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EFFECT OF CYCLIC STRUCTURE ON THE RADIOLYSIS 
OF HYDROCARBONS, IV

R A D IO L Y ISIS OF ALK YLC YCLO PENTAN ES AN D  A L K Y L C Y C L O IIE X A N E S, 11 

T H E  PR O BLEM S OF B IR A D IC A L S

L. W ojinárovits and G. F öld iá k

( Institute o f  Isotopes o f  the Hungarian Academ y o f  Sciences)

R eceived October 11, 1975

On generalization of earlier results (Acta Chim. (B udapest) 82, 285 (1974)), 
radiolysis o f CnH 2n cyclopentane and cyclohexane com pounds containing normal and 
branched alkyl side chains revealed that, in accordance w ith  the energy conditions, the 
open-chain alkenes CnH 2n formed as the main products o f C-C bond sp litting are pre
dom inantly produced by the rupture of C-C bonds linked to carbon atom s situated  
at the positions of ring branching. The products include all those alkenes the double 
bonds of which are adjacent to such a carbon atom .

The yield of skeletal isom er products decreases w ith the increase in length of the 
side chain and its degree of branching. By their decom positions, the branched side 
chains protect the ring from breakdown ‘intram oleeularly’.

Investigations w ith  radical scavengers show that som e of the skeletal isomer 
products are formed in bim oleeular reactions of open-chain alkyl m onoradicals. The 
residual larger y ield  cannot be reduced w ith radical scavengers. The experim ental 
results and various analogies strongly suggest that these ‘m onom olecular’ reactions 
proceed via biradicals.

1. In troduction

B y the  sp li t t ing  of  a С—C bond  in th e  ring, cyc/o-CnH 2tl cycloalkenes 
con ta in in g  5 or m ore r ing  ca rbon  a tom s give rise m ain ly  to  open-cha in  alkenes 
CnH 2„, i.e. to  open-chain  isomers of th e  in itia l cycloalkanes. I t  was reported  
earlier [1, 2] t h a t  th e  reac tions  o f  cyc lopen tane  and  o f cyclohexane  lead pre
d o m in an t ly  to  1-alkenes, whereas th e  m ethy l  com pounds  y ie ld  larger p ro 
port ions  o f  1- and 2-alkenes, and  th e  e thy lcyclohexanes give 1- a n d  3-alkenes.

In  th e  present p a p e r  som e fu r th e r  cycloalkanes, in p a r t  w ith  longer and 
b ran ch ed  alkyl chains, h av e  been  s tud ied  in an  a t t e m p t  to  d iscover how the 
yield of th e  alkenes depends  on th e  s t ru c tu re  o f  th e  molecule. T he  re la tive ly  
large n u m b e r  of find ings acqu ired  to  da te  have been used to  c larify  th e  m ech a
nism  of decomposition.

2. Possilde reaction m echanism s

T here  are two fu n d a m e n ta l ly  d ifferen t reaction m echan ism s for th e  fo rm a
tion  of th e  open-chain  alkenes: m onom olecular  and  bim oleeular.

The monomolecular r e ac t io n  m ay  in principle be a ‘b ira d ic a l’ or a ‘con
ce r te d ’ process. The m a jo r i ty  of  th e  publications [3—9] assum e ‘b irad ica l’

1 Acta Chim. (Budapest) 93, 1977
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processes ,  a lthough  the  ex is tence  of  these, and th e ir  role in  th e  chemical t r a n s 
fo rm a t io n s  have a t  p resen t n o t  b een  com pletely  proved . T he  con trad ic t ions  are 
well c h a rac te r ized  by  th e  fac t  t h a t  even the  defin it ion  [10] of  th e  biradical 
i tse lf  is n o t  unam biguous, for in a b ro ad e r  sense even ind iv id u a l  t r ip le t  s ta tes  
can  be  reg a rd ed  as b irad ica ls . A t  th e  same tim e, accord ing  to  th e  “ n a rrow er”  
d e f in i t io n  o f  F r e e m a n  [11], b irad ica ls  are fo rm ations  w hich  re a c t  fu r th e r  as 
b i fu n c t io n a l  radicals, b u t  th e  closeness of  th e  two rad ica l sites inh ib its  bimolec- 
u la r  re ac t io n s .

T h e  following reac tions  can  be w rit ten  for th e  fo rm a tio n  of  such a b i
fu n c t io n a l  radical in te rm e d ia te  f rom  a cycloalkane, a n d  for its  subsequen t  
t r a n s fo rm a t io n s :

cyclo-CnH 2n -  C H 2- ( H , ) n_ 2—  C H 2 (1)

—* cyclo-CnU in (2a)

C H 2— (C H 2)n_ 2— C H 2— -------- 1— C„H2n (2b)

-------   C2H 4 +  C H 2— (C H ,)n_ 4— C H 2 (2c)

I n  principle, in a d d i t io n  to  these ,  in the  presence o f  a rad ica l scavenger 
(S) it is also necessary to  a ssum e  th e  reaction

C H 2— (C H 2)n_ 2— C H 2 -)- S scaveging p ro d u c t  (3)

I f  th e  overall ra te  c o n s ta n t  for reactions (2) is k... an d  th a t  for reac tion  
(3) is k 3, while the  yield of  b irad ica l  fo rm ation  is Gk molecules/100 eV, then  
we h a v e  the  following express ion  for the  yield of th e  scavenged  p ro d u c t :

G(Sp) — Gk fe3[S]
k3[ S] +  k 2

( 4 )

T h e  v a lu e  of ra te  c o n s ta n t  k 3 can  be expected  to  be of  th e  o rder of those  for 
d iffusion-contro lled  processes, i.e. ^ 1 0 10 M _1s _1. I f  [S] =  0.1 M , the  sensitiv 
i ty  o f  de te rm in a t io n  of  G = 0.01, and  the  yield o f  ring-open ing  Gk = 1.0, then 
th e  y ie ld  of the scavening  p ro d u c t  can be m easured  only  i f  k., <C, 1011 s _1, i.e. if  
t h e  half-life  of fu r th e r  t r a n s fo rm a t io n  of the b iradical is longer th a n  ~  1 0 -11 s.

In  contrast  w ith  th e  foregoing, the  t ran s i t io n  s ta te  of the ‘concer ted’ 
t r a n s fo rm a t io n  is of a n o n -rad ica l  character .  F or  exam ple ,  th is  can be con
c e iv e d  in  t h a t  an in te rn a l  h y d ro g e n  bond  is form ed in th e  ring, and  the  h y d ro 
gen  a to m  necessary for p ro d u c t  form ation  m igra tes  via  th is  e ither  before or 
s im u l ta n e o u s ly  with th e  b o n d  ru p tu re .  Thus, on th e  exam ple  of methylcyclo- 
p e n ta n e :

tl

1!
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F o r  bim olecular a lkene fo rm a tio n ,  i t  is necessary th a t  m o norad ica ls  
f i rs t  be  p ro d u c e d ,  the  fu r th e r  reactions of  these  leading to m onoalkene . In  th e  
rad iolysis  o f  cyclopen tane  and  cyc lohexane, such  radicals are 1 -p e n ty l  and
1-hexyl (G =  0.15 a n d  0.2, respectively) [12, 13].

3. E xp erim en ta l

The hydrocarbons were Fluka products; before use they were freed from unsaturated  
contam inants by sulfuric acid washing, and then purified by redistillation.

Irradiations were carried out w ith  a eoCo source at room temperature, th e  dose rate 
being 2.6 • 1016 eV g - 1s - 1 (1.5 M rd h ^ 1), and the dose 2 • 1020 eV g -1 (3 Mrd). The experim en
tal technique was reported in detail previously [1, 2 ].

4. R esu lts

D a ta  as to  the  yields of the  alkene p ro d u c ts  C „H 2n from the  cy c lo p e n ta n e  
and cyc lohexane  derivatives s tud ied  are g iven  in  Tables I — I I I ,  w hile  th e  G 
values of th e  m ore im p o r ta n t  p roduc ts  o f  s p l i t t in g  of the alkyl g roup  f ro m  the  
ring are  to  he found  in Table  IY. The yie lds  were  also inves t iga ted  fo r  some 
p roduc ts  o f  1 ,1-dim ethylcyclohexane, cis- a n d  trans-1 ,2-d im ethy lcyc lohexanes ,
1 ,3-d im ethy lcyc lohexane  con ta in ing  th e  cis a n d  trans isomers in  a ra t io  o f  
72 : 28, cis- a n d  trans- 1 ,4 -d im ethy lcyclohexanes,  and  cis- and t rons-deca lins  
(Tables V—V I).

In  a d d i t io n  to  the  ta b u la te d  co m p o u n d s ,  all of the  cyc loa lkanes  also 
yield f ra g m e n ta t io n  h yd roca rbons  in d ica t iv e  of  th e  cleavage o f  th e  rings. 
Analogously  as rep o r ted  earlier [14] in co n n ec t io n  w ith  cyc lopen tane ,  cyclo
hexane and  th e i r  m e th y l  and  e thy l  d e r iv a t iv e s ,  these  are p re d o m in a n t ly  open- 
chain m onoalkenes.  F or  cyc lopen tane  th e  y ield  of  decomposition to  th e  f rag 
m ents G ^  0.5 molecule/100 eV, as co m p ared  w ith  a value of ~ 0 . 1  fo r  cyclo
hexane. T h e  f rag m en t  formed in h ighest y ie ld  is generally  ethylene (G =  0.05 —
0.4). Increase  in th e  length o f  th e  s ide-chain  is accompanied b y  a g ra d u a l  
decrease in th e  e x te n t  of f rag m en ta t io n .

F or  cyclic hydrocarbons  w ith  side cha ins  con ta in ing  two or m ore  carbon  
a tom s, it  is also possible to  observe fo rm atio n  o f  p roducts  where r u p t u r e  has 
occurred  a t  a С—C bond  in th e  s ide-chain: for exam ple ,  on radiolysis o f  bu ty l-  
cyclohexane, m ethy l- ,  ethyl- and  p ropy lcyc lohexanes  are form ed in  small 
am o u n ts ,  w ith  ind iv idual G values of  ~ 0 . 0 2 .  T h e  probab il i ty  of decom posit ion  
of th e  side chain  is considerably  h igher in cycloalanes contain ing b ra n c h e d  
side chains:

(a) on radiolysis  of isopropy lcyc lohexane, m ethy l  groups are  sp l i t  off 
from th e  side chain  with a yield o f  ~ 0 . 1 ;
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Table I

G values o f open-chain isomeric products o f  cyclopentanes

C atom  num ber (n) 5 6 7 8 9 10

" —— cycl oal kane 

p roduct '  ■——____
cyclo- 

pentane

m ethyl-
cyclo-

pentane

ethy l-
cyclo

pen tan e

propyl-
cyclo-

pentane

butyl-
cyclo-

pentane

penty l-
cyclo

pentane

l-C nH n2 0.70 0.75 0.40 0.30 0.21 0.30*

) 0.10 I
1 0.02 1 0.23 0.03

ir<ms-2-CnH 2n 1 0.23
i

cis-3-CnH 2n 1 0.13 )
—0.02 0.18 0.10

trans-3-CnH 2n 1 0.37
i

ciS-4-CnH 2n 0.11 0.08 0.10
irarcs-4-nC H 2n 0.35 0.31

ets-5-CnH 2n ] 0.05
frarcs-5-CnH 2n i
Isoalkenes — 0.10 0.09 —0.08 0.09 0.06

i ’ CnH 2n 0.72 1.20 1.22 1.05 0.79 0.51

* 1-decene +  írans-4-decene

G values o f  open-chain

Table II

isomeric products o f  cyclohexanes

C atom  num ber (n) 6 7 8 9 10 11

--------  cycloalkane
cyclo

hexane

m ethyl- e thy l- propyl- butyl- pentyl-
~~ '— cyclo- cyclo- cyclo- cyclo- cyclo-

p roduct ' hexane hexane hexane hexane hexane

trans-2-CnH 2n

fr<ms-4-CnH 2n

Isoalkenes

0.37

* 1-undecene -f- trans-5-undecene
A cta  Chirn. ( Budapest)  9 3 , 1977

0.34

0.02

0.01

0.34

0.08

0.20

0.22

0.03

0.06

0.20

0.18 0.17

0.10

0.72

0.08

0.59

0.03

0.06

0.22

-0.04

0.53

0.02

0.045

0.18

0.025

0.44

0.33*

0.04

0.02

0.39
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Table III

Open-chain isomeric products o f isobutylcyclopentane, isopropylcyclohexane and lert-outyl-
cyclohexane

Isobutylcyclopentane Isopropylcyclohexane

product G product G

7-m ethyl- 1-octene eis-2-m ethyl-3-octene 0.01
irans-2-m ethyl-4-octene 0.44* irfm s-2-m ethyl-3-octene 0.075
cis-2-methyl-4-octene 7-m ethyl- 1 -octene 0.05
trans-2-m ethyl-3-octene 0.13 2-m ethyl-2-octene 0.02
cis-2-methyl-3-octene 

other CnH 2n

0.04

0.07

other CnH 2n 0.07

Total 0.22
Total 0.68

* Due to the poor separation of the 
gas chromatographic peaks, the individual 
G values could not be determined

leri-butylcyclohexane

product G

trans-2,2-diinethyl-3-octene 0.05
cts-2,2-dim ethyl-3-octene —0.006

7,7-<lim ethyl-l-octene 0.02

other CnH 2n —0.01

Total 0.08

(b) on decom position  of iso b u ty lcyc lopen tane ,  th e  m e th y l  and  isopropyl 
g roups split off  f rom  th e  side chain  w ith  G va lues  of  —'0.12 an d  —'0.4, respec
tively ;

(c) on i r ra d ia t io n  of te r t-bu ty lcyclohexane, d e ta c h m e n t  o f  one m ethy l  
g roup from th e  q u a te rn a ry  carbon  a to m  leads to  isopropyl- ,  isopropenyl- 
and  isopropylidenylcyclohexane w i th  a com bined  yield of  G ^  0.2.

As is know n from  the  l i te ra tu re  [15, 16], am ong  th e  Cn p roduc ts  n- 
p e n ta n e  and n -h ex an e  are form ed on radiolysis  o f  cyc lopen tane  and  cyclo
hexane , respec tive ly  (G =  0.10 a n d  0.06, respectively) . P ro d u c ts  o f  a s im ilar 
n a tu re  are also fo rm ed  on decom position  of th e  a lky lcycloalkanes too, h u t  the  
yield is fairly sm all.

Among th e  dim erized p ro d u c ts ,  hyd rocarbons  Cnl l 2n+1- cydo-CnH 2n_, 
ind ica te  coupling o f  cyclic and open-chain  molecules; for ins tance , the  forma-
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Table IV
G values fo r  removal o f the alkyl side chains o f  alkylcyclopentanes and alkylcyclohexanes, and bond

energies

G
(cyclo

pentane)
or
G

(cyclo
hexane)

G
(cyclo - 

pentene) 
or
G

(cyclo
hexene)

product G Gest
D* 

kcal 
mol' 1

M ethyleyclopentane 0.1 0.1 methane 0.13 - 0 . 2 83

E thylcyclopentane 0.16 0.06 ethane 0.16 —0.3 80

Propylcyclopentane 0.13 0.08 propane 0.15 —0.25 80

B utylcyclopentane 0.10 0.07 butane 0.15 —0.2 80

Pentylcyclopentane 0.07 0.03 pentane 0.12 0.1— 0.2 80

Isobutylcyclopentane 0.15 0.08 0.2 —0.025 80

M ethylcyclohexane 0.08 0.14 methane 0.08 —0.2 84

E thylcyclohexane 0.2 0.1 ethane 0.13 —0.3 80

Propylcyclohexane 0.14 0.08 propane 0.2 0.2— 0.3 80

B utylcyclohexane 0.12 0.08 butane 0.17 0.2— 0.3 80

P entylcyclohexane 0.11 0.06 pentane 0.2 —0.2 80

Isopropylcyclohexane 1.02 0.36 propane

propene

1.1 — 1.5 76

ieri-butylcyclohexane 1.8 0.4 isobutane

isobutene

2.0 2.0— 2.5 71

* The bond dissociation energies were estim ated on the basis o f data in Refs [18— 20]

t io n  o f  p en ty lcyc lopen tane  (G =  0.05) can be es tab lished  on i r ra d ia t io n  of 
cy c lo p en tan e .  These p ro d u c ts  could  n o t  be iden tif ied  or d e te rm in ed  sepa ra te ly  
in  e v e ry  case on i r ra d ia t io n  o f  a lky lcycloalkanes of  h igher  m olecular  weight. 
I n  th e  case o f  cycloalkanes of  lower carbon  a to m  num bers ,  the  yields v a ry  in 
th e  ran g e  G =  0.05— 0.12. F o r  th e  a lkylcycloalkanes co n ta in ing  m ore carbon 
a to m s ,  th e  yields are to  be e x p ec ted  to  be somewdiat less t h a n  th is .

I t  was earlier r e p o r te d  [1] t h a t  for cyclopentane, cyclohexane an d  th e ir  
m e th y l  an d  e thy l de r iva tives  th e  yield of th e  Cn alkene decreases b y  2 0 —4 0 %  
in  th e  presence of  scavengers in  a co n cen tra t ion  of 0 .0 1 — 0.1 M. Some more 
re c e n t  investiga tions,  m a in ly  w i th  p ropy lcyc lopen tane ,  p ropy lcyc lohexane  
a n d  1,2- and  1 ,4 -d im ethy lcyclohexanes,  ind ica te  a s im ilar,  re la t iv e ly  small 
decrease  (5— 25% ) in the  yields o f  th e  alkene molecules too . On add i t io n  of 
r a d ic a l  scavengers, th e  G va lues  for th e  CnH 2n+2 and  CnH.2n+ 1-cyc/o-CnH 2n_ 1 
a lk an es  decrease b y  ^ 7 0 — 90% .
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Table V

Skeletal isomeric products o f dimethylcyclohexanes

1,1-dimethylcyclohexane [23] 1,2-dimethylcyclohcxanes [22]

product G product Gels Gltans

6-inethyl- 1-heptene 0.35 cís-2-octene 0.25 0.12

2-m ethy 1-2-hep tene 0.50 írans-2-octene 0.80 0.63

2-m ethyl-1-heptene 0.40 1 -octene 0.13 0.40

other open-chain C8H 1); 0.10 5-m ethyl-1-heptene 0.1 0.07

Total 1.35 Total 1.28 1.22

1,3-dimethylcyclohexane (cis-trans  ratio 72 : 28) 1,4-dime thy  lcyclohexanes [22]

product G product <’rl, G rant

2-m ethy-1-heptene 0.14 3-m ethyl-1-heptene 0.20 0.18

cis-6-m ethyl-2-heptene ~ 0 .0 7 cis-5-m ethyl-2-heptene 0.12 0.09

trans-6-m ethyl-2-heptene ~ 0 .2 4 frans-5-m ethyl-2-heptene 0.24 0.30

6-m ethyl-1-heptene ~ 0 .0 3 5-m ethyl-1-heptene 0.08 0.10

4-m ethyl-1-heptene ~ 0.20

cis-4-m ethyl-2-heptene 0.05 Total 0.64 0.67
ir<ms-4-methyl-2-heptene ^ 0 .1 4

Total 0.87

Table VI

Irradiation products o f  decalins [22]

Product G r„ G/ran

4-cyclohexyI-l-butene 0.08 0.08

1-butylcyclohexene 0.05 0.04

other butylcyclohexenes ~ 0 .0 3 ~ 0 .0 3

Total 0.16 0.15

5. D iscussion

5.1. S p li t-o f f  and decomposition o f  the side-chain

On irrad ia t ion  o f  m ethy lcyc lopen tane , th e  m os t  im p o r ta n t  p ro d u c ts  of 
rem ova l  of th e  m e th y l  g roup are m ethane  (G 0.12), cyclopentane  and  cyclo- 
pen ten e  (G =  0.19). The low m ethane  yield shows th a t  a considerable  p ro 
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p o r t io n  of  the split-off m e th y l  g roup  is transfo rm ed  no t to  m e th a n e ,  b u t  to 
so m e  o th e r  product; i t  m a y  be assum ed  t h a t  th e  m ethy l rad ica ls  couple  with 
m e th y lcy c lo p en ty l  radica ls  to  y ie ld  d im ethy lcyc lopen tane  isom ers. In  the  
p r e s e n t  experim ents all th e  five  possible isomers were show n to  be formed, 
b u t  t h e  yields were v e ry  low , th e i r  overall G-value being ~ 0 . 1 .  P ro d u c ts  of 
c o m b in a t io n  of the  cy c lo p en ty l  radica ls  w ith  th e  m ethy lcy c lo p en ty l  radicals 
w ere  fo u n d  only in traces . T h e  to ta l  yield for m e thy l  group re m o v a l  is th e re 
fo re  G ~  0.20— 0.25.

T h e  frequency of sp l i t t in g -o ff  o f  th e  a lkyl group was also e s t im a te d  for 
t h e  o th e r  alkyl cycloalkanes; th e  re lev an t  values are lis ted  in co lum n  6 of 
T a b le  Y . While the e x te n t  o f  d e ta c h m e n t  decreases som ew hat w i th  increasing 
le n g th  o f  the  alkyl side c h a in  on i r rad ia t io n  of b o th  a lky lcyc lopen tanes  and 
a lky lcyc lohexanes ,  on i r r a d ia t io n  of  isopropyl- and tert-bu ty lcyc lohexane  
th e  s ide  chain splits off w ith  a f requency  larger b y  ab o u t  one o rder  o f  m agn itude  
t h a n  f ro m  alkylcycloalkanes w ith  s t ra ig h t  side chains. The f req u en cy  of sp lit
t in g - o f f  is the  higher, th e  low er the  energy  of the  given bond. At th e  sam e time, 
h o w e v e r ,  the  frequency of r u p tu r e  of  a bond  with  a given d issocia tion  energy 
d ec reases  with the  size of  t h e  molecule. A similar find ing  was m a d e  earlier 
[17] in  connection w ith  th e  rad iolysis  of non-cyclic alkanes.

I n  accordance w ith  w h a t  was m en tioned  as regards th e  ex p er im en ta l  
f in d in g s ,  th e  rup tu re  of  o th e r  C-C bonds  of the  side chain proceeds w ith  com 
p a r a t iv e ly  low yield. A m ore  sign if ican t decomposition arises on ly  for a lky l
c y c lo a lk an es  with b ranched  side chains , and  prim arily  in th e  case o f  isobutyl-  
c y c lo p e n ta n e ,  where th e  С—C bonds  linked to  th e  te r t ia ry  c a rb o n  a to m  of 
th e  b r a n c h e d  side chain d issocia te  w ith  a yield of  G ^  0.6 (cf. Section  4).

5.2. Isom erization  o f  rings to open-chain alkenes

I t  can  be seen from T ab les  I  an d  I I  t h a t  th e  com bined G v a lu e  for the  
iso m eric  products  w ith  open -cha in  skeletons (G(27 skeletal isom er))  increases 
s t r o n g ly  (by  ~ 6 0  and 9 0 % , respectively)  on progressing from th e  u n b ran ch ed  
c y c lo a lk a n e  to  the m e th y lcy c lo a lk an e  in b o th  th e  cyclopentane a n d  th e  cyclo
h e x a n e  series; with the increase  of th e  leng th  of th e  n-alkyl chain , it  th e n  g rad 
u a l ly  d im in ishes (Figs 1 a n d  2).

T h e  Figures also give t h e  g(H  skele ta l  isomer) values, which were ca lcu la t
ed  o n  th e  basis of energy ab so rb ed  p r im ar i ly  b y  th e  rings on ly , assum ing  
t h a t  th e  energy absorp tion  is p rop o r t io n a l  to  the  electron f rac t ions .  F or  the  
re-alkylcyclopentanes and  th e  n -a lky lcyclohexanes,  th e  value  of  g(27 skeletal 
isom er)  varies in the  ranges 1.7— 1.3 and  0.9—0.7, respectively .  S im ilarly  
to  G (H  skeletal isomer), beg inn ing  from th e  ethylcycloalkanes th e  g  values 
dec rease  a little with th e  c a rb o n  a to m  n u m b e r  in bo th  series.
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No. of C atoms in s i de - ch a i n

Fig. 1. G(Z’ skeletal isomer) and g(F  skeletal isom er) values o f n-alkylcyclopentanes

No. of C atoms i n s i d e - c h a i n

Fig. 2. G (i’ skeletal isom er) and g(F  skeletal isom er) values o f n-alkylcyclohexanes

According to  th e  G (E  skeletal isomer) values ,  th e  yields of  th e  p ro d u c ts  
form ed from  th e  rings of  the  a lkylcycloalkanes are twice those of th e  p ro d u c ts  
formed from cyc lopen tane  and  cyclohexane, w hich  are 0.72 and  0.37. This  
phenom enon  is analogous w ith  t h a t  observed  in  th e  radiolysis o f  b ran ch ed -  
chain a l ipha tic  com pounds [17]: in bo th  cases the  alkyl b ranchings lead  to 
a decrease in th e  energy o f th e  weakest bo n d  in  th e  molecule, and th e re fo re  th e  
frequency  of C-C bond  ru p tu re  increases.

The course of  th e  g(2 ' isomer) values  in  Figs 1 and 2 also show s th a t  
isomeric p roduc ts  do n o t  reveal th e  en e rg y  t ran sfe r  from th e  side chain  
tow ards  the  ring, as observed for the a ro m a t ic  hydrocarbons [21], b u t  the  
decrease of  theg(27 skeletal isomer) values for  th e  h igher carbon a to m  n u m b e rs  
is ind ica t ive  o f  even a s light ‘p ro tec tive  e ffec t’ o f  th e  alkyl chain . T h is  can 
be seen even more clearly  if the  G (S  ske le ta l  isomer) values for th e  p a ir s  n- 
p ropy lcyc lohexane  and  isopropylcyclohexane, an d  n -bu ty lcyc lohexane  and  
teri-bu ty lcyclohexane, which contain  the  sam e  n u m b ers  of carbon a to m s ,  are 
com pared :  th e  G (E  skeleta l isomer) values o f  th e  isopropyl and te r t -b u ty l  com 
pounds are only 4 0 %  and 13% , respectively , o f  th e  values for th e  c o r re sp o n d 
ing n-a lky l cyclohexanes, while the  same n u m erica l  value is 85%  for isobu ty l-  
and n -b u ty lcyc lopen tane .  In  these cases, in accordance  with the  d iscussion  in
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t h e  foregoing section, sp l i t t ing -o ff  of the  a lk y l  g roup from the r ing  a n d  dissocia
t io n  o f  th e  bonds of  th e  side chain are v e ry  freq u en t .  I t  follows f rom  th e  com 
p e t i t io n  of  the  bond  ru p tu re s ,  therefore, t h a t  as a result of the  m ore  p ro b ab le  
s p l i t t in g  of the w eaker C-C bonds b e tw een  th e  t e r t ia ry - te r t i a ry  (isopropyl- 
cyc lohexane) ,  the  q u a te r n a r y - t e r t i a r y  ( tert-butylcyclohexane) or th e  t e r t i a r y 
s e c o n d a ry  and th e  t e r t i a r y - p r im a r y  (isobu ty lcyc lopen tane) c a rb o n  a tom s, 
th e  f req u en cy  of r ing  sp l i t t in g  is suppressed .

I t  can be seen from  Tables  I I  and  V t h a t  th e  overall yield of  th e  isomeric 
p r o d u c t s  is grea ter  from  every  d im e thy lcyc lohexane ,  th a n  from ethy lcyc lohe-  
x a n e  w hich  contains th e  sam e num ber  of  c a rb o n  a tom s [22, 23]. This p h e n o m 
en o n  is analogous w ith  w h a t  has a lread y  been  observed in th e  rad ia t io n  
c h e m is t ry  of open-chain  a lkanes [17]: th e  y ield  of the C-C b o n d -sp l i t t in g  
p r o d u c t s  rises with th e  increase of the n u m b e r  of  chain branch ings .  T h e  h ig h 
est G(U  skeletal isomer) values are ex h ib i ted  b y  1,1- and 1 ,2-dim ethylcyclo- 
h e x a n e s :  in these, as a consequence of t h e  q u a te rn a ry ,  or th e  tw o  link ing  
t e r t i a r y  carbon  a tom s, th e  C-C bond sp l i t t in g s  are again s trong lv  fav o u red  
for  energe tic  reasons.

T ab les  I an d II show  th a t  the  ske le ta l  isomeric products  p e rm i t  conc lu 
sions as to  the  very selective opening of th e  ring . The alkenes CnH 2rl p re d o m i
n a n t l y  h av e  s tra igh t  cha ins ,  and can th u s  he a t t r ib u te d  to  sp l i t t in g  a t  the  
t e r t i a r y  carbon  a to m  of t h e  ring. A nalogously  as for the  m e th y l  and  e thy l  
c o m p o u n d s  [1], th e  s tra ig h t-ch a in  p ro d u c ts  suggest the  following schem e 
fo r  th e  m echanism  of decom position  of ra-propylcyclopentane:

0 0 0 SI 0
CH3- C H 2— CH2—CH2— C H .-C H -—0 Н = 0 Н 2 (5a)

0 0 0 0 0
C H i-C H -—0 H 2—('H = C H -C H 2-C H 2- C H 3 (5b.)

v  0  0  0  0  0
CHa—OHa—C’H=C'II—-t’Ha—CH»—CHa—OHa (5c)

T ra n s fo rm a t io n  (5c) d id  no t fea ture  in ou r  ea r l ie r  work. Its a s su m p t io n  was 
n e c e s s i ta te d  b y  th e  fa c t  t h a t ,  on i r ra d ia t io n  of  n -propy lcyc lopen tane , for 
e x a m p le ,  in  addition  to  th e  1-octene and  cis- a n d  írims-4-octenes co rrespond ing  
to  processes  (5a) and  (5b), t h e  3-octenes also h a v e  a significant G va lu e ,  and  
th e  fo rm a t io n  of these can  be  in te rp re ted  fo rm a l ly  only by  a r e a r ra n g e m e n t  
o f  s u c h  a ty p e .  For th e  u n b ra n c h e d  cy c lo p e n ta n e  and  cyclohexane, reac tions  
(5a) a n d  (5b) lead to  fo rm a t io n  of th e  sam e p ro d u c t ,  the  1-alkene, while n a t 
u ra l ly  (5c) is no t  possible in  th is  case. In  t h e  reac t io n  of m e th y lcy c lo p en tan e
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a n d  m ethy lcyc lohexane, process (5c) leads to  t h e  sam e  result as (5a) th e  fo rm a 
tion  of 1-hexene or 1-heptene, while in th e  re ac t io n  of n -b u ty lcy c lo p en tan e  
and n -pen ty lcyc lohexane  the  sam e p roduc ts ,  4-nonenes or 5-undecenes, are 
formed in processes (5b) and (5c).

The m a in  p roduc ts  of isopropy lcyc lohexane  are  7 -m e thy l- l-oc tene  and
2-m ethyl-3-octenes, while those  of te r t -bu ty lcyc lohexane  are 7 ,7 -d im e th y l- l -  
octene and 2 ,2-d im ethyl-3-octenes,  th e  fo rm a tio n  of  which may be in te rp re te d  
on the  basis o f  reactions of ty p e  (5a) and  (5b). On irrad ia t ion  of  i so p ro p y l
cyclohexane, 2 -m ethyl-2-octene  is form ed in reac t io n  (5c), whereas a re ac t io n  
of  th is  ty p e  is n o t  possible for te r t-bu ty lcyc lohexane .

6 -M eth y l- l -h ep ten e  and  2 -m ethy l-2 -hep tene ,  th e  isomeric p ro d u c ts  
ob ta ined  in h ighes t  yield on radiolysis o f  1 ,1-d im ethylcyclohexane, are  fo rm ed  
b y  ru p tu re  o f  som e ring С—C bond linked to  th e  q u a te rn a ry  carbon  a to m , 
essentially analogously  to  reactions (5a) and  (5b). 2 -m e th y l- l -h ep ten e  is to  
be found in apprec iab le  yield am ong  th e  p ro d u c ts ;  th is  m ay he in te rp re te d  
by opening o f  th e  ring at the  q u a te rn a ry  c a rb o n  a to m  and inco rpo ra t ion  of 
th e  double b o n d  betw een  the q u a te rn a ry  c a rb o n  a to m  and one of th e  m e th y l  
groups, i.e. b y  a process analogous to  reac tion  (5c) [23].

I r ra d ia t io n  of  the  1 ,2 -d im ethylcyclohexanes leads mainly to  fo rm a tio n  
of  1-octene a n d  2-octenes, ind ica t ing  C-C b o n d  ru p tu r e  between the  tw o  t e r t i 
ary  carbon a to m s .  Following th is  bond  ru p tu re ,  th e  double bond is s i tu a te d  
so as to  y ield  2-octene p roduc ts ,  via  e i the r  reac t io n  (5a) or reac t io n  (5b). 
F o rm ation  of  1-octene m ay  be explained bv in c o rp o ra t io n  of the doub le  bond  
between one o f  th e  te r t ia ry  carbon  a tom s o f  th e  s ta r t in g  molecule a n d  th e  
carbon  a to m  o f  th e  m ethy l  g roup connected  to  i t ,  i.e. by  a process ana logous 
to  reaction (5c).

