-decalin  e,e anelled . T he an e lla tio n  of 
c is-decalin  does n o t f i t  ex ac tly  to  t h a t  o f th e  d iiso tac tic  po lym er ch a in  b u t  
th e  g iven  an a lo g y  is know n as th e  b e s t, an d  th is  d ifference does n o t in fluence  
th e  conclusions concerning th e  in te ra c tio n  of th e  above h y drogens w ith  th e  
p ro to n s  o f th e  p e rin ap h th y len e  ring . T h u s  th e  in fra red  sp ec tra  give a p o ssib ility  
fo r  choice b e tw een  th e  tw o oligom er s tru c tu res .

T h e  sign ifican t range o f th e  in fra red  spectrum  fo r th e  p ro d u c t o b ta in ed  
in  iod ine  in it ia te d  solid s ta te  o ligom eriza tion  is show n in  F ig . 6. A s tro n g  a b 
so rp tio n  is observed  a t  2905— 2911 c m -1 . This corresponds to  th e  a sy m m etric  
C H 2 s tre tc h in g  in  cis-decalin a t  2924 c m “ 1 [10] b u t  th e  re s tr ic te d  ch a in  m o b il
i ty  in  o /igo-acenaph thy lene  a n d , th e re fo re , th e  reduced  in te ra c tio n  en e rg y  of
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th e  1.3-hydrogens m a y  cause  some decrease in  th e  freq u en cy . T he presence of 
th is  b a n d  m eans 1 .3 -ax ia l position  for th e  a lip h a tic  h y d ro g en s of th e  po lym er 
ch a in  an d  a lack o f in te ra c tio n  w ith  th e  p ro to n s  o f  th e  re la tiv e ly  d is ta n t peri- 
n a p h th y le n e  rings. I n  trons-decalin  th e  sam e v ib ra tio n  ap p e a rs  a t  2857 c m -1 
[10], th e  sign ifican t d o w n w ard  sh ift can  be  a t t r ib u te d  to  th e  1 .3-equatorial 
hy d ro g en s in te rac tin g  w ith  th e  hydrogens o f  th e  ring . T h ere  is no abso rp tio n  
a t  th is  frequency  in  th e  sp ec tru m  of th e  o ligom er.

In  th e  case o f c is-decalin  th e  sy m m etric  C— H  s tre tc h in g  v ib ra tio n  b an d  
is a t  2841 c m " 1. In  th e  sp ec tru m  of th e  o ligom er th e  C— H  stre tch in g  v ib ra tio n  
b a n d  can  be found  a t  th e  sam e frequency  b u t ,  ow ing to  th e  p ro x im ity  of a 
s tro n g  absorp tion  b a n d , i t  shows only as a shou lder.

F ig . 7. Structure of the helical oligomer chains with a 2-fold screw axis

The evidence p re se n te d  above su p p o rts  th e  a ssu m p tio n  th a t  th e  oligom er 
ch a in s  form ed in th e  so lid  s ta te  u n d er th e  in fluence  o f iod ine are threo-d i
iso ta c tic , i.e. have a h e lica l s tru c tu re .

T heoretically , th e  helix  m ay have  a 2, 3, 4, 6, 8-fold, e tc ., screw b u t in 
p ra c tic e  th e  2, 3 ,4 -  a n d  6-fo ld  screw axes a re  u sual. I f  one a tte m p ts  to  bu ild  
u p  th e  po lym er chain  o f  acen ap h th y len e , even  a 3-fold ax is w ould m ean such  
s ig n ifican t bond ang le  d efo rm ations th a t  th e  possib ilities o f 4- or 6-fold axes 
can  safely  be neg lected . A  2-fold screw axis seem s to  be m ost p robab le  for th e  
he lix , as th e  co rresp o n d in g  s tru c tu re  show s in  F ig  7. T h is is favoured  by  th e  
fa c t t h a t  its  fo rm atio n  req u ires  re la tive ly  sm all m o v em en t of th e  m olecules 
in  th e  o rthorhom bic  c ry s ta l ,  and  th a t  th is  p e rm its  th e  o p tim a l packing  coeffi
c ien t an d  th e  bond an g les  to  rem ain  n ea rly  free of d is to rtio n s .

T he only a rg u m e n t ag a in st th is  is th e  d is tan ce  b e tw een  th e  a rom atic  
p lan es w hich is a b o u t 3.1 Â in  the  case o f  a 2-fold ax is. H ow ever, since th e
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angle b e tw een  th e  p lane  o f th e  m olecules an d  th e  ax is  o f th e  helix  d ev ia tes  
from  90°, accord ing  to  o u r ca lcu la tio n s i t  is a b o u t 60°, th e  in te ra to m ic  d is tan ces  
will n o t be less th a n  th e  va lu e  req u ired  b y  th e  v an  d er W aals range  (3.4 À). 
A 3-fold ax is is n o t likely  because , to  form  th e  co rrespond ing  helix , th e  m o n o 
m er m olecules m u st be m oved  ex ten siv e ly  from  th e ir  o rig inal positions in  th e  
c ry s ta l la ttic e . T he s tru c tu re  specified b y  th e  2-fold screw  axis is also su p p o rte d  
b y  th e  d e n s ity  d e te rm in a tio n s .

O n th e  basis o f th e  d im ensions ca lcu la ted  from  th e  h a lf  peak  w id th  o f 
th e  d iffrac to g ram , th e  c ry s ta l g ra ins o f  th e  oligom er can  be v isualized  as 100—  
150 Â w ide an d  20 Á th ic k  shee ts . T he helical chain  m olecules are  p e rp e n d ic u la r  
to  th e  p lan e  o f th e  sh ee t, th e ir  axes coincid ing  w ith  th e  n e a rly  eq u iv a len t a o r  
6 axes o f th e  m onom er. W ith in  th e  sh ee t th e  helices a re  lo ca ted  a t  d is tan ces  o f  
6.7 Â an d  7.6 Â from  each o th e r  a long  th e  tw o p e rp en d icu la r d irec tions, re sp e c 
tiv e ly .

In  o rd e r to  o b ta in  fu r th e r  in fo rm a tio n  on th e  s tru c tu re , th e  U.V. spec
t ru m  o f th e  oligom er has also been  in v es tig a ted . The w av elen g th s  an d  re la tiv e  
in ten s itie s  referred  to  th e  324 nm  b a n d s  a re  given in  T ab le  I I .

Table I I

T y p ic a l  U .V .  a b so r p tio n  b a n d s  a n d  th e ir  re la tiv e  in te n s it ie s  f o r  o lig o -a c e n a p h th y le n e  
f o r m e d  i n  s o lid  s ta te  u n d e r  th e  in f lu e n c e  o f  io d in e

Location 
of band 

(nm)
Relative intensity

Location of band 
(nm) Relative intensity

2 8 5 1 .0 7 3 2 4 l

2 9 7 1 .1 2 3 4 4 0 .5 9

3 0 4 1 .5 3 6 5 0 .8 1

3 1 0 1 .4 6 3 8 5 1 .4

3 1 8 1 .0 2 4 0 8 1 .5 4

Since no co rre la tion  w as fo u n d  b e tw een  th e  in d iv id u a l b an d s  a n d  th e  
s tru c tu ra l u n its  o f th e  m olecule, th e  sp ec tru m  was n o t  su itab le  fo r verify ing  
th e  s tru c tu re . H ow ever, in te re s tin g  q u a lita tiv e  o b se rv a tio n s can  be m ad e  b y  
com paring  th e  U.V. sp ec tru m  w ith  th o se  of po lym ers o b ta in e d  b y  h igh  energy  
in it ia te d  solid s ta te  p o ly m eriza tio n  a n d  w ith  th e  sp ec tra  o f di- an d  te tra m e rs  
o f acen ap h th y len e  rep o rted  b y  M u e l l e r  [11 ]. As can  be  estab lish ed , th e  lo ca 
tio n s  o f th e  b an d s  ap p earin g  in  th e  sp ec tru m  of th e  o ligom er are  iden tica l w ith  
th o se  o f fluorocyclene b u t  th e  in te n s ity  ra tio s  are d iffe ren t. One range  o f th e  
oligom er sp ec tru m  (285— 324 nm ) is s im ilar to  those  o f th e  po lym ers a n d  th e  
d i-acen ap h th y l-cy c lo b u tan es , while th e  o th e r  (344—408 nm ) is in  good ag ree 
m en t w ith  th e  fluorocyclene an d  th e  d i-acen ap h th y lid en e  sp ec tra .
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On th e  basis o f  th e se  d a ta  i t  can  be  e stab lish ed  th a t  th e  s tru c tu re  o f th e  
o ligom er as well as th e  lo ca tio n  an d  q u a lity  o f its  ch rom ophores do n o t co rre 
sp o n d  com pletely  e ith e r  to  th e  p ro d u c t o f ra d ia tio n  in it ia te d  p o ly m eriza tio n  or 
to  th e  di- or te tra m e r  b u t  show  a g rea t s im ila rity  to  th em  in  som e details. I t  is 
m ore  descrip tive to  say  t h a t  th e  p o lym er p re p a re d  in  solid s ta te  b y  h igh  energy  
ra d ia t io n .re ta in s  th e  p o sitio n  an d  a rra n g e m en t o f th e  p e rin a p h th y le n e  rings

3200 300 0  2800 cm - 1 3200 3000 2800 sm ’ 1

F ig .  8 . Characteristic part of the I.R. spec- F ig .  9 . Characteristic part of the I.R. spec
trum of poly-acenaphtliylene produced by trum of poly-acenaphthylene produced with

Ziegler-Natta catalysis titanium tetrachloride

p re se n t in  d i-acen ap h th y len e  an d  fluorocyclene an d  th e  U .V . sp ec tru m  o f th e  
o ligom er is a co m b in a tio n  o f these  fea tu re s .

F o r com parison  th e  s tru c tu re  o f o ligom ers p ro d u ced  in  liqu id  s ta te  in 
co n n ec tio n  w ith  h igh  m o lecu lar w eight p o lym ers h as  also been  in v estig a ted . 
(T he la t te r  were o b ta in e d  in  so lu tion  w ith  a Z ie g le r-N a tta  c a ta ly s t an d  t i t a 
n iu m  te trach lo rid e  a t  th e  P olyolefin  D e p a rtm e n t of th e  R esearch  In s t i tu te  for 
P la s tic s , B u d ap est.)

The sp ec tra  of th e  high m olecular w eigh t p ro d u c ts  (see Figs 8 an d  9) 
in d ica te  a com plex c h a ra c te r  of th e  p o ly m er chains. B esides th e  bands co rre 
spon d in g  to  cis-decalin  (2924 c m -1 an d  2841 c m -1) one b a n d  o f  irans-decalin  
(2857 c m -1) can be  recogn ized  too . T his, in  th e  case o f p o ly -acen ap h th y len e , 
w o u ld  im ply  a threo-d i-sy n d io tac tic  s tru c tu re . H ence , in  th e  p o lym er fo rm ed  
in  liq u id  s ta te , u n its  w ith  b o th  con figu ra tions are  p re sen t b u t  th e  m e th o d  
does n o t d istingu ish  be tw een  ran d o m  d is tr ib u tio n  or longer m icroblocks. 
C oncern ing  th is  p ro b lem  essen tia l p ro o f is offered  b y  th e  X -ra y  d iffrac tog ram s
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o f th e  above po lym ers (Figs 10 an d  11). These d iffrac to g ram s co n ta in  only 
tw o o f those  pow der lines (d — 5.3 Â  an d  d =  3.9 Â) w hich can  be  found  in  th e  
oligom er p rep ared  in  solid s ta te . E v en  th e se  tw o lines h av e  a sp read ed , am o r
p h o u s-ty p e  profile, w ith  ranges o f re g u la r ity  ca lcu la ted  from  th e  h alf-w id ths

2 6 °
F ig .  1 0 . X-ray diffractogram of poly-acenaphthylene produced by Ziegler-Natta catalysis

F ig .  11 . X-ray diffractogram of poly-acenaphthylene produced with titanum tetrachloride

eq u a l to  n o t m ore th a n  2— 4 periods. F o r th e  po lym er p re p a re d  b y  Ziegler 
N a t ta  catalysis a n o th e r  line w ith  a spacing  of d — 11.0 Â can  also be iden tified , 
show ing a w id th  co rrespond ing  to  a b o u t th ree  periods as ran g e  of reg u la rity . 
T he p ro d u c ts  o f liq u id  s ta te  o ligom eriza tion  in itia te d  b y  iod ine in  n -h ep tan e  or 
d ich lo roethane  give d iffrac to g ram s id en tica l w ith  th a t  o f th e  h igh  m olecular 
w eigh t po lym er p re p a re d  w ith  t i ta n iu m  te trach lo rid e  (F ig  11).

T he s tru c tu re  o f th e  jiro d u c t fo rm ed  in th e  iodine in it ia te d  solid s ta te  
o ligom erization  as well as th e  fa c t th a t  th is  process can occur w ith o u t signifi
c a n t m ovem ent o f th e  m onom er m olecules from  th e ir  p o sitio n  in  th e  c ry sta l
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la t t ic e , prove th e  process to  b e  to p o ta c tic  in  ch a ra c te r . T his m eans th a t  in  th e  
p re se n t system  th e  lin e a r  k in e tic  b eh av io u r re p o rte d  in  a p rev ious com m uni
c a tio n  [1] is indeed  th e  consequence  of to p o ta c tic ity .

*
We are indebted to the Central Research Institute for Chemistry, Hungarian Academy 

of Sciences, and to its Department of X-ray Analysis for the single crystal photographs.
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RECENSIONES

M. v o n  A r d e n n e , К . S t e i n f e l d e r  u n d  R . T ü m m l e r : Elektronenanlagerungs- 
M assenspektrographie organischer Substanzen

Springer-V erlag , B erlin , 1971. S. 403 -f- V I I I .

A u f dem  G ebiet d e r  organischen M assen sp ek tro sk o p ie  zeig t sich  —  p aralle l m it  d e r  V er
b re itu n g  d ieser M ethode —  steigendes In te re s se  fü r  die A n w endung  speziellerer bzw . scbonen- 
d e re r  Io n isa tio n sv e rfah re n  (P h o to io n isa tio n , F e ld io n isa tio n , chem ische Io n isa tio n , E le k tro - 
n e n an lag e ru n g s-Io n isa tio n ) zur E rg än zu n g  d e r E le k tro n en b o m b ard ie ru n g s tech n ik . D eshalb  
h a lte  ich  es fü r  b esonders zeitgem äß, daß  d ieses B u ch  je tz t  e rsch ienen  is t, geschrieben  von 
V erfassern , d ie ü b er h e rv o rrag en d e  K en n tn isse  in  d e r E n tw ick lu n g  u n d  A nw endung  d e r w enig 
b e k a n n te n  M ethode d e r E lek tro n en an lag eru n g s-M assen sp ek tro g rap h ie  verfügen.

D er e rs te  Teil des B uches b eh an d e lt d ie  th eo re tisch en  G ru n d lag en  u n d  m eth o d isch en  
F ra g e n  d e r E lek tro n en an lag eru n g s-M assen sp ek tro g rap h ie . D ie v o n  den  V erfassern  g eb au ten  
A p p a ra tu re n  u n d  die T ech n ik  der D a te n v e ra rb e itu n g  w erden  au sfü h rlich  d isk u tie rt. D as V er
s tä n d n is  des B uches e rfo rd e r t  keine beso n d eren  V o rk en n tn isse  des b e h an d e lten  G ebietes , weil 
das B u ch  a u ch  viele E in ze lh e iten  e n th ä lt,  d ie  a u ch  in m an ch en  an d eren  F ach b ü ch e rn  ü b e r 
M assenspek troskop ie  zu  fin d en  sind (z. B . d ie  A u sw ertu n g  von  P h o to p la tte n )  u n d  die den 
U m fang  des B uches s te ig e rn . Jedoch  e n th a l te n  a u ch  diese Teile zahlreiche »K unstgriffe« , 
k le ine , a u f  u n m itte lb a re n  E rfah ru n g en  b e ru h e n d e  H inw eise , die in  de r P rax is  v o n  N u tz en  
sein k ö n n e n .

In  den  w eiteren  A b sch n itte n  des B u ch es —  in  E in k lan g  d a m it, daß  die lo n isa tio n sm e- 
th o d e  d u rc h  E lek tro n en an lag eru n g  vor a llem  n e g a tiv  geladene Io n en  lie fert — fin d e t m an  im  
w esen tlichen  die B eschreibung  der M assen sp ek tren  n e g a tiv e r Ion en . D ie V erfasser b e sc h ä fti
gen sich  k u rz  m it den  m öglichen  M echanism en d e r  B ildung  n e g a tiv e r  Io n en  (R eso n an zan lag e
ru n g , d issoziative  R esonanzan lagerung , F ra g m e n tie ru n g , Io n -M olekü l-R eak tionen) u n d  geben  
e inen  Ü b erb lick  ü b er d ie A nw endungen (M olek u la rg ew ich tsb estim m u n g , S tru k tu ra u fk lä ru n g )  
bei v e rsch iedenen  G ru p p en  organischer V e rb in d u n g en  u n d  S toffm ischungen . E in  u m fan g re i
ches K a p ite l  fü h r t  a u f  sy s tem atisch e  A rt d ie  M assen sp ek tren  zah lre ich er V erb in d u n g en  v o r 
u n d  g ib t ih re  D eu tu n g  an . D ieser zweite T eil d es B uches, den  A n h an g  m it inbegriffen , b r in g t  
eine e in z ig artig  hohe Z ah l a n  neuen N egativ io n en -M assen sp ek tren . (Im  A nhang  w erden  d ie 
E lek tro n en an lag eru n g s-M assen sp ek tren  u n d  d ie  M assenzahlen  de r w ich tigeren  Io n e n sp itz en  
fü r  m eh r als 700 o rgan ische  V erbindungen an g eg eb en .) Diese S p e k tren  verle ihen  dem  B u ch  
e inen  b esonders hohen  W e rt. D agegen ist d ie  D iskussion , beso n d ers  die A rt der B e leu ch tu n g  
der Z usam m enhänge  zw ischen  dem  M assen sp ek tru m  u n d  de r S tru k tu r  au f einem  ziem lich  
n ied rigen  N iv eau  g eh alten . A uch  is t zu b ed au e rn , d a ß  die L ad u n g  des M olekülions in den  L in ien 
d iag ram m en  n ich t k o n se q u e n t angegeben ist. D ies is t  deshalb  b eso n d ers  stö ren d , weil d as B u ch  
n ic h t n u r  N egativ ionen-M assenspek tren  b e h a n d e lt .

In fo lge  der zah lre ich en  Beispiele u n d  sy s tem atisch en  A n g ab en  e ignet sich das B u ch  
dazu , dem  L eser einen Ü b e rb lick  über die w enig  b e k a n n te  M ethode d e r E lek tro n en an lag eru n g s- 
M assenspek trog raph ie  u n d  ü b e r  ihre A n w en d u ngsm öglichkeiten  in  d e r organischen S t r u k tu r 
fo rschung  u n d  in  der L ö su n g  analy tischer P ro b le m e  zu geben. D as B u ch  ü b erzeu g t den  L eser 
d avon , d aß  diese Io n isa tio n sm e th o d e  — obw ohl sie im  a llgem einen  gegenüber der v e rb re ite te n  
Io n isa tio n stech n ik  de r E le k tro n en b o m b ard ie ru n g  n ic h t k o n k u rren z fäh ig  is t —  infolge d e r 
schonenderen  A rt der Io n isa tio n  in einem z iem lich  b re iten  K reis v o n  S u b stan zen  ü b e r w e se n t
liche V orte ile  v erfüg t.

J .  T amás
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H andbuch  der analytischen Chemie
H rsg , v o n  W . F r e s e n i u s  u n d  G. J a n d e r

B d. I I I  a a l :  Elem ente der dritten H aup tgruppe  Bor. 2. A ufl.

B e arb . v o n  G. W ünsch u n d  F . U m land . M it 45 A bb. X V I +  186 Seiten 

S p rin g e r  V erlag, B e rlin —H eid elb erg — N ew  Y o rk , 1971

D er neueste B an d  d e r  Serie w idersp iege lt g e tre u  jen e  E n tw ick lu n g , d ie e inerseits in 
d e r  an a ly tisch en  Chemie u n d  a n d ere rse its  in  d e r B or-C hem ie s ta ttfa n d . D ies g ilt b esonders fü r  
d ie  A b sch n itte  3 u n d  4 des B uches, in w elchen d ie T ren n v e rfah ren  u n d  die B estim m u n g s
m e th o d e n  beschrieben w erden .

N ach  einem  k u rzen  zu sam m en fassen d en  Ü b e rb lick  ü b er die a llgem einen  an a ly tisch en  
R e a k tio n e n , T ren n v e rfah ren  u n d  B estim m u n g sm eth o d en  des B ors b e faß t sich  A b sch n itt 2 m it 
d e r  P ro b en v o rb ere itu n g . D ie  Q u a litä t de r zu r B o rb estim m u n g  v e rw en d b a ren  G efäße (2.1), 
d ie  V e rflü ch tig u n g sten d en z  d e r  B o rsäu re  be im  X o ch en , E in d am p fen  u n d  M ineralisieren  bzw . die 
V e rm eid u n g  der bei d e r V o rb e re itu n g  ev en tu e ll a u f tre te n d e n  F eh ler (2.2) b ild en  das R ü c k g ra t 
d ieses Teiles. H ier w ird  a u ch  ein  Ü b erb lick  ü b e r  d ie V e rfah ren  zur tro ck en en  u n d  nassen  M ine
ra lis a t io n  biologischer S u b s tan zen  sowie ü b e r  d ie M eth o d en  zum  A ufsch luß  gegeben (A b
s c h n i tte  2.3 und  2.4).

U n te r  den T re n n v e rfah re n  (A b sch n itt 3) w e rd en  d ie au f der D estilla tio n  von  B o rsäu re 
m e th y le s te r , au f Io n e n au s ta u sc h  u n d  E x tra k tio n  b e ru h en d e n  M ethoden  b esch rieben . D ieser 
A b s c h n it t  b ehandelt d ie  T ren n u n g  von  B o rsä u re -m e th y le s te r  m itte ls  M ikrod iffusion  sowie 
p y ro h y d ro ly tisch e  T ren n u n g  v o n  B or, fe rn e r die E n tfe rn u n g  der stö ren d en  Io n en  d u rch  E le k 
tro ly s e  u n d  Fällung.

In  dem  sich m it den  B estim m u n g sm eth o d en  b e fassen d en  A b sch n itt 4 b e h a n d e lt  das B uch , 
n a c h  B eschreibung de r w enigen g rav im etrisch en  M eth o d en , eingehend  d ie  v o lu m e trisch e n , 
flu o rim e trisch en , f lam m en p h o to m e trisch en  sowie sp e k tra lan a ly tisc h e n , rad io ch em isch en  u n d  
p o larim etrisch en  B estim m u n g sm ö g lich k eiten , u n te r  A n gabe  der ve rsch ied en en  A rb e itsm e th o 
d en . E s  w ird ein k u rzer Ü b erb lick  ü b e r  die A nw endungsm öglichkeiten  d e r n eu es ten s  en tw ick el
te n  therm o m etrisch en , a to m a b so rp tio n ssp e k tro p h o to m e trisch e n , m assen sp ek tro m etrisch en  
sow ie ü b e r  die au f R ön tg en flu o reszen z  u n d  A n w en d u n g  d e r E lek tro n en strah l-M ik ro so n d e  b e 
ru h e n d e n  M ethoden zu r B o rb estim m u n g  gegeben.

A bsch n itt 5 b e sc h re ib t die B estim m u n g  v o n  B o r a n  einigen k o n k re te n  S toffen  (F lu o r
w a sse rs to ff  u n d  F lu o rid e , G erm an iu m  u n d  G erm an iu m v erb in d u n g en , G las, S ilicium  u n d  Sili
c iu m halogen ide , S tah l, T ita n ) . D er le tz te  A b sc h n itt  6 g ib t ü b e r die B estim m u n g  ein iger spezie l
le r  B o rv erb in d u n g en  (P h e n y lb o rsä u re n , B orw assersto ff-V erb indungen) A u sk u n ft.

Die V erfasser b e rü ck sic h tig ten  die L ite ra tu r  p ra k tisc h  bis 1970, d e ren  A ngabe den 
L ese rn  viel Mühe e rsp a r t .  D ie  V erw endung  dieses W erk es w ird  du rch  das seh r d e ta illie rte , g u t  
ü b e rsich tlich e  In h a ltsv e rze ich n is  e rle ich te rt.

E . B o d o r

Proceedings o f the 3rd S ym p o siu m  on C oordination Chemistry

V ol. 2. P len ary  lec tu res  a n d  d iscussion of c o n tr ib u te d  pap ers . A kadém iai K iad ó , B u d a p e s t. 
E d ite d  b y  M ihály T. B e c k . 287 pages

The first 165 pages o f  th e  book  c o n ta in  th e  te x t  o f th e  review s fo rm in g  th e  basis o f  th e  
f iv e  p len a ry  lectures held  a t  th e  3rd S ym posium  on  C oord ination  C h em istry , D ebrecen  1970.

J .  B je r r u m  discusses th e  eq u ilib ria  o f  fo rm a tio n  o f in n er and  o u te r  sph ere  ty p e  com 
p lex es. D . N. H u m e’s le c tu re  deals w ith  th e  use  o f e lectron ic  com p u te rs fo r th e  d e te rm in a tio n  
o f  th e  equ ilib rium  s ta b il i ty  c o n stan ts  o f m ixed  lig a n d  com plexes. H . D ie b l e r  discusses th e  
k in e tic s  of th e  e lem en ta ry  step s o f m e ta l com plex  fo rm atio n . T he p a p e r o f Y a . D. F r id m a n n  
t r e a ts  th e  rules o f th e  fo rm a tio n  of m ixed  com plexes. F ina lly , A. E . Ma r t e l l  lec tu res on  th e  
m e ta l  chelate m echan ism  of o rgan ic  reac tio n s  in  m ix ed  ligand  com plexes.

Thus, th e  p a p ers  d ea l w ith o u t excep tio n  w ith  th e  a c tu a l prob lem s of co o rd in a tio n  ch em 
is t r y ,  o f  g reat in te re s t  to d a y . T he a u th o rs , w ell-know n ex p erts  of th e  in d iv id u a l sub jec ts , also 
i l lu s tra te  the  top ics d iscussed  by  new  re su lts  in  th e  resp ec tiv e  fields.

A t th e  end of each  p a p e r , a d e ta iled  lis t o f re ferences is g iven, w h ich  m akes th e  v o lu m e  
a  u se fu l handbook fo r th o se  who wish to  o rien t them se lv es in th e  re le v a n t l ite ra tu re .
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T he second  p a r t  o f th e  book gives on  m o re  th a n  120 pages th e  fu ll d iscussion  o f th e  
pap ers  p re sen ted  a t  th e  3 rd  Sym posium  on  C o o rd in atio n  C h em istry . In  th e  case o f sev e ra l 
pap ers , i t  g ives in  th e  fo rm  of sho rt co m m u n ica tio n s, su p p lem en ts  to  th e  papers p u b lish ed  in 
th e  f ir s t  vo lum e o f th is  book , m ade availab le  b e fo re  th e  S ym posium  to  th e  p a r tic ip a n ts . T hese  
sh o rt p ap ers  are  fo llow ed b y  th e  full d iscussion  m a te ria l, th e  answ er o f th e  a u th o rs  in c lu d ed . 
T he d iscussion o f each  p a p e r  is followed b y  a  l is t  o f references.

In  acco rdance  w ith  th e  sphere of th em e  of th e  Sym posium , th e  new  resu lts  p re sen te d  a re  
p rim arily  concerned  w ith  m ixed com plexes, p o ly n u c lea r an d  o u te r  sphere ty p e  com plexes, 
g iving v a lu ab le  in fo rm a tio n  to  those in te re s te d  in  coord ina tion  ch em istry .

T he p u b lic a tio n  ( to g e th e r w ith  its  f i r s t  vo lu m e) covers a  w ide field  of v e ry  u p - to -d a te  
know ledge in  c o o rd in a tio n  chem istry . T he d iscussion  p a r t  re flec ts  opposite  views co n cern in g  
som e of th e  p ro b lem s, a n d  in  certa in  cases th e  m o d e  of reconciling  th e  differences.

A m ong th e  lec tu re rs  and  th e  co n tr ib u to rs  to  th e  d iscussion th e re  are m an y  n a m e s  of 
in te rn a tio n a l ren o w n , such  as S. A h r l a n d  (T h erm o d y n am ics o f th e  fo rm atio n  of o u te r  sp h e re  
com plexes), S. K i r s c h n e r  (O ptically  active  com plexes), P . K r u m h o l z  (D issociation  m ec h a 
n ism  of m eta l chela tes), J .  J .  S t e g g e r d a  (C o b a lt( I I I )  m ixed com plexes), M. L. G o o d  ( M ö s s -  
b a u e r in v es tig a tio n  o f m ixed  com plexes), F . J .  C. R o s s o t t i  (D e te rm in a tio n  of s ta b il i ty  c o n 
s ta n ts ) , an d  m a n y  o th ers .

O w ing to  th e  w ide an d  m odern  in fo rm a tio n  p re sen ted , th e  book  will be o f in te re s t  a n d  
use n o t  on ly  to  re sea rch ers  in th e  field of c o o rd in a tio n  ch em istry , b u t  also to  inorganic  ch em ists  
an d  b iochem ists w o rk in g  in  in te rd isc ip lin ary  fie ld s  an d  in te re s te d  in  coord ina tion  ch em istry , 
an d  to  those  tea ch in g  general chem istry  a t  u n iv e rs ity  level.

K .  B u r g e r

A. Z l a t k is  a n d  V. P r e t o r iu s  (ed itors) : Preparative Gas Chromatography 

W iley In tersc ien ce , N ew  Y ork , 1971, 402 pages

T he g re a t e ffic iency  of gas c h ro m a to g rap h y  p ro v ides new  possib ilities n o t on ly  in  a n a ly 
sis, b u t  also in  th e  se p a ra tio n  of com plex m ix tu re s  an d  in  th e  p re p a ra tio n  of h ig h -p u rity  m a te 
rials. I n  th e  re c e n t y e a rs , besides lab o ra to ry -sca le  ap p lica tio n s , ex ten siv e  research  w o rk  h as  
been s ta r te d  to  solve th e  scale-up problem s in  p re p a ra tiv e  gas ch ro m a to g rap h y  an d  to  in tr o 
duce i t  as a n  in d u s tr ia l  “ p ro d u c tio n ”  m eth o d .

In  th e  la s t  d ecad e  a g rea t nu m b er o f p a p e rs  h av e  d ea lt w ith  th e  in v estig a tio n  o f th e o re t
ica l a n d  p ra c tic a l p ro b lem s of p rep ara tiv e  gas ch ro m a to g rap h y . In  m an u a ls  and m o n o g rap h s 
dealing  w ith  th is  m e th o d , th e  p rep ara tiv e  a p p lic a tio n s  o f gas ch ro m a to g rap h y  are  also d is
cussed to  som e le n g th ; how ever, th e  p resen t boo k  is th e  f ir s t  com prehensive  w ork a im ing  a t  a 
genera l su rv ey  a n d  ev a lu a tio n  of th is  e x trem e ly  im p o r ta n t  field .

T h e  boo k  consists o f ten  chap ters w r i t te n  b y  th e  b e s t e x p e rts  of th e  v a rio u s specia l 
fields d iscussing  th eo re tic a l, realiza tion  an d  a p p lic a tio n  prob lem s o f p re p a ra tiv e  gas c h ro m a 
to g rap h y .

In  C h ap te r 1 (B asic  T heory ; P r e t o r i u s ,  Y . a n d  d e  C l e r k ,  K .; 53 pages) th e  th e o re tic a l 
fu n d a m e n ta ls  o f gas c h ro m a to g rap h y  are  su m m arized . T he m a th e m a tic a l re la tio n sh ip s  a re  
rev iew ed  in  re la tio n  to  a  re la tiv e ly  sim ple m odel a n d  on ly  to  a lim ited  e x te n t  w hich is n ece ssa ry  
for th e  fu r th e r  ap p lic a tio n . The factors a ffec tin g  th e  processes ta k in g  p lace  in  th e  p re p a ra tiv e  
a p p a ra tu s  an d  th e  p ro b lem s of scale-up are  assessed  on th e  basis o f th eo re tica l con sid era tio n s.

C h ap te r 2 ( In le t  System ; H u p e , K . P .;  17 pages) deals w ith  th e  d ifferen t sy s tem s 
ap p lied  for th e  in tro d u c tio n  of liqu id  sam ples. T h e  possib ilities o f th e  in tro d u c tio n  of m ax im u m  
10-m l sam ples a re  d iscussed  only; th e  p rob lem s a ris in g  w ith  la rg e r sam ples are  n o t co nsidered .

C h ap te r 3 (P re p a ra tiv e  Column T echno logy ; P e c s a r ,  R . E .; 68 pages) com prises th e  
ev a lu a tio n  m eth o d s  o f co lum n operation , b a sed  o n  th e  th eo re tic a l fu n d am en ta ls  t r e a te d  in  
C h ap te r 1. T he effec ts on  th e  efficiency of v a rio u s  fa c to rs  are d iscussed  in  de ta il, such  as sam p le  
size, in jec tio n  te c h n iq u e , colum n packings, p re p a ra tio n  of th e  co lum n, in te rco n n ec tin g  e lem en ts  
and  th e  o p e ra tio n a l p a ram ete rs .

C h ap te r 4 (O u tle t  System ; H u p e , K . P .;  19 pages) sum m arizes th e  m ethods an d  dev ices 
used fo r th e  effec tive  tra p p in g , collection an d  d e te c tio n  of th e  com p o n en ts  sep ara ted . S im ila rly  
to C h ap te r 2, th e  e lu tio n  an d  collection of o n ly  sm all q u a n titie s  (a  few  m l) are co n sid ered .

In  C h ap te r 5 (P ro g ram m in g  Process a n d  A u to m a tic  C ontro l; BUSCH, V.; 23 pag es) th e  
basic aspects o f o p e ra tio n  and  contro l an d  th e  m o s t im p o r ta n t  con stru c tio n s o f a u to m a tic  
lab o ra to ry  p re p a ra tiv e  gas ch rom atographs a re  d iscussed . A m ore d e ta iled  descrip tion  o f th e  
p rac tica l so lu tions w ou ld  have  been desirab le  h e re .
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C h ap te r 6 (T em p era tu re  am i F low  P ro g ra m m in g ; K a i s e r , R .; 23 pages) deals w ith  th e  
p o ss ib ilities and  re su lts  o f te m p e ra tu re  an d  flow  p ro g ram m in g  in p re p a ra tiv e  colum ns.

In  C hap ter 7 (A p p lica tio n s in O rganic C h em istry ; V e r z e l e , M.; 22 pages) th e  ap p lic a tio n  
p o ss ib ilities of p re p a ra tiv e  gas ch ro m a to g rap h y  a re  d iscussed  in th e  se p a ra tio n  o f va rio u s o rg a n 
ic com pounds. T he o p e ra tio n  a n d  cap ac ity  o f  long  co lum ns w ith  sm all d ia m e te r  are com p ared  
w ith  th o se  of sh o rt co lu m n s h av in g  la rger d ia m e te r , as reg ard s  th e ir  effic iency  in  d iffe ren t se p a 
ra tio n  prob lem s. S ev eral ch ro m ato g ram s a re  show n  to  illu s tra te  th e  possib le  ap p lications.

T he f irs t  p a r t  o f  C h a p te r  8 (A pp lica tions in  F la v o r  R esearch ; Me r r it t , C.; 41 pages) 
su m m arizes th e  se p a ra tio n  m eth o d s app lied  in  th e  re sea rc h  of f lav o r a n d  a ro m a  com ponen ts. 
In  th e  second p a r t  th e  poss ib ilities  o f gas c h ro m a to g ra p h ic  sep a ra tio n  are  d iscussed . T he in v e s ti
g a tio n  o f flav o r co m p o u n d s can  be  considered  a sp ec ia l a rea  of m ic ro -p rep a ra tiv e  gas c h ro m a to 
g ra p h y  because of th e  sm all am o u n ts  o f th e  co m p o n e n ts  (fig) and  th e  d ifficu lties arising  in th e  
se p a ra tio n  o f sam ples co n ta in in g  a large  n u m b e r  o f  com pounds w ith  d iffe ren t m o lecu la r 
w e ig h ts  a n d  chem ical s tru c tu re s . Several ex am p les a re  g iven  to  i llu s tra te  th e  sep a ra tio n  p ro b 
lem s; u su a lly  th e  a p p lic a tio n  of several s ta tio n a ry  p h ases , occasionally  o f c ap illa ry  colum ns is 
req u ired .

T he in tro d u c to ry  p a r t  o f C hapter 9 (B io ch em ica l an d  B iom edical A pp lica tions o f P re 
p a ra t iv e  Gas C h ro m ato g rap h y ; V a n d e n  H e u v e l ,  W . J .  A. a n d  K u r o n , G. W .; 47 pages) rev iew s 
th e  possib ilities of gas ch ro m a to g ra p h y  in th e  se p a ra tio n  an d  pu rifica tio n  o f com pounds of b io 
log ica l in te re s t  an d  th e ir  d e riv a tiv e s. C o m b in a tio n  o f gas ch ro m a to g rap h y  w ith  m ass spec
tro m e try ,  as well as th e  se p a ra tio n  of labe lled  co m p o u n d s an d  rad io ac tiv e  d e tec tio n  m eth o d s  
ap p lie d  fo r th e ir  d ire c t in v es tig a tio n  are  d iscussed . A fte r  a  sh o rt su rv ey  o f th e  o p e ra tio n a l 
co n d itio n s o f gas c h ro m a to g ra p h ic  sep a ra tio n , som e exam ples are given fo r th e  illu s tra tio n  of 
th e  sep a ra tio n  of s te ro id s , lip id s  and  o th e r  c o m p o u n d s an d  th e  id en tif ic a tio n  o f th e  p ro d u c ts  
o b ta in e d .

T h e  top ic  o f C h a p te r  10 (C ontinuous C h ro m ato g rap h ic  T echn iques; B a r k e r ,  P . E .; 
69 pages) is th e  use o f  gas c h ro m a to g rap h y  as a  c o n tin u o u s  u n it  o p e ra tio n  an d  th e  d iffe ren t 
w ay s of i ts  rea liza tio n . O ne im p o rta n t te c h n iq u e  in v o lves th e  m oving-bed  processes; th e ir  
o p e ra tio n a l ch ara c te ris tic s  an d  possible a p p lic a tio n s  a re  discussed in d e ta il. T he second m ain  
g ro u p  tre a te d  com prises th e  c ircu lar ( ro ta tin g )  co lu m n  techn iques and  a p p a ra tu se s  developed  
b y  th e  a u th o r  an d  h is co-w orkers. T he a p p lic a tio n s  a n d  th e  efficiency o f  th e  tech n iq u es a re  
i l lu s tra te d  by  severa l p ra c tic a l exam ples. O th e r  m e th o d s  are discussed as th e  th ird  g roup . 
F in a lly , b a tc h  a n d  c o n tin u o u s  m ethods are  b rie fly  com pared .

T he book c o n ta in s  a  to ta l  o f 611 references g iv en  a t  th e  end of th e  in d iv id u a l ch ap te rs . 
A  w ell-co n stru c ted , d e ta ile d  su b jec t in d ex  g re a tly  fa c ilita te s  th e  use of th e  book.

T h e  book is a  v e ry  u sefu l m an u a l fo r th o se  in te re s te d  in th e  p re p a ra tiv e  ap p lica tio n s o f 
gas ch ro m a to g rap h y . F u rth e rm o re , i t  p ro v ides v a lu a b le  in fo rm ations fo r th e  sep a ra tio n  a n d  
id en tif ic a tio n  of d iffe re n t com pounds in re sea rc h  a n d  developm en t in  th e  fields o f o rg an ic  
c h em istry , food ch em istry , p h a rm aceu tica ls , b io ch em is try , b iom edical a n d  re la te d  a reas.

L. S z E P E S Y
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A C TA  C H IM IC A
TOM 75 — ВЫП. 3

РЕЗЮМЕ

Некоторые химические реакции электродной дуги и их роль 
в спектрохнмическом анализе, X

Исследование реакции кислород — азот 
з . л . САБО и и. т о т

Выл разработан метод определения количества окисей азота, образующихся в дуге. 
С помощью данного метода было доказано, что первоначально в дуге образуется моноокись 
азота, количество которой, однако, зависит от других реакций дуги — в первую очередь, от 
реакции образования двуокиси углерода —, оказывающих влияние на соотношение кисло
рода и азота. С увеличением силы тока зона реакции кислорода и азота почти линейно 
возрастает.

Анионнообменные свойства урана, присутствующего наряду 
с микрограммовымм количествами ионов других металлов, в Wofatit—SBU

Использование для аналитических целей уксусной, гликолевой, 
тиогликолевой, янтарной, яблочной и тиояблочней кислот в 

качестве комплексообразователей
О. ГЮРТЛЕР, ХУ-КСУАН-АНХ и X. ХОЛЫ'АПФЕЛЬ

Были изучены ионообменные свойства урана, находящегося совместно с микро
количествами тория(1У) и ионами других металлов, в присутствии уксусной, гликолевой, 
тиогликолевой, янтарной, яблочной и тиояблочной кислот при различных pH. Описывается 
отделение урана(1У) с помощью адсорбционной хроматографии на колонке, в присутствии 
тиогликолевой кислоты. Были определены коэффициенты распределения U(IV), Th(IV), 
Mo(VI), Fe(II), Fe(III), Se(III), Y(III), Mg(II), Ca(Il), Sr(II) и Ва(П)в пристуствии вышеопи
санных кислот, при pH =  2,5 и 4,0, на WOFATIT-SBU и SBW.