The p ro d u c t  spec trum  of the  1 ,2 -d im ethylcyclohexanes includes p ro d u c ts  
ind ica tive  o f  r u p tu r e  no t only of  the  C-C bond  be tw een  th e  two te r t ia ry  c a rb o n  
atom s, b u t  also o f  th e  C-C bond  betw een  one o f  th e  te r t ia ry  carbon a to m s  and  
th e  secondary  carbon  a to m  of th e  ring a t t a c h e d  to  i t .  Among these p ro d u c ts ,  
only  5 -m e th y l- l -h e p te n e  was observed  in a w ell-m easurab le  yield.

The p ro d u c t  spec trum  of 1 ,3-d im ethy lcyc lohexane  is fairly com p lica ted  
as a consequence of the  re la tive ly  large n u m b e r  of  p roduc ts  formed. H ing  o p e n 
ing betw een  1 r ing  carbon a to m  ( te r t ia ry )  a n d  2 (secondary), followed by  
form ation o f  th e  p roducts  2 -m e th y l- l -h e p te n e ,  cis- and  traras-6-methyl-2- 
heptene, and  6 -m e th y l- l -h ep ten e ,  can he in te rp re te d  by  reactions ana logous 
to  Eqs  (5a), (5b) and  (5c).

R ing open ing  between 1 ring carbon  a to m  (ter t ia ry )  and 6 leads  to  
4 - in e th y l- l -h ep ten e  in a re a rran g em en t  ana logous  to  (5a) and (5c), a n d  to  
cis- and trans-4 -m ethy l-2 -hep tene  in a t r a n s fo rm a t io n  corresponding to  (5b).

F o rm a t io n  o f  3 -m e th y l- l -h ep ten e  and  cis- a n d  irans-S-m ethylc^-heptene , 
the  m ost im p o r ta n t  open-chain isomeric p ro d u c ts  o f  irradiation  o f  tfTc >,4^-
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d im eth y lcy c lo h ex an es ,  can be expla ined  b y  re a rran g em en t  processes analogous 
to  (5a) a n d  (5b) following C-C bo n d  r u p tu r e  a t  th e  te r t ia ry  ca rb o n  a to m ,  while 
th e  low er-y ie ld  fo rm ation  of 5 -m e th y l- l -h e p te n e  is in te rp re tab le  v ia  a  process 
s im ila r  to  reac tion  (5c).

5.3. M echanism  o f  skeletal isomerization

A s rep o r ted  in section 4, rad ica l scavengers  in a concen tra t ion  of  0.01— 0.1 
M in  gen e ra l  decrease th e  y ield  of ske le ta l  isom er products  by  5— 4 0 % . Based 
on th i s  f in d in g  alone, how ever, i t  is n o t  possib le  to  draw  q u a n t i t a t i v e  con
c lusions, fo r  irrad ia t ion  gives rise to  m a n y  ty p e s  of in terac tions b e tw een  the  
scavengers  and  the  in te rm ed ia tes  of rad io lys is ;  generally, for ex am p le ,  these 
in te ra c t io n s  include n o t  only radical c a p tu re ,  b u t  also electron c a p tu re ,  and 
th u s  t h e  y ie ld  decrease m ay  be th e  resu lt  o f  b o th  radical and  e lec tron  cap tu re .  
T he  co m p a ra t iv e ly  low (5— 40% ) yield decrease, however, qu ite  c learly  shows 
th a t  t h e  skele ta l  isomer p roduc ts  are m a in ly  form ed in m onom olecu la r  reac
t ions ,  a n d  n o t  in b im olecular  processes.

L e t  us consider th e  sam e question  f rom  a different aspect.  On i r rad ia t io n  
of c y c lo p e n ta n e  and  cyclohexane in th e  p resence  of I 2 as scavenger, th e  open- 
cha in  a lk y l  radicals found in g rea tes t  y ie ld  were the 1-pentyl a n d  1-hexyl 
rad ica ls ,  respectively  [12, 13]. I t  is p ro b a b le  t h a t  analogous rad ica ls  are  also 
fo rm e d  f ro m  the  cycloalkane der iva tives .  T hese  radicals e i the r  a b s t r a c t  a 
h y d ro g e n  a to m  from ne ighbouring  cyc loa lkane  molecules [16], or undergo  
d isp ro p o r t io n a t io n  reactions (7a) and  (7b) or  com bination  reac t io n  (7c) with 
the  cyc loa lky l  radicals, which are p ro d u c e d  in very  m uch la rge r  a m o u n ts :

CnH;n+1 +  cyc/o-CnH.,n -v  CnH.,n+ +  cyclo-CnH ;n_! (6)

------- » CnH 2fl+2 +  CJ c/°-CnH 2n-2 (7a)
c ,iH2„-n +  сУс/°-СпН2п —1 ------* CnH 2n +  cyc/o-CnH 2n (7b)

СпН 2п+1-сус/о-СпН 2п_ г (7c)

F o r m a t io n  o f  the  p roduc ts  CnH 2n+2 a n d  CnH 2n+1-cyc/o-CnH 2n_ j  in  rad ica l 
reac t io n s  is supported  b y  our observa tion  t h a t  the ir  yield decreases sha rp ly  
in th e  p resence  of radical scavengers. In  process (7b) a p roport ion  o f  th e  cyclo
a lkyl ra d ic a ls  are converted  to  cycloalkane again , while in ad d i t io n  an  open- 
cha in  a lk e n e  is formed. On th e  basis o f  d a t a  re la t ing  to  analogous rad ica ls ,  
the  r a t io  for  the  d ispo rpo rt iona tion  a n d  co m b in a t io n  reactions b e tw een  the  
o p en -ch a in  a lky l and cycloalkyl radicals can  be es tim ated  as (k la ^7b)/^7c —
=  0 .2— 0.6 [24— 26]. The low yield of  th e  p ro d u c ts  CnH.,n+ 1-cyclo-CnR 2n_ i 
(G =  0 .05—4).12) dem ons tra te s  th a t  only a few h u n d re d th s  of a G u n i t  o f  open- 
chá in  a lk e n e  can be produced  in  reac tion  (7b).
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In su m m a ry ,  therefore , it m a y  be s ta te d  t h a t  th e  skele ta l  isom er produc ts  
are p re d o m in an t ly  form ed via  a m onom olecular  p a th ,  h u t  th e  question  rem ains 
as to  w hether  th is  is a ‘b irad ica l’ or a ‘co n ce r ted ’ process. O ur considerations 
w ith  regard  to  th is  are given below.

5.4. A re  biradicals necessary fo r  interpretation o f  the reactions?

In  the  p resence  of  radical scavengers th e  p ro d u c t  o r ig inating  from cap tu re  
of  th e  b iradical fo rm ed  m ay be p roduced  in accordance  w ith  E q .  (3). For 
exam ple , if  th e  rad ica l  scavenger in  the  radiolysis  o f  cyc lopcn tane  is I 2, then
1 ,5-diiodopentane m a y  be form ed, whereas if  it  is e thy lene  then  th e  scaveng
ing p roducts  will be  cycloheptane  and  1-heptene . On gas ch rom atog raph ic  
analysis of th e  ir rad ia ted  cyc lopen tane—eth y len e  and cyc lopen tane—iodine 
system s, peaks were  found which p ro b ab ly  correspond to cyc loheptane  and
1-heptene and to  1,5-diiodopentane, b u t  th e i r  yields were ve ry  low, no t  ex 
ceeding 0.01— 0.03. This fu r th e r  m eans t h a t  if  b ifunctional biradicals  are 
form ed a t  all d u r in g  the  reaction , then  th e i r  half-life m u s t  be less th a n  a few 
t im es 10~10 s. A t  t h e  same tim e  th e  lower limit to  th e  life-time of h y po the tica l  
biradicals is con tro lled  by the  t im e  of ro ta t io n  a round  th e  С—C bond, th e  fre
quency  of which is ~ 1 0 13, and th u s  th e  t im e  for one ro ta t io n  is ~ 1 0 -13 s.

Despite t h e  limited resu lts  of the  b irad ica l scavenging experim ents ,  
several factors p o in t  to the b irad ica l  m echan ism :

(a) th e  com position  of th e  p roduc ts ;
(b) s tereochem ical considerations a n d  th e  phase  effect;
(c) ana logy  w ith  the  photo lysis  of cycloalkanones.

Composition of the  products

R ea r ran g em en t  of the b irad ica l fo rm ed on opening, to  give an  open- 
chain  alkene en d -p ro d u c t ,  can be exp la ined  b y  in te rn a l  hyd rogen  a to m  m ig ra 
t ion :  for exam ple ,  on i r rad ia t ion  of n -p ropy lcyc lopen tane  octene is form ed 
b y  transfer  o f  one hydrogen a to m  in a s trong ly  exo therm ic  process ( 5 0 —60 
kcal m ol-1) from  carbon  a tom  2 to  carbon  a to m  5, or from carbon  a tom s 4 or 
6 to  carbon a to m  1, in the  b irad ica l

C H 2 -  CH 2—C H 2—C H 2— C H—C H 2—CH, —C I l3 
1 2 3 4 5 6 7 8

T he  hydrogen  t ran s i t io n s  from  C 2 to  C 5, from  C 4 to  С 1 an d  from  C 6 to  С 1 
yield 1-octene, 4-octene and  3-octcne respectively .

As Tab le  I shows, these p ro d u c ts  are  ac tu a l ly  form ed in th e  ir rad ia t io n  
(reactions (5a), (5b) and (5c)).
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T his  f inding can be genera lized  for th e  o the r  cycloalkanes exam ined  too :  
in  t h e  course  of the  reac t io n s  every  open-chain  alkene is fo rm ed in  w hich  
the  d o u b le  bond is l inked to  a c a rb o n  a tom  a C-C b o n d  of which b reaks  d u r in g  
th e  r in g  opening. O ther Cn a lkene  p roduc ts  could be d e tec ted  only  in  the  d e 
c o m p o s i t io n  of some cyc loa lkanes  and only  in traces .  Reactions lead ing  to  
fo rm a t io n  of alkenes o th e r  t h a n  1-alkenes are no t  s tereospecific, for b o th  cis 
a n d  trans  isomers are p roduced . T he  findings therefore  s trong ly  suggest b irad ica l 
in te rm e d ia te s :  since th e  ‘c o n c e r te d ’ m echanism  is ve ry  selective [27, 28], 
if t h e  process were to  ta k e  p lace  in t h a t  way, th en  only th e  fo rm ation  of  some 
o f  th e  p ro d u c ts ,  possibly in  v e ry  low num bers ,  m igh t  be expected .

O u r  cyclic isom eriza tion  experim en ts  also p e rm it  conclucions as to  b i
ra d ic a l  in te rm ed ia tes  [22]. W hen  pu re  cis- or trans-1,2- or 1 ,4-dim ethylcyclo- 
h e x a n e  or  decalin was i r r a d ia te d  in th e  presence of  a rad ica l scavenger, it  
was o b se rv e d  th a t  the  opposite  cyclic isomer is generally  form ed in s ign if ican t  
yield. T h e  monom olecular re a c t io n  could be expla ined  only b y  opening of th e  
r ing  to  g ive a biradical, followed b y  reclosure o f  th e  la t te r .

Stereochem ical con sid eration s and th e phase effect

T h e  possibilities of ske le ta l  isom eriza tion  and th e  fu r th e r  reac tions  of th e  
b irad ica ls ,  e.g. hydrogen shift, a re  influenced b y  th e  steric charac ter is tics  o f  th e  
in te rm e d ia te  and end -p roduc t .  A ccordingly , a s tu d y  was m ade  of the  ques t ion  
of  w h a t  p ro d u c t  ratios are p re fe r red  in the  e v en t  of possible h indered  ro ta t io n s  
of  th e  a lky l  groups (non -bonded  in te rac t ions) ,  p r im ari ly  in  the a c t iv a te d  
com plexes ,  and  w hether th e  y ie ld  ra t io s  to be expec ted  on the basis o f  these  
agree w i th  those  ac tua lly  obse rved  (Table V II) .

O n rea rrangem en t accord ing  to  (5a) and  (5b) of th e  1,5-biradicals fo rm ed  
from cyc lo p en tan e  and its d e r iv a t iv e s ,  in th e  ac t iv a te d  s ta te  correspond ing  
to th e  1,4-hydrogen shift th e  r in g  m ay  be e i ther  p la n a r  or a little  tw isted  
[29, 30]. Form ulas  I —II I  show  th e  ac t iv a te d  complexes in configura t ions  
close to  p lan a r ,  b u t  th e  following discussion is v ir tu a l ly  unaffec ted  if  the  ring 
is a l i t t le  tw isted .

I
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Table VII

Some characteristic y ie ld  ratios fo r  open-chain isomeric products

R atio  of yields 
o f reactions 

(5c) and (5a) 4- (5b)

Ratio o f yields 
of reactions 

(5a) and (5b)

Ratio  of yields 
o f cis  and trans  

isomers of reaction
(5b)

M ethylcyclopentane 0.43

Ethylcyclopentane 0.25 0.80 0.35
Propylcyclopentane 0.24 0.65 0.31

Butylcyclopentane 0.17 0.54 0.26

M ethylcyclohexane  

Ethylcyclohexane  

Propylcyclohexane 

Butyleyclohexane 

Isopropylcyclohexane  

feri-buty leyclohexane 

1,1 -dirnethy leyclohexane 

e is - l ,2-dim ethylcyclohexane 

Irans-1,2-dim ethy leyclohexane

1.3- dim ethylcyclohexane (C1-C2 bond 

rupture)

1.3- dim ethylcyclohexane (C1-C6 bond 

rupture)

eis-l,4-dim ethylcyclohexane

lrans-l,4-dim ethylcyelohexane

eis-decalin

Irons-decalin

0.06

0.07

0.05

0.15

0.47

0.12
0.53

0.07

0.14

0.17

0.85
0.64

0.75

0.59

0.36

0.70

0.45

0.56

0.46

1.6

2.0

0.40

0.30
0.27

0.25

0.13

0.12

0.31

0.19

0.29

0.36

0.50

0.30

F ro m  models re la ting  to  th e  t ra n s i t io n  s ta te  it is d if f icu lt  to  decide w h e th 
er ac t iv a te d  s ta te  I, leading to  th e  te rm in a l  alkene, or a c t iv a te d  s ta te s  II i III, 
resu lting  in some o the r  a lkene, is th e  more favoured. T h e  essen tia l  difference 
be tw een  th e  t rans i t ion  s ta te s  I, lead ing  to reaction (5a), a n d  II -f- III, leading 
to  (5b), is t h a t  in I the  a lky l g roup  R  is linked to  the r in g  a n d  n o t  to  th e  side 
chain . Since the  R group connec ted  to the  ring d i rec t ly  to  the  radical 
position , shields the  rad ica l position  to a slight e x te n t  (I), it  m a y  increase 
non -bonded  repulsive in te ra c t io n s ;  it  is to he expec ted , the re fo re ,  t h a t  I is 
less favourab le  for en d -p ro d u c t  fo rm atio n  than  is II III. This is in ag reem ent 
w ith  th e  experim enta l  f ind ings (Table  VI I .  num erical co lum n 2).

Let us now com pare  t ra n s i t io n  s ta te s  III and II, lead ing  to  fo rm ation  id 
th e  cis and  trans isomers. In  II th e  a lkyl group R lies a w a y  from  the  ring, and 
hence does no t inh ib it  fo rm ation  of  th e  cyclic t ran s i t io n  com plex ;  its ro ta t ion
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is free. In  contrast ,  in III t h e  R  group overlaps th e  r ing  a n d  th u s  its ro ta t ion  
m a y  be partia lly  h in d e red .  Th is  explains w hy th e  cis : trans  ra t io  (Table V II ,  
n u m er ica l  column 3) is less t h a n  1, and w hy its va lue  decreases with the  in 
creas ing  size of R.

The ac t iva ted  s ta te s  I, II and  III m ay be p ro d u ced  re la t ive ly  easily from 
t h e  s ta r t in g  cyc lopentanes ,  b y  ro ta t io n  a round  one C-C b o n d ,  w ith  subsequent 
s l ig h t  distortions of th e  b o n d  angle. For th e  1 ,6-hydrogen  sh if t  corresponding 
to  reac tion  (5c), fo rm a tio n  o f  a 7-m em bered cyclic t r a n s i t io n  complex is nec
essa ry .  Although th e  s t r a in  in  7-m em bered rings is p rac t ica l ly  the  same as 
t h a t  in 5-membered rings ( th e  s t ra in  energies of  cy c lo p en tan e  and  cycloheptane 
a re  6.3 and 6.4 kcal m o l - 1 , respectively  [31]), th e  7 -m em b ered  cyclic complex 
d e m a n d s  a very considerab le  rea rran g em en t  of  th e  orig inal carbon skeleton, 
w h ich  a t  the  same t im e  m a y  he th e  reason for th e  co m p a ra t iv e ly  low vields 
in  reac tions  of ty p e  (5c) (T ab le  V I I ,  column 1).

The ac tiva ted  s ta te  for  th e  1,5-hydrogen shift o f  th e  1,6-biradicals formed 
f ro m  cyclohexanes is p ro b a b ly  more rem iniscent of th e  envelope than  of 
t h e  cha ir  conform ation [29, 30]. This is ju s t if ied  b y  th e  fa c t  t h a t  the  C -H  
b o n d  is shorter th a n  th e  C-C bo n d ,  and th a t  hence th e  rad ica l  center  m ay ap 
p ro a c h  the  shifting h y d ro g en  a to m  more closely. D ev e lo p m en t  of the near 
enve lope  conform ation is also p rom oted  by the  fact t h a t  th e  u npa ired  electron 
is p red o m in an t ly  p  in c h a ra c te r ,  and  is therefore  d irec ted  a t  90° compared 
to  th e  o ther  bonds of  th e  c a rb o n  atom.

I n  connection w ith  reac t io n s  of  types (5a) and  (5b), th e  sam e factor, i.e. 
t h e  growing distance of  R  f ro m  th e  ring, again seems to  f a v o u r  reactions of 
t y p e  (5b), in agreem ent w i th  t h e  experim enta l f ind ings (Table  V I I ,  column 2). 
W i t h  th e  exception of  th e  deca lin  isomers, the  ra t io  o f  th e  reactions of types 
(5a) a n d  (5b) is less t h a n  1. F o r  th e  C2— C4 n -a lky lcyc lohexanes  containing 
s t r a ig h t  side chains, th e  ra t io  varies  between 0.85 a n d  0.64; as exam ples where 
t h e  s ide chain is b ra n ch ed ,  in  isopropylcyclohexane th e  ra t io  is 0.59, while 
in  tert-bu ty lcyc lohexane  i t  is as low as 0.36. The cause o f  th e  decrease m ay be 
t h a t  th e  radical position  is sh ielded more s trong ly  b y  th e  b ranched  alkyl 
g ro u p s  th a n  by  the  n -a lky l  g roups.

I n  th e  ac t iva ted  co m p lex  IV of 1 ,1 -d im ethy lcyc lohexane  the  radical 
p o s i t io n  involved in th e  t r a n s fe r  o f  hydrogen  m ay  s im ilarly  be s t rong ly  shielded
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b y  th e  tw o  m ethy l  groups a t ta c h e d  to  th e  rad ica l position, b u t  for th e  same 
hy d ro ca rb o n ,  fo rm ation  o f  the  a c t iv a te d  s ta te s  V and  VI is also in h ib i ted ,  as 
b o th  m a y  be regarded  as ’’cis' reac tions.  These effects by  and large cancel each 
o th e r  ou t ,  and the  ra t io  of the  reac tions  of  ty p es  (5a) and (5b) is 0.7 i.e. the  
sam e as for m onoalkyl com pounds con ta in in g  n-alkyl branching.

T he  p roducts  of the  1 ,2-d im ethy lcyc lohexanes  do no t give a possib ility  
for d iffe ren tia t ing  betw een  reactions (5a) and  (5b).

On ru p tu re  of the  bond b e tw een  ca rbon  a tom s 1 and 2 in th e  r ing  of
1 ,3-d im ethylcyclohexane, only one hyd rogen  a to m  on carbon a to m  5 is ava il
able for m igra tion  in IV: th is  ju s t i f ie s  th e  re la tive ly  low (5a) : (5b) reaction  
ra t io  of 0.45. On ru p tu re  of the bond  be tw een  carbon atom s 1 a n d  6 in the  
ring th is  reaction ra tio  canno t be ca lcu la ted , for the  transfo rm atio n s  analogous 
to  (5a) and  to  (5c) lead to fo rm ation  o f  th e  sam e produc t ,  4 -m e th y l- l -h e p te n e .

T he  4-m ethy l  group in th e  1 ,4-dim ethylcyclohexane isom ers  inh ib its  
fo rm a tio n  of the  ac t iv a ted  s ta te  IV (cis effect), th is  explaining th e  c o m p a ra 
t ive ly  low (5a) : (5b) reaction ra t io s  of  0.56 and 0.46.

In  th e  decalin isomers, only one hyd rogen  a tom  is available for fo rm ation  
o f  t ran s i t io n  s ta te s  V and VI, an d  th u s  th is  prom otes fo rm ation  o f  IV and 
hence the  higher re la tive ra te  o f  th e  reaction  analogous to (5a). A t  the  same 
tim e , in the  case of  V and VI a s ign if ican t  change is also necessary  in  th e  con
fo rm ation  of  the  ‘in ta c t ’ ring, b u t  th is  is a more h indered process th a n  the  
change  in the carbon  skeleton o f  th e  alkyl chain associated w ith  form ation  
of  IV. These effects toge the r  lead to  a h igher proportion  for th e  reac tion  of 
ty p e  (5a) th a n  for t h a t  of ty p e  (5b).

As regards th e  yields of th e  cis and  trans isomers in reac t io n s  of  type  
(5b), analogous considerations hold as for th e  reactions of 5 -m em bered  rings.

F o r  m ethylcyclohexane th e  cis : trans  ra t io  is 0.4; w ith  th e  increase  of 
the  n u m b e r  of carbon a tom s in th e  н -alkyl side chain, this ra t io  gradua lly  
decreases to  0.25 (Table V II .  co lum n 3). If  th e  side chain is no t s t r a ig h t ,  bu t 
b ran ch ed ,  th e n  even lower values arise; e.g. on irrad ia tion  o f  isopropyl-  and 
te r t-bu ty lcyclohexane the  ratios are  0.13 a n d  ~ 0 .1 2 ,  respectively . Th is  is in 
ag reem en t  with the consideration  th a t  th e  cause of  the decrease is th e  increas
ing h ind rance  of  free ro ta t ion  as R becomes larger or more b ra n ch ed .

In  the  case of  1 ,1 -d im ethy lcyclohexane and the  decalin isom ers, the 
sam e p roduc ts  are form ed via  t r a n s i t io n  s ta te s  V and VI. On r u p tu r e  of the 
bond  betw een  carbon  a tom s 1 an d  2 in 1 ,3-dim ethylcyclohexane, a n d  on the  
reac tion  of the  1,2- and  1 ,4-d im ethylcyclohexanes,  the  same a sp ec ts  m u s t  be 
ta k e n  in to  considera tion  in the  a ssessm ent of  the  product ra tios as in th e  case 
o f  m ethy l-  and  e thy lcyclohexanes, anil the  m easured  da ta  too are  close to  the 
correspond ing  ratios for the  n-a lky lcyc loa lkanes.  On ru p tu re  o f  the  bond 
be tw een  carbon  a tom s 5 and 6 in 1 ,3-dim ethylcyclohexane, V is singly in 
h ib ited  because of th e  3-incthyl g roup , while VI is doubly h in d e red  because
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of th e  cis a r ran g em en t  o f  th e  1- and 3-m ethy l  g roups. Accordingly, th e  cis : 
trans  r a t io  does n o t  differ su b s tan t ia l ly  from  th o se  for the  n-alkylcyclohexanes.

F o r  th e  1,6-biradicals form ed from th e  a lkylcycloalkanes to  undergo  a 
r e a r r a n g e m e n t  analogous to  reaction  (5c), a 1 ,7-hydrogen  shift is necessary ,
i.e. 8 -m em bered  cyclic com plexes m ust be fo rm ed . However, rings con ta in ing  
8 a to m s  are fairly  s t ra in ed  (the  stra in  energy of cyclooctane is 9.9 kcal m o l -1 
[31]), while the  6 -m em bered  rings required  for th e  1,5-shift are p rac t ica l ly  
s tra in -free .  This m a y  exp la in  w hy  the  ra t io  of  th e  reactions of ty p e  (5c) and 
(5a) -f- (5b) is very  small, in  fac t  even sm aller  t h a n  on the  reac tion  of the  
cyc lopen tanes .

A n exception is 1,1 -d im ethy lcyc lohexane , w here, as a consequence of 
th e  tw o  m e th y l  groups a t t a c h e d  to  th e  carbon  a to m  contain ing the  rad ica l 
site , t h e  t o ta l  n u m b e r  of h y d ro g en  atom s th a t  m a y  be a t tack ed  is 6, in c o n tra s t  
w i th  2 such hydrogen  a to m s in e th y l - a n d  p ropy lcyc loa lkanes ,fo r  instance . The 
h igh  r a te  of the  reac tion  of  ty p e  (5c) m ay  also be  due  to  the  fact th a t ,  in ac 
co rdance  w ith  w h a t  was re p o r te d  in connection w i th  1,1-dim ethylcyclohexane, 
fo rm a t io n  of th e  a c t iv a te d  complexes IV, V a n d  VI is hindered.

T he  1 ,2-d im ethy lcyc lohexane  isomers are  sim ilarly  exceptions. Here  
m e th y l  groups are l inked  to  b o th  radical pos itions,  and  therefore th e  n u m b e r  
o f  h y d ro g e n  a tom s t h a t  can  be a t tack ed  in reac t io n  (5c) is again 6; a t  th e  sam e 
t im e ,  th e re  are also s ign if ican t inh ib ito ry  effects in  th e  form ation of the  a c t iv a t 
ed com plexes IV—VI. E x p e r im e n ts  show t h a t  th e  p roduc t  corresponding to  
(5c) is form ed in a h igher  p ro p o r t io n  only from  tra ns-1 ,2-dim ethylcyclohexane. 
T he  cause  of  this is u n k n o w n  as yet.

T h e  rela tive yields of  th e  skeletal isomer p ro d u c ts  form ed from  th e  cis 
and  irons  isomers of th e  1,2- and 1 ,4-dim ethylcyclohexanes differ s ligh tly  
(Table  V). I t  appears  t h a t  to  a certa in  ex ten t  the  a c t iv a te d  complex ‘rem em b ers ’ 
i ts  fo rm a t io n  rou te .  It is p ro b ab le  th a t  in th e  in te rm e d ia te  s ta te  p rior  to  t r a n s 
fer of th e  hydrogen  a to m  th e  molecule does no t ‘s t ra ig h ten  o u t ’ com plete ly , 
b u t  p a r t ia l ly  re ta ins  its  original conform ation. T he  possib ili ty  for th is  is p ro v id 
ed b y  th e  fact, t h a t  w ith  th e  exception of reac tions  of ty p e  (5c), m o v em en t  
of on ly  a p a r t  of the  molecule is sufficient for dev e lo p m en t  of the  t ran s i t io n  
s ta te s .  This considerab ly  p ro m o tes  fo rm ation  o f  th e  ac t iva ted  complexes, 
en su r ing  th a t  these reac tions  have a p re -ex p o n en t ia l  fac tor  larger by several 
o rders o f  m ag n itu d e  th a n  in ‘n o rm a l’ (s te reochem ically  no t favoured) mono- 
m o lecu la r  radical isom eriza tion , e.g. the  conversion of  the  3-beptyl rad ica l to  
the  2 -h ep ty l  radical [32] (an  A value  of §>10u  s ~ l ins tead  of 103— 10<J s “ 1).

T h e  biradical m echan ism  is also su p p o r te d  b y  th e  phase effect to  be 
obse rved  in open-chain  alkene form ation. P o l a k  et al. [9] found the yield of
1-hexene from  cyclohexane to  increase very  s ign if ican tly  on melting, a l though  
th e  G v a lu e  is o therwise on ly  s lightly  influenced b y  tem p era tu re .  This phase 
effect can  only be in te rp re te d  via  the  b irad ica l m echan ism : because o f  the
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higher density  and  th e  more defined in te rna l  s t ru c tu re ,  th e  solid phase favours  
no t  rea r ran g em en t  of th e  biradical to  a l ip h a t ic  a lkene having so m e w h a t  
larger m olar vo lum e, b u t  reclosure.

A n alogy  w ith  the photolysis o f  cyc loa lk an on es

In  essence th e  analogy  is twofold:
(a) on opening of th e  cycloalkanones a t  th e  carbony l group, open -cha in

isomers are form ed, e.g.

C H 2 C 0 -------> C H 3 CH2 С Н ,-  C H 2— C H 2— C H = C  =  0 (8a)

С Н ,— CH CH ,
1
C H 2 CH., — C H :i CH =  CH C H 2— CH„ CH2-  CHO (8b)

(b) m ain ly  in  the gas phase, some of th e  reac ting  molecules un d erg o
decarboxy la t ion , a n d  th e  residual carbon cha in  e i th e r  rearranges to  an  open- 
chain  alkene, or is t ran sfo rm ed  to a cycloalkane [33, 34].

Some of th e  earlier publica tions proposed  a ‘co ncer ted ’ m echanism  [33-— 
36] for reactions of  ty p e  (8), whereas o thers  [37— 39] preferred a b irad ica l  
m echanism ; more recen t  papers ,  however, c learly  h ig h ligh t  th e  biradical m e c h a 
nism [40— 44]. T h e  following evidence, for exam ple ,  supports  th e  b irad ica l  
m ech an ism :

(i) reaction  (8b) is no t  stereospecific, a n d  th u s  b o th  trans and  cis-enol 
are form ed in it |40, 42, 45];

(ii) cis- and t rans-2 -m ethy lhep tano l  are  fo rm ed  in identical p ro p o r t io n s  
in th e  gas-phase photo lysis  of cis- a n c |‘tr<ms-2,6-dim ethylcyclohexanone [45];

(iii) C ID N P  (chem ically  in d u c e d 'd y n a m ic  nuc lea r  polarization) s tud ies  
have  been used, for ins tance , to  determiife th e  p ro p o r t io n s  of reclosure o f  th e  
b iradicals  and th e i r  fu r th e r  reaction to  enol [46, 47].

On d eca rboxy la t ion ,  th e  loss of CO leads to  a biradical, w hich, i f  th e  
d eac tiva t ion  is re la t ive ly  low and the  energy  o f  th e  in te rm ed ia te  is re la t iv e ly  
high, decomposes, while in th e  event of a m ore  s ign if ican t  deac tiva t ion  i t  e i th e r  
undergoes ring-closure or is transfo rm ed  to an  open -cha in  alkene [34, 43, 44].

As regards r ing  cleavage, th e  analogy b e tw een  th e  radiolysis o f  cyclo
alkanes and  th e  photo lys is  o f  cycloalkanones is o therw ise  obvious. R eac t io n  
(8a) for m e th y lcyc lohexanone  corresponds to  (5a) for p ropy lcyc lopen tane , 
an d  sim ilarly  (8b) corresponds to (5b), a n d  indeed  in  b o th  cases th e  ra te s  of 
th e  b - ty p e  reac tions  are th e  higher. B o th  cis a n d  trans isomers are fo rm ed  
in (8b) and (5b). In  th e  photolysis of m ethy lcy c lo h ex an o n e  the  cis : Irans 
ra t io  was found to  be ~ 0 . 3  [42], while in t h e  rad iolysis  of the cyc loa lkäne  it 
varies generally  be tw een  0.2 and 0.4.
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T h e  1,5- or 1,6-biradical o r ig ina ting  from  decarboxy la tion  on pho to lys is  
o f  cy c lohexanone  [44] or cyc lohep tanone  [48] is fu r the r  t ran s fo rm ed  to  the 
o p e n -c h a in  alkene, 1 -pentene or 1-hexene (in add it ion  to  r ing-closure  to  cyclo
p e n ta n e  or cyclohexane), and  these  are  also th e  main decyclization  p roduc ts  
o f  t h e  radiolysis  o f  cyclopen tane  or cyc lohexane ,  where 1,5- or 1,6-biradicals 
m a y  s im ila r ly  be form ed. T he  2 ,6 -hep ty l  b irad ica l  formed on d eca rb o x y la t io n  of 
cis- a n d  trans-2 ,6-d im ethy lcyc lohexanones  [45] rearranges to  2 -hep tenes  
(a n d  also 1 ,2-d im ethylcyclopentanes) ,  while 2-alkenes (2-octanes) are  sim ilarly  
th e  m a in  p roduc ts  o f  radiolysis o f  1 ,2-d im ethylcyclohexanes.  T h e  cis : trans 
r a t io  on photolysis  o f  the  cyc loalkanones is 0.5, whereas on the  rad io lysis  of 
t h e  cycloa lkanes  i t  is 0.31 and  0.19 for th e  cis a n d  trans m odif ica tions ,  respec
t iv e ly .