Ректификация многокомпонентных смесей, Ш

Локальные закономерности траекторий процесса непрерывной 
ректификации при конечных флегмовых числах

Л. А. СЕРАФИМОВ, В. С. ТИМОФЕЕВ и М. И. БАЛАШОВ

В работе исследованы локальные закономерности в поведении траекторий процесса 
ректификации в окрестности стационарных точек при конечных флегмовых числах. По
казано ,что динамической системе ректификации присущи стационарные точки только типа



«узел» и «седло». Проанализированы различные случаи стационарности в исследуемой 
системе. Анализ проведен на модели идеального противотока при условии равенства част
ных коэффициентов массоотдачи для всех компонентов в каждой из фаз. Для зеотропных 
смесей, в диаграммах которых отсутствуют линии œy =  1, приведена общая картина хода 
траекторий процесса непрерывной ректификации. Выявлен качественный ход линий ста
ционарности в концентрационных симплексах.

Ректификация многокомпонентных смесей, IV

Нелокальные закономерности траекторий процесса непрерывной 
ректификации трехкомпонентных смесей при конечном флегмовом

числе
Л . А . С Е Р А Ф И М О В ,  В . С . Т И М О Ф Е Е В  и  М . И .  Б А Л А Ш О В

В работе исследованы нелокальные закономерности траекторий процесса ректифи
кации при конечных флегмовых числах на примерах неидеальных трёхкомпонентных сме
сей, содержащих азеотропы. Выявлены основные закономерности формирования областей 
ректификации при переменном флегмовом числе.

Определены линии предельно возможных составов конечных продуктов (дистиллята 
и кубового продукта).

Установлено, что при изменении флегмового числа области ректификации могут 
изменять конфигурацию. Выявлены закономерности зарождения и развития областей 
ректификации при переменном флегмовом числе.

Изучение адсорбционных явлений на платиновом электроде 
с помощью радиоактивной техники, XII

Исследование адсорбции н-пропанола
Д Ь .  Х О Р Д Н П  и  М . Н О В А К

Адсорбция н-пропанола изучалась на платинированном платиновом электроде 
с помощью радиоактивной техники. Было установлено, что происходит необратимая хемо
сорбция, которая не может быть охарактеризована равновесной изотермой. Кажущаяся 
зависимость между концентрацией и потенциалом, по всей вероятности, вызвана различ
ными окислительными-восстановительными реакциями.

Спектрофотометрическое исследование реакций 2,3-дихлор-5,6-дициан- 
п-бензохинона с различными донорами

Р .  Д .  С Р И В А С Т А В А  и  Г .  П Р А С А Д

Спектрофотометрически были исследованы реакции взаимодействия 2,3-дихлор-5,6- 
дициан-п-бензохинона с аценафтеном, дифениламином и о-толуидином. На основе резуль
татов было установлено, что во всех случаях вначале наблюдаются полосы пз, исчезновение 
которых происходит симультанно с появлением полосы в области 340 му. Природа и про
исхождение этой полосы приписывается продуктам реакции.

ИК спектры комплексов никеля (II) с пиридином, пиколином
и лутидином

Й . Ч А С А Р

Приводятся ИК спектры комплексов Ni(pi)2X2 и Ni(pi)4X2 (X =  СИ, Вг~), а также 
Ni(4-Y-pi)4Cl2 (Y =  метил, этил, пропил, винил; з-м е т и л ) в области 375—8750 см~1. Было 
установлено, что деформационные колебания «в плоскости» и «вне плоскости» кольца аро-



магического лиганда в области 610 и 410 см-1, а также колебания v(Ni—N) и v(Ni- X), 
обнаруживаемые в области низких энергий, могут быть использованы для определения гео
метрии молекулы.

Исследование тозиловых и мезиловых производных в ряду
морфина, XII

Производные 14-гидроксиморфина, III. Изоцианатные производные
Р .  Б О Г Н А Р ,  Т .  М И Л Е ,  Ш . М А К Л Е Й Т  и  Ш . Б Е Р И Н И

Из 6-дезокси-6-азидо-14-гидрокисиизокодеина, а также 6-дезокси-6-азидо-14-аце- 
токсиизокодеина с помощью дисульфида углерода в присутствии трифенилфосфина, были 
получены соответствующие изотиоцианатные производные.

Изотиоцианатные производные, образующиеся в качестве промежуточных продук
тов из 8-дезокси-8-азидо-14-гидроксипсевдокодеина, в условиях вышеупомянутой реакции 
претерпевают интрамолекулярную перегруппировку с образованием 2’-тионо-оксазоли- 
дино-(4’,5’ : 8 ß , 14/?)-8-дезоксипсевдокодеина.

Структура полученных соединений подтверждалась на основе метода их образова
ния, реакций их химических превращений, а также на основе их спектральных свойств 
(ИК и ЯМР).

Исследования в оЗласти твердофазной полимеризации, XXIX

Исследование твердофазной олигомеризации аценафтилена, 
инициированной йодом. Строение мономера и олигомера

Д Ь .  Х А Р Д И ,  Г .  К О В А Ч ,  Ф .  Ч Е Р  и  Д Ь .  К О С Т Е Р С И Т Ц

С помощью рентгено-аналитического и ИК-спектроскопического методов было ис
следовано строение аценафтилена, а также его олигомерных продуктов, образующихся при 
иницировании йодом в твердой фазе. Аценафтилен кристаллизуется в ромбической форме в 
пространственной группе Рва 2. Были определены размеры ячеек, а также вероятные 
расположения молекул в кристаллической решетке. В олигомерных молекулах с трео-ди- 
изотактической конфигурацией мономерные звенья располагаются по ходу винтовой линии, 
обладающей двухкратной ползущей осью. Были установлены приблизительные размеры 
кристаллических звеньев в олигомерных цепях. Сравнение строения мономера и олиго
мерных цепей. Сравнение строения мономера и олигомера указывает на то, что олигоме
ризация может протекать и за счет сравнительно небольших смещений молекул аценафти
лена, т. о., кристаллическая фаза контролирует процесс, т. е. реакция является топотакти- 
ческой. Это находится в согласии с линейным кинетическим характером процесса поли
меризации, описанном в предыдущем сообщении.
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MEASUREMENT OF SMALL SURFACES BY A CARRIER- 
GAS ADSORPTION METHOD

K . Ol á h , Gy . Gá s p á r  and Sz. B öröcz

(D epartm ent o f  P hysical C hem istry, Technical U niversity , B ud a p est)

R eceived  J u ly  12, 1971

A carrier gas a p p a ra tu s  fo r ad so rp tio n  m easu rem en ts is d esc rib ed  w hich  has 
sev era l ad v an tag es over th e  te c h n iq u es  u sed  to  da te . T he gas flow  sy s te m  h as been 
m odified  so th a t  th e  b asic  com position  of th e  gas m ix tu re  passin g  th ro u g h  th e  d e tec to r 
rem a in s unchanged  w hen  gas m ix tu re s  o f v a rio u s com position  are  p a ssed  th ro u g h  th e  
a d so rb en t holder. T he e rro r a ris in g  fro m  th e  n o n -lin earity  o f  th e  d e te c to r  h as been 
e lim in a ted . A nalysing th e  re la tio n sh ip  be tw een  th e  a d so rp tio n  (o r d e so rp tio n ) ra te  
a n d  th e  reco rded  p eak  a rea , i t  h as b een  estab lish ed  t h a t  th e re  is no u n am b ig u o u s 
co rre la tio n  betw een th e  a rea  a n d  th e  am o u n t of desorbed n itro g en . T h is co rre la tion  
is a ffec ted  b y  th e  tim e d ependence  o f th e  co n cen tra tio n  p eak . T h e  u p p e r  l im it  o f th e  
re la tiv e  e rro r has been e s tim a te d  as a  fu n c tio n  of th e  sam ple  size.

1. In tro d u c tio n

T he surface area o f so lids, especially  ad so rb en ts , c a ta ly s t  su p p o rts  an d  
c a ta ly s ts  o f porous s tru c tu re  is u su a lly  m easured  b y  th e  so-called  B E T  m eth o d  
[1 ]. T he iso th e rm  eq u a tio n  d eriv ed  b y  B r u n a u e r , E m m ett  a n d  T e l l e r  
allow s th e  ca lcu la tion  o f th e  surface a rea  from  ad so rp tio n  d a ta . F o r  surfaces, 
w hich  a re  hom ogeneous from  th e  a sp ec t o f adso rp tio n , th e  th e o ry  b ased  up o n  
m u ltila y e r  adso rp tio n  leads to  th e  follow ing iso therm  eq u a tio n :

1 X  1 ( c 1

Г  1 - X  X m C  CX°m
( 1 )

w here  x  =  p l p 0 is th e  re la tiv e  p a r t ia l  p ressu re  of th e  a d so rb ed  su b stan ce  
in  th e  gas ph ase ;

p  =  p a rtia l p ressu re  of th e  adso rbed  su b stan ce ; 
p о =  v ap o r p ressu re  o f th e  adso rbed  su b stan ce ; 
ya =  th e  specific, ad so rb ed  excess am o u n t =  najm  
y°m =  th e  specific, ad so rb ed  excess am o u n t co rresp o n d in g  to  th e  

m onom olecular lay e r; 
m  =  m ass o f th e  a d so rb e n t;
c =  a co n stan t p a ra m e te r  d epend ing  on th e  h e a t o f a d so rp tio n  an d  th e  

te m p e ra tu re .

P lo ttin g  th e  le f t-h an d  side o f E q . (1) ag a in st x ,  a s tra ig h t line is o b ta in ed . 
T h e  values of c and  Xm can  be  ca lc u la ted  from  th e  slope an d  th e  in te rc e p t
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320 OLÁH et al.: MEASUREMENT OF SMALL SURFACES

o f  th is  line. I f  th e  av e ra g e  su rface req u irem en t fo r one m olecule of th e  adso rbed  
su b stan ce  is k n o w n , th e  su rface  area  can be  d e te rm in e d  from  In  th e  case 
o f  n itrogen  th is  su rface  req u irem en t is equal to :

16.2 X lO -16 cm2/m olecule =  4.37 m 2/n  cm 3

The range o f v a l id i ty  o f th e  B E T  e q u a tio n  is:

0.05 <C X 0.35

A t values h ig h e r  th a n  x  =  0.35 th e  ad so rb ed  a m o u n t is less th a n  expected , 
ow ing  to  th e  d ecrease  of th e  ad so rp tio n  h e a t w h en  th e  coverage becom es 
s ig n ifican t [2].

There are sev e ra l w ays fo r m easu rin g  th e  ad so rb ed  am o u n t. B esides 
th e  trad itio n a l, s ta t ic  m e th o d s (vo lum etric , g rav im etric ) th e  carrier-gas 
m e th o d s  have fo u n d  w id esp read  use in  th e  la s t d ecade .

In  th e  ca rrie r-g as  m e th o d  th e  gas w hich  und erg o es ad so rp tio n  (e.g. 
n itro g en ) is m ixed w ith  a gas (hydrogen  or helium ) w hose ad so rp tio n  is neg li
g ib le  com pared w ith  t h a t  o f n itro g en  a t  its  bo iling  p o in t. B y  a d ju s tin g  th e  flow  
v e lo c ity  a p p ro p ria te ly , a gas m ix tu re  is o b ta in e d , in  w hich  th e  va lu e  o f x  
fo r  n itrogen  is c o n s ta n t an d  lies be tw een  0.05 a n d  0 .35 . T his m ix tu re  is passed  
f i r s t  over th e  a d so rb e n t s tu d ied  an d  th e n  a h o t  w ire  d e te c to r , u n d e r s tead y - 
s ta te  conditions. I f  th e  a d so rb e n t is im m ersed  in to  a liq u id  n itrogen  b a th , 
i t  adsorbs n itrogen  fro m  th e  gas s tream . T he gas m ix tu re  leav ing  th e  ad so rb en t 
h o ld e r  will te m p o ra rily  b e  of low er n itro g en  c o n te n t. T h e  change of co n cen tra 
t io n  is sensed b y  th e  d e te c to r  a n d  a n eg a tiv e  p e a k  w ill be  reco rded . I f  now  th e  
a d so rb e n t holder is p la c e d  in to  a room  te m p e ra tu re  b a th ,  th e  adsorbed  n itro g en  
w ill be com pletely  d eso rb ed , an d  a p ositive  n itro g e n  co n cen tra tio n  peak  will 
a p p e a r  on th e  reco rd in g . B y  com paring  th e  p eak  w ith  th a t  due to  a know n  
q u a n t i ty  of n itro g en , th e  adso rbed  am o u n t can  be  ca lcu la ted . On rep e titio n  
o f  th is  procedure u s in g  c a rr ie r  gases w ith  d iffe ren t n i tro g e n —hydro g en  ra tio s , 
th e  adsorp tion  iso th e rm  an d , co n sequen tly , th e  specific  su rface  can  be d e te r 
m in ed . This m eth o d  w as f ir s t  used  b y  N e l s e n  a n d  E g g e r t st e n  [7 ], la te r  b y  
E t t r e  et al. [6] a n d  o th e rs  [3 ,4 ,5 ].

The m ethod o u tlin e d  below  differs in  sev era l asp ec ts  from  th e  one 
described  above. A  m o re  con v en ien t gas m ix tu re  is ap p lied , p rov id ing  for 
f ix a tio n  of the  w o rk in g  p o in t an d  th e  exclusion o f th e  effect o f ve locity  peaks. 
A  lin ea r  detec to r w ith  re sp ec t to  th e  com position  is ap p lied . T he d e tec to r is 
describ ed  elsew here. I t  w ill be  show n th a t  th e  reco rd ed  signal is genera lly  
n o t  p roportional to  th e  ra te  of deso rp tion  an d  th e  re la tio n sh ip  betw een  th e  
p e a k  area and th e  a m o u n t of desorbed  n itro g en  is n o t  u n eq u iv o ca l even u n d e r 
id e a l conditions.

A dsorption  s tu d ie s , in  w hich th e  a p p a ra tu s  b a sed  u p o n  th e  above p rincip le  
is  u sed , are un d er w a y  [9].
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2. Experim ental

2 .1 . Gas system  o f  the apparatus

A significan t d ifference from  th e  p rincip les app lied  so fa r  is th a t  b o th  
gases (n itrogen a n d  hydrogen) are fe d  in to  th e  sy stem  a t  c o n s ta n t ra te . T h e  
n itro g en  flow is th e n  sp li t  into tw o p a r ts .  One p a r t  (N ') a d ju s ta b le  by  a needle  
v a lv e , is m ixed w ith  h y d rogen : th is  is th e  m ain  line. T he gas flow  of th e  m a in  
line is passed over th e  adsorben t. T h e  o th e r  p a r t ,  th e  b y -p ass  line (N") is com 
b ined  w ith  the  gas m ix tu re  leaving th e  ad so rb en t h o ld e r an d  is led to  th e  h o t 
w ire d e tec to r.

T h e  schem e o f th e  ap p ara tu s  is show n in F ig . 1.

F ig .  1 . F  — flow stabilizer, M  — flowmeter, V  — needle valve, В  — catalytic burning chamber 
for the removal of oxygen traces, D — dryer, S  — sample holder, I  — injector, R  — delaying

volume, D  — detector

R egardless o f  th e  ra tio  set in  th e  m ain  line, b o th  th e  overall v e lo c ity  
(N  +  H ) and th e  com position  of th e  m ix tu re  passing  th ro u g h  th e  d e te c to r  
rem ain  co n stan t p ro v id e d  th a t  th e re  a re  no so rp tio n  effects. T he ad v an tag es  
o f th is  set-up  are as follow s:

a)  In te g ra tio n  c a n  be perfo rm ed  w ith  re sp ec t to  tim e  only. H ow ever 
th e  a m o u n t of d e so rb e d  nitrogen is d e te rm in ed  b y  in te g ra tio n  w ith  re sp ec t 
to  vo lum e. Thus c a re  m u st be ta k e n  to  ensure th a t  th e  overall ve lo c ity  of 
th e  gas should re m a in  c o n s tan t and  h a v e  alw ays th e  sam e va lu e  in  th e  d e te c to r  
d u rin g  th e  re g is tra tio n  o f the c o n c e n tra tio n  p eak . T he f irs t  req u irem en t is 
m e t b y  sep ara tin g  th e  co n cen tra tio n  a n d  velo c ity  p eak s , w hereas th e  second 
b y  feed-back  of th e  b y -p a ss  line. T h u s , u n like  in  th e  case described  b y  N e l s e n  
an d  E g g ertsen  [7 ], th e  flow v e lo c ity  can  be ta k e n  in to  acco u n t alw ays b y  
th e  sam e factor.
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b)  Since th e  com p o sitio n  of th e  gas m ix tu re  passing  th ro u g h  th e  d e tec 
to r  is co n stan t in  th e  reference  s ta te , th e  co n cen tra tio n  p eak  w ill he  su p er
im p o sed  on a un ifo rm  c o n cen tra tio n  b ase  level. E v en  if  th e  d e te c to r  is lin ear 
in  th e  en tire  c o n c e n tra tio n  range, i.e. i ts  sen s itiv ity  is in d e p e n d e n t of th e  
m e a su re d  com position , th e  c o n s ta n t b ase  level is ad v an tag eo u s , since th e re  
is no  necessity  to  b a la n c e  th e  b ridge  b efo re  each m easu rem en t.

2.2 . The adsorbent

D epending  on th e  ty p e  o f sam ple , th e  a d so rb e n t w as p re p a re d  b y  h e a t
in g  fo r  1—4 hrs a t  100— 400 °C in  a slow , d ry  gas s tream .

D uring  th e  m easu rem en ts  th e  fo rm a tio n  of large vo id  spaces in  th e  
a d so rb e n t ho lder m u s t be  avo ided  since du ring  h e a tin g  o r cooling, la rge , 
u n d esirab le  pressu re  p u lses arise from  th e se  spaces, p a r t ly  ow ing to  th e  th e rm o 
d iffu sion  effect. F o r sam p le  size exceed ing  4— 5 g th e  h e a t tra n s fe r  becom es 
to o  slow  an d  th e  so rp tio n  effect m ay  becom e d raw n o u t. T he ex p ed ien t a m o u n t 
o f  a d so rb e n t depends on its  specific su rface . T he sam ple can be  easily  m easu red , 
i f  i ts  su rface  is in  th e  ra n g e  of 5— 20 m 2.

2 .3 . Detection

T he c o n c e n tra tio n  p eak  was o b serv ed  b y  a h o t w ire d e tec to r.
T he d e tec to r co n sis ted  o f a co p p e r b lock  w ith  bo res in  w hich  were 

p la c e d  th e  sensing e lem en ts , m ade of p la tin u m  sp iral w ith  a d iam e te r  o f 1 pm  
a n d  re s is tiv ity  o f  1 £?/cm .

T he m ost im p o r ta n t  p roblem  is to  ach ieve lin e a rity  of th e  d e te c to r  w ith  
re sp e c t to  th e  m ole fra c tio n . The h o t w ire d e tec to rs  are  g enera lly  lin ea r o n ly  
in  a n a rro w  c o n cen tra tio n  range. T he g re a te r  th e  recorded  change o f  c o n c e n tra 
tio n , th e  larger e rro r  is caused  b y  th e  lim ite d  lin ea rity  o f th e  d e tec to rs . T he 
d e v ia tio n  from  lin e a r ity  can  be ta k e n  in to  accoun t b y  v e ry  com plex  m eth o d s 
o n ly . T herefore, a new  ty p e  o f h o t w ire d e te c to r  has been  developed  w hich 
is lin e a r  w ith  re sp ec t to  th e  m ole fra c tio n  in  th e  en tire  c o n c e n tra tio n  range  
(0— 100% ) of th e  n itro g e n -h y d ro g e n  m ix tu re . Such a d e te c to r  allow s th e  
d ire c t in teg ra tio n  o f th e  peak .

3. Results and discussion

3.1. Transient effects due to the adsorption-desorption processes

D esorp tion  is chosen  for th e  d iscussion  no tin g  th a t  th e  reverse  is tru e  
fo r  a d so rp tio n . U p o n  h e a tin g  th e  a d so rb e n t ho lder, th e  flow  ve lo c ity  and  th e  
com p o sitio n  of th e  le av in g  gas w ill change . T he change o f th e  v e lo c ity  is due 
to  tw o  fac to rs:
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a )  th e  gas in  th e  vo id  space o f th e  vessel is e x p an d ed ;
b) th e  desorbed  n itro g en  increases th e  flow  ve lo c ity .

L ocal co n cen tra tio n  changes are  caused  b y  d eso rp tio n  on ly . T h e  o rig inal flow  
v e lo c ity  is res to red  on ly  a fte r  th e  desorp tion  h as  been  com pleted . This process 
m ay  ta k e  1—2 m in u tes . T he p eak  of th e  flow  v e lo c ity  ap p ea rs  p rac tica lly  
a t  th e  sam e tim e  a long  th e  gas line, i.e. a t  th e  in le t o f th e  b y -p ass  line an d  in  th e  
d e te c to r  as well.

Velocity peak

T hough th e  d e te c to r  is insensitive  to  th e  flow  v e lo c ity  in  th e  u su a l 
v e lo c ity  range (10-100 cm 3/m in ), a fa s t v e lo c ity  p eak  m a y  cause a sm all 
signal w hich, how ever does n o t in te rfe re  w ith  th e  m easu rem en t.

Velocity-concentration peaks

A t th e  ju n c tio n  of th e  m ain  an d  by-pass lines th e  v e lo c ity  p eak  form s 
a co n cen tra tio n  p eak  as well. In  th e  case o f d eso rp tio n  w hen  th e  velo c ity  
in  th e  m ain  line increases tem p o ra rily , w hile t h a t  in  th e  b y -pass line re 
m ains co n s tan t, th e  m ole fra c tio n  o f n itro g en  is te m p o ra r ily  low ered. T he 
d irec tio n  of th e  ve lo c ity —co n cen tra tio n  peak* is g en era lly  opposite  to  th e  
co n cen tra tio n  p eak  o f ad so rp tio n  or d eso rp tion . T h e  fo rm er w ould in te r 
fere w ith  th e  m easu rem en t on ly  if  i t  w ere n o t se p a ra te d  from  th e  co n cen tra 
tio n  p eak  of ad so rp tio n . I f  th e re  is no by-pass line , o r i t  is n o t  fed  back , th e re  
w ill be  no v e lo c ity -c o n c en tra tio n  peak . H ow ever, th e  se p a ra tio n  o f th e  velo c ity  
p eak  an d  th e  co n cen tra tio n  p eak  due to  d eso rp tio n  is n ecessa ry  even in  th is  
case. T he la t te r  should  ap p e a r a t  th e  d e tec to r on ly  a fte r  th e  orig inal ve locity  
has b een  resto red . T he v e lo c ity -c o n c en tra tio n  p e a k  allow s to  check th is  
sep a ra tio n , so in  th is  re sp ec t i t  is ad v an tag eo u s. H ow ever, th e  v e lo c ity -  
c o n cen tra tio n  p eak  is due n o t on ly  to  deso rp tio n  b u t  also to  th e  expansion  
of th e  h ea ted  gas, th e re fo re , i t  c an n o t be app lied  fo r th e  follow ing th e  deso rp 
tio n .

Therm odiffusion peaks

I f  th e  free vo lum e of th e  a d so rb e n t vessel is la rge , a c o n cen tra tio n  peak  
cau sed  b y  th e  th erm o d iffu sio n  effect will ap p ea r d u rin g  th e  h e a tin g  or cooling. 
T his effect m ay  in te rfe re  w ith  th e  s tu d y  o f  v e ry  sm all surfaces w ith  h igh- 
se n s itiv ity  d e tec to rs. T he effect can  be decreased  b y  ap p ly in g  adso rp tio n  
ho lders w ith  n a rro w  stocks an d  filling  th em  u p  co m ple te ly  w ith  th e  adso rben t 
[8 ].
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The concentration p eak  desorption

T his peak is th e  b as is  o f th e  m easu rem en t. B y  a p p ro p ria te  de lay ing , 
i t  c a n  com pletely  he  s e p a ra te d  from  th e  v e loc ity  an d  v e lo c ity -c o n c en tra tio n  
p e a k s . T he re ta rd a tio n  can  h e  rea lized  b y  in se rtin g  a tu b e  o f  su ita b le  leng th  
a f te r  th e  ad so rben t h o ld e r. I t  ta k e s  severa l m inu tes fo r th e  co n c e n tra tio n  peak  
to  p a ss  th is  tu b e . C o n seq u en tly , b y  th e  tim e  th e  co n c e n tra tio n  p eak  appears 
a t  th e  in le t of th e  b y -p ass  line , d eso rp tio n  has been  com ple ted  a n d  th e  original 
f lo w  velo c ity  resto red . F o r  exam ple , a t  a flow  v e lo c ity  o f 50 cm 3/m in , 50 cm 3 

o f  tu b e  volum e is re q u ire d  fo r each  m in u te  of de lay . ( In  p rac tice  th is  value 
is so m ew h at larger ow ing to  th e  increase o f th e  flow  v e loc ity .)

3.2. Relationship between the integral o f  the concentration peak  and the
volume o f  desorbed nitrogen

A ssum ing th a t  th e  v o id  space in  th e  ad so rb en t b ed  is sm all an d  th e  
co m p o sitio n  is n o t a ffec ted  b y  th e  exp an sio n , th e  follow ing eq u a tio n s  can be 
w r i t te n :

' - Â -  <2)

« N '+ N d
w h e re : -V N ' +  N d+ H  ’

H  —  feed velocity  o f h y d ro g en  (cm 3/m in),
N  —  feed velocity  o f  n itro g e n  (cm 3/m in),
N ' —  velocity  of n itro g e n  in  th e  m a in  line (cm 3/m in),
N d —  ra te  of d eso rp tio n  o f n itro g en  (cm 3/m in),
y '  —  mole frac tio n  o f  n itro g en  in  th e  m ain  line befo re  th e  ad so rb en t, 
y *  —  m ole frac tio n  o f n itro g e n  in  th e  m ain  line a f te r  th e  a d so rb e n t, 
у  —  mole frac tion  o f  n itro g en  in  th e  de tec to r, 
y 0 —  mole frac tio n  o f  n itro g e n  in  th e  d e te c to r  a t  th e  b ase  level.

I f  a delaying v o lu m e  is in se rted  before  th e  d e te c to r , th e  gas m ix tu re  
w ith  m ole frac tion  y*  w ill a rr iv e  a t  th e  in le t of th e  b y -p ass  line a t  th e  original 
v e lo c ity  equal to  N '-T  H * .

* I t  should be n o te d  t h a t  i f  th e  by -p ass line  w ere n o t  fed  b a ck , th e  d e te c to r  w ould 
m e a su re  th is  mole frac tio n  (y*). T h en  th e  reco rd ed  signal w ould  be  e q u a l to  y*  — y ',  w hich 
is  r e la te d  to  th e  ra te  o f d e so rp tio n , N^, b y  th e  follow ing eq u atio n :

N d =  (H  +  N ')  - <4>
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T h e re la tionsh ip  b e tw een  th e  in te g ra te d  signal an d  th e  vo lum e o f desorbed  
n itro g e n  w ill now be  d iscussed . T he vo lu m e of deso rbed  n itro g en

V =  J N ,  d dt (5)

is n o t  eq u a l to  th e  v o lu m e  m easu red  b y  th e  d e tec to r . T h is la t te r  is o b ta in ed  
b y  ta k in g  in to  ac c o u n t th e  fa c t t h a t  th e  d e tec to r signal is a lin ea r  fu n c tio n  
o f th e  m ole frac tio n , i.e.

V r =  f  (H  +  N) A y d t ,  (6)

w here
Ay — У — Уа (7a)

an d

( 7 b )
N + H

A y  is th e  change o f m o le  frac tio n  m easu red  b y  th e  d e te c to r  th ro u g h  th e  peak .
O u r objective is to  de te rm ine  th e  re la tio n sh ip  b e tw een  V  an d  Vr. T he 

v e lo c ity  o f n itrogen  in  th e  de tec to r (in  th e  presence of a d e lay in g  volum e) is

( N '+ H ) y * + N " ,  (8 )

w here N" is the v e lo c ity  o f n itro g en  in  th e  by -pass line (cm 3/m in).

H ence  the  m ole fra c tio n  of n itro g e n  in  th e  d e te c to r :
,  N '+ H  , N"

у  — у  --------------------------- . (У)
N + H  N + H

U sing  E q s  (3), (7) a n d  (9), one o b ta in s
N H

А у = у - у й = --------------^ -------------. (10)
- ( N + H )  ( N '+ N d+ H )

S u b s titu tio n  of E q . (10) in to  (6 ) y ie ld s

v r =  f — — d t .  (íi)J N ' +  H + N d
— oo

F ro m  E q . (11) it  is c lea r  t h a t  th ere  is g enera lly  no sim ple re la tio n sh ip  b e tw een  
th e  vo lu m e of desorbed  n itro g en  g iven  b y  E q . (5) and  th e  reco rd ed  in teg ra l Vr. 

T h e  following ex p ressio n  is v a lid

Vr=  (H  +  N) j  A y  dt =  (H  +  N ')  J  A y * d t , (12)
— oo — oo

w here
HN

Ay* —  y* —y ' = ------ ------- — --------- ------■ (13)
( H + N ') ( H + N '+ N d)

is th e  change of m ole f ra c tio n  before th e  in le t of th e  b y -p ass  line, as can  be 
ca lc u la ted  from  E q s (2) an d  (3).
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I t  was n o t m e n tio n e d  so fa r  th a t  th e  shape  o f th e  c o n cen tra tio n  p eak  
a d v a n c in g  w ith  th e  gas flo w  is changed  even  a fte r  th e  co m p le tio n  o f  th e  p ressu re  
p e a k  as a resu lt o f d isp e rs io n  effects (d iffusion, h ack -m ix in g , e tc .). H ow ever, 
i t  c a n  be estab lished  t h a t  th e se  effects do n o t a lte r  th e  vo lu m e in te g ra l o f th e  
c o n c e n tra tio n  p eak , i.e.

+ °° +°°
\ A y  dt (a t th e  d e tec to r) =  j A y  dt (a f te r  th e  in le t)

+ “  + ~
) A y*dt  (before th e  in le t)  =  ) Ay* dt (a fte r th e  a d so rb e n t ho lder). (14)

The dependence o f  th e  reco rded  volum e Vr on  th e  r a te  o f d eso rp tion , 
N d, is given in v a ria b ly  b y  E q . (11).

L et
a n d  H  +  N ' (15)

J TT TV
— ( 16)

H  +  N '

T h e n , using Eqs (5) a n d  (11), we o b ta in  as an  a p p ro x im a tio n

VT~ V - S  =  V 'r . (17)
H + N '

I n  o th e r  w ords, th e  tw o  volum es ( F  an d  Vr) a re  p ro p o rtio n a l to  each o th e r  
b u t  th e  p ro p o rtio n a lity  fa c to r  varies w ith  th e  v a lu e  o f th e  N '/H  ra tio . I f  
F r is replaced b y  its  f i r s t  ap p ro x im a tio n  viz., V '  de fined  b y  E q . (16), th e  e rro r 
o f  th e  m ethod  will s till b e  d e te rm in ed  b y  th e  tim e  dependence  o f N d, or m ore 
p rec ise ly , by  th e  a p p ro x im a tio n  given in  E q . (15) an d  th e  e rro r is n o t  decreased  
b y  th e  diffusion of th e  c o n c e n tra tio n  peak . In  e s tim a tin g  th e  e rro r, th e  decrease 
o f  th e  relative m a g n itu d e  o f y — y 0 due to  d iffusion  is o f no significance. 
C onsequen tly , in  p ra c tic e  e ith e r  th e  gas com position  shou ld  be  ta k e n  in to  
a c c o u n t b y  ca lcu la tio n  o r a ca lib ra tio n  is necessary  fo r  ev e ry  com position .*

* I f  N(i were neg lig ib le , i.e. th e  v e lo c ity  w ere n o t in creased  te m p o ra r ily  b y  d eso rp tion , 
th e  vo lum e of desorbed n itro g e n  could  e x ac tly  be ca lcu la ted  fro m  th e  in te g ra te d  d e te c to r 
s ig n a l.

T he tru e  vo lum e, h o w ev er, w ould  be  g iven  by

V *  =  f  Ay*  (N' +  H  +  N„) dt ( =  Vr) (18)

f  th e  d e tecto r were p laced  im m e d ia te ly  a t  th e  site  o f d eso rp tion . T he d e te c to r  signal w ould  
th e n  be recorded in th e  fo llow ing form :

V * =  J  Ay* C d t  C =  c o n s t . (19)

T h is  re su lt is n a tu ra lly  e rro n eo u s  since th e  scale of th e  tim e axis o f th e  reco rd ing  is n o t u n ifo rm , 
a n d  a  S tiltjes in teg ra l sh o u ld  h av e  b een  applied .

Acta Chim. (Budapest) 75, 1973



OLÁH et al.: MEASUREMENT OF SMALL SURFACES 327

I f  th e  v e lo c ity  peak  has a lre a d y  passed  b y  th e  tim e  th e  desorbed  n itro g en  
reaches th e  d e te c to r , th e  flow  v e lo c ity  w ill be u n ifo rm  a n d  equal to  N  -)- H , 
b u t  th e  reco rd ed  v a lu e  V T (see E q . (12) ) w ill n o t be  g iven  b y  E q . (18). 

C onsidering th e  o th e r ex trem e  case, i.e. w hen

N* >  H  +  N ' (20)

th e  follow ing eq u a tio n  can  be  w ritte n

Ay* t *  H  -  T(t)  a n d  A y ^ — — T ( t ), (21)
H + N ' H  +  N

w here T(t)  =  1 d u rin g  th e  p e a k , h u t  otherw ise 
T(f) =  0 .

T hus, from  E q s  (13) an d  (21), if  th e  p eak  la s ts  fo r At,  one o b ta in s

V r =  H  A t. (2 2 )

V  can  be ca lcu la ted  b y  assum ing  th a t  th e  desorbed  n itro g en  d ilu tes th e  gas 
m ix tu re  flow ing  in  th e  tu b e  a n d  th e  vo lum e o f th e  desorbed  gas p a s t  th e  
pressure w ave is g iven by

V  =  (H  +  N ') At  . (23)

U sing E qs (22) an d  (23) we h av e

Vr =  F (1 — y ' ) .  (24)

L e t us exam ine  th e  e rro r caused  b y  a p p ro x im a tio n  (15). T he re la tiv e  e rro r is

r  U r  H  h  )
V'r- V r _ i  d H + N '"  '  d H + N ' + N j  1 ^

V'r H . y  ^
H + N '

(25)

x J d̂t
“  H + N ' J  N ddt '

—  CO

No co n s tra in t can  be  given fo r th is  in te g ra l in  th e  g enera l case, b u t  if  N d^ N dmax 
holds tru e  fo r  ev e ry  m om en t, th e n :

OO TVT2 CO

N ^ a x J - f d *  N d>maxJ N  d dt
v  r  ’  r  ^  ^  ____________ - ” __________  _ max

F ; ^  ( H + N ')  F  ( H + N ')  F  ~  H + N ' ' V
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T he erro r w ill b e  sm alle r if  th e  flow  v e lo c ity  of th e  gas m ix tu re  is h igher 
o r th e  m ax im u m  o f th e  vo lum e flow  v e lo c ity  o f th e  deso rbed  gas —  i.e. th e  
p e a k  o f th e  d eso rp tio n  cu rv e  —  is low er.

T hus, if  H  — 30 cm 3/m in , N ' =  10 cm 3/m in  and  N d max =  1 cm 3/m in , 
th e  u p p e r lim it o f th e  re la tiv e  e rro r is eq u a l to  2 .5% , w hile i f  Nd max =  5 
c m 3/m in , th is  lim it is e q u a l to  1 0 % .

H ow ever, if  th e  consid era tio n s are re s tr ic te d  to  d eso rp tio n  fu n c tio n s of 
th e  ty p e :

N d =  A e ~ aH* (27)

w h ich  correspond to  th e  fo rm  of rea l d e so rp tio n  curves, th e  vo lu m e o f desorbed 
gas can  be expressed  a d  follows:

V'r = -----—----  f  A e ~ a^  dt =  — Я А  . (28)
H  +  N ' J (H  +  N ')  a ’

—  CO

U sin g  E qs (20) an d  (12) th e  re la tiv e  e rro r  becom es 

V'r- V r A  Va__L___ L = ____________ = ________“____ (29)
V'r (H  +  N ')  1̂ 2 (H  +  N ')f2 T r

L e t us consider th e  re s u lt  o f  an  ac tu a l m easu rem en t: a =  2 m in -1 , V  =  1 cm 3, 
H  =  30 cm 3/m in , N '=  10 cm 3/m in . W ith  th e se  values re la tiv e  e rro r is equal 
to  2 % . I f  th e  vo lum e o f desorbed  n itro g en  is ta k e n  as V  =  5 cm 3, th e  re la tiv e  
e r ro r  u n d e r  sim ilar flo w  cond itions w ill be  1 0 % .

3.3. Calibration

T he problem s o u tlin e d  above are  o f  lesser significance if  th e  n itro g en  
v o lu m e  V  is d e te rm in ed  b y  th e  follow ing m eth o d . A t a p o in t lo ca ted  a f te r  
th e  ad so rb en t ho lder n itro g e n  sam ples o f kn o w n  volum e are  in jec ted  in to  
th e  gas flow. The k n o w n  an d  m easured  vo lum es of n itro g en  a re  com pared  
d ire c tly . This m e th o d  w as app lied  b y  N e l s e n  an d  E g g e r t s e n  [7], an d  E ttre  
a n d  co-w orkers [6 ].

Since the  in jec tio n  o f  th e  ca lib ra tin g  gas is a process s im ila r to  deso rp tion , 
i t  is conven ien t to  use th e  deso rp tion  p eak  fo r  ev a lu a tio n , as done b y  th e  above 
a u th o rs . The possible p ro b lem s described  a b o v e  can  be avo ided  if  th e  difference 
b e tw e e n  th e  in te g ra te d  ad so rp tio n  an d  d eso rp tio n  p eak s  is less th a n  th e  
e r ro r  lim it. (For th is  co n d itio n , th e  lin e a r ity  o f th e  d e tec to r in  th e  g iven range 
is a necessary  req u irem en t.)  T he m ain  source of th e  ex p e rim en ta l errors is 
th e  in s ta b ility  of th e  gas flow , th ere fo re , special a tte n tio n  h as  been  p a id  to  
i ts  a d ju s tm e n t an d  s ta b iliz a tio n .
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The au thors experim entally controlled the relations on the fundam ental, second 
and th ird  harm onic A.C. components, respectively, of th e  current flowing th rough  
an electrode polarized by  an A. C. voltage superimposed on th e  D. C. polarizing potential. 
These expressions take  into account the effect of the cell resistance and refer to diffusion 
polarization. The experim ental results relating to  the F e(III)/F e (II)  and P b(II)/P b(H g) 
systems were in  good agreem ent w ith  the  theoretical d a ta , how ever, a deviation exceed
ing the experim ental error was found in  the case of T l(I)/T l(H g) and Cd(II)/Cd(Hg). 
In  the form er system  the deviation occurring a t more negative potentials th a n  th e  
half-wave po ten tia l can be accounted for the specific adsorption  of thallium (I) ions 
while in the la t te r  system  the varia tion  of the double layer capacity  and th e  effect of 
spherical diffusion m otivates the results.

B oth  th e  A.C. p o la ro g rap h ic  experim en ts an d  th e  in v estig a tio n s o f th e  
e lectrode processes on a n  e lec trode  po la rized  b y  an  A .C. v o ltag e  superim posed  
on th e  D.C. p o te n tia l  consist in  th e  m easu rem en t o f  th e  fa rad a ic  im pedance  or 
th e  c u rren t passing  th ro u g h  th e  la t te r .  H ow ever, th e  ex p e rim en ta lly  m easu rab le  
q u a n ti ty  is th e  cell im pedance  or th e  c u rre n t of th e  cell an d  th e  phase  angle. 
T h e  cell im pedance  —  as a f irs t ap p ro x im atio n  —  c a n  be  rep resen ted  b y  th e  
eq u iv a len t c ircu it show n in F ig . l /а  consisting  o f th e  p a ra lle l re su lta n t o f th e  
fa rad a ic  im pedance  (ZF) an d  th e  c a p a c ity  of th e  e lec tric  double la y e r  (C) 
viz. th e  e lectrode im pedance  (Z e) connected  in  series w ith  th e  ohm ic re s is t
ance R 0. T he l a t te r  te rm  com prises th e  resistance  o f th e  so lu tion  an d  o f th e  
e lectrode as well as th e  in n e r re s is tan ce  of th e  m e te r em ployed  for th e  m easure-

a) Ze

J
•n

L
" Ro

Zf

L _

= c 70 s i n  CJt =

n=2,3

b)

F ig. 1. E quivalen t circuit of th e  cell
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m e n t. T he ohm ic p o te n tia l  a rising  on R 0 co n sid e rab ly  affec ts th e  experim en ta l 
d a ta .  This error can  b e  reduced  b y  em ploy ing  a p o te n tio s ta tic  m easuring  
te c h n iq u e  [1], how ever, th e  ohm ic d ro p  ap p ea rin g  on th e  so lu tio n  lay e r betw een  
th e  w orking  e lec trode  a n d  th e  t ip  of th e  cap illa ry  of th e  re fe rence  electrode 
c a n n o t be com pensated  b y  a p o te n tio s ta t .  In  p rev ious com m u n ica tio n s [2,3] 
fo rm u la s  have been d e riv ed  fo r th e  co rrec tio n  of th e  p o te n tio s ta tic a lly  uncom 
p e n sa te d  cell re s is tan ce  in  th e  in v es tig a tio n  o f th e  fu n d a m e n ta l and  second 
h a rm o n ic  [2] as well as in  t h a t  o f th e  th ird  h a rm o n ic  com ponen t [3 ], respective ly , 
o f  th e  A.C. cu rren t p a ss in g  th ro u g h  an  e lec trode  po larized  b y  a sm all am plitude  
s in u so id a l A.C. v o ltag e  superim posed  on  th e  D.C p o te n tia l  in  th e  case of 
d iffu sio n  p o la riza tion . T h u s  th e  fo rm ulas re la tin g  to  th e  h a rm o n ic  com ponents 
o f  th e  A.C. cu rren t w ere  derived  in  a gen era l fo rm  [4,5]. I n  th e  A.C. polaro- 
g ra p h ic  experim ents re p o r te d  in  th e  l i te ra tu re  ( cf. e.g. [6]) th e  effect o f th e  
o h m ic  p o ten tia l d rop  w as e ith e r neg lec ted  ( th e  la t te r  p ro ced u re  is ju s tif ied  
w h e n  th e  u n co m p en sa ted  cell re s is tan ce  is v e ry  low, say  a few  ohm s) o r i t  
w as ap p ro x im ate ly  ta k e n  in to  co n sid e ra tio n  only  [2].

In  order to  o b ta in  th e  accu ra te  co rrec tio n  te rm  fo r th e  h ig h e r harm onic 
A .C . com ponents u n d e r  p o te n tio s ta tic  ex p e rim en ta l cond itio n s, th e  eq u iva len t 
c irc u it  of the  cell has b e e n  m odified  accord ing  to  Fig. 1 /b .T h e  h ig h e r harm onic 
co m p o n en ts  of th e  A .C. c u rre n t are  g en e ra ted  in  th e  cell b ecau se  of th e  n o n 
l in e a r i ty  of the  fa ra d a ic  im pedance  as an  u n d is to r te d  s in u so id a l vo ltage —  
v iz . n o t  conta in ing  h ig h e r  h arm o n ics  —  is im posed  on th e  electrode. The 
c a p a c ity  of th e  doub le  la y e r  is su p p o sed  to  be  in d ep en d en t o f th e  p o te n tia l 
in  th e  po ten tia l ran g e  u sed  in  th e  ex p e rim en ts . T hus th e  e lec tro d e  im pedance 
ca n  b e  rep resen ted  b y  a  c u rren t g en e ra to r  h a v in g  an  in n e r re s is tan ce  equal 
to  Z e(n a>). M oreover p o in ts  A  an d  В  o f the  cell can  be rep re se n te d  in  sh o rt 
c irc u it because th e y  a re  a t  th e  sam e p o te n tia l as referred  to  h ig h e r harm onics. 
T h e  expressions re la tin g  to  th e  fu n d a m e n ta l, second an d  th ird  harm o n ic  
co m p o n en ts , re sp ec tiv e ly , o f th e  A.C. c u rre n t h av e  been d eriv ed  on th e  basis 
o f  th e  m odified e q u iv a le n t c ircu it ta k in g  in to  accoun t th e  v o ltag e  d iv ider 
fo rm e d  b y  the  e lec tro d e  im pedance  (Z e) an d  th e  cell re s is tan ce  (R 0) (Fig. 1/a). 
T h e  uncom pensated  ohm ic  p o te n tia l d rop  ap p earin g  on th e  cell resistance  is 
a c c u ra te ly  given b y  th e se  expressions. T hus we o b ta in  th e  fu n d am en ta l 
h a rm o n ic  A.C. c u rre n t d e n s ity  as a fu n c tio n  of th e  o v e rp o te n tia l

Г1 2 1 A
R p

+ -------- f- coC
[R p

Rл о
R p

+ co R 0C
R P

( 1 )

w hile  th e  am plitudes o f  th e  second an d  th e  th ird  h a rm o n ic  A.C. cu rren t 
d e n s ity , respectively , a re  th e  follow ing:
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C 10 is th e  h u lk  co n c e n tra tio n  o f  th e  red u ced  form  of th e  co m p o n en t of 
th e  electrode reac tio n

C20 is th e  hu lk  co n cen tra tio n  o f th e  ox id ized  form  of th e  co m p o n en t o f th e  
e lectrode reac tio n

C is th e  cap ac ity  o f th e  elec tric  do u b le  lay e r
D x is th e  d iffusion coefficient o f  th e  red u ced  form  o f th e  e lec tro ac tiv e  

species
D 2 is th e  d iffusion coefficient o f  th e  ox id ized  form  o f th e  e lec tro ac tiv e  

species
F  is th e  F a ra d a y  co n stan t
R  is th e  un iv ersa l gas c o n s ta n t
R 0 is th e  unco m p en sa ted  cell re s is ta n c e
T  is th e  abso lu te  te m p e ra tu re
z  is th e  n u m b er o f electrons in v o lv e d  in  th e  electrode reac tio n
r}_ is th e  tim e average  value o f  th e  o v e rp o ten tia l
T)x\2 is th e  half-w ave p o ten tia l

is th e  am p litu d e  of th e  A .C. v o lta g e  im posed on th e  cell im pedance  
ft) is th e  an g u la r frequency  o f  th e  A .C. vo ltage  and
R p(n  со) is th e  p o la riza tio n  resis tan ce  ta k in g  in to  accoun t t h a t  th e  F a ra d a y  

im pedance (Z F(n  to)) is th e  p a ra lle l re su lta n t o f th e  p o la riza tio n  
resistance  an d  th e  p se u d o -c a p a c ity  (CP(n со))

an d
1

R p(nco)

1

Z F(nm) R Jn co )
jn m  Cp (nco) (4)

no>CP(no>) =  1l n œ { C j D \  +  C j ü , )
— \ ezFIRT

( 1 - j - e z F I R T  (17, —171/ d ) 2
( 5 )
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in  th e  case of d iffu sio n  po la riza tio n  (n =  1, 2 or 3 in  th e  expressions re la tin g  
to  th e  fu n d am en ta l, second  or th ird  ha rm o n ics , resp ec tiv e ly ).

M easurem ents w ere  m ade b y  em ploy ing  a d ro p p in g  m ercu ry  e lec trode  
in  o rd e r to  check e x p e rim en ta lly  th e  v a lid ity  o f th e  ab o v e  form ulas.

The e lectrode reac tio n s  of th e  system s selec ted  fo r th is  in v e s tig a tio n  
h a d  to  be con tro lled  b y  d iffusion. T h is co n d itio n  is p ra c tic a lly  fu lfilled  w hen  
th e  heterogeneous r a te  c o n s tan t o f th e  tra n s it io n  re a c tio n  —  accord ing  to  th e  
ca lcu la tions re fe rrin g  to  tra n s itio n  a n d  diffusion  p o la riza tio n  (4 th ro u g h  7) —  
is к  1 c m s"1 since  in  th is  case, th e  fu n c tio n s  o f th e  harm on ic  co m p o n en ts  
o f th e  A.C. c u rre n t v s . p o te n tia l are  eq u a l w ith in  th e  ex p erim en ta l e rro r to  
th e  ones ca lcu la ted  fo r  d iffusion p o la riza tio n  in  th e  frequencv  ran g e  со <7
<  2000 . - 4

Several a u th o rs  h av e  in v es tig a ted  th e  re a c tio n  o f iro n (I I I ) , le a d (I I ) , 
th a lliu m (I)  an d  ca d m iu m (II)  on th e  d ro p p in g  m ercu ry  e lectrode in  v a rio u s  
su p p o rtin g  e lec tro ly te s . A ccording to  th e  re su lts  o f in d e p e n d e n t m easu rem en ts  
th e  follow ing sy stem s com ply  w ith  th e  above m en tio n ed  co n d ition : F e (III)/F e (II) 
in  0.5 M  K 2(COO)2; P b (II) /P h (H g ) in  1 M  HC104; T l(I)/T l(H g) in  1 M  K N 0 3 an d  
C d(II)/C d(H g) in  1 M  HC1. The hete ro g en eo u s ra te  co n stan ts  o f  th e  ab o v e  
tra n s it io n  reac tions a t  th e ir  re spec tive  equ ilib riu m  p o te n tia ls  on th e  d .m .e . 
a re  lis ted  in  T ab le  I .

Table I

Heterogeneous rate constants o f  the transition  reactions

System S u p p o r tin g  elec tro ly te cm s í R eferences

F e (III) /F e (II) 0.5 M  K 2(COO)2 > i (R ef. [16])

1 M  h c i o 4

1 M  NaClOj

2.0 (Ref. [16])

R a n d l e s , J .  E . B . :  T rans, of th e  Sym p. on

P b (H )/P b (H g ) (p H  =  2) 3.3 E lectrode Processes, New Y ork  1959.

1 M  K N O s > 1 E d. Jeag er, E . J .  W iley, New Y o rk ,

1 M  K N 0 3 0.8 1961

1 M  KC1 2.9 B a r k e r , C. G., F a i r c l o t h ,  R . L .,

1 M  KC1 1.2 G a r d n e r , A. W .: N a tu re  181, 247 (1958)

C d(II)/C d(H g) 1 M  KC1 — 5 F r i s c h m a n n ,  J .  K . , T i m n i c k , A.: A nal.

1 M  HC1 

1 M  HC1

0.6

0.94

Chem. 39, 507 (1967)

1 M  K N 0 3 > 1 (Ref. [16])

T l(I)/T l(H g) 1 M  N aC 104 > 1 B a r k e r , G. C., F a i r c l o t h , R . L .,

0.5 M  N a 2S 0 4 3.1 G a r d n e r , A. W .: N a tu re  181, 247 (1958)
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T h e  eq u iv a len t conduc tance  o f th e  su p p o rtin g  e lec tro ly tes  ranges fro m  
70 to  350 O hm - 1  cm 2 [8 ]. Thus E q s  (1), (2) and  (3) cou ld  be exam ined  
in  a re la tiv e ly  w ide ra n g e  of cell re s is ta n c e  en co u n tered  in  p ra c tic a l po laro - 
g ra p h y .

T h e  ex p e rim en ta l m e th o d  for th e  v e r if ic a tio n  o f E qs (1), (2) an d  (3) c o n s is t
ed in  th e  p o te n tio s ta tic  m easu rem en t o f  th e  harm on ic  com p o n en ts  o f th e  A.C. 
c u rre n t as a fu n c tio n  o f  th e  p o ten tia l in  th e  en tire  range o f th e  p o la ro g rap h ic  
w ave o f  th e  re spec tive  system s. T he m e a su re d  d a ta  w ere co m p ared  to  th e  
ones ca lcu la ted  b y  m ean s o f th e  above fo rm u las .

In  th e  ca lcu la tio n s we em ployed  th e  ex p erim en ta lly  co n tro lled  p a r a m 
e te rs  a n d  th e  in d iv id u a l co n stan ts  o f  e a c h  sy s tem  (D , z) as w ell as th e  doub le  
la y e r  c a p ac ity  an d  cell resistance d a ta  d e te rm in ed  in  s e p a ra te  ex p erim en ts  
in  each  case.

E xp erim en ta l p a ri

T h e  block d iag ram  o f th e  p o te n tio s ta tic  m easu rin g  system  is re p re se n te d  in  F ig . 2.
T h e  D.C. vo ltage  w as ad ju s ted  on p o te n t io s ta t  (1). The A.C. v o lta g e  su p erim p o sed  

on th e  D .C . p o ten tia l b y  m ean s of th e  p o te n t io s ta t  w as supplied  b y  lo w -d is to rtio n  sine w ave 
g e n e ra to r  (2). The d is to r tio n  of th e  la t te r  w as lo w er th a n  0.1 pe r cen t a t  th e  o u tp u t  v o lta g e  
used  in  th e  m easurem ents. T h e  po larization  p o te n t ia l  a n d  th e  am p litu d e  o f th e  su p erim p o sed  
A. C. v o lta g e  was m easu red  ag a in st a no rm al ca lo m el e lectrode (3). T he m ea su re m e n t o f th e  
p o te n tia l  was perform ed b y  D.C. vo ltm ete r (4) h a v in g  a  1012 ohm  in p u t  im p ed an ce  w hile 
th e  a m p litu d e  of th e  A. C. v o ltag e  was m easu red  b y  1 M ohm  in p u t im p ed an ce  A. C. v o ltm e te r  
(5). T h e  h a rm on ic  com p o n en ts  o f th e  A.C. c u r re n t  flow ing  th ro u g h  th e  cell w ere d e te rm in ed  
a t  th e  ap p ro p ria te  f req u en cy  b y  th e  m e a su re m e n t o f  th e  vo ltage  d rop  across a  100 or 1000 
O hm  s ta n d a rd  re sisto r (6) conn ec ted  in series w i th  th e  anode. A udio -frequency  w ave an a ly ze r 
(7) se rv ed  for th e  se lec tive  m easurem ents. T h e  se n s it iv ity  of th e  la t te r  w as 1 fiY. T h u s th e  
m ax im u m  cu rren t se n s it iv ity  o f th e  e q u ip m e n t w as 1 0 " 9 A.

A  th ree-electrode  p o laro g rap h ic  cell w as  em p lo y ed  in  th e  e x p erim en ts . T he tip  o f th e  
L ugg in  cap illa ry  of th e  calom el electrode w as p la c e d  1 to  3 m m  n ear to  th e  d .m .e . T he calom el 
e lec tro d e  served  for th e  m easu rem en t and th e  c o n tro l o f th e  p o la riza tio n  p o te n tia l  an d  th e  
a m p litu d e  of th e  A. C. v o ltag e . A  m ercury  p o o l e lec tro d e  w as used  as a n  an o d e. T h e  d ro p p in g  
tim e  o f th e  d.m .e. w as a d ju s te d  to  4s a p p ro x im a te ly .

T h e  p o ten tia l was v a r ie d  in  steps of 5 o r  10 m V , w hile th e  am p litu d e  of th e  A. C. v o ltag e  
w as m a in ta in e d  a t  a c o n s ta n t  value of 10 m V eff.

Acta Chim. (Budapest) 75, 1973

Fig. 2. B lock  d iagram  of th e  e x p e rim e n ta l eq u ip m en t



336 DÉVAY et al.: EFFECT OF TH E CELL RESISTANCE

T h e  so lu tions w ere  p re p a re d  from  a n a ly tic a l g rad e  re ag e n ts  a n d  h igh  p u r i ty  d is tilled  
w a te r . T horo u g h ly  p u rif ie d  n itro g e n  served  to  d e a e ra te  th e  so lu tio n s p r io r  to  th e  m easurem ents. 
R ead in g s were e ffec ted  a t  th e  m ax im um  c u rre n t in te n s ity  o f th e  m e rc u ry  drop  an d  th e  m ea n  
o f 5 to  10 read ings w as a cc ep te d  as a  m easu red  d a ta .  T h e  d e v ia tio n  o f  th e  read in g s fro m  th e  
m ean  w as genera lly  2 to  4 p e r  cen t. T he m ea su re m e n ts  w ere p e rfo rm ed  a t  2 0 + 2  °C.

D eterm ination o f the capacity o f the double layer and 
o f the uncompensated cell resistance

T he a u x ilia ry  d a ta  req u ired  fo r th e  ca lcu la tio n s o f  th e  harm on ic  co m p o 
n e n ts  o f th e  A.C. c u r re n t , nam ely  th e  c a p a c ity  o f th e  doub le  lay e r (C) a n d  th e  
u n co m p en sa ted  cell re s is tan ce  (R 0) w ere d e te rm in ed  in  th e  su p p o rtin g  e le c tro 
ly te  n o t co n ta in in g  a n y  depolarizer b y  m ean s o f th e  ab o v e  exp erim en ta l e q u ip 
m e n t using  a cell a rra n g e m en t an d  a d ro p p in g  tim e  o f th e  d .m .e. id e n tic a l 
to  t h a t  used  in  th e  m easu rem en t o f th e  c u rre n t-p o te n tia l  curves.

I n  o rder to  d e te rm in e  th e  double la y e r  c a p a c ity  a n  A.C. vo ltage  h a v in g  
an  am p litu d e  o f 10 m V e{( an d  a freq u en cy  o f 64 H z w as superim posed  on  th e  
d .m .e . an d  th e  fu n d a m e n ta l  harm onic  A. C. c u rre n t w as m easured  as a fu n c 
tio n  o f th e  p o te n tia l  in  th e  vo ltage ran g e  co rrespond ing  to  th e  p o la ro g rap h ic  
w av e  o f th e  re sp e c tiv e  ion.

In  an  e lec tro ly te  n o t  con ta in ing  a n y  dep o la rizer th e  cell im p ed an ce  is 
eq u a l to  th e  series r e s u lta n t  of th e  R 0 re s is tan ce  an d  th e  double  lay e r c a p a c ity
C [1 ]:

Z  = ( 6 )

a n d  th e  a m p litu d e  o f  th e  fu n d am en ta l h a rm o n ic  A .C. c u rre n t flow ing th ro u g h  
th e  cell is

\z\ ( ? )

I t  follows th a t  th e  d o u b le  lay er cap ac ity  is g iven  b y

C  =
CO

„ 02

;2l i
R 2л о

- 1/2

( 8 )

T h e d e te rm in a tio n  o f th e  cell resistance  is b ased  on th e  fa c t  th a t  a t  su ffic ien tly  
h ig h  frequency

R 0 >
l

coC

i.e. 1/ coC is neg lig ib le  as com pared to  R 0 a n d , th u s

Z  =  R 0.
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The freq u en cy  dependence o f th e  cell im pedance w as fo u n d  to  be n eg lig i
b le  above 3000 H z in ag reem en t w ith  l ite ra tu re  d a ta  [9, 10]. A ccord ing ly  an  
A .C. v o ltage  o f 5000 H z freq u en cy  an d  10 mV am p litu d e  w as used  fo r  th e  m eas
u re m e n t of th e  cell re s is tan ce  a t  th e  half-w ave p o te n tia l  o f th e  re sp ec tiv e  
ion . R 0 w as ca lcu la ted  acco rd ing  to  O hm ’s law  from  th e  a m p litu d e  o f th e  A.C. 
c u rre n t.

Determ ination o f the surface area of the electrode

T he m ean  surface a rea  o f th e  e lec tro d e  w as e v a lu a ted  in  th e  u su a l m an n e r. 
50 drops of m ercu ry  were co llec ted  a t  th e  half-w ave p o te n tia l  o f th e  re sp e c tiv e  
ions an d  th e  m ercu ry  was w eighed  a f te r  rinsing  w ith  e th e r , an d  d ry in g . T h e  
m ean  surface a rea  of th e  e lec tro d e  w as d e te rm in ed  b e fo re  a n d  a f te r  th e  e x p e ri
m en ts  b y  a d ju s tin g  an  equal h e ig h t o f m ercu ry  colum n.

Results

T he d a ta  o f th e  cell re s is tan ce  (i?0), th e  double la y e r  c a p a c itiy  (C) a n d  of 
th e  m ean  su rface area  of th e  e lec tro d e  (q) in  th e  re sp ec tiv e  su p p o rtin g  e lec tro 
ly te  an d  a t  th e  half-w ave p o te n tia l  o f th e  co rrespond ing  ions a re  lis te d  in  
T ab le  I I .

Table I I

System Supporting electrolyte
Capacity of double 

layer
/iF/cm2

Cell resistance 
Ohm

Surface area of 
the electrode 

q • 102 cm2

F e (III ) /F e (I I ) 0.5 M  K 2(COO)2 50.0 4 7 .2 3.90

P b (H )/P b (H g ) 1 M  HC104 3 3 .4 67.7 2.82

C d(II)/C d(H g) 1 M  HC1 30.5 25.6 4.10

T l(I)/T l(H g) 1 M  K N 0 3 3 3 .0 43.0 3.72

The in d iv id u a l c o n s ta n ts  c h a ra c te ris tic  to  th e  e lec tro d e  processes of 
th e  ions u n d e r  in v es tig a tio n  a re  su m m arized  in  T ab le  I I I .

No u n eq u iv o ca l an d  g e n e ra lly  accep ted  values w ere fo u n d  in  th e  l i te ra 
tu re  fo r th e  d iffusion  coeffic ien ts o f th e  e lec troactive  species. (The d iffusion  
coeffic ien ts  o f  th e  oxidized fo rm  o f th e  ions w ere only  n eed ed  as th e  so lu tio n s 
co n ta in ed  th e  la tte r) .

The d iffusion  co n stan ts  g en era lly  accep ted  in th e  course o f in v es tig a tio n s  
in  th e  p resence  o f a large q u a n t i ty  o f in e r t e lec tro ly te  a re  th o se  o b ta in e d  in  
th e  m easu rem en t o f th e  p o la ro g rap h ic  diffusion c u rre n t a n d  e v a lu a te d  ac c o rd 
ing  to  th e  e q u a tio n  of I l k o v i c  or t h a t  o f  K o u t e c k y — S t a c k e l b e r g  [11, 12].
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Table II I

D iffu s io n  constants and num ber o f  electrons involved in  the electrode reaction

System z

I l k o v i c ’s

equation
K o u t e c k y —

S t a c k e l b e r g ’s

equation Impendance
measurement

Value 
accepted 
in this 
work

D  • 105 cm2s~1

Ref. i Ref. Ref.

F e (I II) /F e (II) 1 0.77 [ i] 0.49 [2] 0.44
0.5 M  K ,(COO)2 0.40 [3]

P b (H )/P b (H g ) 2 1.24 [4] 0.94 [4] 1.04 [4] 0.99
0.5 M  NaC104 0.95

C d(II)/C d(H g) 2 1.02 [4] 0.78 [4] 0.87 [4] 0.83
1 M  HC1 0.89 [5]

T l(I)/T l(H g) I 1.9 [1] 2.00 [6] 1.95

1 M  K N 0 3

[1] M a r t e n s , P . H ., N a n g n i o t , A. P .: B ull. In s t .  A gron. e t  S ta t.  Rech. G em bloux, 

24, 286 (1956)

[2] Cf. R ef. [20]

[3] C f  R ef. [19]

[ 4 ] Cf. Ref. [13]

[ 5 ] Cf. Ref. [14]

[6] S l u y t e r s - R e h b a c h ,  M., T i m m e r ,  B ., S l u y t e r s , J .  H .: R ec. T rav . Chim. Pays- 

Bas. 82, 553, (1963)

H ow ever, th e  d a ta  ca lcu la ted  from  im p ed an ce  m easu rem en ts  [13, 14] 
c a n n o t be left ou t from  co n sid e ra tio n  w hen  A.C. te ch n iq u es  are  em ployed. 
T h u s  th e  m ean  o f th e  d iffu sion  coeffic ien ts o b ta in e d  in  D .C . an d  A.C. ex p eri
m e n ts , respective ly , w ere a d o p ted  in  th e  ca lcu la tio n s.

T he ex p erim en ta lly  o b ta in ed  d a ta  an d  th e  ca lcu la ted  c u rre n t p o te n tia l 
curves*  are  rep re se n te d  in  F ig s  3 th ro u g h  10.

T he curves re la tin g  to  th e  case w hen  R 0 =  0 are  d en o ted  b y  d o tte d  
lines w hile th e  fu ll lines in d ica te  th e  cu rves ca lcu la ted  b y  using  th e  m eas
u red  values of th e  cell re s is tan ce  an d  th e  d o ts  rep re sen t th e  m easu red  d a ta .

F ig . 3 shows th e  a m p litu d es  o f th e  fu n d a m e n ta l (J j)  an d  second (I 2) 
h a rm o n ic  A.C. co m p o n en t o f  th e  c u rre n t, re sp ec tiv e ly , as a  fu n c tio n  o f th e

* T he calcu la tions w ere  pe rfo rm ed  on  th e  co m p u te r ( ty p e  O D R A ) of th e  C om puter 
C en te r o f th e  V eszprém  U n iv e rs ity  o f C hem ical E ng ineering .
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p o te n tia l  in th e  case o f th e  F e ( I I I ) /F e ( I I )  sy stem  in 0.5 M  К.г(СОО)2. F igs 5 
a n d  7 rep resen t th e  fu n d am en ta l, second  an d  th ird  (J3) h arm o n ic  A.C. c u r
re n ts  respective ly  as a function  o f  th e  p o te n tia l  in  th e  case o f P b (I I ) /P b (H g )  
in  1 M  HC104 a n d  C d(II)/C d(H g) in  1 M  HC1 respectively .

T he p o te n tia l dependence o f th e  second  harm onic A.C. c u rre n t o f T1(I)/ 
T l(H g) in  1 M  K N 0 3 is shown in  F ig . 9. T he frequency  o f th e  A.C. v o lta g e  
em ployed  in  th e  m easu rem en ts a n d  th e  c o n cen tra tio n  of th e  so lu tions is 
in d ic a te d  in th e  f ig u re s .

F igs 4, 6, 8 a n d  10 rep resen t th e  m ax im u m  am p litu d e  o f th e  A.C. h a r 
m onics as p lo tte d  vs. th e  square ro o t  o f th e  frequency  of th e  A.C. v o ltag e  in  
th e  case of th e  fo u r  system s, re sp e c tiv e ly .

F ig. 3. (a) fu n d a m e n ta l a n d  (b) second h a rm o n ic  A .C. c u rre n t as a fu n c tio n  of th e  p o te n tia l
in F e ( I I I )  so lu tions
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F ig . 4 . M ax im um  in te n s itie s  o f th e  fu n d a m e n ta l h a rm o n ic  (a) a n d  second  h a rm on ic  (b ) A.C. 
c u rre n t as a  fu n c tio n  o f th e  squ are  ro o t o f f re q u e n c y  of A.C. v o ltag e  in F e ( I I I )  so lu tio n s
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F ig . 5. (a) fu n d a m e n ta l harm onic, (b) second  h a rm o n ic  and  (c) th ird  h a rm on ic  A.C. c u rre n t 
as a  fu n c tio n  of th e  p o te n tia l  in  P b ( I I )  so lu tions

vC И ]
F ig . 6. M ax im u m  in ten sitie s  o f th e  fu n d a m e n ta l h a rm o n ic  (a) a n d  second ha rm o n ic  (b ) as 
w ell as th ir d  h a rm o n ic  (c) A.C. cu rren t as a  fu n c tio n  of th e  sq u are  ro o t o f freq u en cy  o f A .C.

vo ltage  in  P b ( I I )  solu tions
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b)

F ig . 8 . M axim um  in te n s itie s  o f th e  fu n d am en ta l h a rm o n ic  (a) a n d  second h a rm on ic  (b) as 
w ell as th ird  harm on ic  (c) A .C . c u rre n t as a  fu n c tio n  o f th e  sq u are  ro o t o f freq u en cy  o f A.C.

vo ltage  in  C d(II) so lu tio n s
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Fig. 9. Second h a rm o n ic  A.C. c u rre n t as a  fu n c tio n  of th e  p o te n tia l  in  T1(I) so lu tions

Fig. 10. M ax im um  in ten sitie s  o f th e  second h a rm o n ic  A.C. c u rre n t as a  fu n c tio n  of th e  sq u a re  
ro o t  o f freq u en cy  of A.C. v o ltag e  in  T1(I) so lu tions
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D iscussion

Several a u th o rs  in v es tig a ted  th e  re la tio n s  re fe rrin g  to  fa ra d a ic  im 
pedance  e ith e r  b y  th e  d e te rm in a tio n  o f  th e  cell im pedance  [15 th ro u g h  17] 
o r b y  m easu rem en t of th e  fu n d a m e n ta l h arm o n ic  co m p o n en t o f th e  A.C. 
c u rre n t ap p ea rin g  on th e  fa ra d a ic  im p ed an ce  [18, 19]. H ow ever, m eager d a ta  
w ere only re p o rte d  in  th e  l i te ra tu re  co n cern in g  th e  second h a rm o n ic  com ponen t 
o f  th e  A.C. c u rre n t flow ing th ro u g h  th e  e lec tro d e  po larized  b y  an  A.C. v o lt
age superim posed  on th e  D .C. p o te n tia l  [20, 21] while q u a n ti ta t iv e  m eas 
u rem en ts  of th e  th ird  h arm on ic  A .C . co m p o n en t have  n o t y e t  been  p e r. 

fo rm ed  [3].
The e x p e rim e n ta l d a ta  re fe rrin g  to  th e  F e (I I I ) /F e (I I )  sy s tem  (Figs 3 

a n d  4) agree w ith  th e  ca lcu la ted  cu rves w ith in  th e  ex p erim en ta l e rro r. De- 
l a h a y  and  A d a m s  [18] h av e  fo u n d  a considerab le  d ev ia tio n  b e tw een  th e  
ex p erim en ta lly  o b ta in e d  d a ta  an d  th e  ones ca lcu la ted  fo r th e  fu n d a m e n ta l 
harm o n ic  A.C. c u rre n t in  course o f th e ir  e a rlie r in v estig a tio n s, w hile th e  resu lts  
o f  th e  m easu rem en ts  of U n d e r k o f l e r  a n d  S h a in  [19] on th e  h an g in g  m er
cu ry  drop e lec tro d e  w ere in  good a g re e m e n t w ith  th e  th e o re tic a l d a ta . The 
la t te r  resu lts  a re  su p p o rted  b y  th e  d a ta  show n in  Figs 3a an d  4a.

The ex p e rim en ts  re ferring  to  th e  second harm o n ic  A .C. com ponen t 
(F igs 3b an d  4b) com plem ent th e  s tu d y  o f  S m ith  an d  R e in m u t h  [20] p e r
fo rm ed  in a co m p ara tiv e ly  narro w  ran g e  o f  frequencies (v <C 80 H z).

The in v es tig a tio n s  on th e  P b (I I ) /P b (H g )  system  (Figs 5 an d  6) also 
su p p o rt th e  v a lid i ty  of th e  expressions re la tin g  to  th e  h a rm o n ic  com ponen t 
o f th e  A.C. c u rre n t.

The ag reem en t be tw een  th e  c a lc u la ted  an d  m easured  d a ta ,  resp ec tiv e ly , 
was less s a tis fa c to ry  in  th e  case o f  C d(II)/C d(H g) (Figs 1  an d  8) an d  T1(I)/ 
T l(H g) (Figs 9 a n d  10) as th e  a ssu m p tio n s  used  in th e  ca lcu la tio n s w ere n o t 
fu lfilled  in  th e se  system s (nam ely  th e  d o u b le  lay er cap ac ity  w as n o t c o n s ta n t, 
in d ep en d en t fro m  th e  p o te n tia l an d  e q u a l to  th e  c a p ac ity  v a lu e  o b ta in ed  in  
th e  su p p o rtin g  e lec tro ly te  n o t c o n ta in in g  a n y  depolarizer).

The doub le  la y e r  cap ac ity  v a rie s  fro m  24 to  35 fj,F /cm 2 in  I N  h y d ro 
chloric acid  em ployed  as a su p p o rtin g  e le c tro ly te  fo r th e  s tu d y  o f C d(II)/C d(H g) 
[22]. The d ev ia tio n  o f th e  fu n d a m e n ta l h a rm o n ic  A.C. c u rre n t d a ta  fro m  th e  
ca lcu la ted  curves a t  h igher frequencies can  be a t tr ib u te d  to  th is  fa c t. A d is
c rep an cy  exceed ing  th e  ex p erim en ta l e rro r  w as also found  b e tw een  th e  ca l
c u la te d  an d  m easu red  d a ta  re fe rring  to  th e  second harm on ic  a t  m ore n eg a tiv e  
p o te n tia ls  th a n  th e  half-w ave p o te n tia l  o f  cadm ium  ions, w hile th e  ag reem en t 
w as found  to  be  sa tis fac to ry  b e tw een  th e o re tic a l and  ex p e rim en ta l v a lues a t  
m ore  positive  p o te n tia ls  th a n  th e  h a lf  w av e  p o ten tia l. I t  is n o te w o rth y  th a t  
th e  re la tions o b ta in e d  b y  ca lcu la tio n s b a sed  on th e  a ssu m p tio n  of lin ear 
d iffusion  are  in co n sis ten t w ith  th o se  d e riv ed  on th e  basis o f th e  spherical
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electrode m odel in  th e  case o f am algam -fo rm ing  e lec tro d e  reactions accord ing  
to  Sm ith  et al. [23]. N am e ly , th e  second h a rm o n ic  A .C. c u rre n t is p re d ic te d  
to  be la rg e r in  th e  case o f  spherica l d iffusion  th a n  th e  va lu es  ca lcu la ted  acco rd 
ing to  th e  p la n a r  e lec trode  m odel. The d e v ia tio n  b e tw een  th e  above m en tio n ed  
expressions is considerab le  a t  more n e g a tiv e  p o te n tia ls  th a n  th e  h alf-w ave 
p o te n tia l w hile a t  m ore p o sitiv e  p o te n tia ls  th a n  th e  la t te r  th e  neg lec tion  o f 
spherical d iffusion  causes a s lig h t error o n ly  in  th e  case o f  reversib le  am alg am 
form ing p o la ro g rap h ic  reac tio n s . A ccord ing  to  D elm astr o  and  Sm ith  [24] 
th e  d ifference betw een  th e  d a ta  re la tin g  to  th e  p la n a r  a n d  to  th e  spherical 
e lectrode m odel, re sp ec tiv e ly , does n o t ex ceed  th e  e x p e rim en ta l e rro r in  th e  
en tire  ran g e  o f th e  p o te n tia ls  o f the  p o la ro g rap h ic  s te p  o f reversib le  p o la ro 
graphic red o x  reac tio n s. T h e  d iscrepancy  o f  th e  m easu red  d a ta  and  th e  ca l
cu la ted  ones in  Figs 7 a n d  8 is co nsisten t w ith  th e  considera tions concern ing  
th e  spherica l m odel o f th e  electrode in  th e  case o f  th e  C d(II)/C d(H g) sy stem  
a t  m ore n eg a tiv e  p o te n tia ls  th a n  th e  h a lf-w av e  p o te n tia l. H ow ever, fu r th e r  
investig a tio n s are  req u ired  in  order to  a c c o u n t q u a n ti ta t iv e ly  for th e  above 
effects an d  fo r those  o f  th e  n o n -lin ea rity  o f th e  e lec tric  double layer. T he 
ex p erim en ta l resu lts  show n in Fig. 7 c a n  be a t t r ib u te d  b o th  to  th e  effect 
of th e  n o n -lin e a rity  o f th e  double lay e r a n d  to  th a t  o f spherica l diffusion.

T he double  lay e r c a p a c ity  was fo u n d  to  be p ra c tic a lly  in d ep en d en t o f th e  
p o ten tia l in  th e  su p p o rtin g  electro ly te  a n d  over th e  p o te n tia l  range su ita b le  
for th e  s tu d y  of th e  P b (II) /P b (H g ) sy s te m . H ow ever, th e  effect p red ic ted  
for th e  case of am algam -fo rm ing  re a c tio n  w as n o t ex h ib ited  on th e  curves 
rep resen tin g  th e  second h a rm o n ic  A.C. c u r re n t  o f  P b ( I I )  so lu tions as a fu n c 
tion  o f th e  p o te n tia l (F ig . 5b) as the  e x p e rim e n ta l d a ta  w ere in  fa irly  good 
agreem ent w ith  th o se  ca lcu la ted  on th e  b as is  o f th e  p la n a r  diffusion in  th e  
en tire  ran g e  of p o te n tia ls . P resum ab ly  th e  effect o f spherica l d iffusion w as 
com p en sa ted  u n d e r th e  exp erim en ta l c o n d itio n s  o f th is  s tu d y  b y  o th e r fac to rs  
(dep le tion , m ix ing , sc reen ing  effect o f th e  cap illa ry  etc .) [11, 12] in fluencing  
th e  c u rre n t o f  th e  d .m .e . T h e  above m e n tio n e d  in fluences w ere also d isregarded  
in  th e  e v a lu a tio n  of th e  expressions ta k in g  in to  acco u n t th e  effect of spherica l 
diffusion. D elm astro  a n d  S m ith  [24] a t t r ib u te d  th is  fa c t  to  th e  lack  o f q u a n 
t i ta tiv e  ag reem en t b e tw een  th e  th e o re tic a l re la tio n s  an d  th e  resu lts  o f th e ir  
m easu rem en ts of th e  fu n d a m e n ta l h a rm o n ic  A.C. c u rre n t in  th e  case of som e 
am algam -form ing  reac tio n s.

T he double  lay e r c a p a c ity  is c o n sid e rab ly  a lte re d  b y  th e  specific a d 
so rp tion  o f th a lliu m  ions in  T l(I)/T l(H g) sy s te m  (c f . e.g. [25, 26, 27]). A cco rd 
ing to  S l u y t e r s  et al. [28] a m ax im um  p ro p o r tio n a l to  th e  co n cen tra tio n  of 
th a lliu m  ions is found  on  th e  double la y e r  c a p a c ity  vs. p o te n tia l  fu nc tion  in th e  
p o ten tia l ran g e  m ore n e g a tiv e  th a n  th e  h a lf-w av e  p o te n tia l  of th a lliu m (I) . 
These re su lts  are  in  s u b s ta n tia l  ag reem en t w ith  th e  d a ta  of Fig. 9 in d ica tin g  
a coincidence of th e  ex p e rim en ta l values a n d  th e  ca lc u la ted  ones for th a lliu m (I)
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a t  m ore  p o sitiv e  p o te n tia ls  th a n  th e  h a lf-w av e  p o te n tia l w hile  a t  m ore n e g 
a tiv e  p o te n tia ls  th a n  th e  la t te r  a co n sid erab le  dev ia tio n  is fo u n d .

A n in sp ec tio n  o f th e  d a ta  re fe rr in g  to  th e  fu n d a m e n ta l h a rm o n ic  A .C . 
c u rre n t reveals t h a t  th e  m ax im um  in te n s ity  of th e  la t te r  is n o t  a lin ea r  fu n c 
tio n  o f th e  sq u a re  ro o t  of th e  f re q u e n c y  in  th e  case of th e  cu rves ca lc u la ted  fo r  
R 0 =  0 (Figs 4 a , 5a, an d  6a). A s im ila r  phenom enon  is o bserved  in  th e  case 
o f  th e  curve re fe rr in g  to  th e  F e ( I I I ) /F e ( I I )  sy stem  (Fig. 4a). T he h a rm o n ic  
A .C. cu rren t is th e  v ec to ria l r e s u lta n t  o f th e  cu rren ts  flow ing  th ro u g h  th e  
d o u b le  lay e r c a p a c ity  an d  th e  fa ra d a ic  im pedance , re sp ec tiv e ly . T h e  fa ra d a ic  
c u rre n t is p ro p o rtio n a l to  th e  sq u a re  ro o t o f th e  frequency  w hile th e  co n d en se r 
c u rre n t varies lin e a rly  w ith  th e  fre q u e n c y . T he am p litu d e  o f th e  c a p a c itiv e  
co m p o n en t o f th e  fu n d a m e n ta l h a rm o n ic  p ro p o rtio n a l to  th e  f re q u e n c y  is 
re la tiv e ly  la rg e r  th a n  th e  fa rad a ic  c u r re n t w hen  th e  im pedance  o f th e  d o u b le  
la y e r  c a p a c ity  is sm all as com pared  to  th e  fa rad a ic  im pedance  b y  a g iven  cell 
re s is tan ce . H o w ev er, th e  a m p litu d e  o f  th e  fu n d a m e n ta l h a rm o n ic  A.C. c u r 
r e n t  decreases b y  increasing  freq u en c ies  u n d e r  th e  effect o f  th e  ohm ic p o te n 
t ia l  d ro p . T h u s a lin e a r  re la tio n  b e tw een  th e  am p litu d e  o f th e  fu n d a m e n ta l  
h a rm o n ic  an d  th e  sq u are  ro o t o f th e  freq u en cy  is en co u n te red  w hen  th e  tw o  
opp o site  effects co m p en sa te  each  o th e r  a n d  a dev ia tio n  is fo u n d  from  th e  
lin e a r  re la tio n  d ep en d in g  on th e  re la tiv e  m a g n itu d e  of th e  cell re s is ta n c e , 
th e  double la y e r  c a p ac ity  an d  th e  fa ra d a ic  im p ed an ce .

The re su lts  re fe rrin g  to  th e  second  harm o n ic  A.C. c u rre n t give ev id en ce  
o f  th e  fac t t h a t  th e  ap p lica tio n  o f  th e  ap p ro x im a te  co rrec tio n  ta k in g  in to  
ac c o u n t th e  v o lta g e  drop  on th e  cell re s is tan ce  in stead  of th e  co rrec t e x p re s 
sion  (given b y  E q . (2)) is on ly  sa tis fa c to ry  a t  low frequencies an d  a t  low  
co n cen tra tio n s . T h is  is illu s tra te d  b y  th e  p o in ted  curve in  F ig . 6b show ing  
th e  m ax im um  a m p litu d e  of th e  second  h a rm o n ic  A.C. c u r re n t as a fu n c tio n  
o f  th e  sq u are  ro o t o f th e  freq u en cy , a fu n c tio n  ca lcu la ted  b y  ta k in g  in to  
ac c o u n t th e  ab o v e  m entioned  v o lta g e  d iv id e r w hile n eg lec tin g  th e  f a c to r  
d e riv ed  from  th e  sh u n tin g  effect o f th e  e lec trode  im pedance . I t  is a p p a re n t  
in  th e  figure t h a t  th e  dev ia tio n  b e tw een  th e  la t te r  curve a n d  th e  e x p e rim e n ta l 
v a lu es  is in c reas in g  b y  increasing  freq u en c ies .

T he curves re la tin g  to  th e  th ird  h a rm o n ic  A.C. c u rre n t (F igs 4c, 5c 
a n d  6c) reveal t h a t  th e  effect of th e  cell res is tan ce  is increasing  in  th e  m e a su re 
m e n t of h ig h er h a rm on ics. I t  is a p p a re n t  th a t  th e  a m p litu d e  of th e  th i r d  
h a rm o n ic  decreases to  th e  la rg es t e x te n t  u n d e r  th e  effect o f th e  cell re s is ta n c e  
in  th e  n e ig h b o u rh o o d  of th e  h a lf-w av e  p o te n tia l.

The re su lts  o f  th is  s tu d y  give e x p e rim e n ta l evidence o f  th e  co rrec tn ess  
o f  E q s (1), (2) a n d  (3) referring  to  th e  h a rm o n ic  com ponen ts o f  th e  A.C. c u r re n t  
flow ing  th ro u g h  an  electrode po larized  b y  an  A.C. vo ltage  su p erim p o sed  on  th e  
D .C . p o te n tia l in  th e  case of d iffu sion  p o la riza tio n .

*
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The IR spectra of paratungstate hydrates and of deuterated ammonium para- 
tungstate-5-hydrate have been investigated between 400 and 4000 cm-1 . It has been 
found that the frequency, shape and intensity relations of the bands in the region of 
the W —О vibrations are approximately identical, and the spectra of the microcrystal
line salts are, to a very good approximation, independent of the point group symmetry 
of the crystal. The only difference found in the region of the stretching vibration of 
the terminal W— О groups is that the band exhibited in the spectra of the 28- and 
11-hydrates at 940 cm- 1  is split in the case of the 7-hydrate into 2, and in that of the 
5-hydrate into 3 bands. This splitting is attributed to the differences between the 
bonds of type W—O(I), appearing with decreasing hydrate content. It has been es
tablished that paratungstates contain in a smaller quantity also structural O H  groups.