Since th e  existence of  b irad ica l in te rm e d ia te s  in the  t ra n s fo rm a t io n s  of 
cy c lo a lk an o n es  appears  to  be generally  accep ted ,  the  analogy of th e  radiolysis  
p ro d u c t s  o f  cycloalkane r ing  cleavage w ith  th o se  of the reactions of  th e  cyclo- 
a lk a n o n e  p erm its  conclusions as to  ana logous in term edia tes  o f  th e  rad io lysis  
p rocess ,  i.e. b iradicals.

O n th e  above basis, there fo re ,  n o t  on ly  can the ex p e r im en ta l  f indings 
be ex p la in e d  via  th e  b irad ica l m echan ism , b u t  in certain cases th e y  do not 
a p p e a r  to  be in te rp re ta b le  w ith o u t  b irad ica ls .  The assum ption  o f  b iradical 
in te rm e d ia te s  is therefore  ju s t i f ied ,  a l th o u g h  a t  p resent l i t t le  in fo rm a t io n  is 
a v a i la b le  regard ing  the ir  n a tu re .
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KINETIC EQUATIONS OE MULTISTEP ELECTRODE
PROCESSES, IV

E FFE C T  OF AD SO R PTIO N  OF T H E  IN T E R M E D IA T E  
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The equation of the polarization curve for m etal ionization and m etal ion neutral
ization via a m ultistep  mechanism is given for tw o and three reaction steps, for the 
case when the interm ediates of the consecutive reaction are adsorbed on the electrode, 
and Langmuir’s conditions are fulfilled. Conditions under linear Tafel sections are ob
tained, and the k inetic  parameters belonging to these conditions have been established.

I n  earlier co m m unica tions  [1— 3], th e  k inetics of e lec trode  processes 
invo lv ing  a series o f  re ac t io n  steps h av e  been discussed. In  each case, i t  has 
been  assum ed th a t  th e  adso rp tion  on th e  e lectrode of  th e  c o m p o n en ts  p a r t ic 
ip a t in g  in the reac tion  or of those  in th e  so lution does no t  in fluence  th e  kinetics 
o f  th e  process. G enera lly , th is  is to  he  expec ted  if  th e  adso rbed  com ponen ts  
cover only a very  sm all p a r t  of the  e lec trode  surface.

In  the  discussion of  th e  effect o f  adso rp t io n  on electrode processes two 
cases should  he d is tingu ished .

(a) All the  c o m p o n en ts  in the  so lu tion  are b o und  b y  specific  adsorp tion  
to  th e  surface. Owing to  th is , the  s t ru c tu re  of  th e  electric doub le  layer  and 
th e re b y  the  ra te  o f  th e  e lectrode process are changed. H ow ever, in th is  case 
th e  adsorbed  partic le  is n o t  (or not def in ite ly)  an in te rm ed ia te  of  th e  electrode 
processes.

(b) The in te rm e d ia te s  of the  e lec trode  process occurring in a series of 
reac tion  steps are ad so rb ed  on the  e lec trode  and  th e y  cover an  appreciab le  
f rac t io n  of the surface.

In  the following, a few problem s in con junc tion  w ith  case (b) will be 
discussed more ex tens ive ly .  In  this case, th e  f i rs t  s tep  of m e ta l  d issolution is 
genera lly  the chem iso rp tion  on the  m e ta l  surface of one of  th e  com ponen ts  
o f  th e  solution. In te rm e d ia te s  form ed in fu r th e r  reaction  s teps m a y  also he 
ad so rb ed  on the  e lec trode . Thus, it m u s t  be ta k e n  in to  conside ra t ion  th a t  the 
uncovered  electrode su rface  p a r t ic ipa tes  in th e  f i rs t  s tep  of th e  anod ic  process, 
and  th e  rates of th e  s teps  in the series will be p roport iona l  to  th e  ra t io  of the  
e lec trode  surface (0 ,)  covered by th e  respec tive  com ponen t if  th e  L angm uir  
cond it ion  is fulfilled. On th e  other h an d ,  i f  th e  e lectrode surface is energetically  
n o t  homogeneous (T e m k in ’s condition), or if  a possible electric in te ra c t io n  of

Acta Chim, (Budapest) 93, 1977



24 KISS, FARKAS: KINETIC EQUATIONS, IV

t h e  adso rbed  particles w ith  one ano ther  and  w ith  th e  electrode surface is 
t a k e n  in to  consideration (cond it ions  of F ru m k in ’s iso therm ), th e  simple p ro 
p o r t io n a l i ty  between 0 ,  a n d  th e  reaction ra te  is n o t  va l id  [4, 5].

T e m k in ’s condition , t a k in g  into considera tion  th e  dependence o f  th e  
a d s o rp t io n  energy of th e  in te rm e d ia te s  on the  degree o f  coverage, a t  m edium  
co v e rag es  gives ra te  e q u a t io n s  w hich  are in b e t te r  ag reem en t  with experim enta l  
f in d in g s  th an  the  L a n g m u ir  condition . H ow ever, on th e  basis o f  th e  T em kin  
c o n d i t io n ,  only re la tive ly  s im ple  processes can be discussed m a th em a tica l lv  
[4, 6, 7, 8]. During m u l t i s te p  processes several com ponen ts  ( in te rm edia tes)  
m a y  be  adsorbed on th e  su rface ;  a discussion of  the  kinetic re la tionsh ips  
on t h e  basis of T em k in ’s co n d i t io n s  is very com plica ted  in th is  case and  leads 
to  r e su l ts  which are d iff icu lt  to  survey. Therefore, in  th e  following, conditions 
will be  analyzed on th e  basis o f  L an g m u ir’s cond it ion , because results  o b ta in ed  
on th i s  basis indicate also th e  effects to he ex p ec ted  on account of adso rp tion  
a n d  in  m an y  cases are in good agreem ent w ith  experim en ta l  d a ta  [8 —10].

T h e  following tw o -s tep  process will he discussed:

(1) M +  i/K ”-  ^  (M K 'L"'^)ads +  ¥

(2) +  (v - O K ”" ^  M K O - )  +  n 2e
bk2

k Q( a n d  k ki (i =  1, 2) are  th e  r a t e  constan ts  o f  th e  respective  reac tion  s teps,  
w h ich  depend  in the  following w ay  on the e lec trode  p o ten tia l :

( 1 )

k ai =  k'a. exp
XjtijFe

RT
( 1 )

kk, =  k'ki ex P
(1 «,-) re, Fe

RT
( 2 )

w here  k ’a. and  k'k. are th e  v a lu es  o f  the  ra te  c o n s ta n ts  when  e =  0, x, is the  
t r a n s f e r  coefficient of th e  i - t h  s tep ,  and the  o th e r  sym bols  are as usual.

In  con tras t  to processes discussed earlier [1 ,2 ] ,  here it is permissible for 
th e  i n te r m e d ia te  to  cover an  apprec iab le  fraction of  th e  surface, and  deso rp 
t io n  occu rs  only in the  2nd  s te p  (electrochemical desorp tion).  As will he shown 
in th e  following, the  k ine tic  re la tionsh ips  discussed arc valid  also if г, =  0 
and  n., 4= 0 (so called chem ical-electrochem ical or ce m echanism ), or if г, 4= 0 
a n d  n., =  0 (ec m echanism ), i.e . w hen  step 2 is no t  an  electrochemical h u t  a 
c h em ica l  process.

In  th e  description o f  t h e  k inetic  re la tionships the  following simplifying 
a s s u m p t io n s  are made.
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(a) The t r a n s p o r t  of th e  com ponen ts  pa r t ic ip a t in g  in th e  reaction  to  and 
from  the  electrode surface is no t a h indered  processes. (Diffusion does not 
affect th e  processes).

(b) The change in th e  s t ru c tu re  of th e  electrical double  layer  can be 
neglected . (A high foreign ion co n cen tra t ion  is used.)

(c) The in te rm ed ia tes  are adsorbed  on the  surface of  th e  e lectrodes and 
can d e p a r t  from the  surface only  b y  th e  rou te  given in eq u a tion  (I).

(d) The L angm uir  condition  is valid , i.e. the  a d so rp t io n  energy does not 
change w ith  th e  coverage of  th e  electrode.

(e) The concen tra t ions  of  th e  com ponents  in th e  so lu tion  and of those 
par t ic ip a t in g  in th e  reaction p rac t ica l ly  do no t change w ith  t im e. (Volume and 
concen tra t ions  are re la tive ly  high.)

U nder s tead y -s ta te  cond it ions ,  th e  following eq u a t io n s  can be w rit ten  
[1] for process (I):

* 4 V k ( 1 в ) ~ к в ) 
21

(3)

—  [ К в с к - Г ) M  > e ) CMK] »n.
(4)

where 0  is the  frac tion  o f  th e  surface  covered by th e  in te rm e d ia te  of  process 
(I), у is the  c u rren t  density  passing  th rough  the  electrode, is th e  co ncen tra 
tion  of the  com plexing agen t  K ,l — in th e  solution, and  Cmk is th e  co ncen tra 
tion of th e  m eta l complex M K f '  rn')+ in the solution.

The system  of equa tions  (3)— (4) can be solved for unknow ns j  and  0 .  
W hen all the  ra te  constan ts  are o f  th e  same o rder of m ag n itu d e ,  th e  following 
expression can be w rit ten  for th e  equation  of the  po la r iza t ion  curve:

j  г ________ ^ai^a^K fcfrA,cMK________
n 2 C*K +  n 2 A ,  +  2A , c k ' +  2 A , CMK 

and for the coverage of the  e lec trode , under similar conditions:

e  _ ______  n 2k a c'̂  +  z lk k cMK ^

«'A,ck + "A, + z\K ,c"k " + 2,V mk

As shown for m ult is tep  processes w ithou t  adso rp t io n  [2], it  is a suffic ient 
condition  for the  linearizab ili ty  o f  th e  polarization  curves in  th e  form f  v s . 

lg j  t h a t  the  ra te  constan ts  of one s tep  be considerab ly  sm aller  th a n  th e  o ther 
r a te  constan ts .  According to  E q . (5), when adso rp tion  occurs, th is  condition  
is insufficient for l inearizability .
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E q u a t io n  (5) can  be linearized in th e  form  e vs. lg j  only i f  one o f  th e  four 
te rm s  in the  den o m in a to r  is considerably  larger th a n  the  o th e r  th ree .  Hence, 
in th e  case of a dsorp tion , a s t ra ig h t  section on th e  anodic an d  c a th o d ic  curves 
can be ob ta ined  u n d e r  four conditions. T ab le  I contains  th e  a p p a r e n t  anodic 
(a ')  and  cathodic  (ß' )  t r an s fe r  coefficients, re levan t  to  th e  four  s t r a ig h t  sec
tions m entioned , as a func tion  of th e  m ax im a l  ra te  co n s tan t  (kmax).

Table  I conta ins  also th e  coverage 0  belonging to  th e  g iven conditions, 
fu r th e r  the  order o f  reac tion  w ith  respect to  th e  com plexing ag e n t  (г»«.) and 
to  com plex МК|.г'  + in th e  solution (гмк,)-

The above k inetic  p a ram e te rs  are given for the  cases of  b o th  s teps are 
electrochemical (zj -h 0; n.,4=  0; ее m echanism ), when th e  f i r s t  s tep  is a 
chem ical and the  second an  electrochem ical reac tion  (zt =  0, n., =h 0, ce m echa
nism), and  if th e  f irs t  is e lectrochemical and  the  second chem ical (z, =h 0, 
n.2 — 0, ec mechanism ).

B y w ay of an exam ple  in Figs 1— 3 are shown a t  a rb i t r a r i ly  chosen 
pa ram e te rs  the  e vs. lg j  po lariza tion  curves ca lculated  on th e  basis  o f  Eqs 
(5) and  (6), and th e  dependence of the  coverage 0  on th e  e lec trode  po ten tia l  
for tw o different concen tra t ions  of the  solu tion  com ponents  p a r t ic ip a t in g  in 
th e  reaction. W ith  the  p a ra m e te rs  chosen, the re  are two l inear sections the 
anodic  polarization  curve  in f'ig. 1. F or  section a, ac' =  1,5, for section  b, 
a '  =  0.5. (Cases 1 and  2 of Tab le  I.) In  th e  po ten tia l  range co rrespond ing  to 
section a, 0  =  0, and  in t h a t  corresponding  to  section b, 0  =  1. (See T ab le  1).

In  cathodic  po la r iza t ion  and  w ith  th e  p a ra m e te rs  selected , case 5 of 
T ab le  1 is realized in a n y  p o te n t ia l  and  c u r re n t  dens ity  range an d ,  as can  be

e
tO 0.8 0.6 0.-4 0.2 0

lg j [mA]

Fig. 1. R elationships betw een the electrode potentia l (f), the logarithm of current density (j) 
and the degree of coverage of the electrode (0 ) for tw o-step processes under the follow ing con
ditions: k;h 10° mA cm m o l-1 ; k/Cl 10í! mA cm -2 ; k'a„ — 1 inA cm m o l-1 , /сд-„ =  10 5 mA 
cm m o l-1 ; s, =  1; n2 1; v —- 2, v' =  1; T  — 297 K; a, 0,5. For curves 1, 1/ and 1",
Cĵ  =  1 m ol/dni3, сдщ => 1 m ol/dm 3; for curves 2, 2' and 2" - 10-2 m ol/dm 3; 10-2
m ol/dm 3; 1 and 2 anodic, i' and 2' cathodic polarization curves, 1" and 2" the change of (r)

w ith e
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Fig.  2. T he relationship e vs. lg j  for the parameters g iven  in  F ig. 1, with n 2 =  2. Sym bols 
are id en tica l w ith those used in F ig. 1

-18 -16 -K  -12 -10 0 2 4 6 8 10
6 /1 1 8  [mV]

Fig. 3. The relationship 0  vs. e for th e  parameters used in th e  calculation of the curves in 
Fig. 2. 1 —  C|̂  =  1 m ol/dm 3; сМц =  1 m ol/dm 3; 2 — CK =  Ю-2 m ol/dm 3; =  10-2 m ol/dm 3

seen from  Fig. 1, the  c a th o d ic  apparen t  t ra n s fe r  coefficient ß ' =  — 0.5 and
в  = 0.

F ig u re  1 illustra tes th e  dependence of  th e  r a te  o f  the process on th e  
c o n c e n tra t io n  of the ions K ' _ and  M K f! ,

T h e  param eters  chosen fo r  th e  calculation of  th e  curves in Figs 2 and  3 
a re  t h e  sam e as those of  th e  cu rv es  in Fig. 1, w ith  th e  sole exception th a t  here  
n„ =  2 a n d  hence z., =  3.

In  this case, th ree  l inea r  sections appear  on th e  anodic  polariza tion  curve  
sh o w n  in Fig. 2. For sec tion  a, x ' =  2, for section  b , a '  =  1, and  for section  
c, a '  =  0.5. Cases 1, 2 a n d  3 o f  Table  I are realized . A ccordingly (see Fig. 3), 
in th e  p o te n t ia l  range co rre sp o n d in g  to  section а, в  =  0, in t h a t  of section b, 
(-) 1, and  in th a t  re fe rr ing  to  c, (-) =  0.
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In  ca thodic  po larization , a t  n o t  too large negative po ten tia ls ,  case 5 of 
T ab le  I is realized, and  ß ' =  •— 1. On th e  o th e r  hand , a t  very  h igh  ca thod ic  
po lariza tion , th e  ra te -de te rm in ing  role is ta k e n  over by s tep  1 o f  reac tion  
scheme (I), which m akes the  ra te  o f  th e  process independen t of th e  c o n c e n t ra 
t io n  of the  com plex  ion in th e  so lu tion , a n d  ß ' =  — 0.5. (Case 8 o f  T a b le  I.)

I t  should be m entioned  t h a t  no m easu rem en ts  can be ca rr ied  o u t  over 
th e  ve ry  b road  po ten t ia l  and  c u r r e n t  d en s i ty  ranges shown in Figs 1— 3. 
In  th e  experim ents ,  only one section of  th e  polariza tion  curves show n in the 
f igures, involving a few orders o f  m ag n i tu d e  of  cu rren t  density , is m easu red .

The kinetics o f  the th ree-s tep  process can  be discussed sim ilarly  as above. 
L e t  th e  following process ta k e  p lace:

(1) M +  v ' K n (MK<* -  "'"Mads +  *1«

(2) (MK<f.-*,'n>F)ads (MK(?»-*''")+)ads + n . , e  ( I I )
kk,

(3) (MKfe "'">+)rds +  (V r ' ) K " -  ^  M K (*,—«>++  n 3e
kk,

In  this case, two in te rm ed ia tes  can  be adsorbed  on the e le trode  surface. 
I f  the  conditions in troduced  for th e  tw o-s tep  process are valid, th e  e q u a t io n  of 
th e  polarization  curve  and th e  surface coverages ( f ) l and 0 2) for th e  in te rm e d i
a tes  formed in s teps 1 and 2 of ( I I )  can  be ca lcu la ted  by the  m e thod  used  earlier 
11 ] as well as in th e  discussion of the  tw o-s tep  processes.

For process ( I I ) ,  under s te a d y -s ta te  conditions, the  following eq u a t io n s  
can  be w rit ten :

<9, e 2) h ß i ]  (7)
21

j = z* [ k a 0 l кк в ,  I (8)
П  2

j  =  [^озс’к ’ ®2 1 ® ’ ) cMk ] ( ^ )
n3

The solving of th e  system  o f  E qs  (7)—-(9) for the unknows j ,  0 ,  a n d  0 2 
gives th e  following expressions, w h en  all th e  ra te  constan ts  are  of  th e  sam e 
o rder  o f  m ag n itu d e :

z3 (^ai^Oi^a3CK
A

( 1 0 )
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T he surface  coverage o f  th e  first in te rm e d ia te  is:

п 3 ^ а , ^ к , с 'к  ~Ь п 2^ п Л а з с к  +  г 1 к к г к к зсМК

A ( И )

T he  coverage of th e  second  in te rm edia te :

П А Л / Н  +  г1^а,^зсМК +  Д о ^ з ^ / м к
A

( 12)

w here:

A =  г1 {ka k„c'^'  +  k a k k cMK +  k k k k cMK) +  

+  «о {ка ка с k  +  kk k a c'к ' — n.,kk k k cMK̂ j -)- 

+  п з(ка ,кк с’к  +  /̂,т̂ А-г +  k a k a c'x)

(13)

I n  an analogous w ay ,  are can calculate  th e  po la r iza t ion  curve of m u lt is tep  
processes occurring in  m consecutive s teps in  th e  course of which m — 1 
in te rm e d ia te s  can be ad so rb e d  on the e lec trode  surface.

As can be seen from  relationships (10) a n d  (13), the condition of  the  
l in ea r izab il i ty  of th e  po la r iza t ion  curve in e vs. Így  co-ordinates is t h a t  th e  
va lues  o f  two of th e  r a t e  constan ts  in Eq . (13) he considerably h igher  th a n  
those  of  th e  others. T a b le  I I contains those k ine tic  param eters ,  which are o b 
ta in e d  w hen  the  cond it ions  of linearization  a te  fulfilled.

R ela tionsh ips  (10)— (12) can be used also w hen  one or two reac tions  in 
process ( I I )  are chem ical steps. The k inetic  p a ra m e te rs  of such processes, 
p roceed ing  according to  a m ixed m echan ism  (in the  given case cee, cce, все, 
eec, cec a n d  ecc m echan ism s  a re  possible), can  also be read  from Table I I ,  w hen 
ta k in g  in to  considera tion  t h a t  the n u m b e r  of  t ra n s fe r re d  charges in th e  re 
spec tive  chem ical process , z , , n., or n 3 is zero. ( Indeed ,  this can be observed  
also in  T ab le  I re lev an t  to  tw o-step  processes.)

Sim ilarly  to  th e  case of tw o-step  processes, th e  e vs. Ig j  curve has a l inear 
sec tion  only  if 0 j  and Q , are 1 or 0, or if  b o th  are zero. It can be e s tab lished  
on th e  basis  of the  ta b le  th a t  in electrode processes proceeding accord ing  to 
schem e ( I I ) ,  the  anodic  a n d  cathodic p o la r iza t io n  curves m ay  exh ib it  Tafel 
lines w i th  9 different slopes.

As has  been in d ic a te d ,  the  m easurem ents  generally  involve a re la t ive ly  
n a r ro w  range  of c u r re n t  d ens i ty .  Thus, even in  th e  case of an iden tica l m e c h a 
n ism , Tafel lines w ith  d if fe ren t  slopes m ay  be observed . I f  not L an g m u ir’s b u t  
T e m k in ’s condition  is va l id  for processes (I) a n d  ( I I ) ,  fu r the r  linear sections 
m ay  occur on the  e vs. lg j  curve  [6]. This aga in  calls a t te n t io n  to  the fac t  t h a t  
on th e  basis o fT a fe l ’s s t r a ig h t  line a conclusion on the  process m echan ism  can 
be d ra w n  only a f te r  due  c ircum spection.
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T able  II
Kinetic parameters obtained .pihen relationship (10) can be linearized

No.
Anodic polarization Cathodic polarization

"max I "max г
a ' e , 0 , "K *’MK ß f в , в . •'К *>МК

l k k , h i Z ! -f- П.у~\~(Х3 П3 0 0 V 0 —  (1  — ■“ з )" з 0 0 0 1

2 k k , * « , 2, -f- CC.,n2 0 0 V 0 — [(1 - а 2)п 2 +  п з1 0 0 О 1

3 k a , h i n 2 -h a 3 П3 1 0 v — V 0 <*з)п з1 1 0 --- V 1

4 К К “ згез 0 1 V — V 0 — [*i +  n 2 + ( 1 —  а з)п з] 0 1 --- V 1

5 к dl к . г
a 2n 2 1 0 0 0 - [ - - .  +  ( 1 " а  г ) п 2 +  n 3] 1 0 --- V 1

6 к К , a ,z , 0 0 0 - [ ( 1  -  a ,) z , “j По 1 0 0 * ') 1

7 k k i к к 3 2 i " f  п з +  a 2n 2 0 1 V — 1 — (1 — a 2) n 2 0 1 0 0

8 h i k k z z ,a ,  — 710 “I-  71.j 1 0 V — 1 — (1 —  a ,) z , 1 0 0 0

9 k Ü2 h 3 2 ,a ,  - ti3 0 1 V — 1 - [ ( 1  —  a j z , +  п 2] 0 1 0 0
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I t  should be n o te d  th a t  the  s te a d y -s ta te  m e th o d  has been used  for the 
ca lcu la t ion  of the  a b o v e  relationships. This  m e a n s  th a t  no assum ptions  were 
m a d e  concerning th e  r a te  constan ts  of th e  in d iv id u a l  steps the  m a g n itu d e s  of 
th e  ra te s  re la tive to  each  o ther .  However, w hen  ap p ly ing  the quasi-equ il ib r ium  
m e th o d  often re p o r te d  in th e  lite ra ture , it  m u s t  be assumed th a t  one of  th e  
s teps  involved in th e  process is ra te -d e te rm in in g ,  while reactions preceding 
th is  s tep  are p rac t ica l ly  a t  equilibrium. I f  th e re  are several quasi-equ ilib rium  
s teps  before the  ra te -d e te rm in in g  step, th e  ex ch an g e  curren t  of a given q u a s i
equ il ib r ium  step m u s t  a lways be considerab ly  sm aller th an  th e  exchange  
c u r r e n t  of the p reced ing  s tep .  Hence, in th e  quasi-equ ilib rium  m e th o d  follow
ing m u s t  be included am o n g  the  initial con d i t io n s :

7 1,0 ^  72,0 • • • >  7 i.o ^  ■ 7 '(m -i)o  >  7m,о ( 1 4 )

w here  j i0 is the  ex ch an g e  cu rren t  of the  i - th  s tep ,  and  j m0 is th e  exchange  
c u r r e n t  of the ra te -d e te rm in in g  step.

I f  the  quas i-equ il ib r ium  method is u sed  fo r  process (II) in v es t ig a ted  by  
us ,  a n d  step 3 is r a te -d e te rm in in g  in the anod ic  reac tion , the  following in it ia l  
cond it ions  should be used in the  ca lcu la tions:

ka,cK ( 1 ® •>) — kkß \  >  ka ß  1 ^  kk ß 2 >  ka,cК " 0 2 (15)

W h en  th e  conditions o f  th e  quas i-equilib rium  m e th o d  are realized, th e  p o la r i 
z a t io n  curve does n o t  exh ib i t  e.g. section c o f  118 mV slope, p resen t  on the  
an o d ic  polarization  c u rv e  in Fig. 2.
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A m ethod has been developed for the preparation of platinum  catalysts m odified  
hy adsorbed m etals, suitable for the purposes o f gas phase heterogeneous ca ta ly tic  
investigations.

Sim ilarly, a m ethod has been elaborated, for investigating the effect o f  adsorp
tion of atm ospheric oxygen and of heat treatm ent on air-dry, modified cata lyst.

The m ethods have been illustrated on the exam ple of P t catalysts covered by 
copper; it has been established that neither oxygen adsorption nor heat treatm ent up to 
100 °C does change the properties of a Pt ca ta lyst covered w ith adsorbed copper. 
In the case o f a platinum  catalyst covered w ith gold, the original properties are re
tained up to 350 °C.

I t  is well know n th a t  various metals are  adso rbed  on p la tinum  a t  p o t e n 
tials  more pos itive  th a n  th e ir  reversible N ernst p o te n t ia l  [ 1 —22]. The m e ta l  
adsorbed  changes th e  adsorp tive  and  ca ta ly t ic  p ropert ie s  of p la t inum  [21—
27].

Metal a d so rp t io n  proceeding on the p la t in u m  surface can be prec ise ly  
m easured  b y  e lectrochem ical m e thods  and, u n d e r  su i tab le  experim enta l c o n d i
tions, a coverage of th e  desired degree can be a t ta in e d .  This permits to  change  
rep roduc ib ly  th e  ad so rp tive  and ca ta ly t ic  p roper t ie s  by  m eta l adso rp t io n  to  
th e  desired ex te n t .

Accord ing  to  our knowledge, th is  possib ili ty  has been utilized so far 
only in th e  f ie ld  of  e lec trocatalysis , because th e  s im ila r i ty  of e lectrochem ical 
and  e lec troca ta ly t ic  m ethods  simplifies the e x p e r im e n ta l  conditions [21— 27]. 
Since in gas phase  heterogeneous catalysis  th e  k ine tic  investigations c a n n o t  
be perfo rm ed  in an  electrochem ical cell w ith  m e ta l  adsorp tion , the  ‘dam age-  
free’ t ran sfe r  o f  th e  ca ta ly s t  in to  th e  reac to r  should  be ensured. The ad so rb ed  
m eta l m ay  be reoxidized in th e  presence o f  w a te r  b y  atm ospheric  o x y g en  
according to  th e  following equa tion :

Meads +  “ ()., +  n H 20  ^  Me"+ +  n O H -  (1)
4 2

Therefore , th e  damage-free t ran s fe r  of th e  c a ta ly s t  can be ensured  o n ly  
w ith  th e  exclusion of e i ther  oxygen  or w ater . As th e  m ain tenance  of oxygen-  
free conditions d u r ing  th e  t ran sfe r  o f  the c a ta ly s t  in to  th e  ca ta ly tic  r e a c to r  
is difficult, th e  exclusion of w a te r  was chosen. An electrochemical cell has
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b een  designed  for th is  purpose  in which n o t  on ly  th e  form ation  of  th e  adsorbed  
m e ta l  lay e r ,  b u t  the  w ashing  and d ry ing  o f  th e  ca ta lyst can  be carr ied  out 
u n d e r  oxygen-free conditions.

T h e  ca ta ly s t  cam e in to  con tac t  w ith  oxygen  only in an  a ir -d ry  s ta te  
(free o f  adhering  w ater) .  I t  has been exper im en ta l ly  checked w h e th e r  the 
p ro p e r t ie s  o f  the adsorbed m eta l  are n o t  p e rm an en t ly  changed  b y  oxygen 
a d s o rp t io n  during  th is  process. Moreover, i t  has been inv es t ig a ted  to  w hat 
t e m p e r a tu r e s  the  ca ta ly s t  p repared  in th is  w a y  can  be hea ted  w i th o u t  changing 
th e  o r ig ina l  properties  of th e  adsorbed  m e ta l .

I. Cell for ca ta ly st preparation

As can  be seen in Fig. l , t h e  cell differs only  in its main e lec trode  space 
f ro m  th e  three-vessel cells well know n in electrochem ical m ethodics. T he  space 
of  t h e  m a in  electrode is closed a t  th e  b o t to m  b y  a sealed-in glass f i l te r  (F),

Fig. 1. Cell used for the preparation o f the modified catalyst
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and a t  th e  to p  by  a g round  s topper (G). T h e  u p p e r  gas inlet cock (C), th e  m a in  
electrode (A, B) and  th e  de-oxygenating  vessel (D), together with th e  b u b b l in g  
vessel (E) closing the  la t te r ,  are co n nec ted  w ith  the  main e lec trode  space 
th ro u g h  g round  jo in ts  sealed to  s to p p e r  ‘G ’. (G round jo in ts  are held to g e th e r  
by c lam ping  springs coated  w ith  cadm ium .)

The liquid dra in  (2) and the  gas in le t  Y -cock  (1) are jo ined th ro u g h  cock 
(3) to  th e  b o t to m  of th e  main elec trode  space.

A fte r  th e  closing of cocks 4, 6 a n d  7, th e  ap p a ra tu s  opera tes  as a cell 
div ided in to  th ree  electrode spaces, as used in electrochemical m e thod ics ,  
w ith  th e  difference th a t  the  f lushing gas is in tro d u ced  th rough  glass f i l te r  ‘F ’ 
in to  th e  m ain  electrode space, and  d e p a r ts  th ro u g h  de-oxigenating  vessel 
‘D" in to  th e  a tm osphere .

Only cocks 1, 2, 3, 4, 6 and  7 need  lu b rica t ion  during o p e ra t io n ,  th e  
o ther  cocks and  g round  jo in ts  do no t .

1. Exchange o f  solutions under oxygen-free conditions

The exchange  of solutions is pe rfo rm ed  in the  following w ay : th ro u g h  
cocks 1, 2 and  3, oxygen-free N 2 is b u b b le d  in to  th e  main e lec trode  space, 
while th e  new  solution is poured in to  d e -o x y g en a t in g  vessel ‘D ’ and  th e  open 
ing of  cock 5 is ad ju s ted  so as to  p re v e n t  th e  f low  of liquid in to  th e  cell. After 
de-oxygena tion  for an adequa te  period , cock 5 is closed, the  d ra in in g  Y-cock 
is set to  ou tf low , and  th e  flushing gas is in tro d u ced  th rough  u p p e r  b ran ch  
‘C’, th ro u g h  the  opening of cock 4, from th e  to p  in to  the  cell. The so lu t io n  can 
be rem oved  in th is  w ay  from th e  cell. N e x t ,  cock 2 is reset, and  th e  f lu sh ing  
gas is in tro d u ced  again th rough  glass f i l te r  ‘F ’ to  the  electrode, while cock 4 is 
closed and  cock 5 is ad jus ted  so t h a t  th e  new  solution, wrhich has b een  p re 
viously d e -oxygena ted  in vessel ‘D ’, flows slowly, under passing of  f lush ing  
gas, in to  th e  space of th e  main elec trode .

T he  exchange of solutions u n d e r  oxygen-free  conditions m akes  th e  cell 
su itab le ,  in add it ion  to  p rep a ra t iv e  p ro ced u re s ,  also for th e  e lec trochem ical 
and  e lec trocata ly t ic  investiga tion  of  c a ta ly s ts  modified by  ad so rbed  m eta ls .

2. D rying under oxygen-free conditions

As m en tio n ed  in the  in tro d u c t io n ,  in th e  presence of w ater ,  a tm o sp h e r ic  
oxygen des troys  th e  adsorbed m eta l  layer  according to  Eq . (1). T herefore ,  
a f te r  th e  fo rm atio n  o f  th e  adsorbed  m e ta l  lay e r  a n d  the w ashing of th e  c a ta ly s t  
w ith  tr ip ly  distilled (oxygen-free) w a te r ,  d ry in g  can also be perfo rm ed  un d e r  
oxygen-free conditions. For this pu rp o se ,  a f te r  d rain ing of th e  w ash in g  liquid  
th ro u g h  th e  m ain  electrode space, d ry ,  oxygen-free  N.. is passed u n t i l  adher ing  
w a te r  is also rem oved . Drying can be acce lera ted  by th e  heating  of  th e  a p p a ra tu s
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w ith  an  in fra red  lam p. H ow ever,  when a d ry in g  lam p  is used, care m u s t  he 
exce rc ised  t h a t  th e  ca ta ly s t  should no t  be exposed  to  the rm al effects, w hich  
ch an g e  th e  s t ru c tu re  of th e  adsorbed  m eta l  layer .