Thermocondensation and spectral investigations indicate unequivocally that 
of the basic structures proposed by L in d q v ist  ([W 120 46]20-) and by L ipsco m b  
([W120 12]12- ) the latter agrees with the experimental findings, so that the structure 
[W 12O40(O H )2] 10- proposed for the paratungstate ion can be considered as of general 
validity.

T he in v e s tig a tio n  of th e  th e rm o co n d en sa tio n  o f am m onium  p ra tu n g -  
s ta te -5 -h y d ra te  h as  led  to  new  in fo rm atio n  a n d , a t  th e  sam e tim e , to  th e  r e 
cogn ition  o f c e r ta in  p rob lem s re la ted  to  i ts  conversion  in to  W 0 3 [1— 4]. 
F o r a deeper analy sis  o f th e  reac tio n  step s , th e  s tru c tu re  o f th e  p a ra tu n g s ta te  
p a re n t co m pounds shou ld  be know n , w ith  p a r t ic u la r  reference to  th e  c h a ra c 
te r  o f th e  chem ical bon d s an d  c ry sta llo g rap h ic  p o sitions o f th e  lig h te r  g ro u p s 
an d  rad ica ls  lin k ed  to  th e  po lyanions. O ur s tu d y  o f  th e  ch a rac te ris tic  v ib ra 
tio n a l frequenc ies o f p a ra tu n g s ta te s  of d iffe ren t degree of h y d ra tio n  in  th e  
range from  400 to  4000 c m -1  has been  u n d e r ta k e n  w ith  th e  aim  of o b ta in in g  
new  d a ta  on th e  s tru c tu re .

Experimental
a) P reparation o f  the hydrates

90 g of tungsten trioxide hydrate (W03 *H20) was suspended in 300 ml of distilled 
water and dissolved under stirring by the addition of 180 ml 4.2N  NH4OH. After two hours 
of standing, the colloidal particles were separated from the solution on a G4 glass filter. The 
11-hydrate was precipitated at room temperature, the 7-hydrate between 45 and 50 °C, 
and the 5-hydrate above 90 °C. Under vigorous stirring, the clear solution was slowly (40—50 
min) neutralized with HC1 of a density of 1.19 to a pH value of 7.1—7.3. The crystalline 
precipitate formed was collected on a G3 glass filter, washed with 150 — 200 ml of 1% NH4OH 
and dried for 3 hrs at room temperature, first under air exhaust, then in vacuum of 10“ 1 
mmHg. The 5-hydrate was dried for another hour at 80 °C. According to the X-ray diffraction
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a n d  m icroscopic an a ly sis  o f th e  c ry s ta l g ra in s , th e  s tru c tu ra l  an d  m orpho log ical p ro p e rtie s  
co rresp o n d ed  to  th o se  ch a ra c te ris tic  o f 11-, 7- a n d  5 -h y d ra te s  [5— 6]. Sodium  p a ra tu n g s ta te .  
2 8 -h y d ra te  was p re p are d  b y  th e  m eth o d  o f Gl e m s e r  [7]. T ab le  I  contains th e  re su lts  o f chem ical 
ana ly sis .

T able  I

A n a ly tica l composition o f  a m m o n iu m  paratungstate hydrates

Paratungstate W03% NH, % н2о % Composition

5-hydrate 88.73 5.43 5.84 5(NH4) ,0  • 12W03 • 5H20
7-hydrate 87.60 5.34 7.06 5(NH4)20  • 12W03 • 7.45H20
11-hydrate 86.0 5.30 8.70 5(NH4)20  • 12W 03 • 10.6H2O

b) M ea su rin g  procedure

Infrered spectra were recorded w ith  a Model UR-10 spectrophotom eter in  K B r discs, 
in  N ujo l and in hexachlorobutadiene. Solid sam ples containing heavy w ater were prepared 
from  th e  finely pulverized substance p a rtly  a t  room  tem perature , partly  a t abou t 80— 100 °C 
in 99.6%  D20 . A t room  tem perature, th e  substances were prepared by  shaking in  D 20  in 
a closed system, while in  the vicinity  of 100 °C th e y  were prepared in the usual w ay in  a distil- 
a tio n  system  equipped w ith  a P 20 5 protection  system  and a reflux condenser.

E xperim en ta l re su lts

A ccording to  F igs 1 and  2, w ith  th e  ex cep tio n  of th e  N H 4 b a n d s , th e  
sp e c tra  of p a ra tu n g s ta te s  show th e  sam e ch arac te ris tic s  regard less o f  th e ir  
deg ree  of h y d ra tio n . In  th e  reg ion  of th e  te rm in a l rW — 0  v ib ra tio n a l b an d s  
th e  on ly  difference observed  is th a t  th e  b a n d  ex h ib ited  in th e  sp ec tra  o f th e  
2 8 -h y d ra te  an d  th e  1 1 -h y d ra te  a t  940 c m -1  is sp lit in  th e  case o f th e  7 -h y d ra te  
in to  tw o , in  th e  case o f th e  5 -h y d ra te  in to  th re e  b an d s. In  th e  reg ion  o f th e  
rO H  b an d s  th e  d ev e lo p m en t o f a fin e  s t ru c tu re  can be observed , w hich  p e r 
m its  th e  conclusion  th a t  hydrogen  bon d s o f v a rio u s s tren g th  a re  fo rm ed .

W e have  fo u n d  th a t  a t  room  te m p e ra tu re  th e re  is only  a s lig h t H  —>■ D 
exch an g e  in  th e  11- an d  7 -h y d ra tes  ev en  a f te r  shaking  in  D 20  fo r severa l 
w eeks. T he H  —*- D exchange is so m ew h at m ore pronounced  w ith  th e  28- 
a n d  5 -h y d ra te s , h ow ever, th e  sp ec tra  o f th e  sam ples do n o t seem  su itab le  fo r 
a re liab le  analysis o f  th e  d e u te ra te d  g roups. A bove 80 °C, th e re  is ap p rec iab le  
d e u te r iu m  exchange. H ow ever, since b o th  th e  11- an d  7 -hy d ra tes  a re  co n v e rted  
a t  th is  te m p e ra tu re  to  th e  5 -h y d ra te , th e  re su lts  are a c tu a lly  c h a ra c te ris tic  
o f  th is  la t te r  co m p o u n d . On th e  o th e r  h a n d , w e h av e  found  fo r th e  d e u té ra 
t io n  o f th e  2 8 -h y d ra te  carried  o u t in  th e  te m p e ra tu re  range o f 70— 80 °C th a t  
th e  s tru c tu re  o f th e  c ry s ta ls  sep a ra tin g  fro m  th e  solu tion  a fte r  cooling d iffers 
su b s ta n tia lly  from  th a t  of th e  orig inal p a ra -c ry s ta l ,  so th a t  th e  sp e c tra l h an d s  
asso c ia ted  w ith  d e u te r iu m  exchange a re  n o t  ch a rac te ris tic  o f th e  in itia l com -
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p o u n d . T herefore, in  F igs 1 an d  2 on ly  th e  spectrum  o f th e  d e u te ra te d  5 -h y 
d ra te  is show n, w hich  is sa tis fa c to ry  in  every  resp ec t. S p ec tru m  5 show s 
t h a t  th e  O H  — OD conversion  becom es p rac tica lly  co m p le te  in  th e  v ic in ity  
o f  100 °C.

400 600 800 1000 1200 1400 1600 1800___-I

Fig. 1. IR  spectra of para tungsta te  hyd ra tes, 1. Sodium para tungsta te  • 28 H 20 ; 2. Ammo1 
nium  paratungsta te  • 11 H 20 ;  3. A m m onium  paratungsta te  • 7 H 20 ;  4. Ammonium jparatung' 

s t a te - S H 20 ;  5. 5-H ydrate  deuterated a t  100 °C

T he regions o f th e  v ib ra tio n a l frequencies of O H  a n d  N H  groups a n d  of 
th e ir  d e u te ra ted  form s a re  k n o w n  o fte n  to  overlap , w hich  m akes th e  assig n m en t 
o f th e  b an d s d ifficu lt. To fa c ilita te  o rien ta tio n , th e  sp e c tra  of an h y d ro u s  
am m onium  ch rom ate  ((N H 4)2C r0 4) a n d  tu n g s te n  tr io x id e  h y d ra te  (W 0 3 • H 20 )  
h a v e  been  recorded  befo re  an d  a f te r  d eu te ra tio n  (Figs 3 an d  4). I t  has b een  
estab lished  for th e  la t te r  th a t  no m eta l-bonded  h y d ro x o  g roups are  p re se n t, 
so t h a t  th e  com pound can  be considered  as a ty p ica l o x y h y d ra te  [8]. T herefo re ,
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th e  f ir s t  com pound h e lp s  in  th e  id en tif ic a tio n  o f p a ra tu n g s ta te  b an d s co rre
sp o n d in g  to  th e  v ib ra tio n s  o f N H ^ , an d  p a r tia lly  d e u te ra te d  ions, while
th e  la t te r  com pound  a ssis ts  th e  id en tif ic a tio n  of b a n d s a r is in g  from  th e  v ib ra 
tio n s  of H 20  an d  D 20 .

T he w av en u m b ers , assignm ents an d  sh if t ra tio s  o f  th e  sp e c tra l hands of 
p a ra tu n g s ta te  h y d ra te s , (N H 4)2C r0 4 an d  W 0 3 • H 20  a re  sum m arized  in  
T ab le s  I I  and  I I I .  T h e  frequencies o b served  in  N ujo l a n d  h ex ach lo ro b u tad ien e  
d iffe r only s ligh tly  f ro m  tho se  in  p o ta ss iu m  brom ide, in d ic a tin g  th a t  th e re  
is no  su b stan tia l in te ra c tio n  betw een  K B r an d  p a ra tu n g s ta te s . T he in te rp re 
ta t io n  of th e  d a ta  in  T ab les  I I  and  I I I  w ill be discussed in  d e ta il.

F ig . 2. I R  spectra  o f p a ra tu n g s ta te  h y d ra te s . 1. Sod ium  p a ra tu n g s ta te  • 28 H 20 ;  2. A m m onium  
p a ra tu n g s ta te -11 H ,0 ;  3. A m m onium  p a ra tu n g s ta te  • 7 H 20 ;  4a. A m m o n iu m  p a ra tu n g s ta te -  
5 H 20  (in K B r); 4b. A m m o n iu m  p a ra tu n g s ta te . 5 H 20  (in  h e x ach lo ro b u tad ien e); 5. 5 -H y d ra te

deuterated at 100  °C,
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Fig. 3. IR  spectra  of (N H 4)2C r04 and W 0 3 'H 20 . 1. Am m onium  chrom ate (anhydrous); 
2. Am m onium  chrom ate (deuterated); 3. T ungstène trioxide hyd ra te ; 4. Tungstène trioxide

hydrate , deu terated

D iscussion

a)  V iew s on the structure o f  the paratungstate ion

No u n ifo rm  p ic tu re  has y e t been  fo rm ed  concern ing  th e  co m plica ted  
s tru c tu re  o f p a ra tu n g s ta te s . T his is p r im a rily  due to  th e  d ifficu lties co n n ec ted  
w ith  th e  d e te rm in a tio n  of th e  g eom etrica l position  o f th e  oxygen a tom s in  th e  
v ic in ity  o f  tu n g s te n  and  on th e  o th e r  h a n d  to  ex p erim en ta l d ifficu lties in v o lv ed  
in  th e  s im u ltan eo u s  detec tio n  of free an d  b o n d ed  h y d ro x y l groups a n d  w a te r  
m olecules o f c ry s ta lliz a tio n  an d  in  th e  s tu d y  o f th e ir  bon d in g  ch a rac te ris tic s . 
T h u s, o ften  th e  fo rm ulas of isopoly  an d  h e te ro p o ly  acids, deduced  from  v a rio u s
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Table I I

W avenumbers fro m  the spectra o f  paratungstate hydrates
æо

2 8-hydrate 11-hydrate 7-hydrate 5-hydrate
Assignment

5-hydrate deuterated
Assignment Shift

ratio
a b a b a b a b a b

404 404 403 405 405

435 438 436 430 <5W— 0 — W 440

494 496 498 500 500
532 528 531 534 534

— 560 555 555 <50H  ( W — O H )

620 620 620 614 615
705 702 704 708 710

V W — 0 — W 745 ó O D  ( W — O D ) . . 1.369
770 775 765 780 763 770 761 770 765
835 840 838 840 835 830 820 830 820

840 ô O D  (W — O D )  . . 1.369
880 880 875 870 873 870 870 868 870

917 920 i’W — 0 923
941 940 936 940 935 940 934 935 (term inal) 940

950 950 952 953 955

1022 1015 1020 1020 ö O H  (W — O H ) . .

1080 v4 ( N D +) 1.30
1080 1090 1090 1090 ?

1113 n d 2h .
1150 <5 O H  (W — O H ) . .

1190 N D 3H +
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1205 <5 OD (D 20 ) 1.356

1261 N D „H +6 2
1290 N D 3H  +

1350 ?

1403 1403 1403 v4 (NH+) 1403

1465 1460

1560 DoO 1.346

1625 1630 1625 1635 1635 1630 1635 1630 <50H (H 20 )

1660 1660 1678 1675 v2(N H p

2000— 2010— 2000— 2110

2100 2190 2180 2100 H 20  [27] 2210 N D +
4

2300 -3 (N D p 1.366

2467 2460 ) OD (W — O D ) . . 1.370

2572 25651 1.376

2662 2660j -O D  (D 20 ) 1.352

2690 „OD (W — OD) 1.350

2800 2800 2810 2-4 (N H J) 2800

3020 3020 3020 -2 +  -4 (N H p 3010

3145 3140 3135 v3 (N H p 3120

3300 —

3380 3380 3370 3375 3360 3370 3380 3370 1-OH (W— O H ) . .

3450 3460 3465 3466

3540 3545 3555 3550 3550 3550 3540 3540 vOH (H 20 )

3577 3580 3580 3580 3580 3585 3600 3580

3620 3630 kOH (W — OH)
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F ig . 4. I R  spec tra  o f (N H 4)2C r0 4 and  W 0 3 - H ,0 .  1. A m m onium  ch ro m a te , a n h y d ro u s; 2. 
A m m onium  ch ro m ate , d e u te ra te d ; 3. T u n g stèn e  tr io x id e  h y d ra te ;  4. T u n g stèn e  tr io x id e

h y d ra te , d e u te ra te d

ex p erim en ta l re su lts  c a n n o t be reconciled  w ith  th e ir  chem ical p roperties, e.g. 
w ith  th e  ex p e rim en ta l b a s ic ity  of th e  sa lts .

The s tru c tu re  o f th e  p a ra tu n g s ta te  ions has been  de te rm in ed  f irs t b y  
L in d q v is t  [9] fo r  th e  su b stan ce  of th e  com position  5 N a20  • 12W 03 • 2 8 H 20 .  
A ccord ing  to  th is  a u th o r , th e  c ry s ta l la tt ic e  o f p a ra tu n g s ta te  consists o f tw o 
d isc re te  [W 12O4e]20~ ions p er cell, in s te a d  o f  th e  [W 12O41]10~ assum ed earlie r 
[10]. H ow ever, th is  s tru c tu re  requ ires th e  b o n d in g  o f 1 0 H + ions to  th e  com 
p lex  p a r t ,  e.g. acco rd in g  to  th e  fo rm ula  [H 10W 12O46]10-, b u t  th is  is in co n sis t
e n t  w ith  th e  d ec id ed ly  n e u tra l c h a ra c te r  o f th e  sa lt. S chw arzm ann  [11] 
a n d  Glem ser  [7, 12] h a v e  concluded fro m  IR  an d  p ro to n  m agnetic  resonance 
m easu rem en ts  th a t  th e  10H  atom s a re  n o t  o f acidic c h a ra c te r , b u t  p a r tic ip a te  
in  th e  s tru c tu re  o f  th e  an ion  b y  fo rm in g  co v a len t O H  groups. A ccord ingly , 
th e  fo rm ula [W 12O3e(O H )10]10-, m o st w idely  accep ted  a t  p resen t, has been  
p roposed  b y  th e m  fo r th e  s tru c tu re  o f th e  ion ; th is  is also in  accord w ith  th e  
n e u tra l  c h a rac te r  o f  th e  sa lt.

I t  h ad  been  show n b y  L ipsco m b  [13] a lread y  befo re  one of th e  p u b li
ca tio n s [7] of Gl e m se r  et al. th a t ,  in  a d d itio n  to  [W 120 46]20“ , an o th e r s tru c tu re  
co rrespond ing  to  th e  fo rm u la  [W 120 42]12~ could  be d eriv ed  from  th e  re su lts  
o f  L in d q v ist  w ith  th e  sam e p ro b a b ility . I ts  p ro to n a te d  form  w ould be 
[H oW 12O42]10~, w hich  is m ore co n sis ten t w ith  th e  c ry s ta lliz a tio n  o f p a ra tu n g -
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Table II I

W avenumbers fro m  the spectra o f  ( N H i).,Cr()t and W 0 3 -H„0

(N H 4)2C r0 4 (NH,),CrO.
deuterated Assignment W O, • H 20

WO, • H 20  
deuterated Assignm ent

Shift
ratio

554
J

700 700 V W —  0 — W

750

780

843 843

880

938 940

948 949 949 V W — 0

1075 # d ; ) 1.347

1120 n d 2h +

1188 N D 3H  +

1197 <5 O D (D ,0 ) 1.354

1260

1350 9

1408 1408 # H ; )

1430 <5 HD O

1458

1570

1620 1620 <5 O H (H 20 )

1655 v,(n h ;>

1750

2110
vi  +  ”o

1.327

2200 N D + 1.372

2330 *3(ND4) 1.357

2490 V O D (D 20 ) 1.365

2520 г  HD O

2565 V O D (D 20 ) 1.378

2620 1.356

2800 2800 2i>4(NH+)

3000 3020 v, +  # H J )

3163 3130 # H ; )
3400 3400

3535 !> O H (H 20 )

3580
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s ta te s  from  n early  n e u tra l  m ed ia , th a n  th e  s tru c tu re  p rop o sed  b y  L i n d q v i s t . 

L a te r ,  th e  X -ray  d iffra c tio n  analysis o f am m onium  p a ra tu n g s ta te -1  1 -h y d ra te  
b y  W e i s s  [14] v e rified  th e  a rra n g e m en t of W  a to m s fo u n d  b y  L i n d q v i s t , 

b u t  th e  d e te rm in a tio n  o f  th e  О a to m  positions su p p o rte d  th e  hypo thesis  
o f L i p s c o m b .

On th e  basis o f I R  sp ec tro p h o to m e tric  in v es tig a tio n s , severa l au th o rs  
[15, 16] have come to  th e  conclusion th a t  th e  H 30  + ions p la y  an  im p o rta n t 
p a r t  in  th e  s tru c tu re  o f sod ium  p a ra tu n g s ta te . Y u ic h n e v ic h  [15] c h a ra c te r
ized  th e  s tru c tu re  o f th e  c ry s ta llin e  su b stan ce  b y  th e  fo rm u la  N a 10(H 3O + )10_ x- 

• [H xW 120 46] • (4 -f- a)H 20 ,  in  w hich th e  v alue  of x  sm all. T hough  th e  p res
ence  o f H 30 + ions is in  g enera l a ccep ted  b y  K e p e r t  [17] a n d  S z a r v a s  [18] 
in  th e ir  review s, th e  conclusions of S p i t s y n  [19], b a sed  on th is  fa c t, were 
s tro n g ly  criticized b y  K e p e r t  [17]. In  c o n tra s t to  th is , th e  re su lts  o f G l e m s e r  

et al. [7] positive ly  ex c lu d e  th e  p resence  of H 30 + ions in  th e  c ry sta llin e  phase.
T he positions in  th e  7- an d  5 -h y d ra te s  h av e  n o t been  d e te rm in ed  of th e  

tu n g s te n  and oxygen  a to m s, on ly  d a ta  on th e  d im ension  an d  sy m m etry  of 
th e  u n i t  cells are  av a ila b le  [5, 20]. T he ch a ra c te r  of th e  b o n d s o f co -o rd inated  
H 20  m olecules to  th e  an io n  is n o t c larified  e ither.

Table TV

C rystallographic characteristics o f  paratungstate hydrates

Paratungstate Crystal class Space group z Ref.

Sod ium  p a ra tu n g sta te  • 

• 2 8H 20

tric lin ic-p inaco ida l P I  — c 1
i

2 [9]

A m m onium  p a ra tu n g s ta te  • 

• 11H 20
rhom bic-b ipy ram idal Pbca  —  D 1̂2 ft 4 [5, 14]

A m m onium  p a ra tu n g sta te  ■ 

• 7 H 20

tric lin ic-p inaco ida l P I  — c 1l 4 [5]

A m m onium  p a ra tu n g s ta te  • 

• 5 H 20

m onoclin ic-prism atic P 2 - - c L 2 [5]

T h e  various h y d ra te s  h av e  d iffe ren t c ry sta llo g rap h ic  p a ra m e te rs  (Table 
IY ). T h e  sy m m etry  o f b o th  L i n d q v i s t ’s an d  L i p s c o m b ’s an ion  is C2/, according 
to  F ig . 5. This id en tica l sy m m e try  n o tw ith s ta n d in g , th e  tw o  s tru c tu re s  im ply  
sev e ra l essen tially  d iffe ren t consequences. As can be seen fro m  F ig . 5 an d  
T a b le  Y, the  co -o rd in a tio n  cond itions w ith in  th e  ions a re  d iffe ren t; L i n d 

q v i s t  links th e  fo u r t r i tu n g s ta te  g roups exclusively  th ro u g h  th ree -co -o rd in a te  
o x y g en  atom s, w hereas L i p s c o m b  includes b o th  tw o- a n d  th ree -co -o rd in a te  
a to m s . The m ost im p o r ta n t  consequence is, how ever, th a t ,  ow ing to  th e  dif-
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Fig. 5. S tru c tu re  o f th e  p a ra tu n g s ta te  ion. A. A ccord ing  to  L i n d q v i s t  ([W ,20 46]20 ); 
B . A ccording to  L ipsco m b  ( [W 120 42] 12-)

Table V

In tern a l co-ordination in  the paratungstate ions

Bond type of the 
oxygen atoms

Number of bond types
Number of possible 
geometrical positions

L i n d q v i s t L i p s c o m b L i n d q v i s t L i p s c o m b

0 - ( W 3) 10 6 3 3

0  —  (W s) 6 18 2 5

O - ( W j ) 30 18 8 5

0  —  non-

co-ordinated 23 27 ? 9

fe ren t n u m b er of О— (W 4) bonds, th e  free o c tah ed ra l po sitio n s capab le  of 
co -o rd ination  in  th e  e x te rn a l sphere of th e  ion, req u ire  d iffe ren t am oun ts of 
b o th  th e  H + ions a n d  o f  th e  O H  or H 20  groups, s im ila rly  to  th e  m e ta tu n g s ta te s  
an d  th e  h e te ro an io n s o f  tu n sg te n  [21].

I t  is th ere fo re  s till open  to  d eb a te  w h e th e r one shou ld  accep t L i n d q v i s t ’s 

or L i p s c o m b ’s basic  s tru c tu re  as generally  v a lid , o r b o th  th e  [W 12O46]20~ an d  
th e  m ore closely p ack ed  [W 120 42]12- basic  s tru c tu re s  are  possib le  in d ep en d en tly  
of each o ther. W ith  th e  a id  of th e rm o co n d en sa tio n  [4] a n d  sp ec tro p h o to m et- 
ric  in v estig a tio n s we w ish  to  c o n tr ib u te  to  th e  so lu tio n  o f th is  problem .
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b)  In terpreta tion  o f  the spectra

Sim ilarly  to  th e  p o ly m o ly b d a te s  [22], th e  p o ly tu n g s ta te s  to o  a re  d iffi
c u lt  to  s tu d y  b y  m o lecu la r spectroscop ic  m ethods. T he u n it  cells, b e s t re fle c t
ing  th e  sy m m etry  p ro p e rtie s , b u t  a lso  th e  p o ly an io n s  p ro p e r co n ta in  m any  
a to m s, so th a t  a g re a t n u m b e r o f v ib ra t io n s  is to  be  ex p ec ted  on  th e  basis 
o f  s tr ic t  th eo re tica l co n sid era tio n s. A s co m p ared  to  th is , o n ly  a r a th e r  re s tric ted  
n u m b e r o f b an d s is o b se rv ed , w hich  m akes even an  a p p ro x im a te  assignm ent 
v e ry  d ifficu lt in  th e  freq u en cy  reg ion  o f  W — 0  v ib ra tio n s . A fu r th e r  lim ita tio n  
is im posed  b y  th e  fa c t t h a t  th e  s tru c tu re  o f p a ra tu n g s ta te s , s tu d ie d  b y  X -ray  
d iffrac tio n , is n o t y e t  c leared  in  ev e ry  d e ta il. F o r exam ple , th e  positions o f th e  
N a + an d  N H ^ ions a re  u n k now n , a n d  th e  position  o f  th e  oxygen  a to m s has 
b een  de te rm ined  e x p e rim e n ta lly  o n ly  in  a single case [14]. I n  th e  cells o f th e  
p a ra tu n g s ta te s , th e  W  a n d  О a to m s a re  in  a general p o s itio n  [9], w hich  does 
n o t p e rm it even an  a p p ro x im a te  d iscussion  b y  m eans o f s ite  sy m m e try  re le 
v a n t  to  c rysta lline  s tru c tu re s . N ev erth e less , conclusions m a y  be d raw n , w hich 
b r in g  us n ea re r to  o u r  goal.

F rom  a com parison  of th e  sp ec tra  in  Figs 1 an d  2 a n d  o f th e  d a ta  in  T ab le  
I I ,  i t  can  be seen d ire c tly , th a t  no essen tia l difference is d e te c ta b le  betw een  
th e  sp ec tra  of p a ra tu n g s ta te s . In d e e d , th e  frequencies o f th e  W — О v ib ra tio n a l 
m odes, th e  shapes o f  th e  b an d s  a n d  th e ir  in te n s ity  ra tio s  a re  a lm o st id en tica l. 
T h u s , we are co n fro n ted  w ith  th e  re la tiv e ly  ra re  case, in  w h ich  th e  sp ec tra  of 
c ry s ta llin e  sa lts, re p re se n te d  b y  a n  id e n tic a l chem ical fo rm u la , a re , to  a v e ry  
good ap p ro x im atio n , in d e p e n d e n t o f  th e  p o in t group sy m m e try  o f  th e  c ry sta l. 
I t  becom es ev id en t fro m  th is  t h a t  th e  forces ho ld ing  to g e th e r  th e  c ry sta l, 
i.e. th e  in te rac tio n s b e tw een  th e  m olecules, are  neglig ib le co m p ared  to  th e  
forces ac tin g  w ith in  th e  m olecules a n d  th e  anions. T herefo re , th e  p a ra tu n g s ta te  
ion  rep resen ts  such  a sp ec tro sco p ica lly  closed u n it, in  w h ich  th e  sp a tia l d if
ferences of th e  e n v iro n m e n t in  th e  c ry s ta l, i.e. th e  d ifferences in  th e  p o in t 
g roup  sy m m etry  o f th e  c ry s ta l, do n o t m an ifest th em selves ( a t  le a s t in  th e  
freq u en cy  range  in v e s tig a te d ) .

T he sp littin g  o f  th e  C2h p o in t g ro u p  species re le v a n t to  th e  ions in to  
fa c to r  groups accord ing  to  T ab le  IV  is show n in co rre la tio n  T ab le  V I. T able 
V I I  is given as an  ex am p le  of th e  n u m b e r  of th eo re tica lly  possib le  v ib ra tio n a l 
degrees o f freedom  a n d  species, show ing  th e  resu lts  o f th e  fa c to r  g roup  a n a l
y sis , perfo rm ed  fo r th e  p a ra tu n g s ta te  ion . A ssum ing th a t  b o th  th e  [W 12O46]20~ 
a n d  [W 120 42]12~ fo rm u las  are  possib le  (as well as th o se  d eriv ed  from  them ), 
th e  n u m b e r of b a n d s  to  be ex p ec ted  in  th e  in fra red  an d  R a m a n  sp ec tra  is, 
acco rd in g  to  T able V I I ,  som ew hat d iffe ren t in  th e  tw o  cases. S im ilarly , d if
fe ren ces w ould b e  ex p ec ted  also on  th e  basis of T ab le  V.

W e have seen t h a t  th e  d iffe ren t sym m etries o f  th e  e lem en ta ry  cells do 
n o t cause p e rcep tib le  changes an d  th e  in fra red  sp ec tru m  is d e te rm in ed  pri-
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Table VI

Sp litting  o f  the C2h po in t group species into species o f crystal p o in t groups

Factor group Dut 
11-hydrate

Ion symmetry C2/,

Factor group C i I, 
5-hydrate

Factor group Ci 
28-and 7-hydrate

Table V II

F in a l results o f  the factor group analysis o f  sodium  paratungstate

Ion point group
C-2h

Crystal point group 
C i ( Z =  2)

IN um ber of degrees of 
freedom b red . Irred .

N um ber of degrees of 
freedom

1 2 0 1(. 1 ■" |W ,20 , d ‘^ IW +On,]2" [V li+ h d 12'

4 4  +  R z 

4 0  4- 71

41 + Яд 

3 7 + 7 7

Л  (Я) -  

A„{1R)
^ Х - ( Я )

168 +  3 libr. 
+  3 tr.

156 4- 3 libr. 
+  3 tr.

4 0  +  Я д , Я, 

4 4  + T, . 7 V

3 7 + Я „  Я, 

41 +  77. Ту

ПАЮ

B .A IB) -
A „ (IB ) 168 + libr. 1 5 6 +  libr.

m a rily  b y  th e  s tru c tu re  of th e  p a ra tu n g s ta te  ion. Since th e  sp ec tra  do n o t 
e x h ib it d ifferences, w hich w ould p o in t in  one case to  th e  [W 12O4e]20_ an d  
in  th e  o th e r  to  th e  [W 120 42]12- b asic  s tru c tu re , th e  g re a t s im ila rity  fo u n d  in  
th e  freq u en cy  ran g e  (400— 1000 c m -1 ) o f  th e  W — О v ib ra tio n s  su p p o rts  th e  
a ssu m p tio n  th a t  th e  com positions a n d  s tru c tu re s  of th e  p a ra tu n g s ta te  h y d ra te  
an io n s in v es tig a ted  are id en tica l. T h is conclusion is essen tia l from  th e  p o in t 
o f  v iew  o f fu r th e r  in v es tig a tio n , because  i f  one of th e  tw o  possib le basic  s tru c 
tu re s  can  be  p ro v ed , th e  resu lts  m u st be  considered  as v a lid  fo r every  p a ra tu n g 
s ta te .

F o r  th e  assig n m en t of th e  W — О v ib ra tio n s  accord ing  to  T ab le  I I ,  th e  
a p p ro x im a tio n  is su ffic ien t fo r us t h a t  th e  s tre tch in g  frequencies of th e  t e r 
m in a l M = 0  or M— О bon d s are  a lw ays h ig h er th a n  tho se  of th e  M— О— M 
ty p e  b rid g es in  th e  various la ttic e  lay ers  [2 2 —26]. F o r th e  case o f p o ly m o ly b 
d a te s , severa l considera tions su p p o rted  th e  assu m p tio n  th a t  th e  freq u en cy  
ran g e  o f th e  M— 0(1) bonds should  fall b e tw een  910 an d  955 c m -1 [22].
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L et us now  in v e s tig a te  in th e  fo llow ing , how  fa r th e  presence of O H  or 
m ore ex ac tly  W — O H  groups and  possib ly  th a t  o f H 30  + ions besides th e  p re s 
ence of H 20  g roups is su p p o rted  b y  th e  sp ec tra . I t  is no ticeab le  th a t  sm all 
in flec tions or in d iv id u a l m ax im a are  e x h ib ite d  in  th e  h igh -frequency  reg io n  
o f th e  w ide rO H  b a n d s  betw een  3580 an d  3630 c m -1 . T his fin d in g  m ay  be  
in te rp re te d  in  g enera l b y  th e  fo rm atio n  o f H 20  g roups co o rd in a ted  th ro u g h  v e ry  
w eak  hydrogen  b o n d s , or possibly of free  O H  groups [27, 28], o r W —O H  groups 
[15, 28, 30]. In  th e  case o f  th e  5 -h y d ra tes , th e  b a n d  a t  3630 c m -1 corresponds to  
th e  frequency  o f th e  free  O H  groups ( th e  О . . .  О d is tan ce  is 3.1 Á). I t  is a p p a re n t 
from  F ig . 1 and  T ab le  I I  th a t  the  m ax im um  a t  555 c m -1 d isappears on d e u té ra 
tio n , so th a t  th e  b a n d  can  be a t tr ib u te d  to  an  O H  v ib ra tio n , while th e  low  
frequency  of th is  b a n d  is ind ica tive  o f th e  ÔOH v ib ra tio n a l m ode of th e  free O H  
groups [28]. W ith  increasing  h y d ra te  c o n te n t, th e  in te n s ity  o f th e  m ax im um  
in  th e  im m ed ia te  v ic in ity  of 555 c m -1  decreases g rad u a lly , in  th e  1 1 -h y d ra te  
i t  becom es b a re ly  p e rcep tib le , while i t  does n o t a p p e a r a t  all in  th e  2 8 -h y d ra te . 
T h is fin d in g  su p p o rts  th e  assignm ent o f th e  g iven b a n d , because th e  ex ten sio n  
o f th e  h y d ra te  shell a ro u n d  th e  an ion  reduces th e  n u m b er of free O H  groups 
b o nded  to  tu n g s te n  o r com pletely  e lim in a tes  th e m  ow ing to  th e  fo rm a tio n  
o f hyd rogen  bo n d s. B e tw een  1000 an d  1200 c m -1 , i.e. in  th e  frequency  reg ion  
w here th e  dO H  b e n d in g  v ib ra tio n  b a n d s  o f th e  h y d ro x o  groups co v a len tly  
b o n d ed  to  th e  m e ta l (M— OH . . .) a n d  in v o lved  also in  hydrogen  bo n d in g  
a re  ex h ib ited  [25, 27, 28, 31], very  w eak  m ax im a  can  be observed . T he id e n 
tif ic a tio n  of th ese  b a n d s  w ould also p ro v e  decisively  th e  presence o f s tru c tu ra l 
O H  groups in  th e  p a ra tu n g s ta te  ion. In  th e  sp ec tru m  o f th e  d e u te ra te d  5-hy- 
d ra te , v e ry  w eak new  m ax im a a p p e a r  a t  745 an d  840 c m -1 , superim posed  
on th e  vW— 0 —W  b a n d s . F o r these , th e  b a n d  sh ift ra tio  verifies th e  associa
tio n  w ith  th e  dO H  b a n d s  a t 1020 an d  1150 c m -1 . In  th e  O H  s tre tch in g  v i
b ra tio n  region, th e  rO H  b an d  of th e  W — (O H ) . . . О bo n d  ty p e  lies p ro b ab ly  
in  th e  range of 3360— 3380 c m -1  [25, 28].

T he presence o f  w a te r  m olecules in  th e  c ry sta llin e  p h ase  is u n am biguously  
p ro v ed  b y  th e  sp e c tra  an d  th is  fa c t c a n n o t be  d o u b te d  even in th e  case of 
th e  5 -hydra tes. T he b o n d  a t  1600 an d  1700 c m “ 1, in  th e  frequency  range of 
dO H (H O H ), is sp lit in to  tw o b an d s  in  th e  case o f th e  7- an d  5 -h y d ra tes , an d  
a new  m axim um  is o bserved  betw een  1660 an d  1680 c m “ 1. T his m igh t easily  
suggest th e  presence  o f  H 30 + groups, how ever, a m ore d e ta iled  analysis ru les 
o u t th is  assu m p tio n , in  accordance w ith  th e  find ings o f G lem ser  et al. [7]. 
A co m p ara tiv e  an a ly s is  o f th e  four IR  a n d  R a m a n  ac tiv e  fu n d am en ta l v ib ra 
tio n s  o f th e  p y ra m id a l (C3l!)H 30 + [31— 36] an d  D30 + [33, 35, 37], of th e  a b 
so rp tio n  frequencies o f  th e  p a rtia lly  d e u te ra te d  ions [37], an d  of th e  d a ta  in  
Figs 1, 2 an d  T ab le  I I ,  provides no conclusive ev idence fo r th e  presence of 
H 30 +  ions. A t th e  sam e tim e, th e  in te rp re ta tio n  o f th e  sp ec tra l bands is free 
o f co n trad ic tio n s w ith  on ly  H 20  and  O H  groups ta k e n  in to  considera tion .
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I t  is m uch m ore  like ly  th a t  th e  b a n d  be tw een  1660 an d  1680 c m -1 
arises from  th e  v ib ra tio n  o f  th e  NH^1" ion , since th is  b an d  is ex h ib ited  also in 
th e  sp ec tru m  of th e  an h y d ro u s (N H 4)2C r0 4. P re su m a b ly , th e  h a n d  is due to  th e  
Vo v ib ra tio n a l m ode, o therw ise fo rb id d en  in  th e  in fra red , w hich, owing to  th e  
sy m m e try  or d is to r tio n  of th is  ion  in  th e  c ry s ta l la ttic e , becom es in fra re d  
ac tiv e  in  b o th  com pounds.

O n d e u te ra tio n , a ra th e r  c o m p lic a te d  sy s tem  of O H — O D , N H — N D  
b an d s  is fo rm ed , how ever, o rie n ta tio n  is g re a tly  assisted  b y  th e  d a ta  in  T ab le
I I I .  T h e  id en tif ic a tio n  o f th e  v ib ra tio n a l b an d s  of th e  N D ^ , N D 3H + an d  
N D 2H<f groups is fa c ilita te d  b y  th e  fa c t t h a t  these  frequencies h av e  b een  
id en tif ied  for v a rious d e u te ra te d  am m o n iu m  sa lts  b y  several au th o rs  [37, 38].

T h e  sp littin g  o f th e  vW ■— О h a n d  o f th e  W — О groups observed  u p o n  
decreasing  h y d ra te  c o n ten ts  w ould  s till call fo r som e ex p lan a tio n  (F ig . 1, 
T ab le  I I ) .  As concerns th e  w hole o f th e  sy stem , C orrelation  T ab le  V I does n o t 
give u n eq u iv o ca l in fo rm a tio n  on th is  p ro b lem , th o u g h  in th e  co rre la tion  C2h —► 
—»- D 2h th e  n u m b er o f b an d s a c tu a lly  decreases in  th e  case o f th e  11 -liy d ra te  
as co m p ared  to  th e  7- an d  5 -h y d ra te s , ow ing to  th e  in a c tiv ity  of th e  A u species. 
The an sw er is less ev id en t w ith  re sp ec t to  th e  C2h —+ Cj co rre la tions, p a r t ic 
u la rly  w hen  we ta k e  in to  co n sid e ra tio n  th e  Z  va lues ch a rac te ris tic  o f  th e  
c o n ten ts  o f th e  u n it  cells. A possib le in te rp re ta t io n  b y  a m ore p rim itiv e  a p 
p ro ach  is th a t ,  w ith  decreasing  h y d ra te  c o n te n t, W — 0(1) bonds of d iffe ren t 
ty p e  a n d  s tre n g th  in  th e  anions m an ife s t th em selv es  to  an  increasing  e x te n t 
in th e  sp littin g  of th e  sp ec tra l b a n d . A ccord ing  to  th e  c h a rac te r  of th e  chem ical 
b o n d s o f th e  O H  an d  H 20  groups in  th e  p a ra tu n g s ta te  ion , in  p rinc ip le  fo u r 
k in d s  o f W — 0(1) b o n d s can be d is tin g u ish ed :

1. free W — 0 (1 ) group 
950— 953 cm “ 1

2. W — 0 (1 ) g ro u p  w ith

3. free W — O H  group
~  918 cm “ 1

4. W — O H  gro u p  w ith

О О

О -  [W — 0(1)]
/  \

O O

O O
\  /

O -  [W — O]
/  \

O O

H O H

O O
\  /

0 - [ W — 0 ] H
/  \

O 0

O O
\  /

O — [W — O] H. . . OH2
/  \

O O
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W ith  th e  d ecrease  o f th e  h y d ra te  s h e a th  su rro u n d in g  th e  an io n , th e  
g ro u p s becom e m ore  a n d  m ore d iffe re n tia ted , an d  th is  causes a c e r ta in  sep 
a ra t io n  o f th e  v ib ra tio n a l h an d s of th e  d iffe ren t W — 0(1) bo n d s. W h en  th e  
co -o rd in a tio n  sphere  o f  th e  ion  co n ta in s  an  a d e q u a te  n u m b er o f w a te r  m o le
cu les, th e  s tre tc h in g  v ib ra tio n s  o f free  W — О an d  [W — О] H  c a n n o t be  de
te c te d . T hus, e.g., in  th e  sp ec tra  o f th e  28- an d  11 -h y d ra tes , th e  a b so rp tio n  
co llapses in to  a single b a n d , ow ing to  th e  p red o m in an ce  o f th e  [W — O] . . . 
. . . H O H  bonds. T h e  red u ced  size o f th e  h y d ra te  sh ea th  fav o u rs  th e  fo rm a tio n  
o f free  W — 0(1) g ro u p s , an d  th e ir  s tre tc h in g  freq u en cy  ap p ears  f ir s t  in  th e  
sp e c tru m  of th e  7 -h y d ra te . In  th e  case o f th e  5 -h y d ra te , a new  m ax im u m  is 
o b serv ed  a t  918 c m -1 , w hich can  be  a t t r ib u te d  to  fu r th e r  d iffe re n tia tio n  of 
th e  g roups, th u s  to  th e  in d ep en d en t a p p e a ra n ce  of th e  [W — 0 ] H  g roups. 
O n d e u te ra tio n , a s lig h t sh ift to w ard s  h ig h er frequencies o f th e  W — 0(1) 
b a n d s  can  be o b se rv ed . In  v iew  o f th e  fa c t  t h a t  th e  exchange o f th e  h y d ro g en  
b o n d e d  p ro to n s fo r  d eu te riu m  m ay  in crease  th e  0  . . .  О d is tan ce  b y  0 .02—  
— 0.04 À  [25, 40 ], th e  W — О d istan ce  is sh o rten ed  obviously  because  o f th e  
decreased  s tre n g th  o f th e  h y d ro g en  b o n d , w hich  p roduces a sligh t sh if t o f th e  
h a n d  system  of th e  W — O(I) bonds to w a rd s  h ig h er frequencies.

c)  Conclusions concerning the structure

A ccording to  th e  sp ec tra l s tud ies i t  c an  be estab lished  th a t  in d ep en d en tly  
of th e  h y d ra te  c o n te n t a n d  of th e  co -o rd in a tin g  N a + or N H ^  ions, th e  p a ra tu n g -  
s ta te  ion  has an  id e n tic a l s tru c tu re . I t  is r a th e r  im probab le  t h a t  th e  basic  
s tru c tu re  w ould be [W 12O4e]20_ in  one case, an d  [W 120 42]12- in  th e  o th e r. I t  
is also clear th a t  p a ra tu n g s ta te s  c o n ta in , in  a d d itio n  to  d iffe ren tly  co -o rd in a ted  
w a te r  m olecules, sm a lle r q u a n titie s  o f s tru c tu ra l  O H  groups. T herefo re , a de
cision  concern ing  L i n d q v i s t ’s or L i p s c o m b ’s basic  s tru c tu re  is to  be  ex p ec ted  
from  ex p erim en ta l d a ta  on th e  q u a n t i ta t iv e  re la tio n  o f O H  a n d  H 20  groups.

I f  th e  fo rm u la  [W 12O3e(O H )10]10~, deduced  from  th e  basic  s tru c tu re  
[W 12O46]20_ w ere accep ted  as va lid , th e  gen era l fo rm ula  of p a ra tu n g s ta te  should  
be  w r itte n  as fo llow s:

5R20  • 1 2 W 0 3 • n H 20  =  H 10[W 12O36(O H )10] • m H 20  

w here  n is 28, 11, 7 a n d  5, m  is 23, 6, 2 a n d  0, R  is N H ^ , K ^ ,  N a + .

C onsequen tly , th e  5 -h y d ra te  a n d  its  d e h y d ra te d  p ro d u c ts  w ould  n o t  a t  
a ll co n ta in  H 20  (W — О . . .  H 20 )  c o -o rd in a ted  as m olecular w a te r. T h is, how 
ev er, is in co n sis ten t w ith  ou r earlie r [4] a n d  p re sen t sp ec tro p h o to m e tric  in 
v e s tig a tio n s , as th e  d is tin c t ap p earan ce  o f  th e  <ЮН(Н20 )  b an d s  in  th e  sp ec tru m  
o f th e  5 -h y d ra te  a n d  even in  th e  sp e c tra  o f h y d ra te s  co n ta in in g  less w a te r
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co n s titu te s  decisive proof. In  accordance w ith  th is  fin d in g , i t  h as  been  e s ta b 
lished in  our th e rm o c o n d e n sa tio n  experim en ts com bined  w ith  s tru c tu ra l in v es
tig a tio n s  th a t  a t  le a s t 3 m oles o f m olecular w a te r  are  co -o rd in a ted  to  th e  an ion  
o f th e  5 -h y d ra te  [4]. I t  h as  b een  show n th a t  th e  rem o v a l o f  3H 20 ,  i.e. th e  
d e h y d ra tio n  process 5 -h y d ra te  —► 2 -h y d ra te  p roceeds w ith o u t a change o f 
s tru c tu re  [4], w h ich  excludes th e  presence o f 10 s tru c tu ra l  O H  groups in  th e  
an ion . S im ilar re su lts  w ere o b ta in e d  in  th e  in v e s tig a tio n  o f  th e  th e rm o ly sis  
o f  sodium  p a ra tu n g s ta te , w here  u p  to  th e  loss o f  26 m oles o f  H 20 ,  i.e. u n til  th e  
fo rm atio n  of 2 -h y d ra te , no  essen tia l s tru c tu ra l changes h a v e  been  observed  [41].

I t  can  be  e s ta b lish e d  in  sum m ary  th a t ,  in  th e  lig h t o f th e  re su lts  o f 
sev era l m e th o d s , on ly  L ip s c o m b ’s basic s tru c tu re  is c o n s is ten t w ith  th e  ex 
p e rim en ta l fin d in g s. T h e  s tru c tu re  [W 120 42]12_ h as  b een  p roposed  on ly  as 
a hyp o th esis  b y  L ip s c o m b  on th e  basis o f th e  m easu rem en ts  of L in d q v is t . 
L a te r  i t  has b e e n  v e rified  b y  W e is s  in  a co n cre te  case, w hile o u r th e rm o c o n 
d en sa tio n  an d  I R  sp ec tro p h o to m e tric  m easu rem en ts  h a v e  ex ten d ed  its  v a lid 
ity  as th e  g enera l fo rm u la  fo r all p a ra tu n g s ta te s  s tu d ie d  in  th is  w ork.

H ow ever, th e  L ip s c o m b — W e is s  s tru c tu re  s till req u ires  m o d ifica tions. 
N am ely , acco rd in g  to  o u r earlie r [4] an d  p re se n t ex p e rim en ts  in s te a d  o f 
[H 2W 12O42]10_ th e  s tru c tu re  of th e  an ion  co rresponds to  th e  fo rm u la  
[W 12O40(O H )2]10~ w hich is co n sis ten t w ith  th e  re su lts  o f  th e rm a l and  sp e c tra l 
analyses, as w ell as w ith  th e  decidedly  n e u tra l c h a ra c te r  o f  th e  sa lt. Since th e re  
is no in d ica tio n  th a t  th e  s tru c tu re  o f th e  basic  co m pounds in v es tig a ted  w ould  
be su b s ta n tia lly  d iffe ren t w ith in  th e  h y d ra te  ran g e  fro m  28 to  5 H 20  in  th e  
an a ly tic a l sense, we p ropose  th e  following fo rm u la  as th e  general fo rm u la  
of p a ra tu n g s ta te s :

M i0[W i2O40(O H )2] • m H 20 ,  w here M  =  N a + , K +  an d  N H + ,
and  m  =  27 —  4.
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REDUCTION AND OXIDATION OF ACETALDEHYDE 
AND PROPIONALDEHYDE ON PLATINIZED 

PLATINUM ELECTRODE
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** In stitu te  o f  General and Physical C hem istry, A . J ó zse f U niversity , Szeged)

R eceived O c to b er 18, 1971

T h e  e lec tro h y d ro g en atio n  an d  e lec tro o x id a tio n  of a ce ta ld e h y d e  an d  p ro p io n 
a ldéhyde  h a v e  b een  in v estig a ted  in  acid ic  so lu tion  ( Í N  HC104) on a  p la tin iz ed  P t  
e lectrode. I t  h a s  b een  found  th a t  in  th e  e lectro h y d ro g en atio n  process considerab le  
am o u n ts  o f  e th a n e  an d  p ropane  are  fo rm ed , w hereas o x id a tio n  processes y ie ld  th e  
co rrespond ing  carb o x y lic  acids. T he d ifficu lties  in  d e te rm in in g  s te ad y -s ta te  po lariza tio n  
curves h a v e  b een  p o in ted  out.

P rob lem s concern ing  th e  e lec tro ch em ica l o x id a tio n  an d  re d u c tio n  o f 
a ld eh y d es, g en era lly  oxo com pounds, a t tra c te d  considerab ly  a t te n tio n  a l
re a d y  in  th e  v e ry  ea rly  stages of e lec tro ch em is try  [1, 2]. One m ig h t th in k  
th a t  b y  now , re g a rd in g  f irs t  o f all e x p e rim e n ta l fac ts , th e  top ic  has b een  ex 
h a u s te d . T his is , h o w ev er, n o t th e  s itu a tio n , as is in d ic a te d  b y  recen t in v e s ti
g a tio n s concern ing  th e  reduc tion , i.e. e lec tro h y d ro g en a tio n , of a lip h a tic  k e 
to n es [3, 4] on  p la tin iz e d  P t  electrodes. C o n tra ry  to  view s accep ted  fo r m an y  
d ecades, i t  h a s  b e e n  estab lished  th a t  a lip h a tic  k e to n es, f ir s t  of all ace tone  an d  
m e th y l-e th y l k e to n e , can  easily  be h y d ro g e n a te d  on p la tin u m  electrodes, th e  
m a in  p ro d u c ts  b e in g  th e  corresponding  h y d ro ca rb o n s . T h is o b se rv a tio n  in d i
c a te d  th a t ,  p re su m a b ly , th e  sam e p h en o m en o n  m ay  a p p e a r  in  th e  case o f  a l
dehydes to o , so a renew ed in te res t h as  em erged in  th e  h y d ro g e n a tio n  an d  
e lec tro h y d ro g en a tio n  of som e sim ple a ld eh y d es , e.g. ace ta ld eh y d e  an d  p ro p io n 
a ldéhyde. M oreover, fo r investig a tio n s on th e  e lec tro o x id a tio n  of p rim a ry  
alcohols, th e  e lu c id a tio n  of th e  redox  p ro p e rtie s  o f th e  co rrespond ing  a ld eh y d es 
a p p e a rs  to  be  in d ispensab le .

This p a p e r  re p o rts  som e of our in v es tig a tio n s  a im ed  a t th e  above p ro b 
lem s.

1. R educ tion  of acetaldehyde an d  propionaldéhyde

B ased  on  th e  in v estig a tio n s of s te a d y -s ta te  a n d  tra n s ie n t processes in 
v o lv ed  in  th e  e lec trochem ical red u c tio n  o f a ldehydes, th e  follow ing im p o r ta n t 
s ta te m e n ts  a re  d esc rib ed  in  th e  p e r tin e n t lite ra tu re :

1) A lip h a tic  a ldehydes do n o t u n d e rg o  red u c tio n  on p la tin u m  m eta ls .
2) A ld eh y d es can  be converted  to  h y d ro ca rb o n s  (e.g. p ro p io n a ld éh y d e
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to  p ro p an e) on ly  a t  su b s ta n tia lly  m ore  n e g a tiv e  p o ten tia ls  th a n  th e  p o te n tia l  
o f  h y d ro g en  ev o lu tio n .

3) A ccord ing ly , a ldehydes can  b e  red u ced  to  h y d ro ca rb o n s  on ly  on 
e lec trodes o f h ig h  h y d ro g en  o v erv o ltag e .

In  th e  lig h t o f  th e se  s ta te m e n ts  th e  in v es tig a tio n  of th e  e lec tro h y d ro g en a 
t io n  o f a ldehydes on  p la tin u m  elec trode  ap p ea rs  to  he m eaningless. On th e  o th e r  
h a n d , i f  one s tu d ies  th e  th e rm o d y n am ics  o f th e  following re a c tio n  ty p e  (w here 
R  d eno tes an  a lk y l group)

R  C - H + 4 H +  +  4e Д - С Н 3+ Н 20 ,

О

i t  can  be es tab lish ed  b y  sim ple ca lcu la tio n s  [5] th a t  in  th e  case of a lip h a tic  
a ld eh y d es th e  s ta n d a rd  redox  p o te n tia ls  o f th e  above reac tio n s are  a ro u n d  
E  =  300 mV. H ence , i t  is th e rm o d y n a m ic a lly  possible to  c o n v e rt a ldehydes 
in to  h y d ro ca rb o n s  a t  p o ten tia ls  m ore p o sitiv e  th a n  th e  p o te n tia l  o f h y d ro g en  
ev o lu tio n . F ro m  th is  p o in t o f v iew  th e  s itu a tio n  is essen tia lly  th e  sam e fo r 
ace to n e  an d  o th e r  k e to n es. On th e  b as is  o f th e se  considera tions, in v es tig a tio n s  
on  th e  h y d ro g e n a tio n  (e lec tro h y d ro g en a tio n ) o f  a ldehydes in  acid ic m ed ium  do 
n o t  a p p e a r e n tire ly  hopeless.

E xp erim en ta l

T he m easu rem en ts  were ca rried  o u t in  cell ty p es com m only  used in  th e  
p ra c tic e  o f e lec tro ch em is try  (see F ig . 1). As b ack g ro u n d  so lu tio n , I N  H C 104 
w as used. T he e lec tro d e  p o te n tia l w as m easu red  aga in st a 1 a tm  h y d ro g en  
e lec trode  im m ersed  in to  th e  sam e so lu tio n . W ith  reg ard  to  th e  need fo r gas

F ig . 1. T he cell u sed  fo r electrolysis. A: m a in  e lectro d e ; B : au x ilia ry  e lectro d e ; C: re ference  
e lectrode; V : ju n c tio n  to  th e  gas b u re tte
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v o lu m e tric  m easu rem en ts  th e  m ain  e lec tro d e  w as sep a ra ted  from  th e  a u x ilia ry  
an d  reference electrodes b y  well sea lab le  glass jo in ts . T he gas space of th e  cell 
c o m p a rtm e n t w ith  th e  m ain  e lec tro d e  w as a tta c h e d  to  a gas b u re tte .

Results

T h e p o la riza tio n  curve (ip) d e te rm in ed  b y  th e  p o te n tio s ta tic  m e th o d  in  
th e  p resence  of 0.3 m ol/1 p ro p io n a ld éh y d e  is show n in F ig . 2. F o r com parison , 
th e  ca th o d ic  p o la riza tio n  curve reco rd ed  in  th e  b ack g ro u n d  u n d e r N 2 is also

E mV
Fig. 2 . C athodic  p o lariza tio n  curves; i jja: b a ck g ro u n d  so lu tion  (liV  HC104), ij^: 0.3 m ol/1

p ro p io n ald éh y d e  so lu tion

p re sen ted . (The geom etric  surface o f  th e  soo ted  electrode w as a b o u t 100 cm 2.) 
I t  ap p ea rs  from  th e  cu rve  th a t  th e  re d u c tio n  o f th e  a ld eh y d e  ta k e s  p lace  a t  
an  ap p rec iab le  ra te  on ly  a t  p o te n tia ls  m ore n eg a tiv e  th a n  60 mV. I t  sh o u ld  
be n o te d  th a t ,  a t  a g iven p o te n tia l, th e  re d u c tio n  ra te  decreases w ith  t im e , 
an d  a f te r  a longer period  (a few  hours) th e  iR cu rve  tu rn s  in to  th e  iHj cu rv e , 
i.e. th e  h y d ro g e n a tio n  o f  th e  a ld eh y d e  ceases. T he v a r ia tio n  o f c u rren t d e n s ity  
w ith  tim e  (a t 20 mV) is given in  F ig . 3. A t th e  electrode gas evo lu tion  can  be  
o b served ; on th e  basis  o f gas c h ro m a to g rap h ic  analysis i t  p ro v ed  to  be p ro 
p an e . A m ong th e  gaseous p ro d u c ts  no  o th e r  h y d ro ca rb o n s ap p eared  in  c o n 
c e n tra tio n s  h igher th a n  1 — 2 % .

In  th e  case o f ace ta ld eh y d e  e ssen tia lly  th e  sam e p h enom ena  w ere fo u n d ; 
in  th is  case e th an e  fo rm a tio n  w as o b se rv ed . O n th e  basis o f th e  above e x p e ri
m en ts  i t  can  be s ta te d  t h a t

1) T he e lec tro h y d ro g en a tio n  o f  a ldehydes can  be carried  o u t on p la t in 
ized  p la tin u m  elec trodes,
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2 ) am ong th e  p ro d u c ts  of h y d ro g e n a tio n  th e  co rrespond ing  h y d ro c a r 
bons also occur.

In  order to  f in d  th e  p ropo rtio n  o f th e  h y d ro ca rb o n  com ponen ts f u r th e r  
ex p erim en ts  h ad  to  b e  carried  ou t. T h e  d e te rm in a tio n  o f c u rre n t effic iency  
fo r th e  h y d ro ca rb o n  c a n  be  m ade b y  v o lu m e tr ic  m easu rem en ts  o f th e  evo lved  
gas u n d e r  g a lv a n o s ta tic  cond itions, o b v io u sly , a t  p o te n tia ls  w here no ap p re c i
ab le  h y d rogen  ev o lu tio n  is expected .

t  m i n

F ig . 3. C urren t in te n s ity  vs. tim e a t  20 mV

R eference m easu rem en ts  were c a rr ie d  ou t fo r avo id ing  th e  possiba  
e rro rs. In  th e  absence o f a ldehyde th e  b a c k g ro u n d  e lec tro ly te  w as e lec tro ly zd - 
w ith  th e  sam e e lec tro d e  an d  cu rren t d e n s ity  as used in  th e  e lec trohydrogenee  
t io n  o f th e  a ldehyde, a n d  th e  volum e o f th e  h y d rogen  evolved was m easu red .

A ccording to  th e  reac tio n  2 H + -f- 2e~ — H 2, a charge of 2F  is re q u ire d  
fo r th e  fo rm atio n  o f 1 m ol of h y d ro g en , w hereas th e  fo rm a tio n  of 1 m ol o f 
h y d ro c a rb o n  req u ires  4 F .

T he volum e vs. tim e  curves fo r p ro p io n a ld éh y d e  are  show n in F ig . 4. 
In  th e  presence o f a ld eh y d e  the  e lec trode  p o te n tia l n ev e r becam e m ore n e g a 
t iv e  th a n  30 mV, so th e  am oun t of h y d ro g e n  in  th e  gases evolved w as a few  
p e r cen t a t  th e  m o st. B earin g  th is  in  m in d , th e  s ligh t c u rv a tu re  o f th e  cu rve  
re fe rrin g  to  CH 3— С Н 2— CH 3 can be e x p la in e d  b y  assum ing  th a t  in  th e  p ro g ress  
o f e lectro lysis a n o th e r  p ro d u c t m ay  also be  fo rm ed  (e.g. alcohol) in  ad d itio n  to  
p ro p a n e . A nyhow , i t  is ap p a re n t from  th e  exam ple p re sen ted  here t h a t  th e  
c u rre n t efficiency w ith  respect of th e  h y d ro c a rb o n  is, a t  th e  beg inn ing  of th e  
e lec tro lysis , n ea rly  1 0 0% . (The slope o f cu rv e  2 a t  th e  orig in  is ab o u t one h a lf  
o f  t h a t  of curve 1 .)
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C onsidering  th e  a b o v e , it  can  be  said  th a t  in th e  e lec tro reduc tion  o f  a li
p h a tic  a ld eh y d es  a co n sid erab le  am o u n t of h y d ro ca rb o n s  is form ed.

T h is e x p e rim e n ta l fa c t disproves th e  opin ion , ex is tin g  for g rea t m a n y  
y ears , th a t  a ldehydes c a n  he reduced  to  h y d ro ca rb o n s  on ly  a t  e lectrodes o f 
h igh h y d ro g en  o v e rp o te n tia l .

F ig. 4. Gas vo lum e vs. t im e  a t  a  cu rre n t o f 15 m  A: b ack g ro u n d  so lu tion  I N  IIC 10,, 
0.3 mol/1 p ro p io n ald éh y d e  so lu tion

F ig. 5. P o la riza tio n  curve fo r 0.3 mol/1 ace ta ld eh y d e
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D ifficu lties arise , th o u g h , in  e s tab lish in g  a p o te n tia l—c u rre n t re la tio n 
sh ip  fo r th e  e lec tro h y d ro g en a tio n , ow ing  to  th e  very  n a rro w  p o te n tia l  range  
a n d  to  th e  v a r ia tio n  of th e  re a c tio n  ra te  w ith  tim e. In  p o te n tio s ta tic  m easu re 
m e n ts  on a ce ta ld éh y d e , if  th e  p o te n tia l  is changed  betw een  tw o  m easu rem en ts  
re la tiv e ly  qu ick ly , th e  cu rve  g iven in  F ig . 5 can  be d raw n  fro m  th e  m easu red  
c u r re n t  in te n s ity  d a ta , i.e. th e  log i  vs. p lo t is ap p ro x im a te ly  a s tra ig h t line 
w ith  a slope o f a b o u t 1/60 m V -1 . T he s itu a tio n  is sim ilar w ith  p ro p io n a ld éh y d e  
(F ig . 6 ), on ly  th e  slope being  d iffe ren t (1/80 m V -1). As fa r  as we see, th e  reli-

F ig . 6. P o la riz a tio n  cu rv e  fo r  0.3 mol/1 p ro p io n ald éh y d e

a b il i ty  of th ese  d a ta  is in su ffic ien t fo r m a k in g  any  defin ite  conclusions from  th e  
slope d a ta  on th e  d e ta iled  m echan ism  o f hy d ro g en a tio n . A t a n y  ra te , i t  ap p ears  
p ro b a b le  th a t  th e  re d u c tio n  ta k e s  p lace  via  a “ rad ica l m ech an ism ”  [6 ], i.e. 
th e  h y d ro g en  a to m s adso rbed  on th e  p la tin u m  tak e  p a r t  in  th e  reac tio n .

2. Investigations on the oxidation

T o g e th e r w ith  th e  o x id a tio n  o f e th a n o l also the  o x id a tio n  o f  ace ta ld eh y d e  
w as s tu d ied  b y  H o llna g el  an d  L o h se  [7 ], as well as b y  R ig h tm ir e  et al.
[8 ]. I t  has been  fo u n d  th a t  th e  p ro d u c t o f th e  o x id a tio n  is ace tic  acid . In  
p o te n tio s ta t ic  m easu rem en ts  a c u rre n t m ax im u m  has b een  observed  a t  a b o u t 
1200 mV. In  th e  case o f e th an o l th is  m a x im u m  appears a ro u n d  850 mV.

T his d ifference be tw een  th e  o x id a tio n  of alcohols a n d  aldehydes h as  
b e e n  a t t r ib u te d  b y  H o llna g el  an d  L o h se  to  th e  oxide la y e r  on th e  su rface , 
w h ich , in  th e  case o f e th an o l in h ib its  th e  reaction , w hereas in  th e  case o f  
th e  a ld eh y d e  th is  does n o t occur b ecau se  o f th e  reac tio n

P tO  +  CH 3CHO - ,  C H 3COOH +  P t .
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No in v estig a tio n s h av e  b een  found  in  th e  l i te ra tu re  concern ing  th e  
b e h a v io u r  o f th e  h ig h er m em bers of th e  hom ologous series o f a lip h a tic  a l
d ehydes. F o r th e  s tu d y  o f  th e  o x id a tio n  of ra-propanol, h ow ever, as i t  h as  been  
m en tio n ed , th e  in v es tig a tio n  o f th e  o x id a tio n  of p ro p io n a ld éh y d e  w as neces
sa ry .

O ur f irs t in v estig a tio n s aim ed  a t  th e  d e te rm in a tio n  of th e  o x id a tio n  
p ro d u c ts . A  v e ry  sim ple in d ire c t m eth o d , also ap p licab le  in  o th e r  sim ilar 
cases, w as used to  d e te rm in e  if  p ro d u c ts  o th e r th a n  p rop ion ic  acid  w ere 
fo rm ed  in  th e  process. In  th e  cell, connected  to  a gas b u re t te ,  o x id a tio n  w as 
ca rr ied  o u t fo r a long tim e  a t  a re la tiv e ly  h igh  c u rren t ( 2 0 0  m A fo r  1  to  2  hou rs). 
I f  th e  o x id a tio n  y ie lded  p ro d u c ts  o th e r  th a n  p ropionic  ac id , gaseous p ro d u c ts  
sh o u ld  also be fo rm ed , w hich  w ould  he in d ica ted  b y  th e  gas b u re tte . In  th e  
ex p erim en ts  no change of th e  gas vo lum e w as observed , so i t  can  be  s ta te d  
t h a t  p ro d u c ts , a p a r t  from  p rop ion ic  acid , w ere fo rm ed  on ly  in  neglig ib le 
a m o u n ts . (The sam e e x p e rim en t w as carried  o u t also w ith  n -p ro p an o l, an d  
no gas evo lu tion  w as observed  in  th is  case e ith e r; so th e  an a lo g y  w ith  e th a n o l, 
a t  le a s t in  th is  re sp ec t, is com plete .)

D urin g  th e  g a lv a n o s ta tic  m easu rem en ts th e  p o te n tia l  w as n o t e x a c tly  
c o n s ta n t, changing  be tw een  1000 and  1300 mV, so th e  above s ta te m e n ts  
p e r ta in  to  these  fa irly  h igh  p o te n tia l values an d  b ro a d  p o te n tia l range.

In  o rd er to  d e te rm in e  th e  s te a d y  s ta te  p o la riz a tio n  curve  fo r  th e  
o x id a tio n  process, th e  q u estio n  h a d  to  be  answ ered  i f  th e  s te a d y  s ta te  can  
b e  ach iev ed  a t  all.

T he v a r ia tio n  o f th e  c u rre n t w ith  tim e  a t  d iffe ren t p o te n tia l va lu es  (for 
p ro p io n a ld éh y d e) m easu red  b y  a p o te n tio s ta tic  m e th o d  is show n in  F ig . 7. 
T h e  m easu rem en ts s ta r te d  a t  low  p o te n tia l va lues, a n d  th e  p o te n tia l  w as 
g rad u a lly  increased , allow ing 20 to  40 m in  betw een  th e  consecu tive  m easu re 
m en ts .

I t  can  be seen from  th e  fig u re , t h a t  th e  a t ta in m e n t of a s te a d y  s ta te , 
p a r tic u la r ly  a t  p o ten tia ls  m ore po sitiv e  th a n  1000 mV, can  h a rd ly  be  assum ed .

In  accordance w ith  th e  p h enom ena  observed  in  th e  case o f a ce ta ld eh y d e  
[7], i t  has been  fo u n d  th a t  in  th e  p re sen t case, too , th e  p o te n tia l  dependence 
o f  th e  ra te  of o x id a tio n  corresponds to  a cu rv e  w ith  a m ax im u m , p ro v id ed  th a t  
th e  tim e  elapsed be tw een  th e  ex p erim en ts  is longer th a n  5 m in  b u t  does n o t 
exceed  40 m in. T he m ax im u m  is a ro u n d  1200 mV also in  th is  case. O n th e  basis  
o f F ig . 7 i t  is also clear t h a t  severa l d iffe ren t p o la riz a tio n  curves m a y  be 
co n s tru c te d , depend ing  on th e  tim e  elapsed  betw een  th e  ex p erim en ts , so b y  
th is  m ethod  th e  u n equ ivoca l d e te rm in a tio n  of th e  p o la riza tio n  curve  is im 
possib le.

In  our opinion, th e  tim e  dependence of th e  c u rre n t a t  f ix ed  p o te n tia ls  
is re la te d  to  th e  slow fo rm a tio n  of an  oxide lay e r. A ccord ing  to  our in v e s tig a 
tio n s  rep o rted  elsew here [9], th e  r a te  of reactions in  w hich  oxygen  a d so rb ed
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F ig . 7. V aria tio n  of c u rre n t  w ith  tim e  in th e  p o te n tio s ta tic  m easu rem en ts; 0.3 mol/1 p ro p io n 
aldéhyde so lu tion

on  p la tin u m  (oxide) ta k e s  p a r t  is low, so in  th e  case u n d e r s tu d y , even a t  h igh 
p o s itiv e  p o ten tia ls , i t  is th e  free m eta l su rface  th a t  ta k e s  p a r t  in  th e  reac tio n . 
T h is  provides an  e x p la n a tio n  for th e  d iv e rs ity  of p o la riza tio n  curves an d  th e  
u n c e r ta in ty  of th e ir  d e te rm in a tio n .

I t  is clear from  th e  ab o v e  considera tions th a t  th e  m ore ex ac t in te rp re ta 
t io n  o f these p h en o m en a  does require  fu r th e r  inv estig a tio n s.
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T h erm o d y n am ic  functions o f iso to p ic  d ib o ran e  m olecules are calcu la ted  u sin g  
spectroscopic  d a ta  a n d  assum ing th e  rig id  ro ta to r  h a rm o n ic  osc illa to r ap p ro x im atio n . 
T h e  fu n c tio n s CJ,p, Sm, (Н т -Е т о ) /Т  a n d  —(GJ, -V*,o)jT are  g iven  for 100 to  1000 K .

Cy v in  an d  V izi [1] carried  o u t n o rm al co -o rd in a te  analyses of iso top ic  
d ib o ran e  m olecules a n d  ca lcu la ted  th e  m ean  am p litu d es  on th e  basis of e x p e ri
m e n ta l d a ta  from  th e  lite ra tu re . I t  tu rn e d  o u t e v e n tu a lly  th a t  th e  re la tiv e  
m ag n itu d es  fo r tw o s tre tc h in g  force c o n s ta n ts  used  in  R ef. [1], seem ed to  be 
u n reaso n ab le . T herefo re  th e  force fie ld  h a d  to  be rev ised  [2]. In  connec tion  
w ith  th e  force fie ld  rev ision , th e  a u th o rs  o f th e  p re se n t w ork  p erfo rm ed  a c a l
cu la tio n  o f  th e  th e rm o d y n am ic  fu n c tio n s  fo r iso top ic  d ib o ran e  m olecules. T h e  
ca lcu la tio n s are  b a sed  on th e  sam e s tru c tu ra l  p a ra m e te rs  as in  R ef. [1], 
an d  on v ib ra tio n a l frequencies [1, 3, 4 ]. T he frequencies fo r 11B 2H 6 an d  10B 2D 6 

are id e n tic a l w ith  th o se  in  Ref. [1]. F o r  th e  in te rm e d ia te  iso top ic  m olecules th e  
spectroscop ic  d a ta , q u o ted  b y  K u c h it su  in  p r iv a te  com m unica tion  [4], 
were ta k e n  from  th e  w o rk  of Ogaw a  a n d  M iy a z a w a  [4]. T he app lied  values fo r  
tw o lack in g  freq u en c ies , viz. [954] a n d  [1012] in  T ab le  I ,  w ere e stim a ted  fro m  
iso topic  sh ifts  acco rd in g  to  K u c h it s u ’s ca lcu la tio n  [3]. S y m m etry  species 
d e sig n a tio n  is in  acco rd an ce  w ith  R efs [1] a n d  [5]. T he ca lcu la tio n  w as c a r 
ried  o u t in  th e  u su a l w ay  [6 ]. T he re su lts  in  T ab les I I —V  are  v a lid  fo r  th e  
ideal gas s ta te  a t  a tm o sp h eric  p ressu re .
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T ab le  I

Observed frequencies fo r  isotopic species o f  diborane 
(cm -  1 u n its )

“ B2H , “ B 2H , ub 2d , “ B A

2524 2537 1850 1860

2104 2 1 1 0 1500 1511

1180 1186 915 929

794 820 700 726

1 0 1 2 [ 1 0 1 2 ] 730 730

B 2g 2591 2640 1975 1980

920 930 725 740

1768 1768 1270 1273

1035 1044 860 870

A u 829 829 592 592

2525 2528 1840 1845

1602 1606 1199 1205

1177 1181 873 881

1915 1920 1460 1465

973 977 720 728

2612 2625 1985 1999

Взи 950 [954] 730 705

368 368 250 262
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Table II

Calculated therm odynam ic quantities fo r  n B 2H 6 
(in cal • mol- 1 K- 1 units)

T, к C mp Hm —Em Gm — E mO sí,
T T

100 8.238 8.002 36.683 44.686

200 9.996 8.489 42.351 50.839

300 13.392 9.526 45.970 55.496

400 17.224 10.974 48.903 59.876

500 20.760 12.584 51.523 64.107

600 23.866 14.212 53.962 68.173

700 26.549 15.787 56.272 72.059

800 28.843 17.280 58.478 75.758

900 30.790 18.676 60.595 79.271

1000 32.438 19.972 62.631 82.602

Table III

Calculated therm odynam ic quantities fo r  10B 2H 6 
(in cal • mol- 1 K- 1 units)

T ,  к C mp Hm — EmO 
T

Gm — E  mO 
T

S m

100 8.237 8.002 36.354 44.356

200 9.957 8.481 42.020 50.501

300 13.309 9.499 45.633 55.132

400 17.128 10.931 48.555 59.486

500 20.662 12.530 51.165 63.695

600 23.769 14.151 53.593 67.743

700 26.454 15.721 55.893 71.614

800 28.751 17.210 58.091 75.301

900 30.702 18.604 60.199 78.803

1000 32.354 19.899 62.227 82.126
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Table IV
Calculated therm odynam ic quantities fo r  n B 2D 6 

(in cal • mol- 1 K- 1 units)

T, к Cmp H m — E mO Gm — E»iO Sm
T T

100 8.759 8.157 38.674 46.831
200 11.995 9.142 44.582 53.725
300 16.974 10.914 48.604 59.518
400 21.657 13.028 52.030 65.059
500 25.591 15.160 55.168 70.328
600 28.789 17.175 58.112 75.287
700 31.351 19.024 60.901 79.925
800 33.391 20.697 63.552 84.250
900 35.016 22.201 66.079 88.280

1000 36.317 23.550 68.489 92.039

Table V

Calculated therm odynam ic quantities fo r  10B 2D 6 
(in cal • mol- 1 K- 1 units)

T, к C mp Hot — Еот 0 Got — EotO Sot
T T

100 8.694 8.132 38.408 46.540
200 11.901 9.092 44.290 53.382
300 16.853 10.843 48.288 59.131
400 21.531 12.944 51.692 64.636
500 25.471 15.068 54.809 69.878
600 28.680 17.079 57.737 74.816
700 31.253 18.927 60.510 79.437
800 33.304 20.601 63.149 83.750
900 34.939 22.107 65.664 87.770

1000 36.249 23.458 68.064 91.522
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The molecular geometry and rotational isomerism of ethane-1,2-dithiol was 
studied in the vapor phase by electron diffraction. A n ti  and gauche conformers were 
found about the C— C bond with relative abundances of 62 and 38 per cent, respectively. 
The gauche conformer can be obtained from the anti form by rotating one of the SH 
groups about the C—C bond by 106°.

Introduction

A v ib r a t io n a l  a n a l y s i s  w a s  c a r r ie d  o u t  b y  H a y a s h i , S h i r o , O s h i m a  a n d  

M u r a t a  [ 1 ] t o  s t u d y  t h e  r o t a t io n a l  i s o m e r is m  a n d  f o r c e  c o n s t a n t s  o f  e t h a n e -

1.2- d ith io l, H S —C H 2— C H 2— SH . T h ey  found  tw o s im u ltan eo u sly  ex is tin g  
conform ers in  th e  gaseous s ta te , anti  an d  gauche, a b o u t th e  C— C b o n d  w ith  
a n  energy  difference of 0.63 kca l/m o l, th e  anti  form  b e in g  m ore s ta b le . O th e r
1 .2 - d isu b s titu te d  e th a n e  d e riv a tiv e s  h av e  been an d  are  ex ten s iv e ly  s tu d ied  
b o th  b y  spectroscopy  a n d  e lec tro n  d iffrac tio n  (see e.g. R ef. [2]). F o r  a com 
p a riso n  w ith  th e  sp ec tro scop ic  re su lts  an d  also to  p rov ide  th e  m o lecu lar geom e
t r y  fo r fu r th e r  force m odel in v e s tig a tio n s  we u n d erto o k  a s tu d y  of th e  s tru c tu re  
a n d  ro ta t io n a l  isom erism  o f e th a n e -1 ,2 -d ith io l in  v a p o r  phase  b y  e lec tron  
d iffrac tio n .

Experimental and data reduction

E th an e -1 ,2 -d ith io l (b .p . 146 °C/760 m m ) is a colourless liqu id  an d  has 
e x trem e ly  offensive o d o u r. T he sam ple  used  in  th is  s tu d y  w as th e  p ro d u c t of 
th e  C hem ical Sam ples Co. (C olum bus, O hio, U .S.A .).

T he elec tron  d iffrac tio n  p a tte rn s  w ere recorded  on th e  B u d ap est a p p a ra tu s  
described  earlie r (a m odified  EG -100A  u n it) using  new ly  designed  nozzle 
[3] an d  sec to r [4] sy s tem s. N ozzle to  p la te  d istances o f 50 an d  19 cm an d  60 
keV  electrons were u tiliz e d . T he nozzle te m p e ra tu re  w as a b o u t 70 °C d u rin g  
th e  ex p erim en t. F o u r  an d  th re e  p la te s  from  th e  long an d  sh o rt c am e ra  d is
ta n c e s , re spec tive ly , w ere chosen fo r analysis . A Zeiss G U I p h o to m e te r  was 
u sed  fo r ob ta in in g  th e  o p tica l d en sity  d is trib u tio n s . T he p la te s  w ere osc illa ted  
a ro u n d  th e  cen tre  o f th e  d iffra c tio n  p a tte rn  during  th e  trac in g .

Acta Chim. (Budapest) 75, 1973



382 SCHULTZ, H AR GITT AI: ELECTRON DIFFRACTION INVESTIGATION

The ranges o f  in ten sity  data were 1.75 <7 s 12.25 Â -1  and 7.00 < / 
:<  s < / 30.25 Â -1 , resp ectively  ( s  =  4jrA_ 1 sin 1/2 0  where X  is the electron  
w avelength  and 0  is th e  scattering angle).

For drawing th e  first experim ental background, theoretical molecular 
in ten sity  curves were taken  into consideration. Therefore, prelim inary curves 
w ere calculated for a n t i  and g a u c h e  isomers and their m ixtures w ith assumed  
geom etry. The experim ental m olecular in tensities were obtained according 
to  the expression s M E ( s )  — s [ I ( s )  —  B ( s ) ] / B ( s )  in the usual w ay. Here I ( s )  

are the total experim ental in tensities and B ( s )  the experim ental background. 
The latter was later m odified when better theoretical curves becam e avail
able. The final versions are shown in F ig. 1. The experim ental molecular

F ig . 1. T he to ta l e x p e rim e n ta l in ten sitie s , l f ( s ) ,  fo r th e  50 cm  a n d  19 cm  cam era ra n g e , 
sh o w n  w ith  th e  ex p erim en ta l b ack g ro u n d  d raw n  in

F ig . 2. M olecular in te n s it ie s . E — ex p erim en ta l; T  —  th eo re tica l, co rrespond ing  to th e  geo
m e try  presen ted  in  T ab le  I I  an d  a  62 an d  38 pe r c en t m ix tu re  of anti a n d  gauche conform ers. 

T h e  d ifference  (Zl) betw een  E  an d  T  is also show n
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in ten s itie s  w ere scaled  an d  averaged  to  fo rm  a single com posite  cu rve  show n 
in F ig . 2 a n d  co rrespond ing  to  th e  eq u a tio n

sM(s) =  У  У  cos [rji{s)—rij(s)] X
t j  B (s)
W ( 1 )

X exp — lb sin (r,-, s ) /r ,

w here th e  | / ( s )  | an d  r)(s) are  th e  a b so lu te  va lu es  a n d  p h ases  o f th e  co m p lex  
e lec tro n  sc a tte r in g  am p litu d es, th e  rtj- a re  in te ra to m ic  d istances an d  th e  ltj 
a re  th e  co rrespond ing  m ean  a m p litu d es  o f  v ib ra tio n ; th e  su m m atio n  e x te n d s  
over a ll a to m ic  p a irs . The n u m erica l va lu es  o f th e  com posite  e x p e rim e n ta l 
m o lecu lar in te n s ity  cu rve  are lis ted  in  T ab le  I .

Table I

E xp erim en ta l molecular in tensity  data, range s =  1.75 by 0.25 to 30.25  Â  1
(a rb itra ry  scale)

------------------------------------------------- ------------------------------------------------
— 961 —2380 —2948 — 2950 — 1691 — 1035
— 964 — 1335 —1533 — 946 542 2013

2876 2510 1537 619 —  419 — 1438
—2671 —2507 — 1214 816 2631 3303

2009 477 — 566 — 731 — 520 — 215
_  488 _  981 —1522 — 1345 — 1009 — 657
— 21 1105 2508 3120 2896 1394
— 549 — 1856 —2651 —2301 — 1488 — 617

798 1781 2432 2256 1415 70
— 1021 —1282 —1265 — 1299 — 974 — 1094
—1113 — 728 — 192 502 1135 1904

2668 2562 1695 615 — 905 — 1829
—2478 — 1960 —1160 — 302 109 724

631 817 544 201 167 — 304
258 — 446 — 651 — 852 — 1245 — 735

— 551 314 338 633 743 901
605 70 — 533 — 672 — 1222 — 502

— 829 — 558 657 94 334 579
827 392 98 — 249 302 — 220

— 1095

The table develops horizonllaly
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Structure analysis

Geometry o f  the models. I f  assum ing  t h a t  th e  S— H  b o n d s a re  anti  to  th e  
C— C bon d * , an d  th e  SCC p lanes b isec t th e  H C H  angles, th e  g eo m etry  o f th e  
anti  conform er a b o u t th e  C— C bo n d  can  b e  described  b y  fo u r bo n d  len g th s  
(C— H , S— H , C— C, S— C), and  four b o n d  angles (S—C—C, C—S - H ,  H —G—H  
a n d  S— C— H ). F o r d e te rm in in g  th e  g eo m e try  o f  th e  gauche fo rm , an  a d d itio n a l 
p a ra m e te r , th e  to rs io n a l angle from  th e  anti  fo rm  r(S — C— C —S) is need ed  
im p ly in g  th a t  th e  tw o  conform ers h av e  th e  sam e b o n d  leng ths an d  bond  angles. 
T h e  re p re se n ta tio n  o f  th e  to rsional ang le  is g iven  in  Fig. 3.

F ig .  3 . R ep resen ta tio n  of th e  to rs io n a l angle r

Experim ental radial distribution. T h e  ex p e rim en ta l ra d ia l d is tr ib u tio n s  
w ere ca lcu la ted  fro m  th e  exp erim en ta l m o lecu la r in te n s ity  d a ta . E ith e r  zeros 
o r th e o re tic a l sM (s)  v a lu es  were used fo r th e  u n o b se rv ed  range  0.25 <Ç s <Ç 1.50 
Â -1 . T h e  ex p e rim en ta l ra d ia l d is tr ib u tio n  cu rv e  in  Fig. 4 was co m p u ted  using  
a d a m p in g  fac to r  a —  0 . 0 0 2  Â2 an d  th e  v a lu es  o f th e  th e o re tic a l in te n s ity  
cu rv e  o f Fig. 1 for th e  unobserved  ran g e . F o r  th is  an d  o th e r ca lcu la tio n s th e  
p a r t ia l  w aves e lec tro n  sca tte rin g  a m p litu d e s  an d  phases o b ta in ed  b y  St r a n d ’s 
p ro g ra m  [5] w ere u sed .