A f te r  th e  te rm in a t io n  o f  drying, th e  c a ta ly s t  modified with ad so rbed  
m e ta l  c an  be  rem oved  from  th e  cell in an a i r -d ry  s ta te  and  tran s fe r red  in to  
t h e  c a ta ly t ic  reactor .

3. D esign o f  the electrodes

E lec trodes  of  tw o k in d s  were used in  th e  cell. I f  fu r ther  op e ra t io n s  
(h e a t  t r e a tm e n t ,  chemical reaction) were to  be carried  out with th e  c a ta ly s t  
m o d if ie d  b y  adsorbed  m eta l ,  th e  electrode show n  in Fig. 1 was chosen. In  th is  
case, th e  e lectrode is a p la t in u m  plate  of 9 9 .9 9 %  p u r i ty  and ~ 2  cm2 a p p a re n t  
su rface  (‘A ’), suspended  on a P t  wire (‘B ’), b e n t  to  a hook, and sealed in to  a 
glass tu b e .  D uring  th e  va r ious  operations, th e  P t  e lectrode was h an d led  on ly  
w i th  te f lo n  pincers.

F o r  electrochem ical inves t iga t ions  (10— 12), th e  p la t inum  p la te ,  s im i
la r ly  o f  ^ 2  cm 2 a p p a re n t  surface  and  99 .99%  p u r i ty ,  has been fixed b y  p o in t 
w e ld ing  on th e  p la t in u m  wire sealed in to  glass.

T h e  electrodes were w ash ed  w ith  aq u a  reg ia  u n t i l  the  appearance  o f  th e  
c ry s ta l  t e x tu r e  an d  p la t in ized  in the w ay  desc r ibed  in our earlier co m m u n ic a 
t io n  [10]. T he  hook elec trode  proper (‘B ’) was n o t  sub jec ted  to p r e t r e a tm e n t  
o th e r  t h a n  washing w ith  a q u a  regia.

T h e  reference and  aux il ia ry  e lectrodes were also made of p la t in ized  
p la t in u m ,  according to  a design employed in e lec trochem ical p ractice .

II. E ffect o f  oxygen  adsorption on  th e  adsorbed m etal

Since th e  c a ta ly s t  is t ran sfe rred  in air in to  th e  ca ta ly t ic  reactor , we h av e  
in v e s t ig a te d  w hether  or n o t  oxygen a d so rp t io n  during  this process affects  
t h e  p ro p e r t ie s  o f  th e  adso rbed  metal.  F o r  th is  purpose , the  following series 
o f  e x p e r im e n ts  were carried  out.

a) T h e  charg ing  curve  o f  th e  p la tin ized  p la t in u m  ca ta lys t  in 1 M  HC1 
was reco rd ed  (Fig. 2, curve 1). A fter  this , an  a d so rb e d  copper layer was fo rm ed  
in th e  w a y  described earlier [11], and  th e  ch a rg in g  curve of this c a ta ly s t ,  
covered  w i th  copper, was also recorded (Fig. 2, cu rv e  2).

b) A fte r  recording of th e  charging curve , an  adsorbed  copper lay e r  was 
aga in  p ro d u ced  on th e  surface a n d  the  e lectrode w ash ed  and dried as descr ibed  
above .

c) T h e  a ir -d ry  ca ta ly s t  was tak en  ou t  of t h e  cell and  kep t  for a b o u t  5 m in  
in  a ir ,  t h e n  placed b ack  in to  th e  cell.
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d) N ex t,  d ry  H 2 gas was passed for 5 m in  th ro u g h  th e  m ain  e lec trode  
space to  reduce th e  oxygen  adsorbed on th e  c a ta ly s t  an d  to  p reven t  th e re b y  
the  ox ida tion  of th e  ad so rbed  metal accord ing  to  E q .  (1). After  s topping  of th e  
h y d rogen  s tream , 1 M  HC1 was again in t ro d u c e d  u n d e r  oxygen-free co n d it ions  
a n d  th e  charging curve  of th e  ca ta ly s t  p re t r e a te d  in th is  w ay  was reco rded  
(Fig. 2, curve  3).

A com parison of curves 2 and 3 shows th a t ,  on app ly ing  th e  above p ro c 
ess, the  properties  o f  th e  copper layer  ad so rb ed  on th e  p la tin ized  p la t in u m  
ca ta ly s t  do not change  on co n tac t  w ith  th e  a tm o sp h e re .

Similar ex per im en ts  w ith  p la tin ized  p la t in u m  ca ta ly s ts  covered b y  o th e r  
m eta ls  (Au, Bi, Pd) gave th e  same resu lts .  H ow ever ,  in  th e  case of p la t in u m  
covered by  adsorbed  gold [28] and adso rbed  p a l lad iu m  [29], adsorbed oxygen  
does no t  cause s t ru c tu ra l  changes even in th e  p resence  of  adhering  w a te r  ind eed  
or even perchloric acid, which considerably  sim plifies and  ex tends  the  a p p l ic a 
b il i ty  of  such ca ta lys ts .

1

075

>
LU

0.5

025

Fig. 2. 1. Charging curve in 1 M  HC1; 2. charging curve o f the catalyst covered by copper; 
3. charging curve of the ca ta lyst covered by copper after contact w ith atm ospheric oxy g en

0 12 24
\ (min)

III. E ffect o f  therm al treatm en t on th e m odified  catalysts

F rom  th e  v iew po in t  of the  ap p l icab il i ty  of ca ta ly s ts  modified w ith  a d 
sorbed m eta ls , i t  is v e ry  im p o r ta n t  to  know  th e  h ighes t t e m p e ra tu re  up  to  
w hich  th e y  preserve th e i r  original s t ru c tu re .  F o r  th e  s tu d y  of th is  p rob lem ,
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o p e ra t io n s  described in p a r t  I I  h ave  been  com plem ented , a f te r  section  c). 
b y  h e a t  t r e a tm e n t  pe rfo rm ed  u n d e r  hyd rogen .

N a tu ra l ly ,  before th e  in v es t iga t ion  o f  th e  modified ca ta ly s ts ,  th e  p la t in 
ized  p la t in u m  plate  p roper  has  been su b jec ted  to  the rm al t r e a tm e n t  u n d e r  th e  
s a m e  conditions as those  used w ith  th e  c a ta ly s t  covered by adso rbed  m eta l.  
D u r in g  th e rm a l  t r e a tm e n t ,  the  roughness  fac to r  of the  ca ta ly s t  decreased b y  
a b o u t  an  order of m ag n itu d e  and did  n o t  change  any  more a f te r  h e a t  t r e a tm e n t  
o f  15 m in . In  the  fu r th e r  opera tions ,  a p la t in ized  p la t in u m  p la te  p re t re a te d  
in  th i s  w ay  was used.

F o r  th e  hea t  t r e a tm e n t  of a ir -d ry  c a ta ly s ts  covered b y  th e  m e ta l ,  sec tion
c) o f  th e  previous p a ra g ra p h  was co m p lem en ted  by  the  following opera t ions ,  
p re s e n te d  specifically for copper covered ca ta ly s ts .

c/1. The ca ta ly s t  was p laced  in to  a reac to r ,  air was rem oved  w ith  d ry  N.„ 
t h e n  d ry  H 2 gas was passed  th ro u g h  th e  vessel.

c/2. T he  reac to r  was placed on to  a th e rm o s ta t  of th e  desired te m p e ra tu re  
( a c c u ra c y  ± 1  °C) and  k e p t  there  for 20 m in.

c/3. After th e rm o s ta t in g ,  h y d ro g e n  was flushed w ith  N 2 gas from  th e  
r e a c to r ,  which was th e n  allowed to  cool. T he  h e a t - t r e a te d  c a ta ly s t  o f  room  
te m p e r a tu r e  was p u t  b ack  in to  th e  cell a n d  its charging curve  was reco rded  
as desc r ib ed  in section d) o f  the  p receding  pa rag rap h .
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Fig. 3. 1. Charging curve in 1 M  HC1; 2. charging curve of the catalyst covered by copper;
3. charging curve of the ca ta lyst covered by copper after heat treatm ent at 100 °C 

Fig. 4. 1. Charging curve in 1 M  HC1; 2. charging curve of the catalyst covered by copper; 
3. charging curve of the ca ta lyst covered by copper after heat treatm ent at 150 °C
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Fig. 5. 1. Charging curve in 1 M  HCl; 2. charging curve of the catalyst covered by copper; 
3. charging curve of the ca ta lyst covered by copper after heat treatm ent at 200 °C

t (m I n)
Fig. 6. 1. Charging curve in 0.2 M  HC1; 2. charging curve of the catalyst covered by gold; 

3. charging curve of the catalyst covered by gold after heat treatm ent at 350 °C

In th e  case of th e  copper-covered ca ta ly s t ,  h e a t  t r e a tm e n t  was p e rfo rm ed  
a t  100, 150 and  200 °C. As shown by Fig. 3, h e a t - t r e a tm e n t  a t  100 °C does 
n o t  change th e  s t ru c tu re  of  th e  adsorbed m e ta l  since th e  charging curves o f  th e  
t re a te d  an d  u n tre a te d  ca ta ly s ts  coincide. H o w ever ,  on heat t r e a tm e n t  a t  
150 °C (Fig. 4), and  p a r t icu la r ly  a t  200 °C (F ig . 5), there  is a considerab le
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d if fe rence  betw een  th e  tw o  charg ing  curves, ind ica t ing  alloy fo rm a t io n  w ith  
th e  a d so rb e d  metal layer. T h is  is su p p o r te d  also by  the  ob se rv a t io n  t h a t  on 
c u t t i n g  off  th e  cu rren t  a f te r  record ing  th e  cha rg ing  curve, the  p o te n t ia l  o f  th e  
c a t a l y s t  re tu rn s  to  the  range  corresponding  to  th e  copper section. A f te r  w ash ing  
a n d  ex ch an g e  of the  so lu tion  under  oxygen-free  conditions, th e  cha rg ing  
c u rv e  w as  recorded again . A t  th e  p o ten t ia l  corresponding  to  the, c o p p e r  sec
t io n ,  a sm all  wave ac tua lly  appears  on th e  cha rg ing  curve, which m a y  be due 
o n ly  to  th e  ox idation of copper  alloyed in to  th e  surface; no such w ave  has  been 
o b s e rv e d  in  o ther  m easu rem en ts  [11].

T h e  hea t  t r e a tm e n t  o f  the  P t  c a ta ly s t  covered w ith  ad so rb ed  gold 
d e p o s i te d  from a hydroch lo r ic  acid m ed iu m  has also heen perfo rm ed  [28]. 
As s h o w n  also by the com parison  of Figs 6 a n d  7, up to  350 °C, gold does no t 
fo rm  an  a lloy  with the  p la t in u m  base m etal.

0 15 30 Lb
t (min)

Fig.  7. 1. Charging curve in 0.2 M  HC1; 2. charging curve of the catalyst covered by gold; 
3. charging curve of the ca ta lyst covered by gold after heat treatm ent at 400 °C

IV . P reparation  o f supported p latinum  ca ta ly sts  m odified  by adsorbed
m etal

Since th e  adsorbed m e ta l  layer can  be produced  also by  th e  io n iza t ion  
o f  h y d ro g e n  adsorbed on p la t in u m  [7], [10— 12], [16—18], in principle , su p 
p o r te d  ca ta ly s ts  modified b y  adsorbed m eta ls  can  also be p repared .

W e s ta r te d  our w ork on the  basis o f  d a ta  published in th e  l i te ra tu re
[7], [16— 18], however, i t  soon becam e e v id e n t  t h a t  the  available  re su l ts  are 
in su f f ic ie n t  for the  in te rp re ta t io n  of the  ex per im en ta l  phenom ena . U sing  a 
ty p e  A P -5 6  P t  ca ta lys t  on А1„0:! su p p o r t  (U SSR ) in perchloric acid  m ed iu m  
as m o d e l  substance , we h a v e  found  t h a t  i ts  colour becomes a d a rk e r  grey
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a f te r  m eta l  deposition  (Ag, Cu, Bi). T h e  conclusions of th is  s tu d y  a re  repo r ted  
in a previous p u b lica t ion  [10, 12]: th e  adso rp tion  process involves tw o steps, 
l n  th e  f irs t  s tep, a m eta l  crystal is deposited  on each p la t in u m  site . If, for 
som e reason, th is  m e ta l  crystal c a n n o t  be transfo rm ed  on to  ad so rbed  m etal 
in th e  n ex t  s tep, th e  colour of the  c a ta ly s t  will be changed b y  th e  f ine ly  dis
persed  m etal,  as has  indeed been fo u n d  in  perchloric acid.

I f  in the  case of a su p p o r ted  c a ta ly s t  no conditions arc found  un d er  
w hich  the  m eta l coa ting  is t ra n s fo rm e d  in to  adsorbed  coating, an alloy  c a ta ly s t  
can  he  ob ta ined  b y  th e  hea t  t r e a tm e n t  o f  th e  ca ta ly s t  a t  th e  a p p ro p r ia te  te m 
p e ra tu re  in hyd rogen  a tm osphere .  T h is  m eans t h a t  p la t in u m  depos ited  p re 
v ious ly  on the  carr ie r  is alloyed w i th  an am o u n t  of the  a lloying subs tance  
e q u iv a len t  to  its  original hyd ro g en  capac ity .

Metal deposition  in hydrochloric  acid m edium  does no t  change the  colour 
o f  th e  AP-56 c a ta ly s t ,  thus in th is  case adsorbed  m etal has a c tu a l ly  been 
fo rm ed . However, in th e  case of copper ,  th e  loss in charge due to  red o x  sys tem  
€ u 2+/C u + m ust  also be taken  in to  considera tion  in es t im ating  th e  coverage; 
th is  loss is p resu m ab ly  s trongly  d e p e n d e n t  on the  pore s t ru c tu re  of  th e  c a ta ly s t  
[ 11 ] .

The p rep a ra t io n  itself  can also be  carried  ou t in the  cell show n in Fig. 1. 
H o w e v e r ,  when a perchloric acid m e d iu m  is used, chloride ions leached  from 
th e  su p p o r ted  c a ta ly s t  m us t  also b e  ta k e n  in to  account. In  o th e r  w ords, in 
th e  p rep a ra t io n  of  supported  c a ta ly s t s  involves th e  same co ns ide ra t ions  as 
t h a t  o f  pure m etals .
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The cobalt(II) com plexes o f N -benzoylphenylhydroxylam ine and benzo- 
hydroxam ic acid have been synthesized and characterized by infrared and electronic  
spectra and m agnetic susceptibility m easurem ents. The complexes are p ink in colour 
and have a tetrahedral structure. The com plexes are very stable and do not undergo 
oxidation even on heating at 110°C  for several hours.

In troduc tion

N -B enzoy lpheny lhydroxy lam ine  (N -pheny lbenzohydroxam ic  acid) is 
ex tensively  used as an ana ly tica l reagen t  [1, 2]. H owever, very  l i t t le  has  been 
repo r ted  on th e  m agnetic  and spectra l  p ro p e r t ie s  of the metal com plexes  ot 
N -benzoy lpheny lhydroxy lam ine .  We have  recen t ly  reported  th e  m ag n e t ic  
a n d  spectra l  p roperties  of tr is  (N -b en zo y lp h en y lh y d ro x y lam in e )ch ro m iu m (II I )
[3] and  the  k inetics o f  su b s t i tu t io n  reac tions  o f  tr is(N -benzoy lpheny lhydroxy l-  
am ine)oxoniobium (V ) [4]. A lthough several m e ta l  complexes of ben zo h y d ro -  
x am ic  acid have been  described [5], th e re  is no report on the  sy n th es is  of 
c o b a l t ( I I  and I I I )  complexes of b e n zo h y d ro x am ic  acid. In this c o m m u n ic a 
tion we report th e  synthesis  and  c h a ra c te r iz a t io n  of  cobalt)II)  com plexes  of 
N -b enzoy lpheny lhydroxy lam ine  and  ben zo h y d ro x am ic  acid. The com plexes 
have  been ch arac ter ized  by  e lem ental analyses ,  in fra red  and e lectronic  spec tra ,  
and  m agnetic  m easurem ents .

= o

—OH

N -hen/.oy lpheny 1-
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Experim enta l

C ob alt(II) sulfate heptahydrate and sodium  aceta te  trihydrate were the products of 
Sarabhai M. and Co. N -B enzoylphenylhydroxylam ine and benzohydroxam ic acid were pur
chased from  E astm an K odak Co.

C obalt was determ ined gravim etrically by ign itin g  the com plexes to cobalt oxide and 
converting  the oxide to anhydrous C oS04. N itrogen was determ ined by the semimicro com bus
tion tech n iq u e. The m agnetic susceptib ility  m easurem ents were performed at room tem perature  
by the G ouy m ethod using H g[Co(NCS)4] as standard. D iam agnetic corrections were com puted  
using a standard source [6]. Infrared spectra were recorded on a Perkin Elmer Model 21 infrared 
spectrophotom eter. Each spectrum  was calibrated w ith  a polystyrene film. R eflectance spectra  
were recorded on a B eckm an DU recording spectrophotom eter equipped w ith a reflectance  
attach m en t.

General method of syn thesis

C obalt(II) sulfate heptahydrate (0.28 g, 1 m m ol) w as dissolved in 200 ml water. To this 
bath. T he appropriate ligand (3 m m d) was dissolved in a m inim um  amount of hot 95%  alcohol. 
The lig a n d  solution was added to the hot m etal sa lt so lu tion  under stirring. The pH  o f the 
m ixture w as increased to 6.5 w ith 10% aqueous sodium  aceta te  and the mixture was d igested  on 
a w ater b a th  for 30 min. The separated pink precipitate w as suction filtered, washed w ith  hot 
water and 95%  ethanol. These were dried first under vacu u m  and then at 110 °C till constan t 
w eight. Y ie ld  — 50% . The com plexes are insoluble in  com m on solvents.

T he analytical, m agnetic and electronic spectral data of the complexes are presented in 
Table I. T he infrared data are given in Table II.

Table I

A n a l y t i c a l , m a g n e t i c  a n d  e le c tr o n ic  s p e c t r a l  d a t a  o f  c o b a l t ( I I )  c o m p le x e s a

Complex Stoichiom etry
Co
°/o

N
(%)

//ef f
(B.M.)

(Temp.)
vmax 

(cm “ *)

[Co(benzoylphenyl- CoC.,r,H.,„0,N„ Found 12.3 5.5 4.62 8400, 18230.
h yd roxylam ine)2] Calcd. 12.21 5.79 (299) 20000 sh

[Co(benzohydroxam ic CoC,,H ,„N, Found 17.4 8.2 4.59 9000, 18930,
acid ).] Calcd. 17.93 8.51 (298) 21100

a T he m agnetic m om ent was calculated using the Curie equation: =  2.84(X ^rr X T)l/2

Table II

I n f r a r e d  s p e c t r a l  d a ta  o f  l i g a n d s  a n d  c o b a l t f  1 1 )  c o m p le x e s 11

Compound r ( C = 0 )
(cm >)

A v {C  O) 
(cm - ')

N -B enzoylphenylhydroxylam ine 1630 s

[Co(benzoylphenylhydroxylam ine)2] 1600 s 30

B enzohydroxam ic acid 1642 s

[Co(benzohydroxam ic acid)2] 1580 s 62

a s =  strong
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Results and discussion

The com plexes were synthesized in th e  p resence  of  hyd ro x y lam in e  h y d r o 
chloride in order to  avoid  possible ox ida tion  to  c o b a l t ( I I I )  complexes. H ow ever ,  
th e  coba lt( I I )  com plexes of  these h y d ro x a m ic  acids are very  s tab le  a n d  do 
no t  undergo o x id a t io n  even on hea ting  a t  110 °C. As coba lt( I I I )  com plexes 
of these l igands are  n o t  known, we t r ied  to  sy n th es ize  th e  coba lt( I I I )  com plexes 
b y  hydrogen  perox ide  ox idation  of  c o b a l t ( l l )  a c e ta te  and the  l igands. This  
led to  the  iso lation  of products  w hich  are  pa ram ag n e t ic .  O xida tion  o f  p u re  
coba lt( I I )  complexes of  these ligands w ith  h y d ro g e n  peroxide also p ro d u ced  
param agne tic  p ro d u c ts .  This resistance to  h y d ro g e n  peroxide o x ida tion  in d i 
cates the  s table  n a tu re  of  the  coba lt( I I )  com plexes.

The an a ly tica l  d a ta  indicate  t h a t  th e  com plexes are fou r-coo rd ina te .  
The m agnetic  m o m e n t  is qu ite  d iagnostic  for  th e  s truc tu re  of c o b a l t ( I I )  
complexes. Considering the  o rb ita l  co n tr ib u t io n s  to  the spin-only m o m e n t ,  
a m agnetic  m o m e n t  ly ing betw een 4.4— 4.8 B.M . is regarded as assoc ia ted  
w ith  a te t r a h e d ra l  s t ru c tu re  [7]. Values in  th e  range of 2 .4—2.8 B.M. are 
regarded to  ind ica te  a probable  sq u a re -p lan a r  s t ru c tu re .  O ctahedra l co b a l t ( I I )  
complexes exh ib it  m agnetic  m om ents  in th e  ra n g e  of 4.7— 5.2 B.M. [7] T he  
m easured  m agne tic  m om ents  of our com plexes (4.59—4.62 B.M.) in d ica te  
a te t ra h e d ra l  s t ru c tu re .

In  a field of  te t r a h e d ra l  sy m m e try  th e  4F  ground s ta te  of c o b a l t ( I I )  
is split  in to  4A 2 , 4T 2 a n d  4T j(F), and  th ree  sp in  allowed transitions 4A 2—*4T 2(t»j), 
4A.,—<-4T 1(F ) ( r2) a n d  4A 2->4T 1(P) ( v3) are ex p e c te d  [8]. The electronic sp ec tra  
o f  th e  presen t com plexes exhib it  bands  a t  a b o u t  8500, 18500 an d  20500 c m -1 . 
Since th e  jq b a n d  is n o t  usually observed  d u e  to  th e  weak c h a ra c te r  o f  th e  
4A 2-*-4T 2 t ran s i t io n ,  th e  observed b ands  sh o u ld  be assigned am ong v., a n d  v3 
ban d s ,  one h a v in g  p ro b ab ly  a double p e a k  d u e  to  the  effect o f  sp in -o rb i t  
coupling. In  con fo rm ity  with o the r  t e t r a h e d r a l  cobalt(II)  com plexes [9] 
th e  band  a t  8500 c m -1  is assigned to  th e  v., t ran s i t io n .  The d o u b le t  in  th e  
visible region w ith  m ax im a  at around  18500 a n d  20500 c m " 1 shou ld  t h e n  be 
assigned to  th e  co m ponen ts  of th e  v3 t r a n s i t io n  [8, 9].

The in fra red  spec tra l  da ta  in the  c a rb o n y l  s tre tch ing  region ind ica te  
t h a t  th e  carbony l absorp tions  occur a t  lower frequencies  th a n  those of  th e  free 
ligands. This n eg a t iv e  shift ind ica tes  c o o rd in a t io n  th rough  th e  ca rb o n y l  
g roup of the  l igands. T he  absence of a v(OH) s t r e t c h  in the  complexes in d ica tes  
d ep ro tona tion  of  th e  ligands on com plex  fo rm a t io n .  Owing to t h e  c o m p le x i ty  
of  th e  spectra  o th e r  regions were no t  a n a ly zed .

*

The authors are grateful to the U niversity G rants Commission, New Delhi-1 for the 
award of a Junior Research Fellowship to V. D. G. T his work was also supported in part by the 
faculty research fund of the University o f B om bay.

Acta Chim. (Budapest) 93, 1977



46 SYAMAL, GHANEKAR: COBALT(II) COMPLEXES

R E F E R E N C E S

[1] Ma j u m d a r , A. K.: N -benzoylphenylhydroxylam ine and its analogues, P ergam on Press,
N ew  York 1972

[2] S i n h a , S. K., Sohme, S. C.: A nal. Chim. A cta, 21, 459 (1959)
[3] S y a m a l , A.: J. Prakt. Chem ., 312, 954 (1970)
[4] J o h n s o n , R. C., Syam al , A.: J. Inorg. Nucl. Chem ., 33, 2547 (1971)
[5] B h a d u r i , S., R a y , P.: Science and Culture (C alcutta), 16, 97 (1952); D utta , R . L ., Chat-

t e r j e e , B.: J. Indian Chem. Soc.. 44, 780 (1967)
[6 ] F ig g is , B. N ., Lew is , J.: cited  in  Modern Coordination Chemistry, Lew is , J ., W i l k i n s , R.

G ., p. 403. Interscience, N ew  York 1960
[7] Cotto n , F. A., W ilk inso n , G.: Advanced Inorganic Chemistry, W iley E astern P rivate

L td ., N ew  Delhi p. 869. Second E dition 1966
[8] B a l l h a u s e n , C. J.: In trod uction  to Ligand F ield  Theory, p. 258 McGraw H ill B ook Co.,

N ew  York 1962
[9] H olm , R. H., Chakravarty , A., Theriot , L. J.: Inorg. Chem., 5, 625 (1966)

A. S y a m a l  j D e p a r tm e n t  of C hem is try ,  Regional E ngineering  College,
V. D . G h a n e k a r  J K u ru k s h e t r a  132119, H a r y a n a ,  Ind ia

Acta Chim . ( Budapest) 93, 1977



Acta Chimica Acadcmiae Scientiarum Hungaricae , Tomus 93 ( 1 ) ,  p p .  47 — 49 (1977)

CARTESIAN CO-ORDINATES AND RING CLOSE RE 
IN MOLECULAR MODELS

B. R o z s o n d a i

(Central Research Institute for  Chemistry, Hungarian Academy o f  Sciences, Budapest)

R eceived July 26, 1976

An autom atic procedure for calculating Cartesian co-ordinates o f atom s from  
geom etrical param eters o f m olecular models has been developed. It allows attachm ent 
of groups to the skeleton and closing of asym m etric rings. Principles of the method are 
outlined.

W hen s tu d y in g  m olecular  s truc tu res  and  properties ,  we often need 
Cartesian co-ord inates  of th e  a tom s,  while th e  geom etry  of  th e  molecule is 
defined in te rm s of bond  lengths ,  bond  angles and  d ihedra l ( torsional) angles. 
T he  presen t m e th o d  o f ca lcu la t ing  co-ordinates has  been developed for use in 
gas electron diffrac tion  s tudies. In addition  to  fea tu res  o f  s im ilar procedures, 
(see e.g. 11 ]), it  includes (i) a t t a c h m e n t  of groups to  th e  skeleton of the  molecule 
in one s tep  of  ca lcu la tion  and  (ii) r ing  closure, f i r s t  o f  all for a sym m etr ic  rings.

General principles of th e  procedure  will he su m m arized  here. Expressions 
for the  co-ordinates and th e ir  t ran s fo rm a tio n  can he derived for the  different 
cases b y  using sim ple geom etry .

General procedure

The model o f  the molecule is construc ted  s tep  by step . The molecule is 
fixed in a p r im a ry  (main) co -o rd inate  system  and co-ord inates  of some a tom s are 
expressed  d irec tly .  F u r th e r  a tom s or groups are a t ta c h e d  b y  s tandard ized  
p rocedures .  T hree  noncollinear a tom s w ith  know n m ain  co-ord inates  specify 
a secondary  (local) co-o rd ina te  system  [2] for th e  position ing  of a new a tom  or 
group. Local co-ord inates  of new atom s are then  tran s fo rm ed  in to  m ain  co-ordi
na tes .  At each stage  we utilize the  geometrical p a ra m e te rs  given.

E ach  differen t m ode of positioning an a to m  or a g roup  in a local system  
is accom plished by  a special co m p u te r  su b p ro g ram  (subroutine).  T ran s fo rm a
tion  is sep a ra ted  from the  ca lcu la tion  of local co-ord inates . Therefore, a group 
(e.g. a m ethy l  group) m ay  conven ien tly  be a t ta c h e d  to  d ifferent p a r ts  o f  the  
fram ew ork  a lready  existing , and com pu ting  t im e  can  be saved. A set of such 
subrou tines  m ay  he inc luded  in a l ib ra ry  for conven ien t  use.
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R ing  closure

Closing a ring w ith  g iven  b o n d  lengths  an d  bond  angles requ ires  special 
considera t ion . A stepwise co n s tru c t io n  of  th e  model fails for cyclic molecules: 
v a lu es  o f  some d ep en d en t  ( i .e . unknow n) pa ram e te rs  would  he needed  to  fix 
consecu tive  atoms of th e  r in g  one b y  one. The whole ring, or a t  leas t  a p a r t  of 
i t ,  m u s t  be considered a t  th e  sam e t im e  and  non linear  equa tions  in several 
u n k n o w n s  m ust be solved. T h e  so lu tion  m ay  be simple for some sym m etr ic  
r ings  b u t  other cases m a y  p rove  ve ry  difficult.

L e t  us consider a r in g  w ith  some (at leas t  th ree)  consecutive  a tom s 
a l re a d y  fixed in a co -o rd ina te  sys tem . The positions of th e  rem ain ing  к con
se c u t iv e  atoms are sough t.  W h ic h  is th e  m in im um  n u m b e r  of equ a t io n s  to  be 
so lved?  W hen the new a to m s  are  jo ined  to  com plete  the  ring, к -f- 1 new bonds, 
к -)- 2 bond  angles and  к -j- 3 d ihedra l  angles are form ed. 3k of these  p a ra m 
e te rs  are  independent and  m u s t  be given to  define th e  u nknow n  co-ordinates, 
s ix  o f  th e m  are dependen t.*  (We assum e here t h a t  no sy m m e try  is required  
for  t h e  unknow n p a ram e te rs .)  N ow  le t  us use know n  or u n k n o w n  qu an t i t ie s  
to  f ix  new  atoms one by  one, and  le t  the  chain grow a t  one end or b o th  until  
it  is t e rm in a te d  by tw o a d ja c e n t  a tom s. T he  position of  a to m  N4 e.g., in the  
local sys tem  of A l ,  A2 an d  A3 (Fig. 1), will be given th ro u g h  d is tance  A3— N4, 
ang le  A 2— A3— N4 and  to rs io n a l  angle cov  S ix  of th e  above (к 1) (k +  2) 
- f  (/c +  3) param eters  will n o t  be used in th is  process. If, say , N6 and 
A 7 a re  th e  terminals —  A7 be ing  a lready  fixed —  N6 m a y  be located  w ithou t

N4

Fig. 1. R ing  closure. A are atom s w ith  know n positions; N new atom s, to torsional angles about
b o n d s ; ------------ bonds and angles form ed in the ring closing step. A 8 m ay coincide w ith A l;

or A7 and A 8 w ith  A l  and A2, respectively

* I t  should be noted th a t not any  set o f 3к parameters can be given. In Fig. 1, e.g., 
the new bond lengths, the angles a t N4, N 5, N 6 and angles o f torsion about N 4 — N5 and 
N 5 — N 6, although nine in num ber, are n ot all independent because th ey  m ust reproduce 
the a lready fixed distance A3 . . .A7.
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using distance  N 6— A7, angles N5— N 6 — A7 and  N6— A7— A8 a n d  angles 
o f  tors ion around  N 5 — N6, N6— A7 a n d  A7— A8. The n um ber  o f  u n k n o w n  
p a ram e te rs  involved  in locating th e  new  a to m s is equal to  th e  n u m b e r  of 
know n p a ram e te rs  nonutil ized . The l a t t e r  can  be expressed in te rm s  o f  the 
co-ordinates of a to m s.  T h u s  we get th e  n ecessa ry  nu m b er  of e q u a t io n s  which 
can be solved n u m erica l ly  for the u n k n o w n  p a ram ete rs .

Thus , the  n a tu r a l  conclusion follows t h a t  r ing  closure should be com p le ted  
a t  th e  site where th e  largest nu m b er  o f  d e p e n d e n t  (unknown) p a ra m e te rs  is 
concen tra ted .

These principles of  ring closure h a v e  been  realized so far for th e  case in 
Fig. 1: all bond d is tances  and bond  angles  are  independen t a n d  th e  th ree  
equa tions  for o)j, to., a n d  (ox are solved n u m er ica l ly  [3]. Different so lu t ions ,  if 
th e y  exist, m ay  be o b ta ined  from d if fe ren t  in it ia l  values and cond it ions  for 
the  num erica l p rocedure .