T he th ree  p eak s  betw een  1 a n d  2 Â  on th e  exp erim en ta l ra d ia l d is tr i
b u tio n  curve arise  fro m  th e  bond  d is tan ces  C— H , S — H , C— C an d  S— C. 
T he p e a k  a t  1 .1  Â is d u e  to  th e  C— H  b o n d  d is tan ces , th e  n e x t one a t  1.5 Â is 
b u il t  u p  b y  c o n tr ib u tio n s  from  th e  S— H  an d  C— C bonds an d  is u n reso lv ed . 
T h e  S— C bond  a p p e a rs  a t  abou t 1.82 Â. T he m ax im a b e tw een  2 a n d  3 Á 
co rresp o n d  to  n o n -b o n d  d istances. T h e  m o st im p o r ta n t o f th ese  are  th e  S.C 
d istances**  w hich a re  in d ep en d en t o f ro ta t io n  a b o u t th e  C— C b o n d . T he m a jo r

* T his a ssu m p tio n  is su p p o rted  by  th e  c o n sid e ra tio n s  p resen ted  b y  H a y a sh i et al. [1].
** H ere  and  h e re a f te r  th e  n u m b er o f d o ts  specifies th e  n u m b er o f b o n d  angles sep a ra tin g  

th e  a to m s.
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F ig . 4. R a d ia l d is trib u tio n s. E  —  e x p erim en ta l. T h e  th eo re tic a l cu rves co rrespond  to  th e  
g e o m e try  p re sen te d  in  T ab le  I I  w ith  A  —  all anti; G — all gauche; a n d  62 +  38 p e r  c en t 
an ti  a n d  gauche  conform ers. T he d ifference  (zl) be tw een  E  an d  62%  A  +  38%  G is also show n

c o n trib u tio n s  to  th e  m ax im a a t  a b o u t 3.5 an d  4.4 Â com e from  th e  S. . S 
n o n -b o n d  d istances in  th e  gauche  a n d  anti  conform ers, re spec tive ly .

T ria l  structures. T he  s ta r t in g  v alues for th e  C— H , S — H , C —C an d  S— C 
b o n d  d is tan ces  were 1.09, 1.35, 1.54 an d  1.80 Â, re spec tive ly . T he b o n d  ang le  
C— C —S w as e s tim a ted  to  be  113.5° using  th e  m en tio n ed  va lu es  fo r th e  C —C, 
S— C b o n d s  and  th e  v alue  of th e  m ax im um  a t  2 . 8  A, to  w hich th e  m ain  c o n tr i
b u tio n  com es from  th e  S.C d is tan ces . T he o th e r  angles a ro u n d  th e  ca rb o n  
a to m s w ere assum ed  to  be  te tra h e d ra l ,  th e  su lfu r valence angle w as e s tim a te d  
to  be  100°. The m ax im u m  for th e  gauche S . . S d istances a t  a b o u t 3.5 A  w as 
also ta k e n  in to  accoun t in  e s tim a tin g  th e  т to rs io n a l angle to  be  114°. C on
cern ing  th e  am o u n ts  of th e  conform ers, a series of th e o re tic a l rad ia l d is tr ib u 
tio n s  w ere ca lcu la ted  a t  th is  e a rly  stage  w ith  d iffe ren t ra tio s  inc lud ing  th e  one 
(56%  anti  an d  44 %  gauche) co rrespond ing  to  th e  energy  difference o b ta in e d  
in  th e  v ib ra tio n a l analysis b y  H a y a sh i et al. [ l ]* T h e  ra d ia l d is tr ib u tio n s  w ere 
ra th e r  in sensitive  to  th is  ra tio  a n d  th e  spectroscopic  resu lts  w ere u sed  as 
s ta r t in g  values fo r th e  am o u n ts  o f th e  conform ers in  m ost cases a t  th is  s ta g e  
o f th e  analysis . T he s ta r tin g  va lu es  o f th e  m ean  am p litu d es  o f  v ib ra tio n  w ere

* T h e  n slna =  2(fglfa) exp  (—A E /R T ) ,  (2), fo rm u la  w as used  w here n g/na is th e  m o lecu la r 
ra tio  fo r th e  tw o  form s, 2 is th e  w e ig h t fa c to r  o f th e  gauche fo rm  re la tiv e  to  th e  an ti  fo rm ; 
f„  a n d / a a re  th e  v ib ra tio n a l an d  ro ta t io n a l  p a r ti t io n  fu n c tio n s fo r th e  tw o conform ers, h o w ev er, 
fa lfa  w as n eg lected  in  th e  p re sen t ca lcu la tio n s (see e.g. [2]).
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ta k e n  from  li te ra tu re  d a ta  (see e.g. Cy v i n ’s book  [6 ]) w ith  th e  ex cep tion  of 
l(S— C) w hich w as e s tim a te d  from  th e  e x p e rim e n ta l ra d ia l d is tr ib u tio n .

Refinement.  T h e  le a s t squares m e th o d  w as app lied  to  th e  m olecu lar 
in te n s itie s  in th e  fo rm  correspond ing  to  E q u a tio n  ( l) .T h e  1.75 s 30.25 Â - 1  

d a ta  in te rv a l w as u tiliz e d . A d iagonal w e ig h t m a tr ix  w as used . T he re fin e 
m e n t w as carried  o u t b y  ite ra tio n  a lte rn a te ly  fix in g  e ith e r  th e  geo m etry  an d  
m ean  am plitudes o f v ib ra tio n  or th e  a m o u n ts  o f th e  tw o  fo rm s, resp ec tiv e ly . 
W h e n  refin ing  th e  g eo m etrica l p a ra m e te rs , n o t all of th em  could  be v a ried  
sim u ltan eo u sly . T h u s  d iffe ren t c o n s tra in ts  w ere app lied  ta k in g  also in to  
a c c o u n t co rre la tion  am o n g  p a ram e te rs . T h e  b o n d  len g th s , bo n d  angles, th e  
to rs io n a l angle a n d  som e o f th e  m ean  a m p litu d e s  o f v ib ra tio n  d e te rm in ed  are  
p re se n te d  in T ab le  I I .  T h e  aLS s ta n d a rd  d ev ia tio n s  show n w ere o b ta in ed  b y

Table II

P a ra m e te rs 1TLS cr

r(C— H ), Á 1.12 0.009 0.013

i(C— H ), A 0.076 0.010 0.014

r(S— H ), A 1.40 0.02 0.028

I(S— H ), A 0.07 0.04 0.057

r(C— C), A 1.53 0.02 0.028

l(C -C ) ,  A 0.06 0.03 0.042

r(S— C), A 1.819 0.002 0.006

1(S—  C), A 0.061 0.005 0.007

C— C— s 112.0° 0.9° 1.3°

S— C— H 107.0° 2.2° 3.1°

C— S— H 90.5° 3.2° 4.5°

r(S —C— C— S) 106.3° 3.5° 5.0°

1(S .  C) 0.074 0.005 0.007
l ( S . . S) g a u c h e 0.15 0.02 0.028

i(S . . S) a n t i 0.122 0.009 0.013

th e  le a s t squares p ro ced u re . In  th is  a ll th e  g eom etrica l p a ra m e te rs  an d  m ean  
a m p litu d es  of v ib ra tio n  w ere allowed to  v a ry  w ith  th e  ex cep tio n  of th e  fo llow 
in g : m ean  am p litu d es o f  v ib ra tio n  of th e  h y d ro g e n -h y d ro g e n  d istan ces  fo r b o th  
fo rm s an d  of th e  ca rb o n —h y drogen  d is tan ces  fo r th e  gauche fo rm . T he s ta n d a rd  
d ev ia tio n s  are  re la tiv e ly  large and  in  ca lcu la tin g  th e  at to ta l  e rro rs, also 
show n  in T able I I ,  th e  ex p erim en ta l e rro r o f  a b o u t 0.2 p er cen t can  be  neg lec ted  
in  a ll cases b u t  in  t h a t  o f  th e  S — C b o n d  d is tan ce . To ta k e  acco u n t o f possib le 
c o rre la tio n  am ong th e  o bserva tions, th e  v a lu es  of aLS w ere m u ltip lied  b y  a
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fa c to r  of |/2 in  o b ta in in g  th e  values of 0 7 . J u s tif ic a tio n  fo r th is  has been g iven  
b y  H e d b e r g  a n d  I w a sa k i [7].

T he le a s t sq u ares  re fin em en t for th e  a m o u n ts  o f  th e  anti  and  gauche  
form s re su lted  in  62 an d  38 p e r cen t, re sp ec tiv e ly , w ith  3 p e r cen t s ta n d a rd  
d ev ia tio n . I f  m u ltip lied  b y  ]A2 fo r th e  sam e reason  as g iven  above, 4.2  is 
o b ta in ed . T h is s till seem s to  b e , and  p ro b a b ly  is, to o  sm all p a r t ly  b ecau se  
in  c a lcu la tin g  th e  aLS v a lu es  fo r  th e  a m o u n ts  o f  conform ers, th e  g eo m etry  
o f th e  form s w as n o t allow ed to  v a ry .

T he p a ra m e te rs  o f T ab le  I I  w ere used  in  ca lcu la tin g  th e  th e o re tic a l 
d is tr ib u tio n s  T  o f  F ig . 2, an d  A ,  G and  62%  A  -+ 38%  G o f  F ig . 4.

D iscussion

No u n u su a l va lu es  w ere o b ta in ed  fo r th e  g eo m etrica l p a ram ete rs . A 
d e ta iled  com parison  w ith  l i te ra tu re  d a ta  w ould  n o t  be  re le v a n t because o f  
th e  large  u n c e rta in tie s  o f th e  p a ram e te rs  o b ta in e d  fo r e th a n e -1 ,2 -d ith io l. 
T he possib le  ex cep tio n  is th e  S— G bond  d is ta n c e . F o r th is  b o n d  1.802 +  0.002 
Â, 1.8177 +  0.0002 Â an d  1.814 +  0.003 Â w ere o b ta in e d  in  CH3— S— C H 3 

[8 ], CH 3— S— H  [9] an d  CH 3S— C = C H  [10], resp ec tiv e ly .
T he to rs io n a l angle found  in  e th an e-1 ,2 -d ith io l is com pared  w ith  th o se  

in  o th e r  1 ,2 -d isu b s titu te d  e th an es in T ab le  I I I .

Table III

D ata on 1,2-disubstituted ethanes

F [11] Cl [11, 12] B r [11] N H 2 [13] SH, this work

m ore stab le  

conform er
gauche anti anti gauche anti

anti form  

p resen t

gauche form  

from  anti

4 - 1 5 % 73 +  7%  [11] 

73 +  5%  [12]

82—93% m ay  b e  a  

sm all frac tio n  

only

62 +  4.2%

T torsional angle 110.6 +  7° 116.0° [11] 

109 +  5° [12]

106.3° 116.0 +  5.0° 106 +  5°

tem p era tu re  of

th e  e lectron  dif

frac tio n  experi

m en t

14 °C — 7 °C [11] 

22 °C [12]

22 °C 55— 118 °C 70 °C
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T he m ean  a m p litu d es  o f v ib ra tio n  o f th e  bonds as w ell as of th e  S . C 
d is ta n c e  show n in  T ab le  I I  a re  n o rm a l. T he values fo r Z(S . . S), b o th  gauche 
a n d  anti,  are  q u ite  la rg e . T his m a y  h e  an  in d ica tio n  o f  s tro n g  to rs io n a l 
m o tio n .

T h e  re la tiv e  a b u n d an ce  of th e  conform ers fo u n d  in  e th a n e -1 ,2 -d ith io l 
is close to  th a t  d e te rm in ed  fo r d ich lo ro -1 ,2 -e thane. T here  is a m a rk e d  te n d 
en c y  o f th e  a m o u n t o f th e  gauche fo rm  to  decrease w ith  in c rea s in g  m ass o f 
th e  s u b s ti tu e n t as show n b y  th e  d a ta  in  T ab le  I I I .

T h e  energy  d ifference  b e tw een  th e  anti  and  gauche fo rm s o f e th a n e -1 ,2- 
-d ith io l ca lcu la ted  from  th e ir  re la tiv e  a b u n d an ce  accord ing  to  E q . (2) is 0.8 
k c a l/m o l. This va lu e  is in  reaso n ab ly  good agreem ent w ith  th e  spectroscop ic  
re su lts .

*
T h e  au th o rs  express th e ir  g ra ti tu d e  to  P ro fe sso r S. L e n g y e l  fo r h is su p p o rt a n d  in te re s t. 

T h e y  also th a n k  M r. B. R o zson d ai fo r ad v ice  in  p ro g ram m in g  a n d  M rs. M. K o lo n its  an d  
M rs. J .  Szilá g y i fo r te c h n ica l help . T he c o u rte sy  of D r. D. K ohl (A u s tin , T ex as) supp ly in g  
th e  sam p le  o f e th an e-1 ,2 -d ith io l is g ra te fu lly  acknow ledged.
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1088 B u d a p e s t, P u sk in  u tca  11— 13.

Acta Chim. (Budapest) 75, 1973



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 75 (4), pp. 389 — 392 (1973)

A SIMPLE METHOD FOR THE DETERMINATION OF 
THE RATE OF CORROSION

J .  D é v a y , L .  M é s z á r o s , F .  J a n á s z i k  and S a y e d  S a b e t  A b d  e l  R e h i m *
(D epartm ent o f  P hysical C hem istry, U niversity  o f  Chemical E ngineering , Veszprém and Research  

Group o f  E lectrochem istry, H ungarian  A cadem y o f  Sciences, Veszprém)

R eceived  M arch 2, 1972

A m odified  tec h n iq u e  is described  for th e  e lec tro ch em ica l ev aluation  of th e  
ra te  o f corrosion , b a se d  on th e  d e te rm in a tio n  of th e  p o la r iza tio n  resistance. T he m e th o d  
consists in  m easu rin g  th e  re sis tan ce  of a cell c o n ta in in g  tw o  id en tica l electrodes. T h e  
p o lariza tio n  re s is tan c e  can  be  d e te rm in ed  if  th e  re s is tan ce  o f th e  e lectro ly te  is k n o w n . 
T he new  m eth o d  is especially  su itab le  fo r corrosion s tu d ie s  in  o rgan ic  solvents, as w ell 
as lacquers , p a in ts  a n d  m elts, as th e  necessity  to  use  a  re fe ren ce  electrode is e lim in 
ated .

The m eth o d  o f ‘lin e a r  p o la riza tio n ’ or, m ore e x a c tly , ‘po lariza tio n  re s is t
ance’ is w idely  used  fo r  th e  d e te rm in a tio n  of th e  co rrosion  ra te  of m e ta ls  
accord ing  to  W a g n e r  a n d  T r a u d  [1] an d  S t e r n  a n d  G e a r y  [2]. The m e th o d  
consists essen tia lly  in  th e  m easu rem en t of th e  p o la r iz a tio n  resistance  of m e ta l 
e lectrodes im m ersed  in  th e  corrosive m edium . T h e  p o la riz a tio n  resis tan ce  is 
given b y

Rp = (t ] (1). ai /=o

(w here E  is th e  e lec tro d e  p o te n tia l, i is th e  c u rre n t d en sity ) . I f  th e  ra te s  o f 
m e ta l o x id a tio n  an d  red u c tio n  of th e  ox idized c o m p o n en t are con tro lled  
b y  a ch a rg e -tran sfe r  reac tion ,**  th e  eq u a tio n  of th e  p o la riza tio n  curve can  
be w ritte n  in th e  fo llow ing  fo rm :

/  E — E c Е - Е Л

i =  ic \e ba e bk J , (2 )

w here E c is th e  co rrosion  p o te n tia l  an d  ic is th e  co rro sio n  c u rre n t d en s ity ; 
ba an d  bk a re  th e  T afe l slopes fo r th e  anode an d  c a th o d e  p rocesses, resp ec tiv e ly . 
T he slope of th e  p o la riz a tio n  curve  a t  th e  corrosion  p o te n tia l  E c is

—] 1 1 _ . i 1
J Ë J* ^ 7ЖР lip 7&J’

di . =  o

* On leave from  A in -S h am p s U n iv e rs ity , Cairo, U A R  
* * T h e  m eth o d  can  b e  e x te n d ed  to  o th e r  k inds o f p o la riza tio n s , to o  (cf. H . K a e s c h e : 

Die K orrosion  de r M etalle , S p rin g er V erlag , B erlin  1966).
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H en ce , th e  corrosion  c u rre n t d e n s ity  is g iven  b y

ie =  —  ЪаК ■ (4)
R P К  +  bk

T h e  p o la riza tio n  re s is ta n c e  (R p) can  be  d e te rm in ed  b y  g ra p h ic a l d iffe ren tia tio n  
o f  th e  p o la riza tio n  cu rv e  a t  i =  0 , th u s  th e  p o la riza tio n  cu rv e  h as  to  he 
d e te rm in e d  only  in  th e  n e ig h b o u rh o o d  (E c — +  5mV) o f th e  co rro sio n  po ten - 
i ia l .T h e  m easu rem en t o f p a ra m e te rs  ba a n d  bh, w hich are in a c c u ra te  because of 
th e  inhom ogeneity  o f  th e  m e ta l su rface , c a n  be o m itted . T h u s su ffic ien t accuracy  
t s  a t ta in e d  b y  em p lo y in g  th e  T afel c o n s ta n ts  ev a lu a ted  b y  th e  fo rm u la

b =  (5)
oczF

a ssu m in g  « ^  0.5 (R  is th e  u n iv e rsa l gas c o n s ta n t, a  —- th e  tr a n s fe r  coefficient, 
T  — th e  abso lu te  te m p e ra tu re , z —  th e  n u m b er o f e lec trons in v o lv ed  in  th e  
e lec tro d e  reac tio n , F  —- th e  F a ra d a y  c o n s ta n t) .

T he above m e th o d  p e rm its  r a p id  an d  sim ple e v a lu a tio n  o f th e  ra te  
o f  corrosion . H ow ever, th e  choice o f th e  reference  e lectrode is d ifficu lt in  some 
cases such as th e  in v e s tig a tio n  o f co rrosion  in  organic so lv e n ts , lacquers, 
p a in ts  an d  m elts. W e h a v e  developed  a  te ch n iq u e  to  overcom e th is  d ifficu lty  
b y  d ispensing  w ith  th e  use of a re fe ren ce  electrode.

T he m ethod  is b a se d  on th e  fo llow ing  considera tions: th e  d e te rm in a tio n  of 
co rrosion  cu rren t d e n s ity  does n o t  re q u ire  th e  know ledge o f th e  p o la riza tio n  
c u rv e  o f th e  e lec tro d e  as m easu red  b y  co n v en tiona l m e th o d s  b u t  only  th a t  
o f  th e  p o la riza tio n  res is tan ce . T he l a t t e r  c an  be de term ined  from  th e  c u r re n t-  
p o te n tia l  curve of a m easu rin g  cell c o n ta in in g  tw o id e n tic a l e lec trodes. The 
cell v o ltag e  or th e  c u r re n t-p o te n tia l  cu rv e  of a cell consisting  o f  tw o  e lectrodes 
m a d e  o f th e  sam e m a te r ia l  w ith  id e n tic a l surface areas A ,  is g iv en , in  th e  case 
o f un ifo rm  c u rre n t d e n s ity  d is tr ib u tio n  i on th e  electrodes p o la rized  b y  cu rren t 
J ,  b y  th e  fo rm ula :

U(i) =  E ^ i )  —  E 2(— i) =  I R  =  Ej[i) —  E 2(— i) +  i A R ,  (6 )

w h ere  Е г and  E 2 a re  th e  p o te n tia ls  o f th e  anod ically  an d  c a th o d ic a lly  polarized 
e lec tro d es, re sp ec tiv e ly , and  R  is th e  resis tan ce  of th e  so lu tio n  b e tw een  th e  
tw o  electrodes.

T he d e riv a tiv e  o f  E q . (6 ) a t  i =  0 is

| d [ / |  =  l d E \ \  +  № )  + A R  (7)
l d i  J /„ q di i=0 di j j=0
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H ow ever
í d E 1 I _ j d E 2 _  d E  ^

1 di J /=0 I di ,=, 0 di j=o

as th e  slope of th e  p o la riza tio n  curve  is in d ep en d en t of th e  d irec tio n  fro m  
w hich  th e  c u rre n t-p o te n tia l cu rve  a t  zero  is ap p ro ach ed . T h u s b y  using  E q s
(1), (7) an d  (8 ) one o b ta in s

= 2 +  A R  =  2 R p +  A R  , (9)
, di ) i=о di ) j=0

w hence th e  p o la riza tio n  resistance  is

l ™  A R
R p = = l A l ^ ------------  (1 0 )

[—y can  be o b ta in ed  b y  g raph ica l d iffe re n tia tio n  of th e  c u r r e n t-p o te n tia l
l di )i= о
cu rve  o f th e  m easu ring  cell an d  R  can  be de te rm in ed  b y  an  A.C. m e th o d  
(e.g. a n  A.C. b rid g e).

Notes

(1) I t  is ad v isab le  to  p lace th e  e lec trodes in  para lle l a t  a d is tan ce  fro m  
one a n o th e r w hich is sm aller th a n  th e  lin e a r  dim ensions o f  th e  e lec trodes, to  
en su re  un ifo rm  c u rre n t d ën sity  d is tr ib u tio n . T he rea r p la te s  o f  th e  e lec trodes 
sh o u ld  be  covered  b y  an  in su la tin g  lay e r p re v e n tin g  th e  c o n ta c t o f th e  su rface 
a n d  th e  m edium .

(2) T he e lec tro m o tiv e  force o f th e  m easu ring  cell m ay  d iffer from  zero 
even  a t  i =  0 because  of th e  inh o m o g en eity  o f  th e  m e ta l su rfaces. T his p h e n o m 
enon  does n o t im pede th e  d e te rm in a tio n  o f  th e  p o la riza tio n  re s is tan ce  as 
E q . (6 ) is on ly  au g m en ted  b y  a c o n s ta n t U 0 in  th is  case a n d  th e  d e r iv a tiv e  
o f  th e  la t te r  is d [ /0/d i =  0 .

(3) T he p o la riza tio n  resis tan ce  o f  th e  ca thode a n d  an o d e  m ay  n o t 
he  id en tica l because o f th e  inh o m o g en eity  of th e  e lec trode  su rfaces, i .e .  
Rp =j= Rp an d  E q . (8 ) is n o t va lid . In  such  cases E qs (9) a n d  (10) h av e  th e  
fo llow ing form :

= . Rp  +  R ;  +  A R  , (9a)
/ /= 0

an d

Í— - - Л Я
Rp =  R p =  ' Ф-. /н » --------- , ( 1 0 a)

2 2
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th u s  th e  r ig h t-h a n d  side o f E q . (10) is e q u a l to  th e  a r ith m e tic a l m ean  o f  th e  
tw o  p o la riza tio n  resis tan ces . In  such  cases sim u ltan eo u s m easu rem en ts  are  
m ad e  on tw o sam p les  an d  co n seq u en tly  th e  n u m b e r o f p a ra lle l te s ts  can  be 
decreased  b y  one h a lf.
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INFRARED SPECTROSCOPIC INVESTIGATION OF 
MORPHINE DERIVATIVES, I

Z .  D i n y a ,  S .  M a k l e i t , S .  S z a b ó , T .  M i l e  and R .  B o g n á r

( In stitu te  o f  Organic C hem istry, L . K ossuth  U niversity , Debrecen) 

R eceived  M arch  8, 1971

T he in fra re d  sp ec tra  of codeine (IA ), d ihydrocodeine  (H A ) an d  th e ir  d e riv a tiv e s  
w ere s tu d ied  in  o rd e r  to  exam ine th e  a p p licab ility  o f th is  m e th o d  fo r th e  e lu c id a tio n  
o f s tru c tu ra l a n d  s te ric  s tru c tu ra l p ro b lem s in rin g  C.

I t  was fo u n d  th a t
—  th e  s a tu ra te d  or u n sa tu ra te d  c h a ra c te r  of ring  C can  be  estab lished  u n a m 

b ig u o u sly  on th e  basis  of th e  in fra re d  sp ec tra ;
—  in C6— X  and  C8— X  s u b s ti tu te d  u n sa tu ra te d  com pounds c h a ra c te ris tic  

d ifferences a p p ea r  in  th e  800—1000 c m - 1 reg ion . H ere  b an d s  of h igh  in te n s ity  —  d e n o te d  
b y  “ E ”  —  a p p ea r  in  th e  case of a c losed  r in g  E ; su b s ti tu e n ts  Cc— X  an d  C8— X  give 
rise  to  b an d s in  th e  940 +  10 ein 1 a n d  900 +  13 cm -1  reg ions, resp ec tiv e ly ;

—  th e  ch a ra c te ris tic  b an d s of th e  C6— X  su b s titu e n ts  a p p ea r in  th e  co m p o u n d s 
ex am in ed  in  acco rd an ce  w ith  th e  su p p o sed  configu ra tions, an d  in  ag reem en t w ith  th e  
g en era l s ta te m e n ts  o f th e  lite ra tu re ;

—  on th e  b asis  of th e  re su lts  o b ta in e d  w ith  com pounds co n ta in in g  s a tu ra te d  
r in g  C an d  ax ia l C6— X  su b s titu en ts , in  th ese  d e riv a tiv e s a co n fo rm ational eq u ilib riu m  
is supposed  b e tw ee n  m olecules co n ta in in g  rin g  C in  ch air an d  flex ib le  b o a t c o n fo r
m atio n s.

T h e aim  o f th e  p re se n t w ork w as to  exam ine th e  u t i l i ty  of in fra red  sp e c tro 
scopy , th e  e lu c id a tio n  o f th e  s tru c tu ra l  a n d  s teric  s tru c tu ra l  p rob lem s o f co d e
ine, d ihy d ro co d e in e  a n d  th e ir  d e riv a tiv e s . T he p resen t in v estig a tio n s h av e  b een  
focussed  p r im a r ily  on  ring  C.

T hese  p rob lem s have  been  s tu d ie d  b y  severa l researchers b y  m ean s 
of chem ical [la ,b ,c ,d ,e ,f ,g ,h ,i] , as w ell as m odern  ph y sica l X -ra y  [2a ,b ,c ] 
an d  N M R  [3a,b] m e th o d s . The m o s t p ro b ab le  s teric  s tru c tu re s  o f codeine  
(IA), m o rp h in e  (IB ), d ihydrocodeine  (IIA ) an d  d ih y d ro m o rp h in e  (IIB ), w h ich  
are in  th e  b e s t ag reem en t w ith th e  re su lts  o f th e  above in v es tig a tio n s  can  be 
given as follows:

IIA: R =  CH3 

IIB: R = H
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In fra re d  sp ec tro scop ic  stud ies on  th e  ste ric  s tru c tu ra l p roblem s o f ring  
C o f m orph ine  d e r iv a tiv e s  have n o t b een  p u b lish e d  y e t;  on ly  th e  in v estig a tio n s 
o f  R ü ll  [4] on th re e  codeine d e riv a tiv e s  ap p ro ach ed  th is  fie ld .

T he follow ing questio n s of d e ta il  h a v e  been  in v es tig a ted  b y  us: th e  
use o f  in fra red  sp ec tro sco p y  in

(a )  decid ing  th e  sa tu ra te d  or u n s a tu ra te d  c h a ra c te r  o f rin g  C,
(b)  th e  d iffe re n tia tio n  be tw een  th e  p o sitio n  o f th e  su b s titu e n t X  

lo ca ted  a t  Ce ( A 1'8) o r  C8 (zl6’').
(c )  th e  d e te rm in a tio n  of th e  s te r ic  a rra n g e m en t o f th e  C6— X  s u b s ti tu 

e n ts  in  s a tu ra te d  a n d  u n sa tu ra te d  co m p o u n d s .
T he com pounds lis ted  in  T ab le  I  w ere  used  fo r th ese  in v es tig a tio n s ; 

a new  n o m en c la tu re  w as suggested fo r th e  su b stan ce  [5]. T he in fra red  sp ec tra

Table I

Name
Configuration of 

substituent X Ref.

D ihydrocodeinone h i c6= 0 6

Isocodeine IV Ce— OH  (ax') 7

D ihydroisocodeine V C„—O H  (eg) 7

8 -D eoxy-8 -thio l-pseudocodeine VI C8— SH  (eg’) 8

6 -D eoxy-6 -th iol-diliydroisocodeine VII C6- S H  (eg) 8

C odeine-6-0-m ethylether V III C6— OCH3 (eg’) 9

T e trah y d ro th eb ain e IX C6—OCH 3 (ax) 9

6 -D eoxy-6 -chloroisocodeine X C6— Cl (ax') 6

6 -D eoxy-6 -fluoroisocodeine X I C e -F  (ax') 10

6 -D eoxy-6 -chlorodihydroisocodeine X II Ce- C l  (eg) 6

D eoxycodeine-E X III — 11

D ihydrodeoxycodeine D XVI — 12

D ihydro thebainone XV c6= o 9

6-0-A cetyldihydroisocodeine XVI C6— OCOCH3 (eg) 7

6 -0 -A cetyld ihydrocodeine XVII C6— OCOCH3 (ax) 6

3-0-B enzylm orphine XV III C6— O H (eg’) 6

N orcodeine XIX C6— OH (eg’) 6

Isom orphine XX C6— OH (ax') 13

8-D esoxy-8-azidopseudocodeine XXI C8— N3 (e(l ) 14

3-0-A cetyl-8-deoxy-8-azidopseudoinorphine X X II C8-  N3 (eg’) 14

8 -D eoxy-8 -am inopseudocodeine X X III C8~ N H 2 (eg’) 14

8 -D eoxy-8 -chloropseudocodeine XXIV C .-C 1  (eg’) 6

8 -D eoxy-8 -brom opseudocodeine XXV C8-  B r (eg’) 12

8 -D eoxy-8 -iodopseudocodeine XXVI C8- I  (eg’) 6

8 -D eoxy-8 -isothiocyanopseudocodeine XXVII C8- N C S  (eg’) 15
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of th e  com pounds co n ta in in g  pheno lic  h y d ro x y l g roups —  ex cep t d ih y d ro th eb a i- 
none (XV) —  w ere s tu d ie d  on ly  in  th e  800— 1000 c m ^ 1 w av en u m b er ran g e , 
since th e  presence o f a pheno lic  h y d ro x y l group m akes th e  sp ec tra  v e ry  com pli
ca ted .

(a )  Investigation of the saturated or unsaturated character of ring C

In  th e  case o f th e  com pounds ex am in ed , th e  b a n d  o f  th e  C =  C s tre tch in g  
v ib ra tio n  (r C = C )  c a n n o t be u tiliz ed  fo r th e  d e te rm in a tio n  o f th e  s a tu ra te d  
or u n sa tu ra te d  c h a ra c te r  o f ring  C, since th is  is u su a lly  o v erlap p ed  b y  a s tro n g  
b a n d  a p p ea rin g  in  th e  sam e reg ion ; th is  is due to  th e  s lig h tly  deform ed a ro 
m atic  ring .

H ow ever, b a n d s  of m ed ium  in te n s ity  ch a ra c te ris tic  o f  th e  v (=  CH) a n d  
y ( =  CH) v ib ra tio n s  o f cis e th y len e  double  bonds could  be  fo u n d  in  th e  regions 
given in  th e  l i te ra tu re  [16] (T able I I ) ;  th ese  b an d s are  m issing  in  th e  sp ec tra  
o f th e  co rrespond ing  sa tu ra te d  analogues.

I t  should  be  n o te d , how ever, th a t  on th e  basis o f th e se  b an d s  (Table I I )  
no unam biguous d iffe ren tia tio n  w as possible be tw een  com pounds co n ta in in g  
Zl6,7 or zl7'8 u n s a tu ra te d  bonds.

Table II

Compound
v(=C H ) 

cm 1
y(=C H )

cm-1

IA 3020 687 709

IV 3028 680 718

V III 3028 9 707

X 3029 687 710

XI 3023 690 720

X III 3028 687 709

VI 3012 697 710

XIX 3010 693 722 ?

XX 3030 683 722

XXI 3024 682 705

X X II 3025 685 702

X X III 3020 685 702

XXIV 3032 687 703

XXV 3031 690 ?

XXVI 3029 683 701

XX VII 3031 9 704
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T he s a tu ra te d  o r  u n s a tu ra te d  c h a ra c te r  o f ring  C is also in d ica ted  b y  
th e  b an d s  assigned to  r in g  E  (d ih y d ro fu ra n  ring). T h e  g re a t s tra in  o f th e  C,—  
— О — C 5 bond in  th e  r in g  will d e fo rm  rin g  A, and  th is  e ffec t is even  m ore 
p ro n o u n ced  in rin g  С [За].

O n th e  basis o f  th e  li te ra tu re  [17], i t  can  be s ta te d  t h a t  if  th e  fu rán  
sk e le to n  is a tta c h e d  to  a rig id  rin g  sy s tem , a b an d  of v C —  О c h a ra c te r  can  
b e  fo u n d  in the  930— 980 c m - 1  reg ion . In  a d d itio n  to  th is , th e  sp ec tru m  has 
f u r th e r  ch a rac te ris tic  a b so rp tio n  m ax im a  betw een  1210— 1260 c m - 1  a n d  
985— 1000 c m - 1.

In  th e  sp ec tra  o f  m orph ine d e riv a tiv e s , several c h a ra c te r is tic  b a n d  s 
c a n  be  found  in  th e  8 8 0 — 1210 c m - 1  reg io n ; fu r th e r  on, th e se  w ill be d e n o te d  
as “ E ” -bands (T able I I I )  w hich a re  m issing  in th e  absence  of th e  C4— 0 — C 5 

b o n d .

Table H I

Character of 
ring C

“ E”-bands,
cm-1

U n sa tu ra te d 9 1 0 + 1 0  m 940 +  10 vs 965 +  10 s 1 0 3 5 + 1 0  vs 1200 m — w
S a tu ra te d 910 +  10 m — w 945 +  10 m 965 +  5 m  1010? 1040? 1080+ 1  s

1190 +  5 m— w

T he in tensities o f th e  b a n d s  a re  in d ic a te d  as u su a l in  th e  l i te ra tu re :  vs: v e ry  s trong ; 
s: s tro n g ; m : m edium ; w : w eak.

I f  ring  C h as  u n s a tu ra te d  c h a ra c te r , th ese  a b so rp tio n  h av e  usually  
h ig h  in tensities. T h ey  a re  due to  com plex  g roup  v ib ra tio n s  a n d  can , in  general, 
b e  considered c h a ra c te r is tic  o f th e  s tra in e d  d ih y d ro b en zo fu ran  ring  system .

(b) Determ ination of the position of substituent X at C6 A 7>8

or C8

T able IV  lis ts  th e  w av en u m b er v a lu es  of th e  m o st in ten se  m ax im a of 
th e  b a n d  groups u su a lly  ap p earin g  as tr ip le ts  in  th e  in fra re d  sp ec tra  of th e  
com pounds (recorded  in  K B r pelle ts).

I t  can be seen t h a t  th e  su b s ti tu tio n  p a tte rn  (C6 o r C8) o f ring  C can be 
d e te rm in e d  u n am b ig u o u sly  on th e  basis  o f th e  ap p ea ran ce  o f th e  “ E ” -bands 
in  th e  880—1000 c m " 1 reg ion .

This o b se rv a tio n  can  be well u tiliz ed  in  th e  s t ru c tu ra l  in v estig a tio n s of 
th e  p ro d u c ts  form ed in  th e  nucleophilic  su b s titu tio n  reac tio n s  o f th e  6 -0 -tosyl 
a n d  6 -0 -m esyl d e riv a tiv e s  s tu d ied  b y  us, th u s  in d irec tly  fa c ilita tin g  th e  ev a lu a 
tio n  o f the  reac tio n  m echan ism  [5].
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Table IV

Compound Substituent
Band maximum, 

cm - 1 Average
cm-1

IA 6— O H  (eg’) 936 s

IV 6—O H  (ax)' 942 s

V III 6— OCH3 (eq)' 941 s

X 6— Cl (ax)’ 938 s 9 4 0 + 1 0

XI 6—F  (ax)’ 945 vs

XIX 6— OH  (eg)’ 950 s

XX 6— OH  (ax)’ 930 s

VI 8— SH 903 vs

XXI 8 - N 3 913 vs

X X II 8 - N 3 913 vs

X X III 8— N H 2 (eg’) 887 s

XXIV 8— Cl 901 s 9 0 0 + 1 3
XXV 8— B r 900 vs

XXVI 8— 1 895 vs

XXVII 8— NCS 892 vs

T he values m easu red  can  b e  found  w ith in  + 5  cm  1 in  th e  sp e c tra  reco rded  in  ch lo ro 
form  solu tion .

(c )  S te ric  position of th e  C e X su b stitu en ts

T ab le  V show s th e  w avenum ber v a lu es  o f  th e  Ce— X  a n d  X — H  s tre tc h 
ing v ib ra tio n s  of th e  C„— X  (zl7’8) u n s a tu ra te d  d e riv a tiv e s .

I t  can  be seen t h a t  th e  c h a rac te ris tic  v ib ra tio n a l freq u en cy  values o f 
th e  Ce— X  su b s titu e n ts  co rrespond  to  th e  supposed  s te ric  positions, in  a cco rd 
ance w ith  th e  g enera l s ta te m e n ts  g iven in  th e  l i te ra tu re  [18 ,a ,b ,c] (T able I). 
T he d issim ilar p o sitio n s o f th e  C6— O H  groups in  codeine (IA) an d  isocodeine 
(IV) clearly  ap p e a r in  th e  3000—3700 cm  1 regions o f th e  sp ec tra  (F ig. 1).

I t  can  be seen t h a t  in  th e  spectra  reco rd ed  in  K B r p e lle ts  a sh a rp  in ten se  
b a n d  (3520 c m “ 1) a n d  a b ro a d  ab so rp tio n  m ax im u m  (3150 c m “ 1) a p p e a r  in  
th e  case of codeine a n d  isocodeine, re sp ec tiv e ly  (F ig . 1A). In  th e  sp ec tra  
reco rd ed  in  ch lo ro fo rm  so lu tio n  (Fig. IB ) th e  c h a ra c te ris tic  h an d s are  fo u n d  
a t  3580 c m - 1  (IA) a n d  3610 c m “ 1 (IV). O n d ilu tio n , th e  b a n d  of codeine (IA) 
fo u n d  a t  3580 c m “ 1 show s only  sm all changes w ith in  th e  lim it o f e rro r, w hile 
in  th e  case o f isocodeine (IV) an  in te n s ity  v a r ia tio n  can  be observed: th e  
in te n s ity  of th e  m a x im u m  a t 3150 c m “ 1 decreases, w hile th a t  app earin g  a t  
3610 c m “ 1 shows in c rea sed  in ten s ity . I n  o rd e r to  ex p la in  th ese  phenom ena —  
s ta r tin g  w ith  th e  k n o w n  co nfigu ra tion  o f th e  Ce— O H  groups —  th e  fo rm a tio n  
of a w eak in tra m o le c u la r  hydrogen  b rid g e  can  be assum ed  in  th e  solid s ta te
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F ig . 1. O H  s tre tc h in g  v ib ra tio n  b a n d s  o f codeine  (---------- ) an d  isocodeine (— ------- ) in  sp e c tra
reco rd ed  in K B r pe lle ts  (A) a n d  CHC13 so lu tions (B )

Table V

Compound Substituent Steric
position

r(C„—
cm-1

X ) v (X -
cm~

H)

CHC13 KBr CHCI3 KBr

Codeine (IA) OH K ) 1060 1060 3560 3520
(1050)+ (3549)+ 3460

3350

(3665) +

Isocodeine (IV) O H (ax ') 1024 1022 3610 3150

3370

3150

C odeine-6-0-m ethy l-e ther (VIII) O C H 3 C4 ’) 1125 1120

oc-Chloro-codide (X) Cl (ax') 761

808?

a-F luorocod ide  (XI) F (ax') 1155 1152

* T he d a ta  o f R ü ll  [4] are g iven  in  b ra ck e ts .

betw een  the q u a s i - e q u a t o r i a l  OH ( e q ' )  group and the ethereal oxygen atom  of 
ring E in the case o f  codeine (IA), w h ile  the q u a s i - a x i a l  ( a x ' )  OH group of 
isocodeine (IV) can participate in  a stronger interm olecular hydrogen bond.

In the chloroform solution spectra, how ever, the presence o f  so lven t-  
solu te associates o f  various stab ility  should be assum ed. This is probably also 
responsible for the different positions o f th e  3610 cm -1 and 3580 cm -1  bands, 
in  addition to the appearance o f bands o f low  in tensity  betw een  3200 c m - 1
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a n d  3500 c m -1 . N am ely , th e  tw o  O H  groups can n o t be  considered  chem ically  
e q u iv a le n t, th u s  bo n d  s tre n g th  o f  th e  associates fo rm ed  w ith  th e  so lven t m ay  
also be d ifferen t. (C arbon te tra c h lo r id e  is n o t a su ita b le  so lv en t because 
o f th e  poor so lub ility  of a consid erab le  n u m b er o f th ese  com pounds.) I t  should  
h e  n o te d  th a t  in  isocodeine (IV) th e  ex istence of a p ro b a b ly  v e ry  w eak  in t r a 
m o lecu lar hyd rogen  b o n d  b e tw een  th e  C6— O H  ( a x ’)  g roup  an d  th e  Лъ8 
d o u b le  bo n d  c a n n o t be  excluded , h u t  th is  could n o t be  confirm ed  u n a m 
b iguously .