I f  к =  2 or 1 (a five- or fou r-m em bered  r ing  or a pa r t  in some bridged  
ring system s), some o f  th e  bond lengths or angles are inevitab ly  d e p e n d e n t ,  and 
the  n u m b e r  of e q u a t io n s  to  be solved is tw o  or one, respectively.

The required  sy m m e try  of th e  r in g  u sua lly  imposes a d d i t io n a l  con
s t ra in ts  upon th e  d e p e n d e n t  param ete rs  and  th e  n u m b er  and k ind  o f  u n k n o w n  
var iab les  m us t  be considered in each in d iv id u a l  case.

W hen  closing a ring, we usually p re fe r  all bond  lengths and  b o n d  angles 
to  be in d ep en d en t  param ete rs .  Besides, tb e  required  nu m b er  o f  d ihed ra l  
angles m ust be g iven. O th e r  dihedral angles  can  be chosen as a u x i l ia ry  u n 
know n variables, liketUj, со., and co3 in th e  ex am p le  above. The choice o f  o th e r  
th a n  th e  nam ed  p a ra m e te rs  m ay be m ore  conv en ien t ,  depending on th e  a c tu a l  
p rob lem .

F or  a given ty p e  of  molecular m ode l ,  one has to  write a p ro g ra m  th a t  
positions a t  least  th re e  noncollinear a to m s  in th e  main co-ord inate  sys tem , 
calls th e  necessary  sub rou tines ,  perform s s y m m e try  operations and  d a ta  in p u t /  
o u tp u t ,  etc. The m e m o ry  requ irem ents  o f  th is  p rog ram  and th e  su b ro u t in es  
will be small and  will depend  on the  c o m p le x i ty  o f  the  model.

*
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2-A rylidenecyclohexanones react w ith am m onium  thiocyanate or thiourea to  
yield 4-aryl-3 ,4 ,5,6,7,8-hexahydro-2(lH )-quinazolinethiones ( la — f). In the reaction  
o f 2-arylidenecyclopentanones w ith am m onium  th iocyanate , N ,N ’-bis[(2-arylidene)- 
cyclopentylidenc]-th ioureas (Ha b) were obtained, w hile the reaction products w ith  
thiourea were 7H -4-aryl-3,4,5,6-tetrahydro-2(lH )-cyclopentapyrim id ineth iones (I l ia  - 
b). 2 ,6-D iarylidenecyclohexanones did not react w ith  am m onium  thiocyanate, bu t gave  
4-aryl-8-arylidene-3,4,5,6,7,8-hexahydro-2(lH )-quinazolinethiones (IVa - f )  w ith  th io 
urea. W hen 2,5-dibenzylidenecyclopentanone was allow ed to react w ith thiourea, the  
product was 7H -7-benzylidene-4-phenyl-3 ,4 ,5 ,6-tetrahydro-2(lH )-cyclopentapyrim i- 
dinethione (V). M echanisms are suggested for the above reactions. O xidation o f la  
and IVa gave the corresponding 2-oxo-hexahydroquinazoline derivatives, VI and VII 
respectively.

a ,  / I -U n sa tu ra ted  ke tones  m ay  reac t  w ith  th io u rea  in tw o differen t w ays 
depend ing  on th e  conditions of th e  reaction. In  an acidic m ed ium  th e  ke to n e  
is p ro to n a te d  [1], th e  S a to m  of th io u rea  assum es nucleophilic  c h a rac te r ,  and  
th e  reac tion  p ro d u c t  will he m ain ly  1,3-thiazine de r iv a t iv e  [2,3]. In  base- 
ca ta lyzed  reac tion  dep ro to n a t io n  of  th e  reag en t  occurs, th e  n itrogen  a to m  will 
he  nucleophilic , and  2-th ionopyrim id ine  de r iva tives  are ob ta ined .

Z i g e u n e r  et ul. [4,5] s tud ied  th e  reactions of  x, /9 -unsaturated  ke tones  
w ith  am m onium  th io cy an a te  an d  th iourea , a n d  s im ilar  conversions of chalcones 
have  been rep o r ted  by  E g y p t ia n  au tho rs  [6]. In  th is  case th e  reac tion  p ro d u c ts  
wore 2 -th ionopyrim id ine  derivatives .

In  th e  p resen t  w ork  2 -ary lidenecyclohexanones and  2-ary lidenecyclo
pen tan o n es  were allowed to  reac t  w ith  th io u rea  a n d  w ith  am m onium  th io 
cy an a te .  In  th e  case of 2 -a ry lidenecyclohexanones,  th e  p roduc ts  were 4-aryl-  
3 ,4 ,5 ,6 ,7 ,8 -hexahydro-2( lH )-qu inazo line th iones  ( I a - f )  (Table 1) w ith  b o th  
reagents .

The m ain  p ro d u c t  in th e  reaction  of  2 -ary lidenecyc lopen tanones  w ith  
am m o n iu m  th io c y a n a te  was N ,N ’-b is[(2 -a ry lidene)-cyclopenty lidene]-th iourea  
(Ha. b) (Table II), th e  b y -p ro d u c t  being 7 H -4 -a ry l-3 ,4 ,5 ,6 - te trahydro -2 ( lH )-  
cy c lo p en tapy r im id ine th ione  ( I l ia )  (Table I I ) .  T h e  sam e ketones y ie lded  
exclusive ly I l i a  and I l lh  in th e  reaction  w ith  th io u rea .

The spectra l  p roperties  o f  th e  com pounds  are as follow's. In  th e  IR
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T ab le  I

Compound
Ar

M .p.,
° c

F orm ula M. W. 
Y ield, %

Analysis О //о

Calcd. Found

l a 216 (d.) C „ H 1(iN 2S C: 68.82 68.75
C„H5 244.36 H: 6.60 6.71

60d N: 11.47 11.62
36» S: 13.12 13.29

lb 241 (d.) C14H 15C1N2S C: 60.31 60.19
4-Cl-C6H 4 278.81 H: 5.42 5.62

ЗГ1 N: 10.05 9.93
S: 11.50 11.26
Cl: 12.72 12.62

Ic 240 (d.) C15H i8N 2S C: 69.72 69.69
4-C H 3-C6H , 258.40 H: 7.02 7.03

71d N: 10 .84 10.97
S: 12.42 12.24

Id 223 (d.) c , ,H ,8N 2o s C: 65.66 65.44
4 -< :н .,о -спн , 274.40 H: 6.61 6.84

45J N: 10.21 10.06
S: 11.69 11.81

Ic 238 (d.) c 16h 21n 3s C: 66.86 66.77
4-N (C H 3) 2-C6H4 287.44 H: 7.36 7.43

42'1 N: 14.62 14.68
S: 11.16 11.06

If 202 (d.) C,„ H ,,N ,O S C: 61.51 61.52
2-furyl 234.32 I I : 6.02 6.11

13» N: 11.96 11.74
S: 13.69 13.80

“ Disappear on the effect o f D 20  
b Recorded in (CD;l),SO
c Disappears on the effect o f  D 20 ;  the other N H  proton is overlapped by the aromatic 

qu artet, whose integrated value decreased on the addition of D .,0  
d W ith NH.SCN  
e W ith thiourea

s p e c t r a  o f  Ia - f  and I l ia ,  I» th e  rC =  0  h a n d  of th e  s ta r t in g  ketones (1690— 1719 
c m - 1 ) d isappeared  and  a s h a rp  h a n d  of m e d iu m  in ten s i ty  due to  th e  iso lated  
rC =  C v ib ra t io n  appeared  in  th e  range 1710— 1722 c m -1 . The cyclic th io u rea  
s t r u c t u r e  was supported  b y  th e  app ea ran ce  of  th e  rN H  b a n d  b e tw een  3190 
a n d  3300 c m -1 and of a sh a rp  rC =  S b a n d  be tw een  1180 and  1220 c m -1 .
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A
JV (ethanol) 
nax, nm 0°g  c )

IK , cm 1 
(K Br)

PM R,
Ő ppm  (CDC13)

207 (4.36) )'NH: 3220 1.3— 2.5 III 8H CH„
258 (4.26) v C = C 1718 4.8 s 111 CH
279 (4.14) rC =  S 1215 7.4 s 5H A r

OO OV s 2H NH"

223 (4.17) )>NH: 3200 1.0— 2.2 in 811 CH.,
259 (4.15) 1>C=C 1712 4.7 s 1H CH
277 (4.04) i>C=S 1215 7.2; 7.4 <1 4H Ar .1 8.4 11/,

8.7; 9.5 s 2H N H“,b

219 (3.96) j-NH: 3200, 3320 1.4— 2.3 in 8 H CH„
258 (3.98) pasCH 3: 2980 (sh.) 2.3 s 314 CH,
274 (3.90) I’sCll 2865 4.8 s 111 C H

vC =C 1712 7.3 <1 411 Ar J =  611 v.
rC = S 1218 6.8 ; 7.8 s 211 NH*

215 (3.92) rNH: 3200 1.2 2.3 m 811 CH.,
230 (4.05) vasCH 2960 (sh.) 3.8 s 311 CH,
259 (4.07) iísCí H ., 2862 4.8 s 111 CH
277 (4.05) vC-- C 1710 6.9; 7.3 <1 411 Ar J  =  10.8 Hz
283 (4.03) vC S 1210 7.7 s 111 N H “

i»asC— О C: 1255
)>sC— 0  -C: 1040

214 (4.28) vNH: 3190 1.4— 2.3 in 8 H CH ,
251 (4.32) >'C C 1710 3.0 s 6H CH,
274 (4.48) v C = S 1220 4.7 s Ш CH

6.7; 7.2 q 4H Ar . /  9.6 Hz
7.7 s 111 NH'

219 (4.07) )N H : 3200 1.4— 2.4 ni 811 CH ,
259 4.09 rC =  C 1713 5.0 111 CH
280 (4.15) ]'C= C(furyl): 1560 6.2— 6.6 ; 7.2- -7 .5 in 3H (furán ring)

1510
1370

vC S 1220 7.1; 8.1 s 2H NH"

Fig. 1
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Table II

Compound
Ar

M .p.,
°C

Form ula M. W. 
Yield, %

Analysis, %
Calcd. Found

I la 192 (d.) C„H„,,N„S C: 78.08 78.06
CeH 5 384.56 H: 6.29 6.14

I P N: 7.29 7.28
S: 8.34 8.33

lib 156 (d.) c 2, h 28n 2o 2s C: 72.94 73.01
4-C H 3O-C0Hj 444.61 H: 6.35 6.24

8 “ N: 6.30 6.21
S: 7.21 7.20

I l ia 220 (d.) C13H uN 2S C: 67.79 67.63
C6H 5 230.34 H: 6.13 6.03

2 1 N: 12.16 12.01
9 b S: 13.92 13.89

I llb 190 (d.) C14H 16N 2OS C: 64.60 64.63
4-C II30 — CGH, 260.37 H: 6.19 6.24

l l b N: 10.76 10.65
S: 12.32 12.24

VI

40CO1—
1

CO c 14h 16n 2o C: 73.66 73.52
228.30 H: 7.07 7.23

43« N: 12.27 12.46
4h

VII 209— 211 C21H20N 2O C: 79.22 79.50
316.41 H: 6.37 6.26

40 N: 8.85 8.72

II a

I l ia

Fig. 2
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m̂axi nm (log e)
. IR , cm 1 

(K Br)
PMR,

Öppm (TFA)

212 (4.38) v = N —C-- S: 2050 2.1 3.6 И1 12H CH..
273 (4.38) 2000 (sh.) 7.2 7.8 m 1211 Ar and =  CH—
347 (4.36)

ZIIu

1630

212 (4.38)
1

j>=N— C S: 2054 1.7— 3.2 m 12H CH,
284 (4.45) 2000 (sh.) 3.6; 3.63 s 611 CH3
334 (4.29) vC = N : 1630 6.5— 7.4 m 10П Ar and =  CI1—

vasC—0 — C: 1258
vsC— 0 — C: 1030

210 (4.15) iN H : 3190 1.0 2.3 m 611 CH,
238 (4.13) vC C: 1722 5.0 s 111 CH
286 (4.00) i’C S: 1195 7.3 s 5H Ar

8.7; 9.9 s 211 NH d.'

208 (4.10) cNH: 3190 1.6 —2.8 in 6H CH,
229 (4.05) rC C: 1720 3.8 s 611 CH.,
239 (4.07) rC =S: 1180 5.1 s 111 CH
277 (4.01) ?>asC—О— C: 1255 6.9; 7.3 q 5H Ar and

NH .) 9 II /
283 (4.00) vsC—0 — C: 1040 8.5 S III N H ',1

213 (3.89) rNH: 3245 1.0— 2.5 in 811 CH,
257 (3.29) 3100 4.8 s 111 (II

rC =C: 1712 (sh.) 7.3 s 511 Ar
rC 0 : 1695 5.7; 7.8 s 211 NH*,d

213 (4.21) i’N H : 3 0 5 0 -3 3 7 0 1.4 2.9 m 611 CH ,
156 (4.14) (3 bands) 4.9 s III CH
298 (4.19) vC -  0 : 1680 6.7 s HI = C H -

7.2 -7 .7 III 1011 Ar
5.8; 7.1 s 211 N H " 1

“ W ith NH.SCN  
b W ith thiourea 
0 Recorded in (CD3) 2SO 

Disappear w ith D„0  
0 Recorded in CDC13
( Disappears on the effect of D aO; the other N H  proton is overlapped by the arom atic 

quartet, whose integrated value decreased on the addition of D ,0  
я In oxidation
h In the reaction of 2-benzylidenecyclohexanone and urea 
TFA  =  trifluoroacetic acid

T h e  presence  of the  rC =  S b a n d  excluded th e  possib ili ty  of th e  isom eric  1,3- 
th ia z in e  s t ru c tu re .

In  th e  PM R  spec tra  of  com pounds  Ia - f  and  I l ia ,  b, th e  s igna l  o f  the  
o lefinic p ro to n  of th e  s ta r t in g  com pounds w as ab sen t  and th e  signal o f  the  
C-4 m e th in e  p ro to n  ap peared  be tw een  ö =  4.7 a n d  5.0 pp m . A t  low er field
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T ab le  III

Compound
Ar

M .p.,
"C

F orm ula M. W. 
Y ield, %

Analysis о/
Calcd. Found

IV a 196— 198 C„H .>0N.,S C: 75.87 76.05
С(;Н5 332.48 H: 6.06 6.19

50 N: 8.43 8.36
S: 9.64 9.66

IVb 248— 250 C.,,H IBCliN„S C: 62.84 62.60
4-C1 Ce H4 401.37 H: 4.52 4.80

59 N: 6.98 6.93
S: 7.99 7.98
Cl: 17.67 17.44

IVc 228—229 c 2:)h 24n 2s C: 76.63 76.46
4-CH 3- C 6H 4 360.52 H: 6.71 7.00

46 N: 7.77 7.78
S: 8.89 8.83

IVd 1 8 6 -1 8 8 C,3H 24N„O..S C: 70.38 70.24
4-CH..O— C„H4 392.52 H: 6.16 6.40

80 N: 7.14 7.18
S: 8.17 8.10

IVe 158 (d.) C25H :l0N 4S C: 71.73 71.64
4-N(CH.,)2— C6H 4 418.62 II: 7.22 7.44

77 N: 13.39 13.38
S: 7.66 7.72

IVf 150 (d.) C „H ieN 20 2S C: 65.36 65.59
2-furyl 312.40 H: 5.16 5.42

29 N: 8.97 8.88
S: 10.26 10.23

V 245 (d.) C 20H 18N 2S C: 75.45 75.40
C6H 5 318.39 H: 5.70 5.98

57 N: 8.80 8.76
S: 10.07 9.93

a D isappear on the effect o f D 20  
b Recorded in (CD3)2SO
c Disappears on the effect of D 20 ;  the second N H  proton is overlapped by the arom atic 

signal, w hose integrated value decreased on the addition of D 20
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UV ( 
Amax,

'thunol) 
im  (log e)

IR , c m - ' 
(K Br) Ö

PMR,
ppm (CDC13)

210 (4.39) iN H : 3185 1.4 — 1.8 m 2H CH,
276 (4.43) 3100 1.8 — 2.1 in 2H CH„
315 (4.14) vC= C 1619 2.3— 2.8 in 2H CH2

vC S 1192 4.9 s 1H CH
6.6 s 1H = CH
7.3 s 1011 Ar
7.2; 7.7 s 2H NH»,«

221 (4.26) vNH: 3180 1.0— 2.3 111 6H CH,
280 (4.42) 3110 5.0 s 111 CH
320 (4.12) rC =C 1619 7.2 g 1H =  CH

)'C =  S 1198 7.5 s 8 H Ar
9.2; 9.4 s 2H NH»,b

210 (4.36) .N H : 3200 1 .4 —2.9 s 6 H CH,
278 (4.44) i>asCH 2949 2.3 s 6H CH3
318 (4.14) i-sCH, 2870 4.9 s 1H CH

vC c 1610 6.6 s 111 ==CH —
vC =  S 1192 7.2 s 8H Ar

7.7 s 1H NH ‘

209 (4.47) vNH: 3200 1.4 2.8 m 6H CH,
286 (4.53) 3100 3.8 d 6H CH3
319 (4.29) vC C 1620 (sh.) 4.9 s 1H CH

casC О— C: 1254 6.6 —7.5 m 9HAr and CH
vsC—0 —C: 1030 7.7 s 1H NH 1'

210 (4.48) vNH: 3200 1.3 - 2 .2 m 611 CH2
261 (4.41) 3100 2.9 a 1211 CH,
333 (4.46) vC =  C 1610 4.7 s 1H CH

.'C s 1185 6.6 7.5 m 9H Ar and = C H
9.0 s 2H d e

216 (3.99) 1’NH: 3150
288 (4.12) 3090
324 (3.96) !<C =  C 1625 (sh.)
394 (3.24) i>C=C (furyl): 1585

1570
1477
1445

vC S: 1190

218 (4.19) vNH: 3210 1.9 3.0 in 4H CH,
285 (4.43) i'C C 1630 5.2 s 111 CH
313 (4.24) t'C S: 1190 6.9 s III =  CH—

7.4 s Kill Ar
9.0; 10.2 s 2II NH»

1 Broad band
' Disappears on the effect o f D 20
1 PMR spectrum could not be recorded because of the poor solubility of the substance  
* PMR data obtained with a 100 MHz instrument
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s t r e n g th  th e  signals o f  th e  tw o N H  p ro tons  a p p e a re d  either sep a ra te ly ,  or one 
w as  overlapped  b y  th e  a ro m a tic  signal. T hese  p ro to n s  were exchangeable  w ith  
D .,0 .  I n  th e  analysis  o f  H a, b the  high C a n d  H  contents  ind ica ted  t h a t  two 
k e to n e  molecules h ad  been  involved  in th e  re a c t io n .  The IR  spec tra  h a d  ne i th e r  
v C = 0  n o r  rN H  hands .

T h e  question  is w h y  the  reaction o f  2 -ary lidenecyclohexanones differ 
f ro m  t h a t  of 2-ary lidenecyclopentanones. I n  th ev in y lo g o u s  carbonyl com pounds  
b o th  th e  vinylogous carbon  atom  and th e  c a rb o n y l  carbon a to m  m a y  behave 
as e lectrophilic  cen tres ,  i.e. nucleophilic a g en ts  can  a t ta c k  a t  these  tw o  sites. 
I n  t h e  I R  spectra  of 2 -a ry lidenecyclohexanones a n d  the  respective cyclopenta-  
n oncs  th e  frequency  va lues  of the  rC =  0  h a n d s  are  different from  each o the r  
(1690 and  1719 c m -1 , respectively). The d e v ia t io n  of 30 c m -1 is, according 
to  l i t e r a tu re  d a ta  [7,8], due to  th e  d iffe ren t  e x te n ts  of ring s t ra in  and  of 
co n ju g a t io n .  The low er carbonyl f req u en cy  o f  2 -arylidenecyclohexanones 
in d ic a te s  a larger e x te n t  of conjugation. On th is  basis  i t  is reasonable  to  suppose 
t h a t  in  2-arylidenecyclohexanones th e  m ore  effective electrophilic cen tre  will 
be  t h e  v inylogous ca rb o n  a tom . H ow ever,  in  2 -a ry lidenecyclopentanones a 
low er degree of co n ju g a t io n  should be a ssu m ed . Here, in th e  reac t io n  w ith  
a m m o n iu m  th io c y a n a te  th e  carbonyl C -atom  will he the more ac t iv e  e lec tro 
ph il ic  cen tre ,  however, its role is tak en  over  b y  th e  vinylogous ca rb o n  a to m  
w h e n  th e  reagen t  is th io u rea .  The m echan ism  proposed for th e  reac tion  of
2 -a ry l id enecyc lopen tanones  w ith  am m o n iu m  th io c y a n a te  is show n below.

I n  th e  base -ca ta lyzed  reaction of 2 -ary lidenecyc lopen tanones  w ith  
t h io u r e a  th e  d e p ro to n a te d  form  of the  r e a g e n t  is considered to  be active.

A n  analogous m echan ism  is assum ed  for 2 -arylidenecyclohexanones. 
I n  t h e i r  reac tion  w i th  am m o n iu m  th io c y a n a te  th e  vinylogous ca rb o n  a to m  is 
a t t a c k e d  b y  th e  th io c y a n a te  ion, and  th e  f ina l  s tep  of cyclization is t h e  e l im ina 
t io n  o f  w ater .

D iv iny l  ke tones  read ily  form spiro co m p o u n d s  with b ifunc tiona l  nucleo
ph ilic  agen ts  [9,10]. Z i g e u n e r  et nl. o b ta in ed  sp iro-b is-hexahydropyrim id ine-  
th io n e  der ivatives  in th e  reaction  of p h o ro n e  w ith  am m onium  th io c y a n a te  
a n d  th io u re a  [11].

U n d e r  th e  reac tion  conditions app lied  b y  us, 2 ,6-diarylidenecyclohexa- 
n ones  failed to  reac t  w ith  am m onium  th io c y a n a te .  Their base -ca ta lyzed  reac 
t io n  w i th  two moles of  th io u rea  did n o t  y ie ld  sp iro -b is-pyrim id ineth ione b u t  
th e  p ro d u c ts  were 4 -a ry l-8 -ary lidene-3 ,4 ,5 ,6 ,7 ,8 -hexahydro-2( lH )-qu ina-  
zo line th iones  (IVa-f) (Table I I I ) ;  similarly, 7H -7-benzylidene-4-phenyl-3 ,4,5,6- 
te t ra h y d ro -2 ( lH )-c y c lo p e n ta p y r im id in e th io n e  (V) (Table I I I )  was o b ta ined  
f ro m  2 ,5 -d ibenzylidenecyclopentanone. The s u b s t i tu t io n  p a t te rn  of th e  a r o m a t 
ic nu c leu s  did no t in fluence  th e  course of t h e  reac tion .

T h e  s truc tu res  of  th e  compounds fo rm ed  were confirm ed b y  e lem en ta l  
a n a ly s is ,  I R  and  P M R  spectroscopic m e th o d s .  The CMR sp e c t ru m  of IVa
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IV a (n .1)
V (n •->)

Fig. 5

was consistent w ith  th e  suggested s t ru c tu re  and  a t  th e  sam e t im e  exc luded  an 
m -th iaz ine  s t ru c tu re  also for co m p o u n d s  l a  a n d  I l ia .
13C spec trum  of IVa recorded  w i th  w ide range  p ro ton  decoupling  a t  25.16 MHz 
(so lven t:  D M SO-d0, te m p e ra tu re :  30 °C).
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IV a
Fig. 8

VII

Assignment of the lines in the  noise decoupled 13C resonance  sp ec tru m  
reco rded  a t  25.16 MHz (Fig. 6 and  Tab le  IV) was carried  o u t  on th e  basis o f  the 
off-resonance spec trum  (S F O R D ) w i th  selective p ro ton  decoupling  13C{1H}, 
a n d  also using th e  n a tu ra l ,  undecoup led  spec trum . E ach  carbon  a to m  in the  
molecule gives rise to  a sep a ra te  re sonance  line, and th is  also holds in the  
presence  of two a rom atic  rings. A ss ignm ent of the  carbon  a to m s in  para  and 
meta position  was possible on the  basis o f  th e ir  coupling of  ty p e  :U ch (m u lt i 
p lic ity) in the  undecoupled  spec trum . T h e  C —S bond  ap p ea red  a t  174.5 ppm . 
T h e  signals of the  q u a te rn a ry  carbon  a to m s  a t  the  condensa tion  p o in ts  could 
also be d istinguished in th e  S F O R D  sp e c t ru m  in the  group of a ro m a t ic  carbon  
a to m s ;  a l though there  was p a r t ia l  ove r lapp ing , the  m u lt ip l ic i ty  o f  th e  lines 
gave unam biguous  in fo rm ation . A crucial po in t in the  d e te rm in a t io n  o f  the 
s t ru c tu re  was the  signal o f  the  te r t i a r y  carbon  a to m  a p p ea r in g  a t  59 ppm . 
I t s  :iJ qh coupling (4.3 Hz) was observed  w ith  the  carbon  a to m  p a r t ic ip a t in g  
in th e  C = S  bond. Similarly , two ‘la rge ’ coupling effects o f  th e  CH ty p e  were 
observed  on the line assigned to  th e  n o n -p ro to n a ted  ca rb o n  a to m  denoted  
b y  “ e” , appearing  a t  114.5 pp m . In  view' o f  these facts, th e  13CMR sp ec tru m  is 
in  ag reem en t with, and  sup p o r ts  th e  s t ru c tu re  IVa proposed in Fig. 5.
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Table IV

Chemical sh ift, 
ppm Assignment M ultiplicity In tensity

174.5 2 q S 62

142.8 1" p s 46

137.3 1' 0 s 50

129.4 2 ', 6' n d 83

129.1 4a m s 64

128.9 3", 5" I d 84

128.3 3', 5' к d 84

128.0 4" j d 39

127.7 8 i s 60

127.0 2", 6" ь d 90

123.0 8a f d 30

114.5 8 a e s 46

59.0 4 a d 40

26.4 7 c t 37

26.0 5 b t 31

21.9 6 a t 33

The mass sp e c t ru m  o f  IVa (see E xper im en ta l)  also confirm s the  suggested  
s t ru c tu re .

The urea analogues o f  th e  cyclic th io u re a  com pounds  p rep a red  were 
su p p o sed  to be ob ta in ab le  b y  ox ida tion .T he  o x id a t io n  reac tion  m ay  also afford  
ev idence  for the  s t ru c tu re s  suggested  for co m p o u n d s  la an d  IVa, since 2-thio- 
n o hexahydroqu inazo lines  a re  oxidized to 2 -oxo-hexahydroqu inazo lines  c o n ta in 
in g  no  sulfur, w hereas  t h e  ox ida tion  of th e  isom eric  2 - im ino-l,3 -th iaz ine  
d e r iv a t iv e s  (‘Y ’) w ould  y ie ld  2-oxo-l,3 -th iaz ines  (‘Z ’).

The oxidation o f  la  a n d  IVa was a t te m p te d  w i th  va r ious  oxidizing agen ts  
(CrO.j, MnO.„ HgO, H.,0.,). O f  these, only th e  t r e a t m e n t  w ith  alkaline H 20 2 
w as  effective; the  re su l ts  a re  in  agreem ent w i th  th e  observa tion  of o th e r  
w o rk e rs  [11].

The form ation o f  4 -pheny l-3 ,4 ,5 ,6 ,7 ,8 -hexahydro -2 ( lH )-qu inazo line  (IV) 
(T ab le  II) and 8 -benzy l idene-4-pheny l-3 ,4 ,5 ,6 ,7 ,8 -hexahydro-2( lH )-qu inazo-
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l inone (VII) (Table II) also confirm s th e  s t ru c tu re s  la  and  IVa. S tru c tu re s  of 
VI an d VII were verified b y  th e ir  IK  and PM R  sp ec tra ;  the  sharp  vC =  S b an d  
a t  a b o u t  1200 c m -1 was a b sen t  and an in tense  vC =  0  b a n d  ap p e a re d  a t  1695 
c m “ 1 (VI) and 1680 c m -1 (VII). The PM R  s p e c t ru m  of VI and  VII sh o w ed  the  
presence of two exchangeab le  pro tons  (NH). T h e  s t ru c tu re  of  VI was also p roved  
b y  synthesis :  th e  reaction  p ro d u c t  ob ta ined  from  2-benzy lidenecyc lohexanone  
and  urea  was identical w ith  VI.

E xperim ental

The majority of the IR  spectra was recorded w ith  a Zeiss UR -10 spectrophotom eter; 
the PM R spectra were obtained w ith a Perkin-Elm er R-12 spectrom eter. Som e o f the PMR  
spectra and the 13C m easurem ents were taken w ith a Varian XL-100-15 FT instrum ent. The UV 
spectra were recorded w ith a Perkin-Elm er 402 spectrophotom eter. The mass spectrum  of IVa 
was obtained with an MS 902 m ass spectrometer.

The 2-arylidenecycloalkanones were prepared by aldol condensation catalyzed  by sodium  
hydroxide [12]. All the starting ketones were the trans isom ers [13].

4-Pheiiy l-3 ,4 ,5 ,6 ,7 ,8-hexahydro-2(lII)-qu iiiazolineth ione ( la )

(A ) Reaction with am m onium  thiocyanate

2-B enzylidenecyclohexanone (9.3 g; 0.05 mole) was dissolved in a m ixture of benzene  
(40 ml) and cyclohexanol (4 m l). Am m onium  thiocyanate (4.57 g; 0.06 m ole) w as added to 
the reaction m ixture and it was refluxed for 8 hrs, using a water separator. The reaction m ixture 
was then cooled, the w hite precipitate was filtered off, rinsed w ith benzene and w ashed w ith  
water until free from am m onium  thiocyanate. The product was recrystallized from  m ethanol.

Compounds lb , a. d. e, were prepared in a sim ilar way. I f  could not be obta ined  with  
am m onium  thiocyanate, since the ketone decom posed during the long reaction tim e.

(B ) Reaction with thiourea

M etallic sodium (1 g; 0.04 g-atom ) was dissolved in anhydrous ethanol (50 m l). A solu
tion of 2-benzylidenecyelohexanone (3.72 g; 0.02 m ole) in anhydrous ethanol (50 m l) and th io
urea (2.28 g: 0.03 mole) were added to it. The reaction m ixture was refluxed for one and a half 
hours. The hot solution was then poured into water and acidified w ith cone, hydrochloric acid. 
The yellow  precipitate was allowed to stand for a short tim e, then filtered off and the excess 
reagent was removed. Ib, c. d were crystallized from m ethanol, and Ie, f  from ethanol. Ia f: 
colourless crystals.

Other data are given in Table I.

Reaction of 2-aryIidenecyclopeiitanoiies w ith am m onium  thiocyanate

I\,N’-bis[(2-B eiizylidene)-cyclopentylidene]-th iourea (H a) and 
7H -4-phenyl-3,4,5,6-tetrahydro-2(lH )-eyclopentapyiiin id inethione ( I l ia )

In the preparation of I la  and I lia  the reaction conditions were the sam e as for Ia using  
am m onium  thiocyanate. The yellow  crystalline substance which separated was show n to he 
a m ixture of Ila  and I lia . Compound I lia  could he extracted  from the m ixture w ith  hot ben
zene, and Ila , insoluble in benzene, was crystallized from glacial acetic acid. In  the reaction  
of 2-(4’-m ethoxybenzylidene) cyclopentanone no IHb was obtained; the product w as l ib  with 
orange yellow  colour, crystallized from a m ixture of ethyl acetate and m ethanol.
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Reaction o f 2-arylidenecyclopentanones w ith thiourea

7H -4-Phenyl-3,4,5,6-tetrahydro-2(lH )-cyclopentapyrim idinethione ( I l ia )  and 
7 H -H -(4 ’-m ethoxyphenyl)-3,4,5,6-tetrahydro-2(lH )-cyclopentapyrim idinethione ( I l lb )

These two com pounds were prepared in a m anner sim ilar to the synthesis o f la . Com
pou nd s I lia , b were colourless substances; they were crystallized  from benzene.

Other data regarding I la , b and Ilia , b are show n in Table II.

Reaction o f 2,6-diarylidenecyclohexanones w ith thiourea

The reaction of 2 ,6-d ibenzylidenecyclohexanone and thiourea is presented as a charac
ter istic  exam ple.

4-Phenyl-8-benzylidene-3 ,4 ,5 ,6 ,7 ,8-hexahydro-2(lII)-qu inazolinethione (IV a)

M etallic sodium (1.40 g; 0.06 g-atom) was d issolved  in anhydrous ethanol (100 ml). 
A suspension consisting o f 2 ,6-d ibenzylidenecyclohexanone (5.48 g; 0.02 m ole) and thiourea 
(3 .80  g: 0.06 mole) in anhydrous ethanol (100 ml) w as added, and the reaction m ixture was 
reflu xed  for 1.5 hr. During this tim e the starting m aterial d issolved. The hot solution was poured 
in to  w ater and acidified w ith  cone, acetic acid. A fter a short standing the precipitate was 
filtered  o ff and washed w ith w ater until neutral. The product was crystallized from ethanol or 
from  a m ixture of ethanol and e th y l acetate.

IVa. b, c. d were colourless crystals. IVe and IV f are ye llow  and red crystalline substances, 
resp ectively .

In the mass spectrum  o f th e  product the follow ing m ain lines appear: m / e  =  332(M) 
100% ; m / e  =  304 (M — 28) 11% ; m / e  =  272 (M— 60) 4 % ; m/e =  255 (M — 77) 78% .

Reaction o f 2,5-dibenzylidenecyclopentanone with thiourea 

7H -7-B enzylideiie-4-phenyl-3,4,5,6-tetrahydro-2(lH )-cyclopentapyrim id ineth ione (V )

M etallic sodium (0.7 g: 0 .03 g-atom ) was dissolved in anhydrous ethanol (50 ml). A sus
p en sion  o f 2,5-dibenzylidenecyclopentanone (5.20 g; 0.02 m ole) and thiourea (3.80 g: 0.05 mole) 
in  anhydrous ethanol (50 m l) w as added, and the reaction  m ixture was refluxed for 1.5 hr. 
A hom ogeneous solution was ob ta in ed . It was cooled, the crysta ls which separated were filtered  
off, w ashed with cold ethanol, and then with water un til neutral, and recrystallized from  a 
m ixtu re  o f ethanol and e th y l a ceta te . The mother liquor w as poured into water. An orange- 
y e llo w  precipitate was obtained w hich was filtered o ff after a short period of standing, and 
w ashed until neutral. The substance obtained after crysta llization  was identical w ith the product 
from  the first stage of the procedure.

V was a colourless crysta llin e  substance.
O ther data for IVa. b. c. cl. e. f  and V are shown in T able III.

R eaction  of 4-phenyI-3 ,4 ,5 ,6 ,7 ,8-hexahydro-2(lH )-quinazolineth ione ( la )  and 4-phenyl-8- 
benzylidene-3 ,4 ,5 ,6 ,7 ,8-hexahydro-2(lH )-quinazolineth ione (IVa) with HLOo

4-P h en yl-3 ,4 ,5 ,6 ,7 ,8 -h exah ydro-2(lH )-qu in azolinone (V I) and 8-benzylidene-4-phenyl-3,4,5, 
6 ,7 ,8-hexahyd ro-2(lH )-qu inazolin one (VII)

la  (1.06 g: 0.0044 m ole) w7as dissolved in hot 0 .5N  m ethanolic solution of N aO H  (100 ml) 
and 30%  H 20 2 (3 ml; 0,025 m ole) w as added dropwise w hile boiling the solution. The reaction  
m ixtu re  was refluxed for 1 hr. th en  poured into water w hile hot. It was allowed to stand for a 
short tim e: the white precip itate w as then filtered off and washed w ith water until neutral. 
T he product was crystallized from  a m ixture of ethanol and water to obtain VI as a colourless 
crysta llin e  substance. The preparation  of 8 -benzylidene-4-phenyl-3 ,4 ,5 ,6 ,7 ,8-hexahydro-2(llI)- 
qu inazolinone (VII) was effected  in  a similar manner. VII w as a colourless crystalline substance, 
crysta llized  from ethanol.
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Preparation of 4 -phenyl-3 ,4 ,5 ,6 ,7 ,8-hexahydro-2(lH )-quinazolinone (V I) by the reaction of
2 -benzylidenecyclohexanone and urea

A solution of 2-benzylidenecyclohexanone (3.72 g; 0.02 m ole) and urea (4.80 g; 0.08 mole) 
in d im ethyl sulfoxide (20 m l) was refluxed on a water bath for 1 hr. The hot solution was poured 
into water. A yellow precip itate separated which was allowed to stand for 1 hr, then filtered 
off, washed with water and recrystallized from a m ixture of water and ethanol. The product 
was in all respects identical w ith that obtained in the oxidation  reaction.

Other data for VI and VII are shown in Table II.
*

The authors’ thanks are due to Dr. J . T amás for the m ass spectra, to Mr. L. Szalai 
for the PMR spectra, to Dr. R. O hmacht for the IR spectra and the analyses, to Dr. P. Mólnak 
for the UV spectra and to Mrs. L. Zubor and Miss Cs. Sze gv á ri  for their technical assistance.
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SULFENYLCHL0R1DE, X
S U L F E N Y L IE R U N G  E IN IG E R  TH IO A M ID E  MIT TRICH LO R M ETH AN -

SU L FE N Y L C H L O R ID

G. S t á j e r * ,  D. K o r b o n i t s * * ,  A. E. S z a b ó * ,  F. K l i v é n y i * und E. Y i n k l e r *

( * Pharmazeutisch-Chemisches Institut der Medizinischen Universität,  Szeged; **Fabrik  
Chemisch-Pharmazeutischer Produkte  »Chinoin« AG, Budapest)

Eingegangen am 5. Septem ber, 1975

1,3,4-Oxa- und Thiadiazol-5-thione sowie das D inatrium -äthylenbisdithiokar- 
bam at liefern m it Trichlorm ethansulfenylchlorid — im G egensatz zu den L iteratur
angaben D isulfide. D ie zweifache Sulfenylierung von A lkyl- und A ryldithiokarba- 
m aten ergibt neuartige B isdith io-im inom ethan-D erivate.

Nach unseren  f rüheren  U nte rsuchungen  erfolgt d e r  e lektrophile  A ngriff  
des /t-Toluolsulfenylchlorides (1) bei versch iedenen  die N H — C =  S-G ruppe  
en th a l ten d en  a m b id en ten  Nukleophilen an dem  g u t  polaris ierbaren  Sehwe-

Acta Chimica Academiae Scientiarum Hungaricae , Tomus 93 (1 ) ,  pp .  6 7 -  75 (1977)

N — N H
// \

c  c = s
X

a  R = H  X = 0

b K =  C1 x = s
Form el 1

R

SCCh
N—N
// \  •

V =S i

fe la tom  und s te ts  ens tehen  Disulfide. Im  G egensatz  h ie rzu  berich ten  M e t i v i e r  

und  B o e s c h  bei der  Sulfenylierung von 1,3,4-Oxa- und  Thiad iazo l-5-th ionen  
(z. В . 3a. b) m it T rich lo rm ethansu lfeny lch lo r id  (2) ü b e r  die Bildung von  Sul- 
fenam id -D eriva ten  [1 ]. Es frag t sich, ob die Sulfenylierung  ein u n d  desselben 
S u b s tra ts  ü b e rh a u p t  e inm al eine S — S- und  ein anderes  Mal eine N —S- 
B indung  en th a l te n d e  V erb indung  en ts teh en  lassen kann . U m  die S t ru k tu r

* IX . M itteil.: G. St á j e r  et al., Chem. Ber, 107, 299 (1974).
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6 8 STÁJER et al.: SULFENYLCHLORIDE, X.

d e r  nach  den französischen  A utoren  hergeste ll ten  Sulfenam ide m it  der S t r u k 
t u r  unserer  D isu lf ide  [2] vergleichen zu k ö n n en ,  haben  w ir  die V erb indungen  
3 a , b m it 2 su lfeny lie r t  u n d  die gewonnenen P ro d u k te  4a, b IR -U n te rsu c h u n g e n  
un te rzogen .  Im  S p e k tru m  von 4a, b t re ten  die für  den a ro m atisch en  Oxadiazol- 
r in g  cha rak te ris t ischen  B a n d e n  bei höheren  F requenzen  a u f  als die Thioam id- 
B a n d e n  der A usgangsverb indungen  3a, b u n d  dies d eu te t  d a r a u f  hin, daß  der 
D o p p e lb in d u n g sc h a ra k te r  der  sulfenyliertcn  V erb indungen  e rh ö h t  ist, d.h. 
a u c h  die V erb indungen  4 a . b keine Sulfenam ide, sondern Disulfide sind. Die 
S t r u k t u r  4 is t  w e i te rh in  d ad u rch  b e s tä t ig t ,  d aß  die analogen  B an d en  des 
H e te ro r inges  von  4 a  auch  im S p ek tru m  des 2 -Ä thy lth io -5 -pheny l- l ,3 ,4 -oxa-

--------------- 1------ 1— -------- 1— 1— i— 1— I— I I  I  I i i l l
5000 4000 3000 2000 1800 1600 1400 1200 1000 800 700

Abb. 1
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Tabelle I

Wichtigere 1R-Daten der untersuchten Verbindungen in K B r  (cm l)

Verbindung V NH v  NH C=S- 
Banden

v N = C— S- 
Banden vC  CI 7  Слг" 

7  СагСаг

2 _ 780
760
740

3a 3300— 2600 1510 _ _ 700
1340

4a _ _ 1540Д 780 710
1460 760 690

740

3b 32 5 0 - 2600 1480 _ _ 810
1270

4b _ _ 1500Л 780
1440 760 810

740

5 _ _ 1540Л _ 700
1450 680

7 3150 1495 _ 790 _
(1290) 770

740

10 _ _ 1610 790
1350 760 —

740

11a 3280 1500 _ 790 710
1360 750

12a _ 1600Q 790 710
780— 710 690

11b 3300 1540 _ 790 830
1410 760

740

12b _ _ 16150 790
760 840
740

11c 3280 1480 _ 790
1370 760 830

740

12c _ 1 6 1 0 0 790
760 830
740

Д  aromatische O xadiazol-, bzw. Thiadiazolbanden  
□  1>C =  N +  fCArCAr gekoppelt
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7 0 STÁ JER  et al.: SULFENYLCHLORIDE, X.

diazo ls  (5) [3] erscheinen u n d  d aß  die vC— Cl B a n d e n  zu f inden  sind (Form el 
1, T a b .  I, Abb. 1.).

E iner  anderen L i t e r a tu ra n g a b e  nach h a t  K i . o p p i n g  durch  m ehrfache  
Su lfenylierung  des B is d i th io k a rb a m a ts  6 die D e r iv a te  7, 8 und  9 hergestc ll t
[4] (Form el 2).

Es muß jedoch e r w ä h n t  werden, daß  die S t r u k t u r  der V erb indungen  8 
u n d  9 nicht erwiesen ist.  d a  der  Autor für diese zerse tz lichcn  D erivate  —  a b 
w e ich en d  von V erb in d u n g  7  —  keine spek tra len  D a te n  ang ib t .  Bei der W ie d e r 
h o lu n g  der Versuche von  K l o p p i n g  ist es uns n ich t  ge lungen , die iV-sulfenylier- 
t e n  D eriva te  8 und  9 h e rz u s te l le n ,  während wir aus dem  Disulfid 7 in w asser
f re ie m  Ä ther ein v ie rfach  S-sulfenyliertes P ro d u k t ,  das  neuart ige  Im in o m e th a n  
10 erh ie lten , dessen S c h m e lz p u n k t  sich von dem  d er  vo m  A utor  angegebenen  
S u lfenam ide  8 und  9 u n te r sc h e id e t .

F ü r  die S t r u k tu r  10 sprich t,  daß im I R - S p e k t r u m  der V erb indung  
rC  =  N  B anden e rsche inen  (Tab. I, Abb. 2). Die fü r  die iVII-Gruppen c h a 
ra k te r is t i s c h e n  B an d en  e rsch e in en  dagegen n ich t  u n d  auch  im P M R -S p ek tru m  
i s t  lediglich ein einziges, den M ethy lenp ro tonen  en tsp rechendes  Signal 
ass ign ie rbar .  Die V e rb in d u n g  ist zersetzlich, bei R a u m te m p e r a tu r  ist sie n u r  
e in ig e  S tunden  lang s ta b i l .  I m  IR -S p ek tru m  des 24 -s tünd igen  P rä p a ra te s  e r 
sc h e in e n  intensive, d e r  — N = C = S -Gruppe zu z u o rd n e n d e  Banden , und dies 
w e is t  d a ra u fh in ,  daß  die V e rb in d u n g  10 w ährend  des S tehens  zu Iso th io c v a n a t  
ze rfä l l t .

Aus A ry ld i th io k a rb a m a te n  ents tehen  m i t  2 die T r i th io p e rk a rb a m a te  
v o m  T y p  11, die in G e g e n w a r t  von tért.-Amin zu d en  m it  der V erb indung 10

ChCSS
\
/

Chess
C = N — CH2—CH2—N

s s c c i3

~  \
SSCCU

/
(' — N H -C H 2-  CH2—N H -C

//

CI3CSS
\
SSCCI3

(2)

7

I
\  /СШЛ Ш - /

C—N  N H — C
. /  \  . \

CI3CSS Í?CC13 SSCGI3 •
8

8 . OH2—
^  /C—N 
•/ \

CI3CSS SCCb

------ CH2 s
\  //
N—C 

/  \
CI3CS SSCCI3

Formel 2
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______I_____ 1______I_____ I______I---------L J --------------------- 1-------------- .------- ------- I-------------- 1-------------- 1------ ------

5000 4000 3000 2000 1800 1600 1400 1200 1000 800
Wellenzahl  , cm'1

Abb. 2

v e rw an d ten  B isd i th io - im inom ethan -D er iva ten  12 w eite rsu lfeny lie rt  werden; 
ih re  S t ru k tu r  haben  wir ebenfalls m it IR -U n te rsu c h u n g e n  erwiesen (F o rm el 3). 
Im  S pek trum  von 12a erscheinen die gekoppelten  rC =  N +  гСдгСд,- B anden  
im  Vergleich zu 11a bei höheren  Frequenzen  u n d  dies d eu te t  a u f  die S t r u k tu r  
12 hin. Die größere I n te n s i tä t  zeigt gleichzeitig die K on ju g a t io n  des a ro m a t i 
schen Ringes m it der C =  N B indung  an, was ein w eite re r  Beweis dieser S t ru k tu r  
is t  (Tab. I ,  Abb. 3).

Es sei b e m erk t ,  d a ß  die V erb indungen  12a. b. c bei R a u m te m p e r a tu r  
e tw a  30 Tage s tab il  b le iben, also w eitaus h a l tb a re r  sind als das A lky lde r iva t  
10.

l i

2
Et„N

a R =  H
b R=C1  
c R  =  СНз

Form el 3
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F rüher  h a t te n  w ir  gefunden , daß die p-Toluolsu lfenylierung  von Ammo- 
n iu m -d i th io k a rb a n y l id a te n  zu T r i th io v e rb in d u n g en  fü h r t  [5]. Die V er
b in d u n g  13 hingegen l ie fe r t  — u n te r  ähn lichen  Bedingungen  wie oben — 
u n t e r  W eiterreagieren  m i t  1 nich t das m i t  den  V erb indungen  10 u n d  12 v e r 
w a n d te  B isd ith io -D eriva t ,  sondern p -T o ly ltr isu lf id  (15) u n d  Phenyliso th io-  
c y a n a t  (16) (Form el 4).

5000 4000 3000 2000 1800 1600 1400 1200 1000 800
Wellenzahl , cm’1

Abb. 3

D as von den v o rh e rg eh en d en  abweichende Ergebn is  der Arvlsulfenylie- 
r u n g  l ä ß t  sich auf  folgende W eise erklären: bei der  W eitersu lfenylierung  von 
13 i s t  die E n ts tehung  des ins tab ilen  P ro d u k tes  14 anzunehm en . Aus diesem 
Z w isch en p ro d u k t  wird das  ‘good leaving g ro u p ’ Molekül 15 abgespa lten  und 
das  zurückble ibende p ro to n ie r te  Iso th io cy an a t  wird u n te r  D epro ton ie rung  
als 1 6  s tab il .

Z u m  Studium  dieser E rsch e in u n g  haben  w ir  —  m it  V aria tion  der  Sulfenyl- 
ch lo r id e  1 und 2 — auch  eine weitere ‘gem isch te ’ Sulfenylierung der  Trith io-  
k a r b a m a t e  11a und 13 v e rs u c h t .  W ährend  von 11a u n d  1 das A usgangsm ater ia l  
zu rü ckgew onnen  w erden k a n n ,  lieferte die B e a k t io n  des T r i th io d e r iv a te s
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I -H C l

P h - N = C  =  S (4)

46

13 mit 2 das H a u p tp ro d u k t  12a. D aneben  sind auch  11a und 13 im R e a k t io n s 
gemisch v o rh a n d e n .  Die t r ich lo rm ethan -su lfeny lie r te  V erbindung k a n n  also 
weiter a lky lsu lfenyliert ,  n ich t  aber a ry lsu lfeny lic r t  werden. Die m on o ary l-  
su lfenylierte  V erb indung  13 kann  auch a lky lsu lfeny lie r t  werden, a b e r  so, 
daß ein A ry lsu lfen ium -Ion  aus dem e n ts ta n d e n e n  gemischten D isulfenyl-  
D eriva t ah g esp a l te t  wird, wobei die M onoalkylsulfenyl-V erhindung 11a e n t 
s teh t .  Diese is t  en tw eder  das E n d p ro d u k t  oder sie n im m t noch eine T rich lo r-  
m e thansu lfeny l-G ruppe  a u f  und wird in 12 u m gew andelt .

M ikrobiologische Untersuchungen haben gezeigt, daß die Derivate 11a und 12a auf 
Mikroben in einer Größenordnung wie daß p-T olylderivat 13 wirken [6]. Die T richlorm ethyl- 
Derivate hem m en von den neun Microorganismen: Вас. cereus var. m ycoides, Staphylococcus  
aureus, Escherichia coli, Serratia m arcescens, Saccharom yces cerevisiae, Candida albicans, 
Aspergillus niger, Syncephalastruin racemosum und Sarcia lutea nur das W achstum des H efe
pilzes Saccharom yces cerevisiae R 12, und zwar 11a in 3 Jtg/ml und 12a in 25 /Ig/ml K on zen t
ration.

E xperim enteller Teil

(D ie Schm elzpunkte sind nicht korrigiert.)

D ie IR -Spektren wurden in K B r-Pastillen bzw. in CHC13 m it den Geräten Spektrom om  
2000 bzw. Unicam  SP 200, die PM R-Spektren m it dem  Spektrom eter JEOL H L-60 in CDC13, 
unter Verwendung von  TMS als innerer Standard aufgenom m en.

1. H erstellung der Verbindung 10: 5,11 g (0,01 Mol) 7 [4, 7] und 2 g (0,02 Mol) T riäth yl
amin wurden in 100 ml wasserfreiem Äther unter K ühlen und Rühren m it 3,7 g (0 .02 Mol) 2 
zur R eaktion gebracht, das Reaktionsgem isch wurde m it W asser gewaschen, m it N a2SO, getrock
net und der Äther verdunsten gelassen. Der ölige R ü ck stand  wurde in trockenem B enzol gelöst, 
mit 3 Vol. Petroläther im Kühlschrank aufbewahrt, wobei nach 24 Stunden K ristallisierung  
erfolgte. W eiße, lockere Nadeln, Ausbeute 2,20 g (27% ), Schm p.: 88 90 °C.
Analyse: C8H 4N 2C112S8 =  810,07

Вег.: C 11,86 H 0,50 N 3,46 S 31,67%
Gef.: C 11,60 H 0,81 N 3,69 S 31,50%

PMR: <5 CH„(4H) =  4,18 ppm (s)

I

15

Form el 4
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74 STÁJER et al.: SULFENYLCHLORIDE, X.

2. Sulfenylierung von A m m onium -N -Aryldithiokarbam aten (allgem eine Vorschrift):
0 ,02 Mol Am m onium -IV-aryldithiokarbam at [8] w erden in 100 ml wasserfreiem  Äther mit 
3,7 g (0,02 Mol) 2 zur R eaktion gebracht, das R eaktionsgem isch wird m it W asser gewaschen, 
dann der Äther m it N a 2S 0 4 getrocknet und im V akuum  hei Raum tem peratur verdam pft.

2 .1. Herstellung von S-Trichlorm ethyl-N-phenyltrithioperkarbamat (11a): 3,7 g Ammo-
nium -d ith iokarbanylidat wird nach 2. su lfenyliert und das gewonnene Produkt aus Benzol 
Ä th anol (1 : 1) kristallisiert. Gelbe Nadeln, Schm p. 101— 102 °C. Ausbeute: 3.30 g (52% ). 
A n alyse: C3H 6NC13S3 -  318.69

Вег.: C 30,15 H 1.90 N 4,40%
Gef.: C 30,40 II 1,94 N 4.22%

2.2. Herstellung von S-Trichlorm ethvl-N-p-chlorplienyl-trithioperkarbainat (11b):
4.4 g Am m onium -iV -(p-chlorphenyl)-dithiokarbam at werden nach 2. su lfenyliert, m it der 
A b w eichu ng, daß das Reaktionsgem isch nach F iltration  - ohne Waschen —  verarbeitet wird. 
Der R ückstand wird in Benzol kalt gelöst und nach Zugabe des gleichen V olum ens P etro 1 
äther im  K ühlschrank stehen gelassen. Gelbe N adeln , Schm p. 71— 72 °C. A usbeute: 2,10 g 
(30% ).
A n alyse: C8H 5NC1jS3 =  353,1

Ber.: C 27,21 11 1,43 N 3,97%
Gef.: C 27,07 H 1,60 N 3.70%

PM R: r5(NH) =  9,68 ppm , óArH (4H ) =  7,62 ppm  (Zentrum  des AA’B B ’-M ultip letts)
2.3. H erstellung von S-Trichlorm etliyl-N-(p-tolyl)-trithioperkarbaniat (1 1 c ):  4 g Am-

m onium -lV -(p-tolyl)-d ith iokarbam at werden nach 2.2. sulfenyliert und aufgearbeitet. Gelbe 
P rism en. Schm p. 60— 61 °C, Ausbeute: 3,1 g (47% )
A n alyse: CÖH 3NC13S3 =  332,72

Ber.: C 32,49 H 2,42 N 4,21%
Gef.: C 32,20 H 2,50 N 4,01%

3. H erstellung von 12a,b,c (allgem eine V orschrift): Zu 0,02 Mol Am m onium -A ryl- 
dith iok arb am at und 2 g Triäthylam in in 100 ml trockenem  Äther werden unter K ühlung und 
R ühren  7,4 g (0,04 Mol) 2 zugetropft: das R eaktionsgem isch wird filtriert und der Äther bei 
R aum tem peratur unter verm inderten Druck abgedam pft.

3 .1 . H erstellung von B is(Trichlorm ethyldithio)-N -Phenylim inom ethan (12a): 3,8 gA m - 
m onium dith iokarbanylidat werden nach 3.) su lfenyliert und aufgearbeitet. N ach Versetzen  
des R ück stand es m it 10 ml Petroläther scheiden sich im  Kühlschrank farblose Prism en aus. 
Schm p. 87— 89 °C [aus B enzol-Ä ther (1 : 1)], A usbeute: 3,60 g (38% ).
A nalyse: C9H 5NClbS4 =  468,12

Ber.: C 23,09 H 1,08 N 2,99%
Gef.: C 23,29 H 1,28 N 2,93%

3.2 . Herstellung von B is(T richlorm ethyldith io)-N -(p-chlorpheiiyl)-im inom ethan (12b):
4.4 g A m inonium -iV -(p-chlorphenyl)-dithiokarbam at werden nach 3. sulfenyliert, das R eak
tionsp rod uk t wird in Benzol kalt gelöst, auf eine K ieselgel-Säule aufgetragen und m it P etrol
äther e lu iert. Nach Verdam pfen des Lösungsm ittels bei Raum tem peratur werden die M ittel
fraktionen  verein igt und in Benzol kalt gelöst. N ach V ersetzen der Lösung m it dem  gleichen  
V olum en Petroläther scheiden sich beim Stehen im Kühlschrank blaßgelbe K ristalle aus. 
Schm p. 89— 90 °C.
A nalyse: Cl(H 4NCl7S4 =  502,55

Ber.: C '21,51 H 0,80 N 2,79%
Gef.: C 21,34 H 1,15 N 2,90%

PMR: ÓArH (4H ) = 7,10 ppm (Zentrum des AA ’B B ’-M ultipletts)
3 .3 . H erstellung von Bis(Trichlorm ethyldith io)-N -(p-tolyl)-iniinom ethan (1 2 c ):  4 g 

A m m onium -lV -(p-tolyl)-d ith iokarbam at werden nach 3.2. sulfenyliert, der R ückstand des 
P etroläthereluats w ird in Benzol gelöst und nach Zugabe v o n  2 Vol. Petroläther im K ühlschrank  
stehen  gelassen. Blaßgelbe Nadeln, Schmp. 70— 71 °C.
A nalyse: C101I7NC1(.S4 =  482,14

Ber.: C 24,91 H 1,46 N  2,91%
Gef.: C 24,75 H 1,67 N 3,12%

4. p-Toluolsulfenylierung des S-(p-Tolyl)-N-phenyltrithioperkarbam ats (13 ): Zu 100 ml
Ä therlösung von  5,8 g (0,02 Mol) 13 [5] und 2 g T riäthylam in  werden unter K ühlen 3,20 g 
(0,02 M ol) 1 gegeben, das Reaktionsgem isch wird filtr iert, m it Wasser gewaschen, m it N a 2SO, 
getrockn et und der Äther dann verdam pfen gelassen. Der R ückstand wird in zwei Teile geteilt. 
Der eine T eil liefert — nach W asserdam pfdestillation— 1,10 g (81% ) rohes 16, das nach dem  
T rocknen m itte ls D estillation  gereinigt und dann IR -spektroskopisch  sowie aufgrund des Bre
chungsindexes identifiziert wdrd. Der zw eite Teil wird auf eine Kieselgel-Säule aufgetragen, zuerst 
m it P etro läth er und nachher m it Benzol eluiert. N ach  Abdampfen des L ösungsm ittels
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werden der R ückstand des Endes der Petrolätherfraktionen und jener der ersten B enzol
fraktionen verein igt und dabei 1,7 g (61% ) farblose K ristalle gewonnen. N ach U m kristalli
sieren aus B enzol-P etroläther (1 : 2) Schm p. 81 — 82 °C; m it autentischer Substanz [9] wird 
aufgrund IR und des M ischschm elzpunktes als 15 identifiziert.

5. p-Toluolsulfenylierung von 11a: 3,2 g (0,01 Mol) 11a und 1,60 g (0,01 Mol) 1 werden 
in 30 ml trockenem  Äther bei Raum tem peratur eine Stunde lang stehen gelassen. N ach Ab
dam pfen des Äthers bei Raum tem peratur werden aus dem  Rückstand 2,6 g 11a zurückgew on
nen. Nach W iederholung der Sulfenylierung in G egenw art von 1 g T riäthylam in wird aus 
dem  F iltrat des R eaktionsgem isches 1 g 11a erhalten.

6. Trichlorm ethansulfenylieruiig von 13: Zu der Lösung von 2,90 g (0,01 Mol) 13, 
1 g Triäthylam in und 50 ml Äther wird unter K ühlen 1,9 g (0,01 Mol) 2 zugetropft, aus dem  
F iltrat des R eaktionsgem isches der Äther bei R aum tem peratur verdam pft, der Rückstand  
dann auf eine K ieselgel-Säule aufgegeben und zuerst m it Petroläther und dann m it Benzol 
eluiert. Nach Vereinigung der entsprechenden F raktionen der B enzol-E luate resultieren 1,5 g 
12a, das aus B enzol— Petroläther (1 : 1) um kristallisiert wird. Schmp. 87— 89 °C.

Mit DC können im R eaktionsgem isch gleichzeitig  auch 13 und 11a identifiziert werden.
Adsorbent: K ieselgel G (Merck): Laufm ittel: B enzol-P etroläther-Ä thanol (5 -(-9 0  +  5) 

bzw. B enzol-P etroläther—Cyclohexan (3 +  47 +  50). D etektion m it N a 2C 0 3-alkalischem  
l% igem  K M nO ,
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ACYLATION REACTIONS OF DIETHYL 
IMINOCARBONATE, I

ACYLATION BY M E A N S OF M ONOFUNCTIO NAL ACID C H LO R ID ES AND
CH LO RO FO RM ATES

Z. B e n d e , I. B i t t e r  a n d  Z. C s ű r ö s

(Department o f  Organic Chemical Technology, Technical University,  Budapest)

R eceived February 14, 1974; in revised  form  April 1, 1976

The reactions o f diethyl im inocarbonate w ith  carboxylic acid chlorides as well 
as chloroform ates g ive  the N-acyl derivatives o f the starting m aterial as the main prod
ucts; the by-product o f the acylation w ith  chloroform ate is ethyl carbam ate, whereas 
w ith acid chlorides e th y l carbamate and e th y l N -acylcarbam ate derivatives are also 
formed. In accordance w ith the suggested m echanism  of the acylation it has been shown 
that when a tertiary am ine for trapping the acid form ed in the course of the reaction is 
also used, the only products of the acylations are new diethyl N-acylim inocarbonate  
derivatives.

Only a few of th e  pub lica tions dealing  w i th  th e  N -acyla tion  of  azom eth ines  
refer to  acy la tion  reac tions  of im inocarbon ic  acid esters offering a n um ber  
of  possible reactions (subs ti tu t ion ,  a d d i t io n ,  isom erization , e limination).

F u j i s a w a  et al. [ 1 ]  reported th e  a c y la t io n  of d ie thy l  N -pheny lim ino-  
ca rb o n a te  with benzoyl chloride. In th e  course  of  the  reaction  e th y l  N -phenyl- 
N -b en zo y lca rb am ate  and  ethyl chloride, as b y -p ro d u c t ,  were ob ta in ed ;  th e  
reac tion  was described as an electrophilic a d d i t io n  followed b y  e l im ination  of 
e th y l  chloride.

I t  was to  be  e x p ec ted  th a t  in th e  reac t io n s  of d ie thy l  im inocarbona te  
con ta in ing  a n o n - su b s t i tu te d  imino group , a c y la t in g  agents will give rise m ostly  
to  electrophilic su b s t i tu t io n  reactions, re su l t in g  in th e  fo rm ation  of  new 
N -acyl derivatives  o f  th e  im inocarbonic es te r .  T h e  acy la ting  agen ts  used were 
m onofunctional ca rboxy lic  acid chlorides (ace ty l  chloride and benzoyl chloride) 
and  m ethyl- ,  e thyl- or isopropyl ch lo ro fo rm ates .  The reaction w ith  each a c y la t 
ing  agen t  was ex am in ed  in the  presence a n d  absence of t r ie th y la m in e  acting  
as an  agent t r a p p in g  th e  hydrochloric acid  fo rm ed  in the  course o f  th e  reaction.

In  every  re ac t io n  (c) where t r i e th y la m in e  was used, exclusively the 
ap p ro p r ia te  d ie thy l N -acy lim inocarbona te  der ive  (II) was ob ta in ed ,  in alm ost 
q u a n t i ta t iv e  yield.

These p roduc ts ,  excep t  for the N -bezoy l de r iva tive ,  are new  com pounds. 
In  th e  acyla tion  reac tions  (a) using acid  chlorides, the  p ro d u c t  (II) was accom 
pan ied  by  e thy l N -a cy lca rb am a te  (III), e th y l  c a rb a m a te  (IV) and  e thy l  chloride 
(V); in the  reactions w i th  ch loroform ates (b) t h e  by -produc ts  were com pounds  
IV and  V.
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Inves t iga t ion  of  th e  acy la tion  reactions has  es tab lished  the following
facts.

(1) T he  reactions in th e  presence of t r ie th y la m in e  to o k  place below 10 °C 
to give p ro d u c t  II in q u a n t i ta t iv e  yield, and th e  re su l t  did not depend on th e  
condition  w h e th e r  th e  tr ie th y lam in e  or th e  a c y la t in g  agen t  was added  f i r s t  
to  th e  reac tion  m ix tu re .

(2) Of the  d ie thy l  N -acy lim inocarbona te  d e r iv a t iv e s  prepared in th e  
presence of  t r ie th y la m in e  and  identified as pure  co m p o u n d s  (II), the  N -ace ty l  
an d  benzoyl der iva tives  were converted  by  h y d roch lo r ic  acid a t  3 0 —45 °C, 
an d  the  N -carba lkoxy  de r iva tives  a t 40— 55 °C, u n d e r  anhydrous  conditions,  
to  give q u a n t i ta t iv e ly  th e  app rop ria te  e thy l N -a cy lca rb am a te  de r iva tives
(III).

At th e  sam e tim e , th is  reaction allowed th e  p rep a ra t iv e  iden tif ica t ion  
of  th e  new die thyl N -acy lim inocarbona te  d e r iva tives  (II).

(3) T he  acy la tions in th e  absence of t r ie th y la m in e  gave the  best yields 
i f  th e  reagents  were added  at 0— 10 °C, and th e  re ac t io n  m ix ture  was h ea ted  
to  40— 50 °C before w ork -up . The acylations m a d e  w ith o u t  tr ie thy lam ine  can  
be characterized , on th e  basis o f  the isolated reac t io n  p roduc ts  and th e  e x p e r i 
ences described above, as shown below.