R ing  C in  th e  /d7’8-u n sa tu ra te d  com pounds has a f la t  b o a t  co n fo rm ation , 
w hile in  th e  s a tu ra te d  d e riv a tiv e s  i t  has a chair co n fo rm atio n  w hich is s lig h tly  
d is to r te d  because o f th e  C4—О—C 5b o n d  [3a, 4]. T hus, in  th e  d ih y d ro  de riv a tiv es  
th e  con fig u ra tio n  o f th e  C6— X  s u b s titu e n t is changed  as com pared  w ith  th e  
co rrespond ing  u n s a tu ra te d  d e riv a tiv e s . This co n fig u ra tio n a l change is also 
rev ea led  b y  th e  w av en u m b er v alues of th e  ch a rac te ris tic  v ib ra tio n s  o f th e  
b o n d s  in  question . T he w av en u m b ers  ch a rac te ris tic  of th e  Ce—LX  bonds in  th e  
s a tu ra te d  deriv a tiv es  a re  lis te d  in  T ab le  V I.

Table VI

C om pound S u b s titu e n t S teric
p o sitio n

v ( C „ — X )  
c m  1

v ( X - H )
c m - 1

C H C lg K B r C H C lg K B r

D ihydrocodeine (ПА) OH ax 1044

(1035)*

1079

1050 3590

(3645)*

(3580)*

3565

3380

3160

3127

D ihydroisocodeine (V) OH eq 1042

(1038)*

1048

3648

3605

(3648)*

(3586)*

3415

3150

3130

6-D eoxy-6-thiol-dihydroisocodeine
(VII) SH eq 640 642 2500

broad
2549

T etrah y d ro th eb a in e  (IX) OCH3 ax 1120

1109

broad

1098

1097

D ihydro-a-chlorocodide (X II) Cl eq 751
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Table VI (continued)

Compound Substituent
Steric
posi
tion

V C = 0
cm-1

vatC— 0  — C 
cm-1

<5,CH,
cm-1

CC14 KBr CC14 KBr CC14 KBr

6-0-A cetyl-d ihydrocodeine CH3C00 ax 1748 1738 1245 1248 1379

(XVII) broad b r 1380

1225 1225 1365 1374

1205 1195 1363

1190

6-0-A cetyl-dihydroisocodeine CH3C00 eq 1743 1740 1240 1240 1380 1875

(XVI) bro ad *

120 0 1362 1365

* D a ta  by  H u l l  [4]

The w avenum ber values observed, in accordance w ith  th e  literature data  
[18a, b , c], are in agreem ent w ith the supposed steric positions. Sim ilarly to  
th e  case of the unsaturated com pounds, it can be stated  th a t the configuration  
o f  th e  Ce— X  group usu a lly  alters the wavenum ber values o f  th e  rC6— X  band  
on ly  slightly.

The v O — H regions o f the epimeric pair containing C6— OH group, 
dihydrocodeine (ПА) and dihydroisocodeine (V), are shown in Fig. 2.

It is surprising th a t the spectra recorded in K Br pellets (Fig. 2A) show  
alm ost no difference. This indicates that in both com pounds the C6— OH  
groups participate in stab le  hydrogen bands. Significant differences appear, 
how ever, in the 3500— 3650 c m -1 regions o f the solution spectra. D ihydro
isocodeine (V) g ives one band at 3603 cm -1 , while dihydrocodeine (ПА)

cm

F ig . 2. O H  stre tch in g  v ib ra tio n  b a n d s  of d ihydrocodeine  (--------- ) a n d  dihydroisocodeine
(------------ ) in  sp e c tra  reco rd ed  in  K B r pe lle ts (A) an d  CHC13 so lu tions (B)
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ab so rb s  a t 3590 c m - 1  and  3565 c m -1 . The d ifferen t positions of th e  b an d s  
fo u n d  a t  3590 c m - 1  and  3603 c m - 1  can  be ex p la in ed  b y  th e  ex istence  
o f  a hydrogen  bond  betw een  th e  Ce— O H  group an d  th e  e th erea l oxygen  
a to m  of ring  E . In  d ih y d ro co d e in e  (IIA) th e  C6— O H  group  is in  ax ia l 
p o s itio n , an d  th is  co n fig u ra tio n  m a y  give rise to  a s tro n g e r hyd ro g en  b rid g e  
w ith  th e  e th e rea l oxygen a to m  o f rin g  E , since th e  tw o  p illa r a to m s o f th e  
h y d ro g en  bridge are  n ea re r to  each  o th e r th a n  in  d ihydro isocodeine  (w here 
C6— O H  is in equatorial position).

F ig. 3. O H  s tre tc h in g  v ib ra tio n  b a n d s  of d ihydrocodeine

In  o rder to  e lucidate  w h e th e r  th e  b a n d  positions observed  in  ch loroform  
so lu tio n s, as well as th e  shou lder ap p ea rin g  a t  3565 c m “ 1 in  th e  case o f d ih y d ro 
codeine are due to  associates fo rm ed  w ith  th e  so lven t m olecules w hich h av e  
d iffe ren t s tre n g th s  because o f  th e  d iffe ren t steric  po sitio n s, d ihyd rocodeine  
(IIA) was also exam ined  in  an  a p o la r  so lven t (CC14); th e  co rrespond ing  p a r t  
o f th e  spec trum  is show n in F ig . 3.

I t  can  be  seen th a t  in c a rb o n  te tra c h lo rid e  so lu tion  —  as com pared  w ith  
th e  chloroform  so lu tion  of id e n tic a l c o n cen tra tio n  —  a freq u en cy  increase  o f 
1 0  c m “ 1 occurs, w hich confirm s th e  ex istence of associa tes w ith  ch loroform . 
O n th e  effect o f d ilu tion  (F ig . 3), how ever, a fu r th e r  —  a lth o u g h  sm all, 
a b o u t 5— 6  c m - 1  —  w av e n u m b e r sh ift occours, w hich is p ro b ab ly  due  to  th e  
ru p tu re  of th e  w eak  in tram o lecu la r  hyd rogen  bridge fo rm ed  w ith  th e  e th e rea l 
o x ygen  atom  of ring  E . S till, th e  shou lder ch a rac te ris tic  o f d ihyd rocodeine  
(IIA) w hich is sh ifted  to  h igher w av en u m b er values as a re su lt of th e  decreased  
p o la r ity  of th e  so lv en t and  d ilu tio n , ap p ears  in  each case. In  general i t  can  
also  be  observed in  o th e r regions o f  th e  sp ec tra  (Table Y I) th a t  in th e  p resence 
o f axial  C6— X  groups, c h a ra c te r is tic  b a n d  sp littin g s o f  “ shou lder“  a p p ea r 
as com pared  w ith  th e  co rrespond ing  eq u a to ria l com pounds.

In  o rder to  explain  th e se  p h en o m en a , on th e  basis  o f th e  l i te ra tu re  
d ea lin g  p rim arily  w ith  stero ids [18b, 19a, b , c, d] i t  can  be supposed  th a t  
th e  d ihydro  com pounds c o n ta in in g  ax ia l C6— X  groups a re  p re sen t in  a sh ifted  
conform er equ ilib rium  in so lu tio n s. T his conform er equ ilib riu m  m ay  ex is t
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b e tw e e n  form  a ch a ra c te riz e d  b y  th e  chair co n fo rm atio n  o f r in g  C an d  fo rm  c of 
‘flex ib le  b o a t’ co n fo rm atio n  (w hich is s tro n g ly  sh ifted  to w a rd  a); th e  so-called 
“ c lassica l b o a t”  c o n fo rm a tio n  b of ring  C c a n n o t develop because  of energetical 
rea so n s  (Fig. 4). T h is a ssu m p tio n  is confirm ed b y  an  in sp ec tio n  o f th e  D reid ing  
m odel. D etailed  th e o re tic a l a n d  te m p e ra tu re -d e p e n d e n t in fra red  and  N M R  
s tu d ie s  of th is  p ro b lem  a re  in  progress.

»)

F ig . 4. Supposed co n fo rm a tio n a l lim itin g  cases o f  r in g  C in  d ih y d ro - (C6— X  ax) d e riv a tiv es: 
(a )  c h a ir ; (b )  classical b o a t;  (c )  flexible b o a t
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Experimental

T h e  in fra re d  sp ec tra  w ere re co rd e d  w ith  a  Zeiss U R -10  sp e c tro p h o to m ete r. T h e  w ave- 
n u m b e r c a lib ra tio n  o f th e  in s tru m e n t w as checked  b y  reco rd ing  th e  sp e c tru m  o f a  p o ly s ty ren e  
foil (<f =  0.25 /л). T h e  accu racy  o f th e  w av en u m b e r v a lu es given is + 2  cm ” 1. T he sp e c tra  
w ere reco rd ed  in  solid  s ta te  (K B r p e lle ts ) an d  in ch lo ro fo rm  (in some cases, in  ca rb o n  t e t r a 
ch loride  so lu tions). U n fo rtu n a te ly , th e  genera l u se  o f c a rb o n  te trach lo rid e  as a  so lv en t, w h ich  
w ould  h a v e  b een  m ore  a d v an tag eo u s  fro m  severa l p o in ts  o f view , w as n o t  possib le  b ecau se  
of th e  p o o r so lu b ility  of a  s ign ifican t n u m b er o f th e  com pounds exam ined .

*

T h e  a u th o rs ’ th a n k s  are due  to  th e  H u n g a rian  A cad em y  of Sciences a n d  to  th e  A lka lo id  
W orks a t  T iszav asv ári, H u n g ary , fo r  th e  su p p o rt o f th is  w ork; fu r th e r , to  G. K is s  fo r h is 
v a lu ab le  assistance  in  th e  ex p e rim e n ta l w ork.
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T he o x id a tiv e  effect of 0 s 0 4 a n d  K 20 s 0 4 on am ino  acids has been  in v es tig a te d  
in  0.5 N  sod ium  h y d ro x id e  a t  100 °C. I t  h a s  been  e s tab lish ed  th a t ,  w ith  th e  excep tio n  
of p ro lin e , o x y p ro lin e , /З-alanine a n d  y -a m in o b u ty r ic  acid , th e  q u a n ti ty  o f  am m o n ia  
l ib e ra te d  in th e  re ac tio n  w ith  osm ium  te tro x id e  is tw ice g re a te r  th a n  th a t  w ith  p o tass iu m  
o sm a te . B o th  osm ium  com pounds a re  re d u ce d  to  osm ium  d iox ide in  th e  course 
o f th e  reac tio n .

A  d e ta iled  s tu d y  of th e  d é sa m in a tio n  re ac tio n  of g lycine  an d  a -a lan in e  show s 
t h a t  in  th e  f ir s t  case glyoxalic acid  is fo rm ed  besides am m o n ia , w hich , how ever, is 
im m ed ia te ly  ox id ized  to  oxalic acid. T h e  o x id a tio n  p ro d u c t o f a -a lan in e  is, in  ad d itio n  
to  am m o n ia , p y ru v ic  acid. The f u r th e r  o x id a tio n  of th e  la t te r  to  carb o n  d iox ide an d  
ace tic  acid  is a slow process.

On th e  basis  o f th e  resu lts o b ta in e d  so fa r, i t  is a ssum ed  th a t  am m o n ia  a n d  
th e  co rrespond ing  k e to n ic  acid are fo rm e d  from  th e  va rio u s am ino  acids b y  th e  ac tio n  
of 0 s 0 4 or K jO s0 4. T h e  e x te n t of a m m o n ia  lib e ra tio n  dep en d s decisively  on  th e  ra tio  
o f th e  r a te  o f am m o n ia  and  k e to n ic  a c id  fo rm atio n  an d  th e  r a te  of th e  su b seq u en t 
o x id a tio n  of th e  k e to n ic  acid.

The desam inating effect of osm ium  tetroxide and potassium  osm ate on 
various amino acids has been in vestigated . The 0 s 0 4 used was a p .a. Merck 
preparation, w hile K 20 s 0 4 has been prepared in our laboratory b y  the reduc
tion  o f osm ium  tetroxide with e th y l alcohol in alkaline m edium  [1], and 
purified b y  repeated recrystallization . The osm ium  content o f the stock  
solutions was checked b y  spectrophotom etry [2]; the nitrogen content o f  the  
am ino acids, m anufactured by Merck and la Roche, was determ ined b y  the  
m icro-K jeldahl m ethod. D ésam ination m easurem ents were carried out in  
a 0.5 m olar sodium  hydroxide m edium  a t 100 °C. H igh purity nitrogen was 
passed through 7.5 m l volumes of so lu tions, 4 x l 0 ~ 3 m olar in osm ium  and  
4 X l 0 ~ 2 m olar in the acid, and the am ou n t o f ammonia liberated was measured  
b y  titra tio n  against IV/70 sulfuric acid [3].

The quantities o f ammonia liberated  b y  O s04 and K 20 s 0 4, respectively , 
are show n in Tables I and II.

On th e  basis o f these data, th e  fo llow ing can be established.
The qu an tity  o f ammonia form ed during the reaction o f osm ium  com 

pounds w ith  amino acids attains w ith m ost of the amino acids a lim iting value  
w ithin th e  tim e o f investigation .
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W ith the exception  of proline and oxyproline, w hich do not contain  
N H 2 groups, and o f  /l-alanine and y-am inobutyric acid, the am ount of am m onia  
liberated  in the reaction  with osm ium  tetroxide is tw ice the am ount o f th a t  
liberated  by potassium  osmate.

After the désam ination reactions, 0 s 0 2 is present in the reaction m ixtures  
in  the form of a b lack  precipitate [4].

Contrary to  our earlier observations concerning the reaction of ethylenedi- 
am ine with osm ium  tetroxide [3], th e  nitrogen content o f system s containing  
am ino acids can be determined q u an tita tively  b y  the K jeldahl m ethod after  
désam ination w ith  no nitrogen d eficien cy  being observed.

In our further studies, the reactions o f glycine and a-alanine w ith osm ium  
com pounds have been  investigated  more exten sively , in v iew  o f the fact

Table I

4 X 1 0 ~ 3 m ol OsOt - 4 X 1 0 ~ 2 m ol am ino  acid -  0.5 N  N a O H , 100 °C

10 30 60 min

Glycine 2 .8 X 1 0 - 3 3 .7 X 1 0 -3 3 .9X  10_3m o lN H 3

a-A lanine 7 .4 7.9 7.9

Valine 4 .0 5.2 6.0

Leucine 4 .8 5.9 6.1

Isoleucine 5 .0 6.0 6.2

N orleucine 5 .7 5.8 6.0

M ethionine 2 .0 3.0 3.0

Serine 3 .3 4.9 5.4

T hreonine 3.1 5.4 6.8

A spartic  acid 3 .8 5.3 6.0

G lutam ic acid 5.1 6.0 6.2

C -phenylglycine 3 .9 5.5 6.0

P h eny lalan ine 4 .9 6.0 6.2
Tyrosine 4 .1 5.9 6.1

Proline 0 .7 0.9 0.9
O xyproline 0 .8 1.0 1.0
T ry p to p h an 3 .9 5.3 5.1

H istid ine 2 .1 3.4 4.0

Lysine 5 .0 5.9 6.1

Arginine 2 .8 5.0 7.0

O rnith ine 3 .2 5.8 7.1
C itrulline 6 .0 6.0 6.2

ß-Alanine 3 .4 3.9 3.9
y-A m inobu ty ric  acid 4 .3 5.8 6.0
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Table II

4 X 1 0 ~ 3 mol K 2OsOt -  4 X 10~2 mol am ino acid -  0 .5  N  N aO H , 100 °C

10 30 60 rain

Glycine 1.2 x l 5 - 3 1.8 x i o - 3 1.9 X 10-3 m ol N H 3

a-A lanine 3.6 4.0 4.0

V aline 2.4 2.9 2.9

Leucine 2.0 2.9 3.0

Isoleucine 2.2 3.0 3.1

N orleucine 2.1 2.9 3.0

M ethionine 1.2 1.5 1.5

Serine 1.3 2.2 2.8

T hreonine 1.2 2.8 3.8

A spartic  acid 2.2 2.7 3.0

G lu tam ic acid 2.3 3.1 3.2

C -phenylglycine 1.9 2.9 3.0

P h eny lalan ine 2.4 3.3 3.6

Tyrosine 1.3 2.3 2.9

Proline 0.7 0.9 0.9

O xyproline 0.6 0.8 0.8

T ry p to p h an 1.8 3.0 3.3

H istid ine 1.1 1.8 2.0

Lysine 2.6 3.2 3.2

A rginine 0.7 2.3 3.9

O rnith ine 1.4 2.8 3.6

C itrulline 2.5 3.1 3.2

^-A lanine 2.0 3.3 3.8

y -A m inobu ty ric  acid 3.4 3.9 3.9

th at at identical m ole ratios half as m uch am m onia is liberated from  glycine  
than from a-alanine.

In the reaction of glycine w ith  osm ium  tetrox id e , sim ultaneously w ith  
the liberation of am m onia, also g lyoxalic  acid is form ed:

CH2(N H 2)— COOH +  OsO* +  2 O H - =  N H 3+ C H O — COOH +  O s o r  +  H 2o

H ow ever, glyoxalic acid is n o t converted b y  the Cannizarro reaction  
into oxalic acid and glycolic acid, b u t is transform ed com pletely to oxalic acid 
b y  osm ate, form ed as interm ediate in  the reduction o f 0 s 0 4:

CHO— COOH +  OeOj“+  H 20  =  COOH— COOH +  0 s0 2+ 2  O H - .
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Similar reactions occur when glycine is treated with potassium  osm ate:

CH2(N H 2)— COOH +  2 OsOÎ“ +  -2 H 20  =  N H 3 +
+  COOH —  COOH + 2  0 s 0 2 +  4 O H ~

On the determ ination  o f oxalic acid, osm ium  dioxide was first rem oved  
from  the m ixture after acidification w ith  acetic acid, then oxalic acid was 
precipitated  w ith  calcium  acetate. The calcium  oxalate precipitate was titrated  
in  acetic acid m edium  with 0.02 N  K M n 04. In  view  of earlier observations 
concerning the g lycin e-g lyoxa lic  acid system  [5], no large excess o f  glycine  
w as used in these investigations.

D ata on th e  form ation of oxalic  acid are summarized in  Table III . 
The sam e table contains also the quan tities o f  oxalic acid formed from  glyoxalic  
acid b y  Cannizarro reaction, or b y  th e  ox id ative  action o f various osm ium  
com pounds.

Table III

F orm ation  o f  oxalic acid fr o m  g lyc ine  and  fro m  glyoxalic acid  
(0.5 N  N a O H , 100 °C)

10 30 60 min

4 X 1 0  3 m ol O s0 4 

8 X 10“ 3 m ol glycine

2 .3 X 1 0 - 3 3 .4 Х Ю -3 3 .8 X IO - 3 m ol 

oxalic  acid

4 X 10“ 3 m ol K 20 s 0 4 

8 X 10“ 3 m ol glycine l.ox io-3 1 .7 X 1 0 -3 1 .8 Х Ю -3

4 X 10“ 3 m ol glyoxalic acid l . lx io -3 1 .8X 10-3 1 .9 X 1 0 - 3

4 X 10“ 3 mol OsO,

4 X 1 0  3 m ol glyoxalic acid 3 .4 X 1 0 - 3 4 .1 X 1 0 -3 4.1 X 1 0 -3

4 X 1 0 - 3 m ol K 20 s 0 4 

4 X 10“ 3 m ol glyoxalic acid 3 .3 X 1 0 “ 3 3 .9 Х Ю '3 4 .0 X 1 0 “ 3

As can be seen from the experim ental data reported, the oxidation  
of glyoxalic acid to  oxalic  acid by th e  osm ium  com pounds proceeds at a substan
tia lly  higher rate th a n  its d isproportionation in an osm ium -free alkaline 
m edium . This can be attributed to  the fact th a t in the reaction  of glycine  
w ith  osmium tetroxide or potassium  osm ate, osm ium  in the -}-8 or -(-6 ox ida
tion  d a te  is reduced also in reactions not related  to am m onia evolution .
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The analogous reactions of a-alanine w ith osmium tetroxide or potassium  
osm ate are represented b y  the fo llow ing equations:

CH,—CH(NH,)—COOH +  0 s 0 4+  2 OH- =  NH3 +  С Н ,-
—  CO —  COOH +  O s O j'- f  H 20 ;

CH3—CH(NH2)—COOH +  OsO*- +  H ,0  =  NH3+  CH3 — CO —
— COOH +  0 s 0 2+  2 O H -

The presence o f  pyruvic acid has been established b y  chrom atographic 
analysis [6].

The oxidation  o f pyruvic acid is know n to lead to  acetic acid and carbon  
dioxide. Therefore, it was investigated  whether carbon dioxide is form ed, 
and if  so, at w hat rate and to w hat ex ten t, when pyruvic acid is subjected  
to the action o f osm ium  compounds at 100 °C in 0.5 N  alkali. The analytical 
results [7] are show n in Table IV.

Table TV

F orm ation  o f carbon d ioxide  fro m  p yru v ic  acid  
(0.5 N  N a O H , 100 °C)

10 30
1

60 min

4 X 10" 3 m ol OsOj

8 X 10" 3 m ol p y ru v ic  acid l . l X l O “ 3 3 .4 X 1 0 “ 3 6.6 X 10“ 3 m ol C 0 2

4 X 1 0 -3  m ol K 20 s 0 4

8 X 3.0“ 3 m ol p y ruv ic  acid 0.7 X 10-3 2.5 X 10“ 3 5 .0 X 1 0 -3

According to  our investigations, no carbon dioxide is formed during the  
reaction of a-alanine w ith osmium tetrox id e  or w ith potassium  osm ate.

On the basis of these experim ental findings, the higher degree of desa
m ination o f a-alanine, as compared to  th a t of glycine, can be attributed to  
the fact th a t the oxidation  of pyruvic acid formed in the désam ination o f  
alanine is much slower than the désam ination. Owing to  th is, osmium in the  
-|-8 or -f-6 oxidation  state  is reduced b y  a-alanine to an oxidation state  o f  -)-4 
only b y  reactions in w hich ammonia is liberated.

I t  m ay be assum ed by the generalization of our observation on the desa
m ination of a-alanine and glycine th a t ammonia and the corresponding  
ketonic acid are form ed from amino acids by the action  of O s04 or K 20 s 0 4. 
The exten t of am m onia liberation depends on the oxidation  rate of the ketonic  
acid form ed, relative to  the désam ination rate.
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AUFBAU DES DIHYDROSHIKIMISÄURE- UND 
DES EPIDIHYDROSHIKIMISÄURE-TRIMETHYLÄTHERS

AUS d-ARABINOSE
E IN IG E  N E U E  U M S E T Z U N G S P R O D U K T E  D E R  d -A R A B IN O S E  

V. M IT T E IL U N G *

J. Császár  u n d  Y. B r u c k n e r  
( Organisch-Chemisches In s titu t der L . Eötvös U niversitä t, B udapest)  

E in g eg an g en  am  5. A pril 1972

E s w ird  die S y n th ese  des D ih y d ro sh ik im isä u re -tr im e th y lä th e rs  (IVa) u n d  des 
E p id ih y d ro sh ik im isä u re -tr im e th y lä th e rs  (Va) bzw. ih re r  M e th y le s te r  (IVh u n d  Vb) 
b eschrieben . Die A u sg an g ssu b stan z  b ild e t de r aus D -A rabinose zugängliche  2.3.4-D-arabo- 
T rim e th o x y -5 -to sy lo x y -p en ty l-cy an essig säu re-m eth y les te r (Ila) bzw . d as analoge  M alon- 
e s te r-D e riv a t (Ilb). B eide V erb in d u n g en  kön n en  d u rc h  e in en  m it  N a tr iu m m e th y la t 
b e w irk ten  R ingsch luß  zu  den  e n tsp rech en d en  C y c lo h e x an -P e riv a te n  l i la  bzw . Illb  
u m g ew an d e lt w erden , die b e i d e r V erseifung  das gleiche P ro d u k t,  d ie (3R  : 4S : 5R )- 
3 .4 .5 -T rim eth o x y -c y c lo h ex a n -l.l-D ica rb o n sä u re  (IIIc) lie fern . D ie th e rm isch e , p a rtie lle  
D ecarboxy lie rung  d ieser D ica rb o n säu re  fü h r t  zu einem  G em isch  des D ih y d ro sh ik im i- 
sä u re - tr im e th y lä th e rs  (IVa) u n d  des E p id ih y d ro sh ik im isä o re -tr im e th y lä th e rs  (Va). 
D ie M eth y leste r IVh u n d  Vb der d ias te reo m eren  C arb o n säu ren  lassen  sich  v o n e in an d er 
ch ro m a to g rap h isch  tren n e n .

D as Scheitern unserer Versuche, eine Synthese der Chinasäure bzw. der 
Shikim isäure durchzuführen, deren entscheidender Schritt der Perkinsche  
R ingschluß eines entsprechenden, aus D-Arabinose zugänglichen 1.5-D idesoxy- 
1.5-dihalogen-D-arabit-Derivates darstellen sollte [1, 2], hat uns dazu bewogen, 
einen anderen, ebenfalls aus D-Arabinose ausgehenden W eg einzuschlagen. 
N un haben vor kurzem B e st m a n n  und H e id  [3] über eine sehr interessante  
Synthese der Chinasäure und der Shikimisäure berichtet, deren A usgangssub
stanz ebenfalls die D-Arabinose bildete. D ies veranlaßt uns, unseren Snythesew eg, 
der zum Trim ethyläther der D ihydroshikim isäure (IVa) und der Epidihydroshi- 
kim isäure (Va) führte, bekannt zu geben, auch schon deshalb, weil durch die 
schöne Synthese der genannten Forscher das ursprünglich auch von  uns an
gestrebte Ziel schon erreicht worden ist und wir die Fortsetzung unserer U n
tersuchungen nicht mehr beabsichtigen.

In einer unserer früheren M itteilungen [4] haben wir über den Aufbau  
von  2.3.4-D -ara6o-Trim ethoxy-5-hydroxy-pentyl-cyanessigsäure (Ia) und des 
analogen M alonsäure-Derivats (Ib) berichtet. Die m it H ilfe von D iazom ethan  
aus diesen Säuren gew onnenen M ethylester Ic und Id wurden je tz t m it Tosyl- 
chlorid auf übliche Art zu den entsprechenden T osylaten  I la  und Ilb  umge-

* IV . M itte ilung : A nn. U n iv . Sei. B u d a p es t, Sectio C him ica 13 (1972) im  D ruck . S. 
au ch  die v o rläu fige  M itte ilu n g : C s á s z á r ,  J . ,  B r u c k n e r ,  V .: A c ta  Chim. A cad . Sei. H ung . 
50, 405 (1966).
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se tz t , die sich dann durch Einwirkung von N atrium m ethylat unter Abspaltung  
der Tosyloxygruppe zu den entsprechenden C yclohexan-D erivaten l i la  und  
I l lb  cyclisieren ließen. N ach Ca h n , I ng o ld  und P relog  [5] ist die Verbin
dung l i la  als (3R :4S:5R )-l-C yan-3.4.5-trim ethoxy-cyclohexan-carbonsäure- 
m ethylester, die V erbindung I llb  als (3R :4S:5R )-3.4.5-T rim ethoxy-cyclo- 
hexan-l.l-d icarbonsäure-d im ethylester zu bezeichnen. D ie K onfiguration des 
die Cyan- und C arbom ethoxygruppe tragenden A sym m etriezentrum s in Ver
b indun g l i la  haben wir nicht bestim m t. Reide Ester lieferten bei der alkali
schen  Verseifung die (3R :4S:5R )-3 .4 .5-T rim ethoxy-cyclohexan-l.l-d icarbon- 
säure (IUe), die —  in  G egensatz zu den öligen Estern l i l a  und I llb  —  als 
kristalline Substanz anfiel.

C H 3Ox CH30 N CH30

CH 30 - /
’ \ C H <

\ Q '

/  \  / Q
СН 3 0 - /  C H \ Q, C H 30 - <

CH30  7
— C H , O H ) — CH ,O Ts

CH30 C H 30

I II

a ) Q =  CN;
M Q =  Q ' =
c) Q =  CN;
d) Q =  Q' =

Q' =  C O O H  
= COOH 

Q ' =  C O O C H 3 
= COOCH3

a) Q =  CN; Q ' =  COOCH3
b) Q =  Q ' =  COOCH3

a )  Q =  C
b )  Q =  C
c )  Q =  Ç
d )  Q =  C

C H 30 . CH 30 N

/ “

I I I

HIc CH,о  - ( COOR +  C H ,О ) - C O O R

IV

a) R  =  H
b) R  =  C H 3

c h 3o  x

V

a) R  =  H
b )  R  =  CH3

W ie zu erwarten war, erfolgte beim Schm elzen der 1.1-Dicarbonsäure 
IIIc eine partielle D ecarboxylierung, die zur R ildung von den zwei diastereo
m eren Monocarbonsäuren IVa und Va führte. D ie eine K om ponente dieses Ge
m isches stellt den T rim ethyläther der D ihydroshikim isäure (IVa), die andere 
den Trim ethyläther der Epidihydroshikim isäure (Va) dar [6]. D ies ließ sich 
fo lgend  beweisen: die durch Hydrierung der natürlichen (— )-Shikim isäure 
gew onnene Epidihydroshikim isäure [7] haben wir m it H ilfe von  D iazom ethan  
verestert, dann m it D im eth y lsu lfa t veräthert; nun hat der gaschrom atographi
sche Vergleich dieses P roduktes und des m it H ilfe von  D iazom ethan aus dem  
syn th etisch  zugänglichen Gemisch der diastereom eren Monocarbonsäuren
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IVa und Ya hergestellten Estergem isches (IYb -f- Vb) gezeigt, daß die eine K om 
ponente des Estergem isches den T rim ethyläther des Epidihydroshikim isäure- 
m ethylesters (Vb) darstellt (Abb. 1).

D as erhaltene Gaschrom atogram m  läßt zugleich darauf schließen, daß 
die partielle Decarboxylierung der D icarbonsäure IIIc gewisserm aßen stereo-

_ l ______________ 1_______ _ _______ 1--------------------L.
20 IS 20 15

А В c

Abb. 1. G asch ro m ato g rap h isch e  A nalyse des a u s  n a tiv e r  (— )-S h ik im isäu re  bzw. au s D-Ara- 
b inose  h e rg este llten  3 .4 .5 -T ri-O -m eth y l-d ih y d ro sh ik im isäu re-m eth y les te rs  (C arbow ax 20М/ 
C hrom osorb  Q ; 200 °C). A) A us n a tiv e r  (— )-S h ik im isäu re  gew onnenes P ro d u k t (Vb); B ) aus 
D -A rabinose gew onnenes M isch p ro d u k t (IVb +  Vb); C) g leichteiliges G em isch v o n  A) u n d  B)

300 400 500 600

Abb. 2. O R D -K u rv e  des 3 .4 .5 -T ri-O -m e th y l-d ih y d ro sh ik im isäu re-m eth y les te rs  (IVb) u n d  des 
3 .4 .5 -T ri-O -m eth y l-ep id ih y d ro sh ik im isäu re-m eth y leste rs  (Vb). A ufgenom m en  in  C yclohexan
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spezifisch verläuft, da im  entstandenen Gemisch (IVa -f- Ya) das Epidihydro- 
shikim isäure-D erivat (Va) überwiegt (Abb. 1B ). Das aus nativer (— )-Shikim i- 
säure hergestellte P rodukt stellt gleichfalls ein Gemisch von  IVb und Vb dar, 
in  welchem  jedoch das Epidihydroshikim isäure-D erivat Vb sehr stark über
w ieg t (Abb. 1A). A us diesem  Befund fo lg t, daß entweder die k ata lytisch e  
H ydrierung der Shikim isäure nicht streng stereoselektiv verläuft, oder während  
der Methylierung des Epidihydroshikim isäure-m ethylesters eine geringfügige 
Inversion am A sym m etriezentrum  1 erfolgt.

Die diastereom eren M ethylester IVb und Vb konnten durch Anwendung  
einer Silicagel-Säule chrom atographisch getrennt werden. Ihre E lem entar
analyse, der Verlauf ihrer O RD-K urven (Abb. 2) und ihr IR -Spektrum  weisen  
keine Differenzen auf, doch zeigen ihre N M R -Spektren deutlich den U n ter
schied ihrer R aum strukturen.

Unter der A nnahm e, daß die Carbom ethoxygruppe in beiden V erbin
dungen —  wegen ihres größten Raum bedarfes —  eine äquatoriale Lage e in 
n im m t, müßte das in Stellung 4 in axialer Lage befindliche Proton der V er
bindung IVb eine a a  und a e  Protonenwechselwirkung aufw eisen. In der T at  
ste llt  das Signal dieses Protons bei 3,18 ppm ein diesen W echselwirkungen  
entsprechendes D u b le tt (I4 5 =  3 cps; I4 3 ==9  cps) dar. D ie CH2-Gruppen 
zeigen im Gebiet der aliphatischen Protonen ein zusam m enfließendes B anden
spektrum . Die Signale der Protonen, die den M ethoxygruppen angehören, 
w aren die folgenden: C4 : 3,80 ppm, C3 und C5: 3,53 ppm , C1(COOCH3): 3,60  
ppm . —  H ingegen zeigt das NM R-Spektrum  der Verbindung Vb folgendes: 
das Signal des in Stellung 4 in äquatorialer Lage befindlichen Protons er
scheint —  teilw eise überlagert durch das Signal der M ethoxy-Protonen —  
bei 3,68 ppm, d.h. um  einen Wert von 0,5 ppm  höher als das axiale Proton in  
P osition  4 der V erbindung IVb. D ies steh t m it der allgem einen Erfahrung in  
Einklang, daß Signale von  Protonen in äquatorialer Lage höheren ppm W er
ten  entsprechen. D as Signal des Protons in Stellung 1 der Verbindung Vb 
erscheint bei 2,60 ppm  als teilw eise zusam m engeflossenes, jedoch gut d eu t
bares Triplett, das der K upplung m it den benachbarten beiden CH2-Gruppen  
entspricht (Ioe =  5 cps; l aa =  11 cps). D ie Signale der den M ethoxygruppen  
angehörenden Protonen  erscheinen bei den W erten C4 =  3,78 ppm , C3 und  
C5 =  3,47 ppm und C1(COOCH3) =  3,56 ppm .

CH3o

IVb Vb
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Beschreibung der Versuche

M ethodisches

Die S ch m elzpunk te  w u rd en  im  T o tto li-A p p ara t b e s tim m t u n d  sind  u n k o rrig ie rt.
Die S iedepunk te  d e r d u rc h  V ak u u m d estilla tio n  gerein ig ten  ö ligen  P ro d u k te  beziehen 

sich  au f die T em p era tu r  des Ö lbades d e r a. a. O. beschriebenen  [2] A p p a ra tu r ,  die zur K urzw eg- 
V a k u u m d es tilla tio n  d ien te .

Die IR -S p e k tre n  w u rd en  m it e inem  D o p p e ls trah lsp e k tro fo to m ete r vom  T yp K R -10  
de r Fa. C arl Zeiss (Je n a )  in  K B r-T ab le tte n  aufgenom m en.

D ie N M R -S pek tren  w u rd en  in  e inem  G erä t vom  T y p  Z K R -6 0  d e r  F a . C arl Zeiss (Je n a )  
in  D eu teroch lo ro fo rm  au fg en o m m en . V erg leichssubstanz: T e tram e th y ls ilan .

2 .3 .4 -D -arabo-T rim ethoxy-5 -tosy loxy-pen ty l-cyanessigsäu re-m ethy lester (П а )

E in e  a u f  0° g e k ü h lte  u n d  g e rü h rte  Lösung von  1,96 g 2.3 .4-D -arabo-T rim ethoxy-5- 
h y d ro x y -p en ty l-cy an ess ig säu re -m e th y le s te r (Ic) [4] in  20 m l w asserfre iem  P y rid in  w urde  
portionsw eise  m it 1,62 g T osy lch lo rid  v e rse tz t,  n achher bei 0° n o ch  2 S tu n d en , d an ach  bei 
R a u m te m p e ra tu r  w eite re  5 S tu n d e n  g e rü h rt. N achdem  das üb ersch ü ssig e  T osy lch lorid  d u rch  
Z u sa tz  von  1 m l W asser ze rse tz t w orden  is t, d am p fte  m an  die L ö su n g  be i e in e r B a d te m p e ra tu r  
von  40° i. V. ein. D ie L ösung  des öligen R ü ck stan d es in  50 m l Ä th e r  w u rd e  der R eihe n a ch  
m it n -Salzsäure, W asser, 10% iger K aliu m h y d ro g en carb o n at-L ö su n g  u n d  W asser gew aschen, 
g e tro ck n e t (MgSÖ4), d a n n  e in g ed am p ft u n d  der ölige R ü c k s ta n d  b is  z u r  G ew ich tkonstanz 
in  V ak u u m ex sicca to r ü b e r  konz . Schw efelsäure ge tro ck n et. D er e rh a lte n e  h e llb raune  S irup  
(1,62 g; 72 ,8%  d. T h .) ließ  sich  n ic h t k rista llis ie ren . [a ]o  =  + 3 0 ,9 °  (c =  6,31; M ethanol).

C19H 2,Ö 8N S (429,45). B er. S 7,48. Gef. S 7 ,6% . IR -S p e k tru m : CN: 2250 c m - 1; C =  O: 
1750 cm - 1 ; CH30 :  2830, 1100 cm - 1 ; S 0 2: 1362, 1182, 554 cm - 1 ; H O -B an d e  n ic h t anw esend.

2 .3 .4 -D -arabo-T rim ethoxy-5-tosy loxy-pen ty l-m alonsäure-d im ethyIester ( I lb )

E ine  au f 0° g e k ü h lte  L ösung  v o n  4,85 g 2 .3 .4 -D -arabo-T rim ethoxy-5-hydroxy-pen ty l- 
m alo n säu re  (Ib) [4] in  50 m l M ethano l w urde m it D iazo m eth an  a u f  ü b lich e  A rt b eh an d e lt, 
n a ch h e r i. V. e in g ed am p ft, d ie a u f  0° g ek ü h lte  u n d  g e rü h rte  L ö su n g  des öligen R ü ck stan d es 
in  75 m l w asserfreiem  P y r id in  trop fenw eise  m it 3,50 g (1,1 m ol) T osy lch lo rid  v e rse tz t u n d  
n och  3 S tu n d en  bei R a u m te m p e ra tu r  w e ite r ge rü h rt. N ach d em  d as  überschüssige  T o sy l
ch lorid  d u rch  Z usa tz  v o n  1 m l W asser z e rse tz t w orden is t, w urde das G em isch  i. V. e ingedam pft, 
de r rü ck stän d ig e  S irup  d u rc h  S c h ü tte ln  in  einem  Gem isch von  50 m l Ä th e r  u n d  10 m l W asser 
aufgelöst, die w äßrige  P h ase  ab g eso n d ert u n d  die Ä ther-L ösung  d e r R e ih e  n a ch  m it « -S alz
säu re , W asser, 10% iger K a liu m h y d ro ca rb o n a t-L ö su n g  u n d  m it W asser gew aschen, g e tro ck n e t 
(M gS 04) u n d  i .V . e in g ed am p ft, w obei das T o sy la t I lb  als b rä u n lic h e r  S irup  (7,05 g; 88%  
d . T h .) zu rückblieb , de r w eder k ris ta llis ie rt, noch  in H o ch v ak u u m  d e s tillie r t w erden k o n n te . 
D ie S ub stan z  is t jed o ch  zu r w e ite ren  V erarb e itu n g  genügend re in .

C20H 30O10S (462,48). B er. S 6,93. Gef. S 6 ,7% .

(3 R  :4S  : 5 R )-l-C y an -3 .4 .5 -trim e th o x y -cy clo h ex an carb o n säu re -m eth y leste r ( l i l a )

E in e  L ösung v o n  2,0 g 2.3.4-D -arofco-T rim ethoxy-5-tosyloxy-pentyl-cyanessigsäure- 
m e th y le s te r  ( l ia )  in  250 m l w asserfre iem  M ethanol w urde n a ch  Z u sa tz  v o n  10 m g N a tr iu m 
jo d id  u n d  10 m l 0,48 n  m e th an o lisch er N a triu m m eth y la t-L ö su n g  24 S tu n d e n  bei R a u m te m 
p e ra tu r  g e rü h rt, d a n n  16 S tu n d e n  u n te r  R ü ck flu ß  gekocht u n d  sch ließ lich  i. V. e ingedam pft. 
E s b lieb  ein  m it K ris ta lle n  d u rc h se tz te s  Öl zu rück , das v ierm al m it  je  20 m l Ä th e r ausgezogen 
w urde . M an w usch die e rh a lte n e  L ösung  m it W asser u n d  d a m p fte  sie n a ch  dem  T rocknen  
(M gS 04) ein. D er ölige R ü c k s ta n d  lie ferte  bei de r H o c h v ak u u m d e stilla tio n  (Sdp. 100— 110°/ 
5 X 1 0 - 5 m m ) 0,75 g (62 ,5%  d. T h .) eines analysenreinen  P ro d u k te s , das als farb loses Öl 
anfiel, n j j  =  1,4653. [ a ] — — 35,4° (c =  5,26; M ethanol).

C12H 19O äN  (257,23). B er. C 56,01; H  7,45; О 31,09; N  5,44. Gef. C 56,1; H  7,5; 0  30,7; 
N  5 ,6% .
IR -S p e k tru m : E s te r  C =  0 :  1750 cm - 1 ; E s te r  C— O: 1200 cm - 1 ; N M R -S p ek tru m : CH(O CH3) 
u n d  (COO)CH3 zusam m engeflossen : <5 =  3,78 p pm ; (0 )C H 3: ö — 3 ,4— 3,6 p p m ; — C H 2— : 
<5 =  2,1— 2,4 p pm ; P ro to n e n  e iner te rm in a len  H 2C =  C <  G ru p p e  sind  n ic h t nachw eisbar.
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(3K  :4S  : 5 R )-3 .4 .5 -T rim eth o x y -c y c lo h ex a n -l.l-d ic a rb o n säu re -d im e th y le s te r  ( I l lb )

E in e  bei R a u m te m p e ra tu r  g e rü h rte  L ösung  von  5,00 g 2.3.4-D -ara6o-T rim ethoxy-5- 
to sy lo x y -p en ty l-m a lo n säu re -d im e th y le s te r  (I lb )  in  500 m l w asserfre iem  M ethano l w urde 
n a c h  Z u sa tz  von  0,1 g N a tr iu m jo d id  m it 8,5 m l e in e r 1,354га m eth an o lisch en  N a triu m m eth y la t-  
L ö su n g  tropfenw eise  v e rse tz t,  d a n n  no ch  8 S tu n d e n  w eite r g e rü h rt  u n d  sch ließ lich  10 S tunden  
rü c k fließ e n d  gekocht. D ie i. V. e in g ed am p fte  L ösung lieferte  ein  m it  K ris ta lle n  durchsetz tes 
ö l ,  d a s  n ach  Z usatz von  15 m l W asser z u e rs t  m it  50 m l, d a n ac h  m it  25 m l Ä th e r e x tra h ie r t 
w u rd e . D ie m it 5 m l W asser gew aschene u n d  ge tro ck n ete  (M gS04) L ösu n g  h in te rließ  beim  
E in d a m p fe n  ein hellgelbes Öl, das in  H o c h v ak u u m  destillie rt in  F o rm  eines fa rb lo sen  Öles 
e in  an a ly sen reines P ro d u k t lie fe rte . Sdp . 110— 120°/5 -10“ 5 m m . A u sb eu te  2 ,0 1 g  (63,7%  
d . T h .) , rag =  1,4576; d 20 =  1,14 g/m l. [a]iJ =  — 6,1° (c =  6,24; M eth an o l).