KtO
\  e
C— N H 2 CI

KtO

la IV

The part-processes  of  the  reaction can be d iv ided  into two groups.
A t th e  te m p e ra tu re  of  add ing  the re a c ta n ts  ( 0 —10 °C), when e l im ina tion  

of  e thy l  chloride does n o t  ye t  occur, the  in te rm e d ia te  I la  is form ed, w hich  
loses hydrogen  chloride in an equilibrium  reac t io n  (T) to  yield the e n d -p ro d u c t  
II. T he released hydrogen  chloride is bound  b y  th e  s ta r t ing  co m p o u n d  I in 
equilib rium  reaction (F), affording com pound  la .  On completion of  a d d in g

K in

©
H 2N —C'OjEt
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Table I

R
Acylating

agent
R COC1 (g)

Product II Elem entary analysis II

*
0//о b-P-

°C /torr
Mol.
wt.

Molecular
formula

Call'd., % Found %

c 11 N C H N

c h 3 7.8 13.8 87 10 -111/15 159 C7H 13N 0 3 52.80 8.18 8.82 52.56 8.34 8.96

C„HS 14.05 15.5 70 134—4/2 knowr compound, ]it. [3] b.p 134— 135 72 torr

CH.,0 9.45 12.4 71 1 1 5 -8 /1 0 175 C ,H 13N 0 4 48.10 7.43 8.00 47.95 7.51 8.12

CoH50 10.85 15.5 82 120—5/14 189 c 8h 15n o 4 50.80 7.94 7.42 50.48 8.00 7.52

(CH3)2CHO 12.25 14.6 72 115—8/8 203 c 3h , 7n o , 53.25 8.38 6.90 52.60 8.52 7.05

№  (film)

NMR(CDC13)

[II; R =  CH3] : rCH: 2 9 8 0 -2 9 0 0  (s—m), >>C =  0  : 1720 (vs),
>-a sO C O: 1307 (vs), v C—N: 1265 (vs),

[II; R =CH30 ,  C.,H50 ,  (CH3)2CHO]: v C = 0 :  1735 cm " 1 (vs),
[II; R = C H 3]: (5 =  4.52 ppm (СН.,),[4Н]; 2.20 ppm (CH3)S [3H]; 1.30 ppm (CH3)t [6H] 
[II; R =  C2H50 ] :  Й =  4.30 ppm (CH 2),[6H ]; 1.35 ppm (CH3)t [9H]

j>C=N: 1660 (vs), áCH2/CH3: 1480— 1360 (s— in) 
)>as C—О— C:1070 (vs), j>s C— Ö— C: 1020 cm -1 (m) 

i> C = N : 1675 cm -1 (vs) otherwise the same as above
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the  reagen ts ,  th e  a m o u n t  of  com pounds  la , II and  I la  presen t in the  reac t io n  
m ix tu re  are d e te rm in ed  by  th e  equilibria  (7) and © •

In  th e  acy la t ion  reactions using acid chlorides, all the  th ree  p ro d u c ts  
II. I l l ,  IY are o b ta ined  in ab o u t  equal am o u n ts ;  th e  ra te s  o f  e liminations (T) a n d  
©  are  com m ensu rab le .

In  th e  acy la t ion  reactions w ith  ch lo ro fo rm ates  e thy l  N -carba lkoxy-  
c a rb a m a te  de r iva tives  (III) were not form ed. This  reac tion  in the  absence of  
a com peting  reaction  p a r tn e r  — occurs q u a n t i t iv e ly .  The fac t th a t  reac t io n  
©  does n o t  tak e  place u n d e r  the  conditions of  acy la t ion  w ith  ch lo ro fo rm ates  
is due to  the  fac ts  t h a t  th e  equilibria  (T) and  ©  are  shif ted  tow ards th e  side 
o f  la , and the  ra te  of th e  e lim ination  reac tion  (7) is m uch  higher.

E xperim ental

(1 )  Acylation in the presence o f triethylam ine

General procedure. Compound I* (11.7 g; 0.1 m ole) and triethylam ine (10.1 g; 0.1 m ole) 
were dissolved in dry toluene (40 ml) and a solution of the acylating agent (0.1 m ole) in dry  
toluene (20 ml) was added at 0 — 10 °C. The m ixture was then stirred at 15—20 °C for 30 
min. The precipitated triethylam ine hydrochloride was filtered off and washed w ith toluene  
(10 ml). The filtrates were com bined and distilled in vacuum . The results o f the experim ents  
are sum m arized in Table I.

( 2 )  The reaction of diethyl N-acylim inocarbonate derivatives ( I I )  with hydrochloric acid

To a solution of d iethyl N-acylirninocarbonate (II) (0,05 m ole) in abs. dioxan (10 m l), 
a solution of HC1 in abs. dioxan (33 ml; 59 mg HCl/ml) was added by drops, with stirring and 
cooling at 20 °C. After the addition of 11 Cl had been com pleted, the reaction mixture was stirred  
(in the case o f the N -acetyl and N-benzoyl derivatives for 1.5 hr. at 35 °C, and with N -carbal- 
koxy derivatives for 2.5 hrs. at 45 °C). The solution was then evaporated in vacuum  to dryness, 
and the residual ethyl N -acylcarbam ate derivatives were crystallized.
These reactions are sum m arized in Table II.

Table II

R
S tarting  m aterials P roducts III

» . s hci, g g ° o M.p., °c lit. m .p., °C lit. b.p., °C /to rr

CH, 7.95 1.95 5.83 89 76— 7' O
' 00 205— 16/760

c GH 5 11.05 1.95 8.10 83 109 IIO1 110— 11
[5, 8]

CH.,0 8.75 1.95 6.47 87 72 32 73 [7J 117— 24/10 [7]

c , h , o 9.45 1.95 7.40 92 48 502 49—40 [6] 215/715 

133/12 [6]

1. from ethanol-w ater ( 2 : 1 )
2. from petroleum ether-ethanol (3 : 1)

* The diethylim inocarbonate (I) was prepared according to Sa n d m ey er ’s m ethod [2].
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(3 ) Acylation in the absence of triethylamine

3.1. A cyla tion  w ith  acetyl chloride

Com pound I (11.7 g; 0.1 m ole) was d issolved  in abs. toluene (40 m l) and a solution of 
a c ety l chloride (7.8 g; 0.1 m ole) in abs. toluene (10 m l) was added dropwise at 0— 10 °C.

T he reaction m ixture was stirred at 35— 40 °C for 1 hr, then fractionated in vacuum . 
The fraction  boiling betw een 80 and 120°C /10 torr was suspended in warm petroleum  ether 
(50 m l); the undissolved solid was filtered off (4 .9  g) and recrystallized from  60% aqueous 
eth an o l, to obtain 3.8 g (29% ) o f ethyl N -acetylcarbam ate (III: R =  СН3); m .p. 74— 75 °C 
(id en tica l w ith  the product prepared as described in (2)).

T he petroleum  ethereal filtrate  was evaporated  in vacuum  at 15— 20 °C until turbidity  
appeared , the solution was then cooled to — 20 °C, and the crystals which precipitated were 
filtered  off, to obtain 2.05 g (23% ) of e th y l carbam ate (IV), m. p. 48— 50 °C.

T he filtrate of ethyl carbam ate was evaporated  and fractionated in vacuum  to y ield  
4.5 g (28% ) of diethyl N -acetylim inocarbonate (II: R =  CH3), identical w ith  the product 
ob ta in ed  in  the presence of triethylam ine as described in (1.)

3.2. A cyla tion  w ith  benzoyl chloride

To a solution of I (11.7 g; 0.1 mole) in dry tou lene (40 ml) at 10 °C, a solution  of benzoyl 
chloride (14.05 g; 0.1 mole) in abs. toulene (10 m l) was added, and after stirring at 35— 45 °C 
for 2 hrs the reaction m ixture was fractionated in vacuum .

T he products were 2.9 g (33% ) of ethyl carbam ate (IV), b.p. 95— 99°C /15  torr, and 
7.8 g (31% ) of diethyl N -benzoyl-im inocarbam ate (II: R =  C6H 5), identical w ith  the product 
syn th esized  as described above (1).

T he residue of the d istillation  was d issolved  in  ethanol (15 m l), filtered and the third 
p rodu ct w as precipitated from the filtrate w ith  w ater and crystallized from a 2 : 1 m ixture 
of w ater and ethanol. This product was 3.1 g (16% ) of ethyl N -benzoylcarbam ate (III: 
R =  C6H 5), m .p. 107— 109 °C. The product proved to be identical w ith  the com pound o b 
ta in ed  according to (2).

3.3 A cyla tion  w ith  chlor о fo r  mates

General procedure. Compound I (11.7 g; 0.1 m ole) was dissolved in abs. toluene (40 ml) 
and a so lution  of the chloroform ate (0.1 m ole) in  toulene (10 ml) was added at 10 °C. The 
rea ction  m ixture was then stirred for 2 hrs at 45— 50 °C. The solvent was evaporated in va 
cuum  and the residue was fractionated. The products were ethyl carbam ate (IV) and the diethyl 
N -carbalkoxy-m inocarbonate derivative (i d  corresponding to the acylating agent used in the 
reaction ; th ey  were identical w ith the products prepared as described in (1). The data of the 
reaction s are given in Table III .

Table III

R RCOC1, II IV
g g % g О/

о

CH.,0 9.45 6.1 35 3.6 41

C2H 50 10.85 7.2 38 3.7 42

(CH.,)2CHO— 12.25 6.1 30 3.2 36
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ACYLATION REACTIONS OF DIETHYL 
IMINOCARBONATE, II

ACYLATION W ITH P H O SG E N E  A N D  O X A LY L CH LO RID E  

Z. B e n d e , I . B i t t e k  a n d  Z. C s ű r ö s

(Department o f  Organic Chemical Technology, Technical University,  Budapest)

Received A pril 1, 1976

Investigation  o f the reaction o f diethylim inocarbonate w ith phosgene or w ith  
oxaly l chloride show ed that, depending on  the conditions, various products: carbethoxy  
isocyanate, d iethoxym ethylene or carb eth oxy  urea, isourea or oxam ide derivatives 
were formed. On the basis of the reaction conditions, the interm ediate and final products 
form ed, the m echanism  of the reactions has been investigated .

In  our f irs t  com m unica tion  [1] th e  charac ter is tics  of th e  re a c t io n  of 
d ie th y l- im in o carb o n a te  'with m onofunc tiona l  acy la t ing  agents (carbonic  acid 
chlorides, chloroform ates)  lias been discussed . S a m a r a i  et al. [2, 3, 4] s tu d ie d  
th e  acy la t ion  of im ino  esters  with phosgene and  oxalyl chloride, and  es tab l ish ed  
th a t  in th e  case of  b o th  acylation a g en ts  th e  N -chlorocarbonyl d e r iv a t iv e s  of 
the s ta r t in g  m a te r ia l  were formed, w hich  were converted  a f te r  isom eriza t ion  
and  subsequen t  a lky l chloride e l im ina tion  to  th e  respective  isocyana tes .

R 00C12
\
C = N H  +

/
R 1 О (000)2

HCl R\
C = N — 0 — 

R. О Ő
Cl

R
xe —Noo
/ \

RiO Cl

R,CI
R— C— NCO

II
О

(В

According to  ou r  results, on t h e  a cy la t io n  of d ie thy l- im inocarbona te  
u n d e r  various cond it ions ,  analogous (or iden tica l)  reaction  p ro d u c ts  co rre 
spond ing  to  the  ana logous acid chlorides are  form ed. However, th is  ana logy  
does no t  include re ac t io n  conditions, because  th e  e lectrophili ty  of  t h e  acy la 
tion  agen ts  and t h a t  o f  th e  p r im ary  in te m e d ia te  p roduc ts  are r a th e r  d ifferen t. 
The course  and m echan ism  of the reac t io n s  (confined m ain ly  to  re ac t io n  s teps 
which can be proved) are  outlined in  th e  reac tion  scheme. The p r im a ry  in te r 
m ed ia te  p roduc ts  o f  acy la t ion  reaction  (1, l a )  are  d ie thoxym ethy lene  c a rb a m o y l  
chloride (III) and  th e  respective o x am o y l  chloride (I lia ) .  The f ina l  re su l t  and 
the  course of th e  acy la t ion  depend on th e  reac tion  conditions a n d  on th e  
e lec troph il i ty  o f  th e  p r im a ry  p roduc ts  (III, I l ia ) .
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1.0-ethyl-N -diethoxym ethylene-N '-carbethoxy isourea  (V) and N , N ’-bis- 
diethoxym ethylene oxam ide  (IVa) (reactions 2, 2a)

In  th e  reac tion  carried  ou t a t  a 2 : I mole ra t io  o f  d ie th y l- im inocarbona te  
(I): acid chloride, an d  using for th e  b ind ing  o f  hydrochloric  acid a m o la r  
q u a n t i ty  o f  t r ie th y la m in e  identical w ith  I, t h e  p r im a ry  products  (III  a n d  I l i a )  
react in unchanged  form with the excess of  I:

I I I I  +  E t 3N -  IV + E t 3N .H C l (2)

I l i a I I  +  E t 3N 2° , IVa -f  E t 3N.H Cl (3)

The end p ro d u c t  o f  th e  reac tion  w ith  oxalyl chloride  (2a), the  oxam ide p ro d u c t  
(IVa), no t  y e t  described in th e  l i te ra tu re ,  has  been  identif ied  on th e  basis  of 
its I R  spec trum , e lem en ta ry  analysis and  reac tions :

ab», toluene

IVa 1 2IICI —

0 - C  N H CO O Et / N H
o = c (

CO O Et
4 +  EtC l +  CO (4)

0  =  C N H COOEt NH CO O Et
I X  (61% ) V III  (26% )

OKt

IVa +  2H „0 H.,N С C N H „ +  20  c;C c

0 0

(5)

OKt

The p ro d u c t  o f  a cy la t ion  w ith  phosgene (2) is n o t  th e  sym m etric  u rea  p ro d u c t  
(IV) corresponding  to  IVa, b u t  the  isom er (V) con ta in ing  c o n ju g a ted  C =  N 
bonds, th e  s t ru c tu re  of  which has been p ro v ed  b y  i ts  I R  and N M R  sp ec tra ,

and reaction  w ith  hydIrochlo ric acid:

V ; 2HC1 - г — г------alts, dtoxane VIII 2E tC l (6)

V 1
H©

2H.,0  -------* XI H ,N C N H
ii

C O O E t + E t O H (7)

0 XII

2. Carbethoxy isocyanate (VII) (3 ,— 4, 3 a — 4a reactions)

In  th e  reac tion  w ith  oxalyl chloride (3a— 4a), ca rb e th o x y  isocy an a te  (VII) 
is fo rm ed in increasing  quan ti t ies  as end  p ro d u c t  on increasing th e  a cy la t in g  
agen t  —  su b s t ra te  ra t io .  In  the  reac tion  ca rr ied  o u t  a t  а На : I  ra t io  of  1 : 1,
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V II  is fo rm ed  w ith  a yield o f  42% , while in t h a t  of 5 : 1 mole ra t io  w i th  a 
y ie ld  o f  83% , because oxa ly l  chloride a cy la te s  besides base I  also I. HC1, 
f o rm e d  during  acy la tion . T h u s ,  I  is co n v er ted  v i r tu a l ly  com pletely  in to  d ie thox-  
y m e th y le n e  oxamoyl chloride  (I l ia ) ,  from  w hich  VII is form ed b y  isom eri
z a t io n ,  ca rbon  m onoxide, th e n  e thy l  chloride  e limination.

I l i a

KtO
\
C— N = 0 = 0

/  \
KtO Cl

C—N
/  \

Kt О  Cl

I
E tC l
(4a)

VII

CO

(«)

VI

A ccord ing  to  ou r  in te rp re ta t io n ,  th e  s tab le  — N — C = 0  c u m u la te d  
s y s te m  is formed s im u ltaneously  w ith  CO elim ina tion , so t h a t  no N-chloro- 
c a rb o n y l  com pound is fo rm ed  as in te rm e d ia te  p roduc t ,  as c o n tra ry  to  th e  
re a c t io n  scheme published  in the l i te ra tu re ,  g iven  in the  in t ro d u c to ry  par t  
(1). I n  th e  reaction w ith  phosgene, th e  co n d i t io n  of the  p rep a ra t io n  of  VII 
as e n d  p ro d u c t  is the  com ple te  conversion of  I  in to  d ie th y o x y m eth y len e  c a r 
b a m o y l  chloride (III). Since th e  e lec trophili ty  of  phosgene (as c o n tra ry  to  t h a t  
o f  o x a ly l  chloride) is insuffic ien t for th e  a cy la t io n  of I.HC1. th e  iso cy an a te  
(VII) c a n  be prepared  as end  p ro d u c t  only w h e n  t r ie th y lam in e  is u sed  in th e  
re a c t io n  (for th e  e lim ination  of  the  fo rm ation  o f  I.HC1). W hen th e  equim olec- 
u la r  m ix tu r e  of I and t r ie th v lam in e  is ad d e d  to  a solution con ta in ing  ten fo ld  
q u a n t i t y  of  phosgene, III  is form ed w ith  an  a lm o s t  q u a n t i ta t iv e  yield. F ro m  
th is ,  d ie th o x y ch lo ro m e th y l  isocyana te  (VI) is fo rm ed  by  isom eriza tion  ( reac 
t io n  3), a n d  VII is fo rm ed as end p roduc t  b y  su b seq u en t  e thy l chloride e lim i
n a t io n  (reaction  4).

3. N ,N ,-dicarbethoxy urea (VIII) and N , N ,-dicarbethoxy oxainide (IX) 
( reactions  5, 5a)

C hang ing  the ra tio  o f  the  reagents  w ith in  a w ide range in phosgena tion  reac 
t ions w i th o u t  t rap p in g  th e  hydrochloric  acid, in each case N ,N '-d ic a rb e th o x y  
u rea  (VIII)  is formed as m ain  produc t.  T he  y ie ld  of VIII is 66%  a t  a II : I 
r e a g e n t  ra t io  of 0.5 : 1, while 9 4 %  in the  re a c t io n  a t  a mole ra t io  of  5 : 1. IR  
sp e c t ra  ta k e n  during  th e  reac tion  showed t h a t  th e  isocyanates VI a n d  VII 
are fo rm e d  as in te rm ed ia te  p ro d u c ts ,  b u t  o n lv  exclusive ly VIII or V III  a n d  
e th y l  c a rb a m a te ,  form ed by th e  e lim inations of  e thy l  chloride, could be iso la t 
ed as e n d  produc ts .  On the  basis  of this , p h o sg en a t io n  of I w ith o u t  t r i e th y l 
am in e  c a n  be in te rp re ted  as follows:

A c ta  C h itn . ( B u d a p est)  93, 1977
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EtO
\
C = N —C—Cl 

EtO7 о  

III

EtO
\
0 — N —0 = 0  +  H2N = C

EtO Ъ  L OEt

VI I.HC1

OEt

Cl

2 EtC'l

EtCl

EtO О C — N = CO +

o = c x
N H —COOEt

/
(«)

VII I.HC1

In  th e  reac tion  o f I and  II, half of I is co n v erted  in to  N -ch lo rocarbony l 
com pound (III), th e  o th e r  h a lf  in to  I.HC1, w hich is n o t a cy la ted  b y  phosgene 
(II) even when p re se n t in  a large excess. T he possib ility  of a d irec t reac tion  of 
I.HC1 w ith  III of a su b s ta n tia lly  sm aller e le c tro p h ility  th a n  th a t  o f  phosgene 
p resen t in excess can  be excluded . Iso cy an a tes  (VI an d  V II), fo rm ed  from  III  
on h ea tin g , and  I.HC1 p re se n t in  equ im olecu lar q u a n ti ty , are  co n v e rted  q u a n 
tita tiv e ly  in th e  ad d itio n —elim ination  process in to  N ,N ’-d ic a rb e th o x y  urea 
(VIII) (9). (The ad d itio n —elim ina tion  reac tio n  o f I.HC1 w ith  VII has been  proved  
in a sep a ra te  ex p erim en t.)

In  th e  reac tio n  w ith  oxaly l chloride (as c o n tra ry  to  th a t  w ith  phosgene), 
com pounds of d iu re th a n e  ty p e  (VIII, IX) are  form ed a t an  I : o x a ly l chloride 
mole ra tio  of 2 : 1. A dd ing  th e  su b s tra te  u n d er these  cond itions to  th e  solu tion

EtO

1 1 . Н Г 1 -- I + HOI 1

<■<II+

Í— С— С— 1 
II II

~4C
EtO о  о

Ilia
0 = 0 — NH—COOEt

I
0 = 0 — NH—COOEt

+ EtCl

EtO OEt

(te=N—C—0 —N = C  + 2 HOI
„ /  II II \
ЕЮ о  О OEt

IX

(MO

IVa
NH—COOEt

0=0
\ + EtCl + 0 0

NH—COOEt

VIII
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o f th e  acy la ting  ag en t, d ie tlio x y m e th y le n e  o x am o y l ch loride ( I l ia ) ,  from  the  
h a l f  o f  I and  I.HC1 from  th e  o th e r  h a lf  I are fo rm ed . T he fo rm atio n  of IX  p re 
su m es th e  reaction  of I l i a  w ith  I.HC1, as a re su lt o f  w hich  N ,N ’-h is-d ie thoxy- 
m e th y le n c  oxam ide (IVa) an d  tw ice  the  am o u n t o f  h y d roch lo ric  acid  is form ed.

T h e  reaction  of IV a w ith  th e  double am o u n t o f h y d roch lo ric  acid resu lts  
on h e a tin g  (see (4)) th e  fo rm a tio n  of VIII and  IX . I t  has been p roved  by  th e  
I R  an a ly s is  of the  re a c tio n  m ix tu re  th a t  from  a p a r t  o f I l i a  iso cy an a tes  VI 
an  d V II are form ed as in te rm e d ia te s  (see (8)), w h ich  re a c t w ith  th e  unconsum ed
I.HC1, an d  give in an  a d d itio n —elim ination  p rocess V III (see (9)). In  a d d itio n  
to  th e  spectroscopic d e te c tio n  o f th e  iso cy an a tes  (VI. V II), i t  is su p p o rted  
also  b y  th e  q u a n tita tiv e  r a t io  o f VIII and  IX  fo rm ed  in  th e  acy la tio n  w ith  
o x a ly l chloride th a t  V III is fo rm ed  besides in th e  process in d ica ted  b y  reac tio n  
sch em e  (10) also in a n o th e r  re a c tio n  (9). F rom  p u re  IV a, IX  has been form ed 
n a m e ly  w ith  a yield o f 6 1 % , V III w ith  a yield o f 26 %  b y  reac tio n  w ith  h y d ro 
ch lo ric  acid (see (4)), w hile in  th e  acy la tion  of I w ith  oxaly l ch loride th e  y ield  
c f  IX  is 36% , and  th a t  o f V III 4 8 % .

E xp erim en ta l part

1. O -ethyl-N -diethoxym ethylene-N ’-carbethoxy isourea (V ) and N,N’-bis-diethoxym ethylene
oxamide (IVa)

To a mixture of 100 ml o f abs. toluene, 11.7 g (0.1 m ole) o f I and 11.1 g (0.11 mole) 
of tr iethylam in e, 0.05 mole of a cy la tin g  agent, dissolved in 50 ml of abs. toluene was added  
at 0 — 5 °C. The m ixture was stirred at 25 — 30 °C for 90 m inutes, and triethylam ine hydro
chloride separated was filtered off. The solvent was rem oved in vacuum  from the filtrate, 
25 ml o f  carbon tetrachloride w as added, and after evaporation in vacuum , the residue was 
k ep t stan d ing  for one day in a vacuum  desiccator over phosphorus pentoxide and paraffin  
chips.

Table I

V(Cn H „ N , 0 5; M.w.: 2 6 0 ) IVa (C,2H 20N 2O5; M . w .:  2 8 8 )

A cylatin g  agent ! COC12 : 5.0 g (COCl), : 6.35 g

Product 11.0 g (84.5% ) 12.80 g  (88.7% )
decomposes during b.p.: 120— 6/0.5 m m H g
distillation decom position

E lem entary

analysis C H N C H N
Calc. ° 0 50.75 7.68 10.78 50.00 6.94 9.71
Found % 50.47 7.36 11.12 49.43 7.10 10.03
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V: IR(CC14): vC = 0: 1730, v C = N : 1660— 80, vasOCO: 1300, vasC— О— C: 1075,
vfiOC:  1025 c m " 1

NMR(CDC13): ő =  4.25 ppm  (C l l  ,)q [8H ] (tw o quartets)
ö =  1.30 ppm  (CH.,)t [12H ] (tw o triplets).

IVa: IR (film ): vC =  0  and vC =  N: 1760, 1730, 1680; rasOCO: 1350, vasCOC: 1060, 
v8COC: 1020, (i>C—N +  v C = 0 );  1270 cm “ 1 

NMR(CDC13): Ő =  4.30 ppm (CH.,)q [8H ], Ö -  1.32 ppm  (CH3)t [12Н ].

Identification

V anhydrous hydrochloric acid: 5.2 g (0.02 m ole) of V was dissolved in abs. dioxane, 
and up to pH  =  2, dry gaseous hydrochloric acid was introduced into the so lution  at 25— 30 °C. 
The m ixture was stirred at 40 45 °C for 90 m inutes and evaporated to dryness in vacuum.
The raw product (4.0 g; 98% ) was recrystallized from water, to give 3.4 g (83 .5% ) of VIII.
M.p.: 105— 6 °C (m .p. in the literature [5]: 107 °C).

Acid hydrolysis o f V : to a m ixture of 10.4 g (0.04 m ole) of V, 10 m l o f ethanol and 6 ml 
of water, 3 ml of 1 N  hydrochloric acid was added dropwise at 5— 10 °C, the m ixture was kept 
then for 30 minutes at 30 — 35 °C, 40 ml of water was added, and allophanic acid ethyl ester 
(XII) separated was filtered off. (3.7 g; 71.5% , m .p.: 192— 4 °C, in the literature [6]: 194— 5 °C.) 
The organic phase of the filtrate was separated, and the aqueous phase was extracted with 
2 x 1 5  ml of ether. The com bined organic phases were dried over MgSO, and fractionated to 
give 3.2 g (68% ) of d iethyl carbonate (XI).

IVa -j- anhydrous hydrochloric acid: dry HC1 gas was introduced at 25— 30 °C into a 
m ixture of 2.88 g (0.01 m ole) o f IVa and 30 ml of abs. toluene (pH  2), stirred for 90 minutes 
at 30— 35 °C, and IX separated w as filtered off (1.45 g; 61% ). M.p.: 169— 171 °C (m .p. in the  
literature [7]: 172 °C ).T he filtrate  was evaporated to dryness in vacuum , the residue recrystal
lized from a w ater-ethanol m ixture, to yield 0.53 g (26% ) of VIII. Acid hydrolysis of IVa: to 
a m ixture of 7.65 g (0.02 m ole) o f IVa, Í0 ml of ethanol and 5 ml of w ater, first 2 ml of I N  
hydrochloric acid then 30 m l of water was added dropwise at 30 35 °C. A fter 30 m inutes of
stirring, oxam ide (X), precip itating on cooling w ith  ice, was filtered off. (1.48 g; 84%; 
m .p.: >  320 °C. decom p. [6]).
VIII IR  (K Br) j»NHmon: 3230, i-NHass0c.: 3140, vC =  0  (coupled): 1810, 1740, Amide II:

1500 1560 c m " 1 (broad)
IX IR  (K B r) vNH: 3200, vC О (coupled): 1790. 1750, 1700, Am ide II: 1480 c m " 1 (broad)

2. Carbethoxy isocyanate (VII)

2.1 To a solution of 19.8 g (0.2 mole) o f phosgene in 100 ml of abs. benzene a mixture 
of 2.34 g (0.02 mole) o f I and 2.22 g (0.022 m ole) o f triethylam ine was added, the m ixture was 
stirred for 1 hour at 30 °C, phosgene was rem oved at 15 Torr, triethylam ine hydrochloride 
separated (2.56 g; 93% ) was filtered off, and the IR  spectrum 1 of the m ixture was recorded. 
The filtrate was boiled for 2 hours, its IR spectrum  was taken2, and the VII content was de
term ined preparatively3 on a sam ple, and the product (VII) was separated by distillation4 
(b.p.: I l l  114 °C/76() m m  |8]).

2.2. To oxalyl chloride (Table II) or to a solution of oxalyl chloride in  60 ml of abs. 
toluene, 4.68 g (0.04 m ole) o f I was added dropwise at — 5 to 0 °C, the m ixture was stirred at 
30 °C for 90 m inutes, the IR  spectrum  was ta k en ,1 and the m ixture was then boiled for 2 hours. 
The IR  spectrum was recorded2 again, and the product (VII) was isolated  from  the reaction 
m ixture of the experim ent w ithout solvent by fractionation repeated three tim es. From the 
reaction  m ixture containing toluene, oxalyl chloride was distilled off, the product was recovered

1 In the IR  spectrum , the vN =  C =  0  v ibration  of VI at 2310 c m -1 w as assigned as 
a strong band, that o f VII at 2250 cm “ 1 as a band of m edium  strength.

2 In the IR  spectra taken on sam ples o f identical dilution as above, the characteristic 
absorption band of VI is very weak, that of VII very strong.

3 Under stirring, saturated p-chloroaniline solution in toluene was added at 25— 35 °C 
to the solution containing VII until the ceasing of the heat effect. One part o f N-(4-chlorophe- 
nyl)-N ’-carbethoxy urea (XIII) formed in this w ay precipitated im m ediately , the supernatant 
was evaporated to 1/3 o f its volum e, petroleum  ether was added, and on sa lt ice cooling the 
other part of XIII precip itated . M. p.: 158— 161 °C (m .p. in the literature [9]: 162 °C)

4 VII can be recovered owing to the close boiling points from the solution  in benzene 
only w ith a yield of 58% .
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as to lu en e  distillate, the carb eth oxy  isocyanate (VII) conten t o f which was determ ined by  
d er iv a tiv e  form ing.3 (See Table II )
P hosgene  reaction (2.1)
P rod uct: VII isolated by d istilla tion : 1.35 g5 (58% ) N -(4-chlorophenyl)-N ’-carbethoxy urea 

(XIII): 4.12 g5 corresponding to 85% of VII.
V II IR  vasNCO: 2250, vCO: 1745, vsNCO: 1430 c m -'.

O x a ly l chloride reaction (2.2)

Table II

Mole ratio 
I : Ila I I .  (g)

Product Y ield 
(VII %) Remark*

VH (g) XIH (g>

1 : 1 7.6 4.10 42.0 1, 3
1 : 3 15.2 4.97 51.0 1. 3
1 : 5 25.4 8.55 87.5 l
1 : 5 25.4 3.8 — 81.7 2

* Rem ark: 1. Experiment in the presence of a solvent
2. Experiment in  the absence of a solvent
3. In addition to carbethoxy isocyanate (VII), IX  with a yield of 12% and 

VIII with a y ield  o f 5%  were also formed.

3. N,N’-Dicarbethoxy urea (V III) and N,N’ dicarbethoxy oxamide (IX )

3.1 Phosgene (II) was absorbed in 60 ml of abs. toluene at — 5 °C, and a solution of I 
in 20 m l o f  toluene was added dropw ise at — 5 to 0 °C. The m ixture was stirred at 25— 3U °C 
for 3 hours, evaporated to dryness in  vacuum , and the residue recrystallized from water.

Mole ratio I II Product (VIII)
(I : H) (g) (g) (g)
1 : 0.5 11.70 4.9 6.7 (67% )

m .p.: 105— 6 °C
1 : 5 2.34 9.90 1.92 (94% )

3.2  To a solution of 2.54 g (0 .02  m ole) of oxalyl chloride (H a) in 40 ml of abs. toluene  
a so lu tion  o f 4.68 g (0.04 mole) I in  20 ml o f toluene was added at — 5 °C. The m ixture was 
stirred for 90 m inutes at 30— 35 °C, and allowed to stand for 1 day. After cooling w ith ice 
N ,N ’-d icarb eth oxy  oxamide (IX) w as filtered off, and recrystallized from an alcohol-w ater  
m ixture (1 .6 4  g; 36% , m.p. 169— 171 °C). The filtrate was evaporated  to dryness in vacuum , 
the residue recrystallized from petroleum  ether -  alcohol, to obtain  N ,N ’-dicarbethoxy urea 
(VIII). (1 .95  g; 48% , m.p.: 106— 7 °C).