C13H 22Ö7 (290,32). B er. C 53,78; H  7,64; О 38,58; CH3Ö 53,45. Gef. C 53,4; H  7,7; 
О 3 8 ,7 ; CH3Ö 52,5% . M gew. 293 (R a st) .
IR -S p e k tru m : E s te r  C = Ö : 1745 cm - 1 ; E s te r  C— O: 1200 cm - 1 ; C H 3Ö: 2825, 1100 cm - 1 ; 
?: 1640 cm -  *.
N M R -S p e k tru m : C H (O C H 3) u n d  (COO )CH3 zusam m engeflossen: <5 =  3,88 p p m ; (Ö)CH3: 
ô =  3 ,35— 3,55 p pm ; — C H 2— : á =  2,10— 2,40 p p m ; P ro to n en  e in e r te rm in a len  H 2C =  C <  
G ru p p e  sind  n ich t nach w eisb ar.

(3 R :4 S :5 R )-l-C y an -3 .4 .5 -trim e th o x y -cy c lo h ex an -ca rb o n säu re  ( I l id )

E ine  Lösung v o n  1,28 g des M e th y le ste rs  IH a  in  20 m l M eth an o l w urde  n ach  Z usatz  
v o n  8,0 m l ra-N atronlauge 5 S tu n d e n  rü c k fließ e n d  gekocht, h ie ra u f  i. V. e ingeeng t, dan n  m it 
ra-Salzsäure an g esäu ert u n d  sch ließ lich  m it C hloroform  ausgezogen. D e r n a c h  dem  V ertre iben  
des C hloroform s zu rückgebliebene R ü c k s ta n d  w urde  m it Ä th e r zu  e inem  K ris ta llg u t zerrieben, 
d a s  au s  E ssigester zu e inem  a n a ly sen re in en  P ro d u k t k ris ta llis ie rt w e rd en  k o n n te . A usbeute  
0 ,82 g (67%  d. Th.). Schm p. 164— 166°.

Cu H i 70 5N  (243,27). B er. C 54,31; H  7,04; N 5 ,7 5 ; 0  32,89; C H 3Ö 38,30. Gef. C 54,4; 
H  7 ,2 ; N  6,0; О 32,8; CH3Ö 38 ,0 % . Ä q u iv a len tzah l: 244.
2 R -S p e k tru m : D im ere C arb o n säu re  H O : 3400— 2700 cm - 1 ; C = 0 :  1763 cm - 1 ; CH3Ö:
1855, 1110 cm - 1 ; CN: 2245 cm - 1 .

(3 R :4 S :5 R )-3 .4 .5 -T rim eth o x y -cy c lo h ex an -l.l-d ica rb o n säu re  ( I I Ic )

a) A u s  dem D im ethylester  I l lb .  E in e  L ösung  von  12,60 g des D im eth y les te rs  IH b in 
60 m l M ethanol w urde n a ch  Z u sa tz  von  20 m l 50% iger K alilauge  6 S tu n d e n  rückfließend  
g e k o ch t, die eingeengte L ösung  m it 150 m l W asser v e rd ü n n t, m it 50 m l Ä th e r  au sg esch ü tte lt, 
d e r  w äßrige  A nteil n ach  dem  A n säu e rn  i. V. e in g ed am p ft, der feste  R ü c k s ta n d  ü b e r  Phosphor- 
p e n to x y d  g e trocknet u n d  m it he ißem , w asserfre iem  A lkohol ausgezogen. N ach  dem  V ertre iben  
des L ö sungsm itte ls b lieb ein S irup  z u rü ck , d e r m it w asserfreiem  Ä th e r  zu  K ris ta lle n  verrieben  
w e rd en  k o n n te . A usbeu te  8,40 g (73%  d. T h .). Z ur A nalyse w urde  e ine  k le ine  P ro b e  aus E is
essig um k ris ta llis ie rt. Schm p. 180—181°. [a]fy =  + 4 °  (c =  2,00; A lkohol).

С ц Н „ 0 7 (262,65). B er. C 50,38; H  6,92; CH3Ö 35,55. Gef. C 50,3 ; H  6,9; CH О 35,0% . 
Ä q u iv a le n tza h l: B er. 131,32. Gef. 135.

b) A u s dem M ethylester l i l a .  E in e  L ösung  v o n  25,5 g des M e th y le s te rs  l i l a  in  150 ml 
M e th an o l w urde n ach  Z u sa tz  v o n  50 m l 5 0 % ig er K alilauge b is zu m  A u fh ö ren  de r A m m oniak- 
E n tw ic k lu n g  (rund  48 S tu n d en ) rü ck fließ en d  gekoch t, d ann  die a lka lische  L ösung  so v e ra rb e ite t 
w ie  u n te r  a) angegeben. A u sb eu te  14,85 g (68%  d. Th.). Schm p. u n d  M ischschm p. m it der 
n a c h  a) gew onnenen V e rb in d u n g  181— 182°.

(3 R :4 S :5 R )-3 .4 .5 -T rim eth o x y -cy c lo h ex an -ea rb o n säu re . G em isch des 
T rim ethy läthers der D ih y d rosh ik im isäu re  und  der E p id ihydrosh ik im isäu re  (IV a +  Va)

In  einem  k leinen , zu r K urzw eg -V ak u u m d estilla tio n  d ien en d en  K o lb en  [vgl. 2] w urden  
2,35 g de r k ris ta llin en  1 .1 -D icarbonsäure  I I Ic  m it H ilfe eines Ö lbades 30 M in u ten  au f 200 0 
e rh i tz t .  N ach  dem  A b flau en  d e r G asen tw ick lung  w urde der zu rü ck g eb lieb en e  Sirup im  selben 
K o lb e n  bei einer B a d te m p e ra tu r  v o n  130— 140° der K u rzw eg -V ak u u m d estilla tio n  bei 0,05 
T o r r  u n terw orfen . A u sb eu te  1,68 g (85 ,8%  d. T h .) des ana ly sen re in en  M ischproduktes. ra|> =  
1,4693.

C10H 8O.5 (218,25). B er. C 55,03; H  8,31; CH30  42,66. Gef. C 55,1; H  8,4; CH3Ö 41,8% . 
Ä q u iv a le n tza h l: 216.
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T rennung  des 3 .4 .5 -T ri-O -m ethy l-d ihydrosh ik im isäu re-m ethy leste rs (IV b ) 
und  des 3 .4 .5 -T ri-O -ine thy l-ep id ihydrosh ik im isäu re-m ethy lesters (V b)

D ie  m eth ano lische  L ösung des G em isches d e r d ias te reo m eren  C arbonsäuren  IV a u n d  
Va w u rd e  au f üb liche A r t  m it einer Ä th e r-L ö su n g  v o n  D iazo m eth an  b eh an d e lt u n d  d as  n ach  
dem  E in d a m p fen  e rh a lte n e  Gemisch de r d ia s te re o m e re n  M ethy leste r IVb u n d  Vb in  0,30 g 
A n te ilen  de r ch ro m ato g rap h isch en  T ren n u n g  u n te rw o rfe n . E s w urde eine 12X 300 m m  Säule 
aus K iese lge l 0,05— 0,2 m m  (Merck) a n g e w a n d t, d ie m it 4 %  W asser an g efeu ch te t w o rd en  
is t; E lu ie ru n g  m it w asserfre iem  Ä ther, F ra k tio n e n  v o n  je  2 m l. E s en th ie lten  d ie F ra k tio n e n : 
1— 4 k e in e  S ub stan z , 5— 10 als R e in su b stan z  Vb, 11— 13 ein Gem isch von IVb +  Vb, 14— 30 
als R e in su b s tan z  IVb. A u f diese W eise w u rd e n  au s 4,72 g des E stergem isches IVb -f- Vb 2,50 g 
des 3 .4 .5 -T ri-O -m e th y l-ep id ih y d ro sh ik im isäu re-m e th y le ste rs  (Vb) u n d  1,90 g des 3 .4 .5-T ri-O - 
m e th y l-d ih y d ro sh ik im isäu re -m e th y le s te rs  (IV b) gew onnen . D urch  eine K u rz  w eg-V akuum - 
d e s tilla tio n  k o n n ten  b e id e  P ro d u k te  in a n a ly se n re in e n  Z u stan d  g eb rach t w erden . S dp . 110—  
115°/0,05 T o rr. A u sb eu ten  a n  R e in p ro d u k te n : 2,37 g Vb u n d  1,78 g IVb, d. h. in sg e sa m t 88%  
a u f  d ie M enge (4,72 g) des angesetzten  E ste rg e m isch e s  b e rech n e t. M engenverhä ltn is d e r gew on
n en en  R e in p ro d u k te  IVb : Vb =  1 : 1.33.
IVb: [a])5 = — 53° (e =  0,500; C yclohexan)
Vb: [a]j5 =  — 45° (c =  0.511; C yclohexan)

Cu H 20O ä (233,28). B er. C 56,86; H  8 ,68 ; О 34,45. IVb: Gef. C 56,7; H  8,4; О 35,0. Vb: 
Gef. C 57 ,O f H  8,8; О 34 ,6 % .

Gleiches IR -S p e k tru m  von IVb u n d  Vb: E s te r  C = 0 :  1740 cm - 1 ; E s te r  C— O: 1200 
c m " 1; C H 30 :  2825, 1105 c m - 1.

*

D ie  M ikroanalysen  w urden  in u n se rem  I n s t i tu t  v o n  F ra u  H . M. Sc h w e ig e r , F ra u  J .  
K a jt á r  u n d  F ra u  S. K u ta ssy  d u rch g efü h rt; d ie  IR -S p e k tre n  h a t  H e rr  F . R u f f , die N M R - 
S p e k tren  H e rr  P . Me z e y  aufgenom m en u n d  g e d e u te t. A llen un se ren  M ita rb e ite rn  sei a u ch  
an  d ieser Stelle g ed an k t.
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AN IMPROVED METHOD FOR THE SYNTHESIS OF 
THE THYROTROPIN RELEASING HORMONE (TRH)

S. B a ju sz  and I .  F auszt  
( Research Institu te  fo r  P harm aceutical Chem istry, B udapest)

R eceived  M ay  17, 1972

T h e  k e y  com pound of th e  new  T R H  syn th esis , Z -P y r-H is-P ro -N H -M b h , w as 
p rep ared  b y  a stepw ise ro u te  s ta r tin g  fro m  th e  C -term inal re sid u e . H om ogeneous T R H  
w as d irec tly  o b ta in e d  from  th e  c ry s ta llin e  p ro tec te d  tr ip e p tid e  am ide.

T he th y ro tro p in  releasing ho rm one (T R H ) has been  iso la ted  from  p o r
cine [1] a n d  ovine [2] h y p o th a lam i a n d  p ro v ed  to  be  id en tica l w ith  L -pyro- 
g lu tam yl-L -h istidy l-L -pro line am ide [3— 8 ]. S y n th e tic  ro u te s  fo r T R H  b y  e ith e r  
co n v en tio n a l m e th o d s , i.e. b y  fra g m e n t coupling  in  so lu tio n , o r b y  so lid -phase  
techn iques h av e  been  discussed in  sev e ra l p ap ers  [e.g. 6— 13].

A p a rt from  th e  biological s ign ificance o f T R H , th e  co m p ara tiv e ly  large  
n u m b er of p u b lica tio n s  ind icates t h a t  th e  syn th esis  o f  th is  tr ip e p tid e  am ide  
is n o t as sim ple as i t  seems a t  f ir s t  s ig h t. T he p u re  e n d -p ro d u c t could  o n ly  b e  
o b ta in ed  b y  ch ro m a to g rap h y  (or b y  c o u n te rc u rre n t d is tr ib u tio n  in  th e  ea rlie r 
m ethods) if  care fu lly  purified  in te rm e d ia te s  w ere used  in  th e  coupling s tep s . 
A t th e  sam e tim e , th e  iso lation  an d  w ork ing -up  o f th e  in te rm e d ia te  p ro d u c ts  
w ere r a th e r  d ifficu lt.

F o r a com parison  of th e  d iffe ren t sy n th e tic  p ro ced u res  lead ing  to  T R H , 
th e  “ efficiency”  (Ej)  o f th e  syn theses w as ca lcu la ted  acco rd ing  to  th e  eq u a tio n  
[14]:

n m pp 100
= ------------------

m Ad

w here n  is th e  n u m b e r o f am ino ac id  residues in  th e  p e p tid e  chain , m pp is th e  
n u m b er of m oles o f p u re  p ro d u c t o b ta in e d , an d  m Ad is th e  to ta l  n u m b er o f 
m oles o f am ino ac id  deriva tives used  in  th e  syn th esis . T h is expression o f  effi
ciency is based  on th e  u tiliza tio n  o f  am ino  acid  d e riv a tiv e s  (in stead  o f am ino  
acids, as p roposed  orig inally  b y  R y d o n  [14 ]).

C alculations based  on th e  pu b lish ed  d a ta  show  th a t  th e  co n v en tio n a l 
syn theses (in so lu tion) are  m ore e ffic ien t in  general th a n  th o se  p erfo rm ed  on a 
solid su p p o rt, as in  th e  la t te r  case th e  a c y la tin g  com ponen ts h av e  to  be  u sed  
in  large excess. T he m ost effic ien t p ro ced u re  o f  th e  so lid -phase  syn th esis  o f  
T R H  re p o rte d  b y  B e y e r m a n  [13] has a n  E j  va lu e  o f 2 2 % , w hile th e  effic iency
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o f th e  best accom plished conventional synthesis published b y  F l o u k e t  [9 ] 

is 52%  (it should be noted that 3.25%  w as calculated for F l o u r e t ’s solid- 
phase synthesis). The low  efficiency o f  the solid-phase synthesis was to be ex 
p ected , nevertheless th is technique seem ed to  be prom ising for th e  preparation  
of T R H , because th e  problem atic iso lation  of interm ediates w as elim inated. 
O f course, the purification  of the end-product could not be om itted .

The present synthesis of T R H  uses a stepw ise m ethod in solution, s ta r t
ing  with the C-term inal of the trip ep tid e. C arbobenzoxylation was used for  
th e  protection o f th e  a-amino groups and the im idazole-nitrogen in histidine, 
and the jo,p’-d im ethoxybenzhydryl group [15] for perm anent blocking of the  
C-term inal amide bond. Substitution o f th e  am ide by a h igh ly  hydrophobic 
group led to a radical change in the hydrophilic character o f  interm ediates. 
(The significance o f  using substituted  am ide group in the synthesis o f h ighly  
hydrophilic peptide amides will be discussed and dem onstrated in a separate  
paper [16].) Owing to  this fact, purifications by chrom atography could be  
om itted , in contrast w ith  all T R H  syn th eses published so far. The procedure 
is outlined in F ig. 1.*

P yr H is Pro

Fig. 1. Schem e o f th e  T R H  synthesis

P rolin e-p ^ ’-d im ethoxybenzhydryl am ide (I) obtained from  the corre
sponding carbobenzoxy derivative w as allowed to react w ith  2,4,5-trichloro- 
p h en yl dicarbobenzoxyhistidinate (II) to  y ield  the protected dipeptide am ide 
(H I), which was converted into the crystalline oxalic acid salt o f IY. The latter  
gave w ith 2,4,5-trichlorophenyl carbobenzoxypyroglutam ate the crystalline  
protected  tripeptide amide Y. Com pound V was treated w ith  hot trifluoro- 
acetic  acid, and th e  resulting trifluoroacetate salt was converted into acetate

* T he sym bols fo llow  th e  T en ta tiv e  R u les  o f  th e  IU P A C -IU B  C om m issions on B iochem i
cal N om en cla tu re  ( J .  B iol. Chem. 241 (1966) a n d  242, 555 (1967). T h e  follow ing a d d itio n a l 
ab b rev ia tio n s  h av e  b een  used : O T C P = 2 ,4 ,5 -tr ic h lo ro p h e n y lo x y , M b h = p ,p ’-d im eth o x y - 
b e n zh y d ry l.
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b y  an anion exchange resin (acetate  form). The T R H , obtained as a w hite  
m icrocrystalline powder, was hom ogeneous on TLC and electrophoresis. The 
efficiency of this synthesis was 52% .

Experim ental

All m elting p o in ts  a re  uncorrec ted . T L C  w as perform ed on Silicagel G using  th e  follow ing 
so lv en t system s: 1 : ch lo ro fo rm /n -h ex an e/ace tic  acid  (8 : 1 : 1); 2 : e th y l ace ta te /p y rid in e / 
a ce tic  acid /w ater (60 : 20 : 6 : 11); 3 : n -b u ta n o l/e th y l a ce ta te /ace tic  acid /w ate r (1 : 1 : 1 : 1). 
E lec trophoresis was re fe rre d  to  th e  m ig ra tio n  of H is in p y rid in e  a c e ta te  a t  p H  6.5 (EJFj ).

C arbobenzoxy-L-iiro line-p ,p’-dim ethoxybenzhy<lryIaniide

C arbobenzoxypro line  am ide [17] (31 .6  g; 127 m m oles) a n d  p .p ’-d im eth o x y b en zh y d ro l 
(34.2 g; 140 m m oles) w ere  dissolved in  g lac ia l ace tic  acid (320 m l) a n d  a f te r  ad d ing  0.7 ml 
o f cone, sulfuric  acid, th e  so lu tion  was k e p t  a t  room  tem p e ra tu re  fo r th re e  days. T he reac tio n  
m ix tu re  w as p o ured  in to  w a te r  (5000 m l); th e  re su ltin g  em ulsion  w as e x tra c te d  w ith  e th y l 
a c e ta te . T he organic la y e r  w as washed w ith  sod ium  b ica rb o n a te  a n d  w a te r, th e n  d ried  an d  
e v a p o ra te d  in v acuum . T h e  residue c ry s ta lliz ed  on tr i tu ra tio n  w ith  d iisop ropy l e th e r  to  y ield  
49.6 g (82 .5% ) of th e  p ro d u c t, m .p. 119— 121 °C; [oc]b 13.2° (c =  2, d im eth y lfo rm am id e); 
R í  0.7— 0.8.

C28H 30O 5N , (474.54). Calcd. C 70 .86 ; H  6.37; 0  16.85; N  5.90. F o u n d  C 70.3; H  6.3; 
О 16.9; N  6.0% .

L -P ro lm e-p ,p ’-d im ethoxybenzhydry la in ide  o x a la te  ( I )

P ro tec ted  p ro lin e  am ide (34.18 g ; 72 m m oles) was su sp en d ed  in  m eth an o l (350 m l) 
a n d  hyd ro g en ated  o v er p a llad ized  charcoal. T h e  c a ta ly s t  was rem o v ed  b y  f i ltra tio n , a n d  a f te r  
a d d in g  an h ydrous o xalic  acid  (6.5 g; 72 m m oles), th e  so lu tion  w as ev ap o ra te d  to  d ry n ess. 
T h e  residue  was c ry s ta lliz ed  from  e th e r  to  o b ta in  29.3 g (91 .5% ) of I 2 m .p . 201— 202 °C; 
R )  0.4— 0.5; [a]n  — 24.2° (c =  1, 95%  a c e tic  acid).

C„2H 2(i0 7N 2 (430.44). Calcd. C 61.38; H  6.09; О 26.01; N  6.50. F o u n d  C 61.38; H  6.25; 
О 26.04;" N 6 .7 3 % .

2 ,4 ,5-T richlorophenyl d icarbobenzoxy-L -h istid inate  ( I I )

A so lu tion  of d ica rb o b en zo x y h istid in e  m e th a n o la te  [18] (92.0 g; 200 m m oles) in  ch lo ro 
fo rm  was evap o ra ted  in  v acu u m . The re s id u e  w as th e n  red isso lved  in  chloroform  (200 m l) 
a n d  tre a te d  w ith  2 ,4 ,5 -trich lorophenol (43 .5  g; 220 m m oles) a n d  d icy c lohexy lcarbod iim ide  
(41.2 g; 200 m m oles) a t  0 °C. The m ix tu re  w as k e p t a t  room  te m p e ra tu re  o v ern ig h t, f ilte red  
a n d  th e  f iltra te  e v ap o ra te d  in  vacuum . T h e  resid u e  was t r i tu ra te d  w ith  e th e r, filte red , w ashed  
w ith  e th e r and  dried . T h e  crude  p roduct w as c rysta llized  from  a m ix tu re  o f e th y l a c e ta te  and  
p e tro leu m  e th e r to  y ie ld  79 g (65.5% ) o f I I ;  m .p . 109— 112 °C; Rjr 0.75— 0.85; [a ]b  — 6.46° 
(c =  1, chloroform ).

C28H 22OgN3C13 (602.85). Calcd. C 55 .78 ; H  3.67; О 15.92; N  6.80; Cl 17.64. F o u n d  
C 55 .68 ;"H  3.79; 0  16.04; N 6 .9 5 ; Cl 17 .5 4 % .

L -H istidyl-L -prolinc-p,p’-d im ethoxybenzhydry lam ide d ioxala te  (IV )

To a stirred  suspension  of I (43.0 g ; 100 m m oles) in d im eth y lfo rm am id e  (100 m l) an  
e q u iv a len t of tr ie th y la m in e  (24.0 ml; 200 m m oles) an d  2 ,4 ,5 -trich lo ropheny l d ica rb o b en zo x y - 
L -h istid inate  (60.3 g; 100 m m oles) were a d d e d . T he reac tio n  m ix tu re  w as allow ed to  s ta n d  
o v e rn ig h t and c o n ce n tra ted  in  vacuum . T h e  resid u e  was dissolved in  e th y l ace ta te  a n d  w a te r , 
th e  o rgan ic  lay er was w ash ed  w ith  w a te r  a n d  dried . T he so lu tion  w as ev ap o ra te d  in  v acu u m  
a n d  th e  residue t r i tu r a te d  w ith  e ther, f i l te re d  off, and  w ashed w ith  e th e r  and  re-hexane to  
y ie ld  63.0 (84.5% ) of th e  p ro tec ted  d ip e p tid e  am ide III , / ! /  0.40— 0.45. T he p ro d u c t th u s  
o b ta in e d  was dissolved in  m ethanol (500 m l) an d  h y d ro g en ated  o v er pa llad ized  charcoal. 
T h e  c a ta ly s t  was f i lte re d  off, and a fte r  a d d in g  anh y d ro u s oxalic  acid  (15.2 g; 169 m m oles) 
to  th e  f iltra te , i t  was ev ap o ra te d . The re s id u e  was crystallized  fro m  e th e r to  o b ta in  54.45 g 
(9 8 % ) of IV, m .p . 122— 124 °C; R ) 0.25— 0 .35 ; [<х]Ц — 8.5° (c =  1, m ethano l).

C30H 35O12N 5 (657.62). Calcd. C 54.79; H  5.36; 0  29.34; N  10.64. F o u n d  C 54.64; H  5.46; 
О 29.10; N  10.76% .
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Carbobenzoxy-L-pyroglutamyl-L-histidyl-L-proline-p,p’-dim ethoxybcnzhydrylam ide (V)

To a so lu tion  o f  TV (50.0 g; 76 m m oles) in  d im eth y lfo rm am id e  (150 m l) con ta in ing  
e q u iv a le n t tr ie th y la m in e  (42.7 m l; 305 m m oles) 2 ,4 ,5 -trich lo ro p h en y l carbobenzoxy-L -pyro- 
g lu ta m a te  [19] (33.7 g; 76 m m oles) was add ed , a n d  th e  reac tio n  m ix tu re  w as k e p t a t  room  
te m p e ra tu re  o v ern igh t. T h e  so lu tio n  w as e v ap o ra te d  in  v acu u m  an d  th e  resid u e  t r i tu ra te d  
w ith  e th e r, filte red  off a n d  w ash ed  w ith  e th e r. T h e  cru d e  p ro d u c t w as c ry sta llized  from  h o t 
m e th a n o l and  w a ter to  y ie ld  38.5 g (7 0 % )o f  V2; m .p . 127— 128 °C; R y 0.60— 0.65; [ a ] |J — 34.6° 
(c =  1, d im eth y lfo rm am id e).

C38H 420 9N 6 (722.77). C alcd. C 64.81; H  5.85; О 17.70; N  11.62. F o u n d  C 64.60; H  5.95; 
О 17.65; N 11.77% .

L-pyroglutamyl-L-histidyl-L-proline amide acetate (T R H )

T he p ro tec ted  t r ip e p t id e  am ide V (36.2 g; 50 m m oles) w as d isso lved  in  triflu o ro ace tic  
a c id  (100 m l) and  a f te r  a d d in g  anisole (10 m l), th e  so lu tio n  w as boiled  fo r  1 h r . T he so lu tion  
w as cooled to  room  te m p e ra tu re  and  d ilu ted  w ith  e th e r . T he p re c ip ita te  w hich  form ed was 
f i l te re d  off and  w ashed  w ith  e th e r , d ried , th e n  red isso lv ed  in  m eth an o l (200 m l). T he so lu tion  
w as s tir red  w ith  A m b e rlite  I R  4B resin  (ace ta te  cycle) fo r 2 h rs. T he re s in  w as rem oved  b y  
f i l t r a tio n  an  w ashed w ith  0 .06 IV ace tic  acid. T h e  f i l t r a te  an d  w ash ing  w ere com bined and  
e v a p o ra te d  in  v acu u m  to  d ry n ess . T he residue w as t r i tu r a te d  w ith  e th e r, f ilte red  off, w ashed 
w ith  e th e r  and  d ried  to  g ive  18.92 g (86% ) of T R H ; R ] 0.25— 0.30; E ^ s 0.8 ; [a ]g  — 40.3° 
(c — 1, 95%  acetic  acid ), — 60.5° (c =  1, w a ter).

C16H 220 4N 6.C H 3C 0 0 H  (422.44). Calcd. C 51.18; H  6.20; 0  22.72; N 1 9 .8 4 . F o u n d  
C 51.11; H  6.33; 0  22 .67; N 1 9 .8 9 % .

Am ino acid a n a ly s is : G lu  1.04 (1); H is 1.09 (1), P ro  1.00 (1).
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In 1964 (— )-tabersonine and Д-yohim bine were iso lated  b y  T o m c z y k  [1] 
from the seeds and roots, respectively , o f A m s o n i a  a n g u s t i f o l i a  belonging to  
the A p o c y n a c e a e  fam ily. In th is paper we report the iso lation  and structure  
identification  o f some alkaloids found b y  us in the stem  and leaves o f the p lant, 
nam ely (-(-)-vincadifform ine (7) [2], [3], (— )-lochnericine (?) [4] and (— ) 
tabersonine (?) [4].

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 75 (4), pp. 423—425 (1973)

1 2

3

The aqueous solution o f the extract obtained b y  m eans o f m etanolic  
percolation from the stem  and leaves o f  the plant was extracted  w ith  re-hexane 
at pH  3.5. The re-hexane extract was evaporated to dryness, the residue was 
dissolved  in chloroform, then extracted  w ith  0.5 N  sulfuric acid.

The solution obtained was m ade slightly  alkaline (pH  9), then it  was 
extracted  with CHC13 to  obtain a crude alkaloid m ixture.
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Amorphous (+ )-v in cad ifform in e was isolated  from  th e m ixture on pre
p arative Kieselgel (M eOH: ethyl acetat : benzene 1 : 5 : 3 0 )  then on alum inium  
oxide (ether : benzene : cyclohexane 1 : 2 : 2).
[<x]D +  605° ( c  =  0 .21% , E tO H ), ;.^a° H 230 nm  
(lg e 4.00), 304 nm (lg s  4 .02), 330 nm (lg e  4.20).
IR  (KBr) : 3470, 1685, 1620 and 745 c m - 1.

The 70 eV m ass spectrum  of the substance was in agreem ent w ith the  
m ass spectrum data reported  for vincadifform ine [4]; on ly  tw o intense peaks 
appear in the spectrum : m/e 338 (iff, 16% ), m/e 124 (100% ); the formula of 
th e  molecular ion is C21H 2eN 20 2. (M  m/e measured: 338, 1992).

(— )-Lochnericine w as isolated according to  the above procedure from  
th e  chloroform fraction containing the weak bases. [a]o — 473 (c =  0.37, EtO H ). 
M .p. 188—191° (E tO H ). 230 nm  (lg e 4 .04), 303 nm (lg e 4 .12,
332 nm  (lg s  4.30). The infrared spectrum  was identical w ith  that given for 
lochnericine in the spectrum  catalogue o f H o l u b e k  e t  a l .  [6 ]. The high-resolu
tio n  mass spectrom etric investigations are in agreem ent w ith  the structures 
suggested  for lochnericine [7].*

The 70 eV m ass spectrum  was the follow ing:

m j e 7 %1  5 /0 Form ula
352 45 c 21h 24n 2o :
323 7.8 . c 19h 19n 2o ;
322 11 c 22h 22n 2o :
293 5.0
214 37
138 1 0 0 C8H 1oN 0
108 83 C ,H 10N

Two of the three oxygen  atoms of the m olecule are in a m ethoxycarbonyl 
group (see the ion peak  o f mass number 293 (M  — 49)); the third oxygen can 
be attached to the Ce— C7— Cg atoms on the basis o f th e  appearance o f the  
ions o f mass number 138 and its com plem entary o f m ass num ber 214 produced  
on splitting of the C4— C5 and C10— C41 bonds, and also considering the appear
ance o f ion M  — C2H 5 (m/e 323). The readily occurring loss o f form aldehyde 
from  the molecular ion and from the ion species o f m ass number 138 can be 
explained with the presence o f an epoxy group very prone to  rearrangement.

Amorphous (— )-tabersonine was also isolated  from the weak base  
(chloroform) fraction according to the procedure described for (-(-)-vincadif- 
form ine.

* Of the  m ass sp e c tru m  o f lochnericine only th e  m ass n u m b er o f th e  base peak  (m/e  138) 
h a s  been  rep o rted  [6].
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[*]D — 260° (c =  0 .66% , EtOH), 226 nm (lg s  4 .00), 300 nm
(lg г 3.98), 332 nm (lg e 4.15).
IR  (K Br): 3470, 1680, 1615, 747 c m - 1.

The 70 eV m ass spectrum was th e  following: m/e 336 (M , 48% ), 305 
(5% ), 229 (32% ), 135 (100% ), 122 (36% ), 121 (31% ), 108 (27% ), 107 (49% ). 
The formula of the m olecular ion is C21H 2gN 20 2 ( m / e  m easured =  336.1836).

The mass spectrum  is very sim ilar to  th at of 2,3-dihydrotabersonine [7]. 
A striking difference is the absence o f  th e  follow ing ions: M —86, i . e .  th e  ion  
peak, corresponding to  the elim ination o f m ethyl acrylate from the m olecular  
ion, and the ion peaks m / e  130 and 144. This can be explained by the presence  
of a C2— C3 double bond.

*

The p lan ts  w ere su p p o r te d  by  the  B o ta n ic a l R esea rch  I n s t i tu te  of the  H u n g a rian  A ca 
dem y of Sciences, V á c rá tó t.

T he m ass sp ec tra  w ere  recorded b y  a n  MS — 902 (A E I) m ass sp ec trom eter; th e  a cc u 
racy  of th e  h ig h -reso lu tio n  m ass m easu rem en ts  is 2 — 3 ppm .
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РЕЗЮМЕ

Измерение небольших поверхностей адсорбционным методом 
с газом-носителем

К . О Л А , Д Ь .  Г А Ш П А Р  и С. Б Ё Р Ё Ц

Описывается установка для измерения адсорбции с газом-носителем, которая 
имеет различные преимущества перед ранее описанной. Система потока газа была моди
фицирована так, что состав смеси газов, проходящих через детектор, остается неизменным 
и в случае различных составов газовой смеси, прошедшей через адсобционный сосуд. Была 
установлена погрешность, возникающая за счет нелинейности детектора. Изучая зави
симость между скоростями сорбции или десорбции и сигналом детектора, было установлено, 
что зависимость между площадью регистрируемой полосы и количеством десорбированного 
азота является неоднозначной, и зависит от формы концентрационной волны во времени. 
Была рассчитана максимальная относительная погрешность в зависимости от навески.

Влияние сопротивления раствора в полярографии переменного 
тока для случая электродного процесса, контролируемого диффузией

Й . Д Е В А Й , Т . Г А Р А И , Л .  М ЕС А РО Ш  и Б . П А Л А Д И -Ф Е Н Е Ш

Экспериментально были проверены ранее выведенные зависимости первого, второго 
и третьего компонентов переменного тока, возникающего на электроде поляризованном 
напряжением переменного тока, суперпонируемом на напряжение постоянного тока. 
Данные зависимости принимают в учет влияние напряжения, установливающегося на 
сопротивлении раствора в случае электродных процессов, контролируемых диффузией. 
Результаты измерений, относящиеся к системам Fe(III)/Fe(lI) и Pb(II)/Pb(Hg), в пределах 
ошибки измерений согласуются с расчетными данными. Отклонения, превышающие 
погрешность измерений, наблюдались для систем Tl(I)/Tl(Hg) и Cd(II)/Cd(Hg). Расхожде
ния между рассчитанными и измеренными величинами основного, а также второго гар
монического компонентов в области более отрицательных потенциалов полуволны для 
систем Tl(I)/Tl(Hg) объясняются специфической адсорбцией ионов Т1, а для системы 
Cd(II)/Cd(Hg) — изменением емкости двойного слоя.

Исследование некоторых структурных особенностей гидратов 
паравольфрамата с помощью ИК спектрофотометрии

Б . А . КИ Ш Ш

В области 400—4000 см-1 были сняты и рассмотрены ИК спектры гидратов пара
вольфрамата, а также дейтерированного аммонийпаравольфрамат-5-гидрат. Было найдено, 
что в области частот W—О колебаний, наблюдаемые полосы обладают почти одинако
выми частотами, контурами и отношениями интенсивностей. Спектр микрокристалли
ческих солей, с очень хорошим приближением, не зависит от симметрии групп в углах 
кристаллической решетки. В области валентных колебаний конечных W—О групп были 
найдены лишь следующие отклонения: полоса 28- и 11-гидратов в области 940 см-1 в слу
чае 7-гидрата расщепляется на две, а в случае 5-гидрата на три полосы. Это расщепление 
объяснялось дифференциированием различных W—О (1) типов связей с уменьшением 
содержания гидрата. Было установлено, что паравольфраматы содержат также структур
ные ОН-группы в малых количествах.
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Термоконденсационные и спектроскопические исследования однозначно указывают 
на то, что среди основных структур Линдквиста [W120 46]-20 и Липскомба [W120 42]~12, 
последняя находится в согласии с экспериментальными данными. Таким образом, струк
тура паравольфрамат-аниона может быть описана общей формулой [W12O40(OH),]_1°.

Исследование восстановления и окисления ацетальдегида и 
пропиональдегида на платинированном платиновом электроде

ДЬ. ХОРАНИ и М. НОВАК

Электровосстановление и электроокисление ацетальдегида и пропиональдегида 
изучалось в кислом — 1N НСЮ4 — растворе на платинированном платиновом электроде. 
Было установлено, что в процессе электрогидрирования в значительных количествах 
образуются этан и пропан, соответственно. Результатом процесса окисления являются 
соответствующие карбоновые кислоты. Указываются трудности, связанные с определением 
стационарных поляризационных кривых.

Термодинамические зависимости изотопных молекул диборана
Б. ВИЗИ и С. Й. СИВИН

На основе спектроскопических данных были рассчитаны термодинамические зави
симости изотопных молекул диборана с помощью модели гармонического осциллятора с 
жестким ротатором. Приводятся зависимости СтР, Sш, (Нш—ВШо)/Т и — (Gm—Еш0)/Т в 
интервале температур от 100 до 1000°К через каждые 100°.

Электронографическое исследование строения молекулы 
этан-1,2-дитиола

ДЬ. ШУЛЬЦ и И. ХАРГИТТАИ

Геометрия и поворотная изомерия молекулы этан-1,2-дитиола были изучены в 
газовой фазе с помощью электронной диффракции. Анти и гош конформеры вокруг связи 
С—С находятся с относительным содержанием 62 и 38%-ов, соответственно. Форма гош 
может быть получена из формы анти поворотом одной из групп SH вокруг связи С—С на 
106°.

Простой метод определения скорости коррозии
Й. ДЕВАЙ, Л. МЕСАРОШ, Ф. ЯНАСИК и САЕД САБЕТ АБД ЭЛЬ РЕХИМ

Был модифицирован метод измерения скорости электрохимической коррозии ме
таллов, основанный на определении поляризационного сопротивления. Было измерено 
сопротивление ячейки, содержащей два одинаковых электрода, откуда, зная сопротивление 
электролита, может быть определено поляризационное сопротивление. Преимущество 
данного метода по сравнению с методом, основанном на измерении поляризационных 
кривых, заключается в том,что нет необходимости в использовании электрода сравнения. 
Таким образом, данный метод может быть широко использован для измерения коррозии, 
протекающей в органических растворителях, лаках, красках и сплавах.

ИК спектроскопические исследования морфина, I
3. ДЫНЯ, ш. МАКЛЕЙТ, Ш. САБО, Т. МИЛЕ и Р. БОГНАР

Были сняты ИК спектры кодеина(1А) и дигидрокодеина(ПА), а также их производ
ных. Рассматривается возможность использования данного метода для определения 
структуры С-кольца, а также разрешения вопросов пространственного строения.

Было установлено, что
— Насыщенный или ненасыщенный характер С-кольца может быть установлен из 

ИК спектров совершенно однозначно.
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— Для ненасыщенных соединений, замещенных в позициях С6—X и С8—X, харак
терные изменения были найдены в области 800—1000 см-1. В этой области, в случае за
крытого Е-кольца, наблюдаются полосы высокой интенсивности, обозначенные через 
«Е-полосы»: для С6—X заместителей при частотах 940 +  10см-', а для Cs— X заместителей 
при частотах 900 +  13 см-1.

— Полосы, характеризующие С6—X заместители в изученных соединениях, со
ответственно их предполагаемой структуре пространстенной, появляются в области, со
гласующейся с литературными данными.

— На основе полученных данных, в случае соединений, содержащих С-кольцо в 
насыщенной форме и заместители С6—X в аксиальном положении, полагалось гипотети
ческое конформационное равновесие, которое представляет собой равновесие между моле
кулами, содержащими С-кольцо в форме стула и «гибкой ванны».

Реакции соединений осмия с аминокислотами
Я. НИЛАШИ и П. ОРШОШ

Было исследовано окисляющее действие OS04 и K20 S 0 4 на аминокислоты в среде 
0,5 NaOH при 100°С. Было установлено, что при реакции тетраокиси осмия с аминокисло
тами — за исключением пролина, оксипролина, /S-аланина и у-аминомасляной кислоты — 
выделяется в два раза больше аммиака, чем под действием осмата калия. Оба соединения 
осмия при этом восстанавливаются до диокиси осмия.

Подробно изучая реакцию деаминирования гликоколя и а-аланина, было устано
влено, что в первом случае помимо аммиака выделяется также глиоксильная кислота, 
которая сразу окисляется до щавелевой кислоты. Продуктом окисления а-аланина явля
ется, помимо аммиака, пировиноградная кислота, окисление которой до двуокиси угле
рода и уксусной кислоты является медленным процессом.

На основе до сих пор полученных результатов полагалось, что под влиянием 0 S 0 4 
и K2OS04 на аминокислоты образуются аммиак и соответствующие кетокислоты. Степень 
выделения аммиака определяется отношением скоростей образования аммиака и кето
кислоты, а также скоростью дальнейшего окисления кетокислоты.

Синтез дигидросикимикислота- и эпидигидросикимикислота- 
триметилэфиров из О-арабинозы, V

Новые производные О-арабинозы
Я. ЧАСАР и ДЬ. БРУКНЕР

Приводятся синтезы дигидросикимикислота-триметилэфира (IVa) и эпидигидро- 
сикимикислота-триметилэфира (Va), а также их метиловых эфиров (IVb и Vb, соответ
ственно). Исходным соединением синтеза был метиловый эфир 2,3,4-0-арабо-триметокси- 
5-тозилоксипентилциануксусной кислоты (Па), а также аналогичный малоновый эфир 
(ПЬ), полученные из О-арабинозы. Оба соединения с помощью циклизации за счетэтилата 
натрия могут быть превращены в циклогексановые производные III а и ШЬ, соответствен
но, щелочной гидролиз которых приводит к одному и тому же продукту, а именно к 
(3R : 4S : 5Н)-3,4,5-трнметоксициклогексан-1,1-дикарбоновой кислоте (II 1с). Термическое 
декарбоксилирование дикарбоновой кислоты дает смесь дигидросикимикислота-триметил- 
эфира (IVa) и эпидигидросикимикислота-триметилэфира (Va). Разделение хроматографией 
на колонке двух метиловых эфиров карбоновых кислот дает два диастереомера в чистом 
состоянии.

Усовершенствованный метод синтеза гормона (TRH) выделяющего
тиротропин

Ш. БАЮС и И ФАУСТ

Ключевым соединением нового синтеза является Z— Руг— His—Pro—NH— Mbh, 
который построен исходя из пролинамида, экранированного 4,4’-диметоксибензгидрилом 
(Mbh). После ацидолиза защитных групп TRH (Руг— His— Pro— NH2) может быть непосред
ственно изолирован в чистой и однородной форме.
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