3.3  R eaction  of I.HC1 w ith  iso cyan ates VI, VII. Into a so lution  of 2.34 g (0.02 m ole) 
of I in 25 m l o f abs. toluene dry gaseous hydrogen chloride was introduced (pH ^  2) at — 5 °C. 
To thi s m ixture

a) 2 .3  g (0.02 mole) of VIII d isso lved  in 40 ml of abs. to luene, or
b) VI VII isocyanate m ixture in toluene, prepared as described in 2.1 and used after  

filtering o ff  the triethylam ine hydrochloride (without boiling) w as added at — 5 to 0 °C.
T he m ixture was stirred first a t  15— 20 °C for 1 hour, then  at 35— 40 °C for a further  

hour, and evaporated to dryness in vacu u m . The residue w as w ashed w ith  petroleum  ether, 
dried and recrystallized from water.

Q u a n tity  o f VIII formed: a) 3.7 g (91% ) 
b) 3 .4  g (83% ).

° R eferred to the total reaction m ixture
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NEUE SYNTHESE YON 3,4-DIHYDRO- UND 1,2,3,4- 
TETRAHYDROCHINAZOLINEN UND IHRE STEREO

CHEMISCHE UNTERSUCHUNG

J .  F i s c h e r , G. T ó t h * und P. V á g ó

( Pharmakochemische Werke E G Y T , Forschungslaboratorium , Budapest) 

Eingegangen am 1. April 1976

3,4-D ihydro-chinazoline entstehen in der R eaktion von 4-substitu ierten Anilinen  
m it a-H alogen-äthern (R 2= H )  in Tetrahydrofuran; wenn der a-H alogen-äther aber 
eine elektronenanziehende Gruppe ( R 2 =  COOC2H 5) enthält, werden 1,2,3,4-Tetra- 
hydro-chinazoline gebildet. Diese letztere R eaktion spielt stereoselektiv ab, wobei 
das cis-Isomer das H a uptprodukt ist. D as cis/lrans Isom erengem isch bildet ein protonen
katalysiertes G leichgew icht. Die Isom eren wurden m it H ilfe der NM R-Spektren iden
tifiziert.

Die s tru k tu rb ew eisen d e  S yn these  des 6-M ethy l-3 -(4 -to ly l)-3 ,4 -d ihydro- 
ch inazo lins w urde von  W a l t h e r  u n d  B a m b e r g  [ 1 ]  durch  die R e a k tio n  von 
o-A m ino-n t-xyly l-p-to i u id in  und O rth o am eisen es te r v e rw irk lich t. D ie R eak 
tio n  von  p -T o lu id in  u n d  F o rm ald eh y d  lie ferte  ein G em isch, aus dem  E i s n e r  

u n d  W a g n e r  [2] d ieselbe V erb indung  isolieren k o n n ten .
W ir haben gefunden , daß 3 ,4 -D ihydro- oder 1 ,2 ,3 ,4 -T etrahydro-ch ina- 

zoline en ts teh en , w enn  4 -su b stitu ie rte  A niline m it a -H a lo g en -ä th e rn  in  T e tra 
h y d ro fu ra n  reag ieren , w obei die S tru k tu r  der a -H a lo g en -ä th e r en tsch e id en d  
is t (Tabelle L). In  u n se re r  früheren  A rb e it [3] h ab en  w ir ein D im erizations- 
p ro d u k t der 4-C hlo r-an il-g lyoxy lsäure  angenom m en , welches ab er a u f  G rund 
d e r au sfrü h rlich eren  physikalisch-chem ischen  U n te rsu ch u n g en  m od ifiz ie rt 
w erden  m ußte. D ie 3 ,4 -D ihydro-ch inazo line  (A ) k o n n te n  w ir m it H ilfe der 
schon  früher besch rieb en en  M ethoden herg este llten  V erb indungen  id en tif iz ie 
ren . D ie 1 ,2 ,3 ,4 -T etrahydro-ch inazo line  (В ) en ts te h e n  in  e iner s te reose lek tiven  
R e a k tio n , wobei das re ine  und s tab ile  c is-Isom er in einer A u sb eu te  von ca. 
50%  erhalten  w erden  k an n . Zur Id e n tif iz ie ru n g  d er Isom eren  m it H ilfe der 
N M R -S pek troskop ie  h ab en  wir auch  das Iran s-Iso m er h e rg este llt, w obei w ir 
zw ei M ethoden g efunden  haben. U n te r  p ro to n e n k a ta ly s ie r ten  U m stän d en  
e n ts te h t  aus dem  re in en  cis-Isom er ein Isom erengem isch , in dem  die Isom eren  
ein G leichgew icht b ild en .* *  Aus dem  G leichgew ichtsgem isch  k o n n te  das reine 
Irans-Isom er d u rch  w iederholtes U m k ris ta llis ie ren  a b g e tre n n t w erden . Die 
A bbildung  I ze ig t das G leichgew icht des Isom erengem isches am  B eispiel von 
eis/frans-  6- M eth y l-3 -p -to ly l-2 ,4 -d iä th o x y carb o n y l-l,2 ,3 ,4 -te trah y d ro  - chinazo-

* Institut für Organische Chemie der Med. U niv. Sem m elweis NM R-Laboratorium , 
Budapest.

** G leichgew ichtskonstanten (К ) au f Grund der NM R-Spektra bestim m t.
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Tabelle I

Synthese von 3,4-Dihydro- und 1,2,3,4-Telrahydro-chinazolinen

R Hai R, R , Produkt F

4-Cl CI CH:, H A 187—9° [21
4-Br Cl CH, H A 195—200° [2]
4-COOC2H 3 Cl CH., H A 185—8° [5]
4-CH-, CI CH., H A 158—60° (11
4-Cl Cl C2H 5 COOC,H5 в 187—9°
4-Br Cl C2H5 COOC2H3 в 193—5°
4-COOC2H 5 Cl C2H 5 COOC2H 5 в 150— 2°
4-CH 3 Cl C2H 5 COOC2H 5 в 173—4°
4-C.OOH Br

1 
II

vD

> COOC2H 5 в 200—5°

X С(2)Н С(4)Н С(2)Н С(4)Н К (25°С )

СН . 5.44 d 5.27 s 12% 5.72 d 5.26 s со СО о о- 7.3

С1 5.38 d 5.18 s 16°0 5.62 d 5.10 s 84% 5.3

linen  u n d  bei den C hlor-A nalogen . \ on den N M R -S ignalen  k o n n ten  wir fe s t
s te lle n . d aß  die Iso m eris ie ru n g  am  C(2)-A tom  vor sich geh t, und  fü r  die kleinere 
ch em isch e  V erschiebung des C(2)-A tom s beim  tran s-iso m er die d iam ag n etisch e  
W irk u n g  der 3 -P henv l-G ru jipe  v e ran tw o rtlich  is t. A naloge Isom erisie rungen  
sind  au s  der L ite ra tu r  b e k a n n t [4].

D ie zweite M ethode b e s te h t aus einer o x id a tiv -re d u k tiv e n  U m w andlung  
des c ts-lsom ers, w obei die O x y d a tio n  zum  3 ,4 -D ihydro -ch inazo lin  m it DDQ 
(2 ,3 -D ich lo r-5 ,6 -d icy an o -1,4 -benzoch inon) v e rw irk lich t w urde. D as 3 ,4 -D ihydro- 
P ro d u k t  w urde m it H ilfe  v o n  P la tin o x id -K a ta ly sa to r  zu einem  cisjtrans- 
1 ,2 ,3 ,4 -T e trah y d ro -ch in azo lin -G em isch  h y d rie rt, w elches am  tran s-iso m er 
re ic h e r  is t als das G leichgew ichtsgem isch .

Ü b er die N M R -U n te rsu ch u n g en  w ird  an  a n d e re r  Stelle au sfü h rlich e r 
b e r ic h te t .
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Beschreibung der Versuche

A llgem eine H erstellungsvorschrift der 3,4-D ihydro-chinazoline (A):

In wasserfreiem Tetrahydrofuran (20 ml) wird p-substituertes A nilin-D erivat (0.1 mol) 
gelöst, sodann wird C hlorinethyl-m ethyläther (0.05 mol) in wasserfreiem  Tetrahydrofuran  
(10 ml) zugetropft. Das R eaktionsgem isch wird 5 Stunden bei 50 °C gerührt, dann abgekühlt 
und Petroläther (Kp: 40 -7 0 ° , 30 m l) zugegeben. Das abgeschiedene Produkt wird filtriert, 
m it Petroläther gewaschen und getrocknet. Das Rohprodukt wird in 1 : 1 NH.,OH-Lösung 
suspendiert, wieder filtriert und aus einem  Gemisch von A ceton/W asser um kristallisiert. Die 
A usbeute beträgt 25—30% .

A llgem eine Herstellungsvorschrift der 1,2,3,4-Tetrahydrochinazoline (B) am  Beispiel von cis- 
6-ChIor-3-(4-chIorphenyI)-2,4-<liäthoxycarbonyl-l,2,3,4-tetrahydrochinazoliii:

In wasserfreiem Tetrahydrofuran (30 ml) werden Ä thyl 2-brom -2-(4-chlor-phenoxy)- 
acetat (14,6 g; 0.05 mol) und 4-Chlor-anilin (12,7 g; 0,10 mol) gelöst und das Reaktionsgem isch  
wird 5 Stunden bei 50 °C gehalten , dann abgekühlt und Petroläther (Kp: 4 0 — 70°) zugegeben, 
worauf sich ein kristallines Produkt abscheidet, das filtriert, m it W asser gew aschen und dann 
aus M ethanol um kristallisiert wird. Gewicht: 5,1 g (48,6% ), w eißes Produkt, Schm elzpunkt: 
187 9°.
C.,0H.,0CloN.,0, (423,3) 
bér. C 56,75 H 4.76 CI 16,75 N 6,52 
gef. 56,88, 5,17 17,01 6.43
M.S.: m /e 422 (M+ ).
I.R . (K Br): rmax 3325 (N H ), 1740, 1720 cm 4  (CO).
»H-N.M .R. (CDC13): Ő =  1,12t (3H ); l,30 t(3H ): 4.16q (2H ); 4,27q (2H ): CH.,CH.,OCO; 5,62d 
(1H ), J chnh =  2.8 Hz: H-2; 4,95d (1H ): NH ; 5,10s (III): H-4; 6,85 (2H ), 7,5 (2H ): AA’B B ’- 
Typ: H -2’. 6’ und H -3 \ 5’; 7 ,0 —7,2m  (2H ): 11-5,7; 6,64d (1H ), J 7 8 =  8,0 Hz: H-8.

Acetyl-Derivat: F: 90 2° (Ä thanol-W asser).

I.R . (KB*): =  1740, 1730 (CO -Ester), 1680 cm " 1 (CO-Amid).
4I-N .M .R . (CDC1,): =  1,09t (3H ); 1,18 (311); 4,06q (2H ); 4 ,14q (2H ): CH3C H 2OCO; 7,08s
(111): H-2; 5,31s (III): H-4; 2 ,30s (3H ): Ii,CO: 6,70d (211): H -2’,6’; 7 ,1— 7,4m  (4H ): H-3’,5’ 
und H-7.8: 7.45d (IH ). J 5 7 =  2H z: И-5.

trans-6-C hlor-3-(4-chloi-phenyl)-2 ,4-diäthoxycarbonyl-l,2 ,3 ,4-tetrahydro-chinazoIin:

In einem Gemisch von T etrachlorkohlenstoff (180 ml), D ichlorm ethan (40 ml) und 
Essigsäure (5 ml) wurde <us-6-C hlor-3-(4-chlor-phenyl)-2,4-diäthoxycarl)onyl-l,2,3,4-tetra- 
hydro-chinazolin (10.0 g; 0,024 m ol) gelöst und für einen Tag bei Zim m ertem peratur gehalten. 
Sodann wurde ein Teil des L ösungsm ittels abgedam pft und das reine cis-Isom er durch eine 
wiederholte fraktionierte K ristallisation abgetrennt, wobei das trans-Isom er in der Mutter
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la u g e  b le ib t, aus der es m it P etro lä th er  abgeschieden und durch U m kristallisieren aus Äthanol 
rein erhalten  wurde. Schm elzpunkt: 133— 6 C°, Ausbeute: 0,6 g (6% ).
I .R . (K B r): rmax =  3355 (N H ), 1740, 1727 cm “ 1 (CO).
'H -N .M .R . (CDC13): d =  1.27t (3 H ); 1 35t (3H); 4 18q (2H ); 4,26q (2H ): CH3CH„OCO; 5,38d 
(1 H ), J c h n h  =  2,8 Hz: H-2; 4 ,6 3 d  (1H ): NH ; 5,18s (1H ): H -4; 7,0 (2H ); 7,2 (2H): AA’B B ’- 
T yp: H -2 ’,6’ und H-3’,5’; 7 ,15— 7,25m  (2H ): H-5,7; 6,64d (1H ), J 7 S =  8,0 Hz: H-8.

trans-6-M ethyl-3-(4-to ly l) 2 ,4-d iätlioxycarbonyl-l,2 ,3 ,4-tetrahydro-chinazolin:

In  wasserfreiem D ioxan  (500  m l) wurde das cts-Isom er (23,8 g; 0,062 m ol) bei 40° 
u n ter  R ühren gelöst, sodann w ährend 2 Stunden DDQ (14,3 g; 0,063 m ol) in D ioxan (180 ml) 
zu g etrop ft und das abgeschiedene 2,3-D ichlor-5,6-dicyano-hydrochinon abgetrennt. Das 
F iltr a t wurde abgedampft, der R ü ck stan d  (39 g Öl) in D ichlorm ethan gelöst und m it 5%iger 
N a 2C 0 3-Lösung gewaschen, bis die W aschlösung farblos wurde. D ie  Lösung wurde getrocknet 
un d  abgedam pft. Der R ü ck stand  betrug 18,6 g Öl, größtenteils 6-M ethyl-3-(4-tolyl)-2,4- 
diäthoxycarbonyl-3 ,4-d ihydro-ch inazolin . Ohne Isolierung wurde der R ückstand in Tetra
hyd rofu ran  (200 ml) gelöst und in  Gegenwart von P latinoxid  (0,5 g) hydriert. N ach Filtrieren 
des K atalysators wurde das F iltra t abgedam pft, der R ückstand in D ichlorm ethan gelöst und 
mit 5%  iger N a2C 03-Lösung gew aschen: die organische Phase wurde abgedam pft, wobei ein 
gelb es Öl (13,2 g) zurückbleibt. D iese  wurde in Petroläther—Ä thanol (1 : 3) gelöst und das 
c is-P ro d u k t fraktioniert abgetren nt. E in  Isom erengem isch (4.2 g; F: 105— 150 °C; cis/trans 
V erh ä ltn is =  1 : 2 )  und reines Irans-Isom er (0.6 g; F: 108— 110 C°) wurden erhalten.
I .R . (K B r): i>max =  3330 (N H ), 1735, 1702 cm “ 1 (CO).
'H -N .M .R . (CDC1,): A =  1.26t (3H ): 1,33t (311): 4,22q (2H ); 4 ,31q (2H ): CH3CH,OCO; 5,44d 
(1 H ). J chnh 2.8 Hz: H-2: 5 .27s ( IH) :  H-4: 2.35s (6H ): Ar-Me.

[1] W a l t h e r , R.. B a m b e r g , R .: J . prakt. Chem., 73, 209 (1906)
[2] W a g n e r , E. C., E i s n e r , A.: J. Am . Chem. Soe., 59, 879 (1937)
[3J F i s c h e r . J., T óth , G.. F o d o r , T ., R ákóczi, J.: A cta Chim. (B udapest), 79, 419 (1973)
[4] B e n d e r , C. 0 ., B o n n e t t , R . :  J. Chem. Soc., (1968) 2186
[5] Ca ir n c r o s s , S. E., B o g é r t , M. T.: Collection, 8, 57 (1936)

LITERATUR

J á n o s  F i s c h e r  

P á l  VÁGÓ 

G á b o r  T ó t h

H-147Ö B u d a p e s t, Pf. 100.

H -1092 B u d a p e s t, Hőgyes E . u. 7.

A cta  Chim. ( Budapest) 93, 1977



Acta Chimica Academiae Scientiarum Hungaricae , Tomus 93 ( l ) , p p .  99 —102 (1977)

DIE DARSTELLUNG VON 1,3,4,6-TETR A-0-ACETYL-/3- 
n-GLUCO- UND GALACTOPYRANOSE UND IHRER 

«-GLYKOSYLBROM ID-DERIVATE

V. M. C h a r i , М. J o r d a n  u n d  H .  W a g n e r

( Institut f ü r  Pharmazeutische Arzneimittellehre der Universität München)  

Eingegangen am  16. Juni 1976

Als A usgangsverbindungen für die Synthese von Sam bubiose und 2-O -Acyl- 
glucosiden und -galactosiden wurden l,3 ,4 ,6-T etra-0-acetyl-/i-D -gluco- und galacto- 
pyranose und ihre a-G lykosylbrom idderivate nach einem  vereinfachten Verfahren in 
hohen Ausbeuten dargestellt.

Z u r S ynthese v o n  D isacchariden  n ach  K ön ig s-K n o rr w erden im  allge
m einen  die M ono sacch arid -/? -te tra -0 -ace ta te  b ev o rzu g t, da die dabei e n ts te h e n 
den  /9-Per-O -acetate besser k ris ta llis ie ren  als die A nom eren  [1— 5]. U b er eine 
v e rb esse rte  S yn these  von  1,2,3,6- und  l,2 ,4 ,6 -T e tra -0 -ace ty I-/J-D -g lucopyrano- 
sen is t bere its  b e ric h te t w orden [6]. Z u r S y n th ese  des 2 -0 -(2 ,3 ,4-tri-0-acety l-oc- 
D -xy lopyranosyl)-3 ,4 ,6-tri-0-acety l-oc-D -glucopyranosylbrom ids [7] u n d  n a tü r 
lich  vo rkom m ender 2-O -A cylglucoside u n d  G alactoside  ben ö tig ten  w ir die 1,3,
4.6- T etra -0 -ace ty l-/l-D -g lucopyranose  (1) als Z w ischenstufe . W äh ren d  w ir die
1 .3.4.6- T etra-O -acety l-a-D -g lucopyranose  (2) d ire k t aus Glucose le ich t d a r 
s te llen  können  [2], v e r lä u f t die von L e m i e u x  u n d  H u b e r  [3] a u sg ea rb e ite te  
und  von  D-Glucose ausgehende S y n th ese  d er anom eren  V erb indung  1 ü b e r 
fü n f S tu fen  —  /1-P en ta-O -aceta t, 3 ,4 ,6 -T ri-0 -acety l-2 -0 -trich lo race ty l-/? -D - 
g iu co pyranosy lch lo rid , 3 ,4 ,6 -T ri-0-acety l-/?-D -glucopyranosylch lorid , 3,4,6- 
T ri-O -acety l-a-D -g lucopyranosy lch lo rid  — m it nachfo lgender S u b s titu tio n  
des Chlors durch  eine A cety lg ruppe. A ußerdem  v e rlan g t die S y n th ese  eine 
A rb e itsze it von m ehreren  Tagen.

W ir haben  d esha lb  eine e in fach ere  D ars te llu n g  des 1 ,3 ,4 ,6 -T etra-O - 
acety l-/?-D -glucopyranosids (1) au sg ea rb e ite t. Als K asch ie ru n g sm itte l b e n u tz te n  
w ir die selektive und  le ich t a b sp a ltb a re  M onoeh lo racety lg ruppe 18]. M it 
P y rid in  und  C hlo racety lch lo rid  w urde  1 ,3 ,4 ,6-T etra-O -acetyl-ac-D -glucopyra- 
nose [2] (2) in das en tsp rechende  2 -O -C h lo race ta t (3) in 43% iger A u sb eu te  
ü b e rfü h r t . Bei V erw endung  von C h lo race tan h y d rid  an  Stelle von A cych lo rid  
k o n n te  die A usbeu te  des R o h p ro d u k tes  (3) sogar a u f 8 5 — 90%  e rh ö h t w erden . 
Ü ber das a-G lykosy lb rom id  (4) ließ sich 3 zu r 1,3 ,4 ,6 -T e tra -0 -ace ty l-2 -O - 
ch loracety l-/l-D -glucopyranose (5) in 5 8 % ig er A u sbeu te  um setzen . Die U m 
w an d lu n g  von 3 in 5 k o n n te  auch ohne Iso lie ru n g  und  R ein igung  von 4 d u rc h 
g e fü h rt w erden. S elek tive  A b sp a ltu n g  d er C h lo race ty lg ruppe  [8] erfo lg te  
du rch  45-m inutiges E rh itz e n  in M ethano l m it m olaren  M engen T h io h a rn -
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H

1 Ri = OH3OOO-, R2 = R3 = H
2 R i = K2 =H . R 3 =C H 3COO-
3 Ri = H, R2 = ClCH2CO-, R3 = CH3COO-
4 Rt = H, R2= CICHüCO- R3 = Hr
5 Ri = CH3COO-, Ro = CICH2CO-, R3 = H

Stoff. D as h ie rbe i e n ts tan d en e  P se u d o th io h y d a n to in  w urde d u rch  A usw aschen  
e n tfe rn t .  D iese R eak tio n  ergab  eine 50% ige A usb eu te . Die gesam te R e a k tio n s 
d a u e r  von  D-Glucose bis 1 k o n n te  gegenüber d er früheren  S yn these  a u f  m eh r 
als d ie  H ä lfte  der Z eit a b g ek ü rz t w erden .

A u f die gleiche W eise w urde  ausg eh en d  von D -G alactose die 1,3,4,6- 
T e tra -O -ace ty l-ß -D -g a lac to p y ran o se  (6) sy n th e tis ie r t . Die beiden  b isher n ich t 
b e k a n n te n  a-G lykosy lb rom ide 4 u n d  9 w u rd en  re in  erh a lten , w obei 4 k r is ta lli
s ie r te .

6 R i=  СНзСОО-% R2= R 3= H
7 R, = R2 =H, R 3 = CH3CÖO-
8  Ri = H, R2 = C1CH2C 0 -, R 3 = CH3COO-
9 Rt= H, R2= CIOH2CO-, R 3 = Br

10 Rt = CH3COO-, R2 = CICHüC O -, R3 = H

E xperim en te lle r Teil

A lle Schm elzpunkte sind unkorrigiert. NM R: V arian 60 MHz m it TMS als inneren S tan 
dard, w enn  nicht anders angegeben. DC: K ieselgel F 254-F ertigp latten  (Merck), Schichtdieke  
0,25 m m , L ösungsm ittelsystem : T o lu o l-Ä th y la ceta t 1 : 1.
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l,3 ,4 ,6 -T etra -0 -ace ty l-2 -0 -ch lo racc ty l-a -D -G lu co p y ran o se  (3 )

Acylchlorid M ethode:

Eine eisgekühlte Lösung von 10 g (28 ,7  m m ol) 2 [2] in einem  Gemisch von 10 m l D ichlor
m ethan, 150 ml Äther und 5 ml absolutem  Pyridin wurde tropfenweise mit einer L ösung von  
5 m l Chloracetylchlorid in 10 ml D ichlorm ethan behandelt. Nach vollständiger Z ugabe des 
Chloracetylchlorids wurde die Lösung 1 Std. stehen gelassen . Die Vollständigkeit der R eak tion  
wurde durch DC verfolgt. D ie m it 150 ml Chloroform verdünnte Lösung wurde zw eim al m it 
150 ml W asser m it 50inl kalter wässriger Salzsäure (0,5 N , 5 °C) und 150 ml wässeriger N a H C 0 3- 
Lösung gew aschen, m it N a 2SO, getrocknet und m it K ohle geklärt. Die filtrierte L ösung wurde 
zu einem Sirup eingeengt, der durch K ristallisation aus Ä thanol 3 als farblose N ad eln  (5.2 g, 
42,6% ) lieferte. Schm p. 141 — 2 °C, [a]o5 +  91,6° (c =  0,94 in CHC13). Lit. [3] Schm p. 143— 
4 °C, [a]b° +  98° (CHC13). NM R (CDC13): Ó =  2,0 —  2,25 ppm  (12H , 4 CH3CO), 4 ,0  (s, 2H , 
С1СЯ2СО— ), 4 ,1— 5,7 (6H , Zuckerprotonen), 6,35 (d, 1H , J =  3Hz, 1-H).

Anhydrid M ethode:

Zu einer eisgekühlten Lösung von 10 g (28,7 m m ol) 2 in einem Gemisch v o n  10 ml 
Dichlorm ethan, 150 ml Äther und 10 ml absolutem  P yrid in  wurde tropfenweise eine Lösung  
von 15g Chloracetanhydrid in 15 ml Dichlorm ethan zugegeben. Nach vollständiger Zugabe 
der A nhydridlösung wurde 30 Min. stehen gelassen und w ie oben aufgearbeitet. A u sb eu te  an 
rohem 3 betrug 1 1 g  (90% ).

l ,3 ,4 ,6 -T e tra -0 -ace ty l-2 -0 -ch lo race ty l-a -D -g lu co p y ran o sy lb ro m id  (4 )

Eine Lösung von  5 g 3 in 50 ml trockenem  D ichlorm ethan wurde bei 0 °C m it 40% igem  
HBr in 20 ml E isessig versetzt und 1,5 Stdn. stehen gelassen. Die Lösung wurde dann m it 
150 ml D ichlorm ethan verdünnt, 2mal m it 100 m l E isw asser, anschließend m it g esä ttig ter  
wässriger NaHCO j-Lösung und schließlich m it W asser gew aschen, m it CaCl2 getrockn et und  
hei 50 °C zu einem  Sirup eingeengt. Beim kurzen A ufkochen m it Äther kristallisierte der B rom 
zucker 4 in farblosen N adeln aus (4,5 g, 86% ). U m kristallisieren erfolgte aus Ä th er -H ex a n . 
Schmp. 116— 9 °C [а]Ь  +  167,3° (c =  0,9689 in CHC13). NM R (CDClJ: b =  2,0— 2,15 ppm  
(9 H, 3 C H .,CO ), 4,05 (s, 2H , С1СЯ..СО ), 4 ,2— 5,8 (6 H , Zuckerprotonen), 6,6 (d, 1H , J 

4H z, H -l) .
C14H l8OuBrCl (445,7) Вег. C 37,73 H 4,07 
Gef. C 38,87 H 4,17

l ,3 ,4 ,6 -T etra -0 -ace ty l-2 -0 -ch lo race ty l-ß -D -g lu co p y ran o se  (5 )

E ine L ösung von  4,5 g (10.1 mmol) 4 in 20 ml Chloroform wurde m it einer L ösung von  
3,2 g (10.1 m m ol) (^uecksilberacetat in 50 m l Essigsäure behandelt und 2 Stdn. bei Zim m er
temperatur stehen gelassen. Die Lösung wurde m it 50 m l Chloroform verdünnt, m ehrm als 
mit W asser gew aschen und m it CaCl2 getrocknet. D ie Chloroformlösung wurde e in geengt  
und der R ückstand aus Ä thanol kristallisiert. Feine N üdelchen von 5 vom Schm p. 103— 4 °C 
(2.9 g, 67% ) [a]jjj +  5,3° (c = 1,036 in CHCl3);L it . [31 Schm p. 118 °C, [a lb  +  9,8° (CHC13). 
NM В (CDC13): Ö =  2,05 2.2 ppm (12H , 4 C H .,CO ), 4,05 (s. 2H, С1СЯХО ), 4,2 5,5
(611, Zuckerprotonen), 5,83 (d, 1H. J =  8 H z, H -l) .

1,3,4,6-Tetra-O -acetyl-ß-D -glucopyranose (1

T hioharnstoff (0,1 g) und 0,5 g Calcium carbonat w urden zu einer Lösung von  0,4 g 3 
in 30 ml M ethanol gegeben. Das Gemisch wurde 30 Min. lang am Rückfluß erwärm t. D ie U m 
setzung von 3 wurde durch DC verfolgt. Nach Zugabe von 50 ml Chloroform wurde m it 100 m l 
wässriger E ssigsäure (1% ) gewaschen. Die Chloroform schicht wurde m it N a 2SO., getrockn et, 
eingeengt und der erhaltene Sirup aus Äther H exan kristallisiert. Es ergab farblose N adeln  
von 1 vom  Schm p. 135— 6 °C (0.16 g, 50% ) [a]f? =  -f 25° (c =  0,82 in CHC13); L it. [3 ] , Schm p. 
136 7 °C, [a ]b  +  26° (CHC13). NMR (CDC13): Ö =  2 ,05— 2,2 ppm (1211, 4 С Я 3CO ), 2,85  
(111. breit verschw indet bei Zusatz von D „0, — О Я ), 3 ,6— 5,2 (6H , Zuckerprotonen), 5,65 
(d 1H, J 8 H z, H -l) .

D iese R eaktion ist auch m it m ehrfachen M engen von  3 durchführbar.
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l,3 ,4 ,6 -T e tra -0 -a c e ty l-2 -0 -c h lo rac e ty l-a -D -g a Ia e to p y ran o se  (8 )

h erg este llt analog wie 3 ausgehend vom  7 [2] in86% iger A usbeute. Farblose N adeln vom  Schm p. 
115— 8 °C, [а]|? =  + 1 3 4 ,9 °  (c =  1,1951 in CHC13). R f 0,7
N M R  (CDC13): Ö =  2 ,0 — 2,2 ppm  (12H, 4CH3CO— ), 4 ,0 — 4,5 (5H, — C H ,— О— COCH3—  
— COCHX1, CH) 5 ,35— 5,6 (3H . Zuckerprotonen), 6.4 (d. 1H. J = 4  Hz, H -lj .
C teH ^O nC l (424,8) Вег. C 45,23 H 4,98 
Gef. C 45,21 H 4,75.

3 ,4 ,6 -T ri-0 -ace ty l-2 -0 -ch lo race ty l-a -D -g a lae to p y ran o sy lb ro m id  (9)

hergeste llt analog wie 4 ausgehend von 8 in 90% iger A u sb eu te , konnte nicht zur K rista llisation  
gebracht werden. R f 0,8,
N M R  (CDCLj) <5 =  1,05— 2,15 ppm  (9H, 3 CH3CO— ), 4 ,0 — 5,45 (8H, C1CH.XO— und Zucker
protonen), 6,7 (d, 1H , J =  4 Hz. H -l).

l,3 ,4 .6 -T e tra -0 -a c e ty l-2 -0 -e h lo rae e ty l-ß -D -g a la c to p y ran o se  (10)

hergestellt analog w ie 5 ausgehend von 9 in 62% iger A usbeute . Farblose N adeln vom  Schm p. 
123— 4 °C, [а]?? =  + 1 7 ,3 °  (c =  0,8204 in CHC1.J. R f 0,7.
N M R  (CDC13): ö =  1,95— 2,2 ppm  (12H. 4 CH.,CÓ— ), 4 ,05 (s, 211, СОСЯХ1), 4,15 (s. 3H . CH. 
— C H , О — ), 5,15— 5,6 (3H , Zuckerprotonen), 5,8 (d, 1H , J =  8 Hz, H -l).
Ci6H 21Ou Cl (428,8) Вег. C 45,23 H 4,97 

Gef. C 45.19 H 4.85

1,3,4,6-T etra-O -acetyl-ß-n-galactopyranose (6 )

hergestellt analog wie 1 ausgehend von 10 in 56°0 iger A usbeute. Farblose N adeln vom  Schm p  
125— 7 °C, [a]l> =  + 3 5 ,5 °  (c = 1,0193 in CHC13) R f 0 .42 .
N M R  (CDC13): ö  =  2 ,05— 2,25 ppm  (12H, 4 С Я 3СО— ), 2,95 (1H, verschw indet bei Zusatz 
v o n  D 20 ,  — OH), 3 ,5 — 5,5 (6H , Zuckerprotonen), 5,7 (d , 1H , J =  8 Hz, H -l)
C14H.,0O 10 (348.3) Вег. C 48,27 H 5,79 

Gef. C 48,48 H 5,61
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Corrosion Inhibitors. M anufacture  and Technology 

B y  M aurice W illiam  R a n n e y

N oyes Date Corp., Park Ridge, New Y ersey, U .S .A .— London, U .K ., 1976

Based on a system atic digest of the processes patented in the U .S.A . betw een 1972 and 
1975 the inhibitors used for corrosion prevention , and the technologies o f their application , 
are described.

This is a very useful, inform ative review  th at em braces a wide field of technology; both  
research and technical sta ff engaged in the field of corrosion prevention by inhibitors can be 
recom m ended to peruse it.

The chapters of the book review the m ost im portant dom ains of the application  o f in
hibitors.
Cooling-water systems, warm-water facili ties , water works.

Here inhibitors applied for the prevention of corrosion dam ages in pipeline — reservoir 
system s are dealt w ith, also inhibitors added to antifreeze m ixtures, and specifics used for 
the dim inution of corrosion dam ages in units for the delivery of hot water or of steam .
A cid  pickling processes.

The reduction by inhibitors, of the etch ing effects o f acids used in m etal pickling and 
surface finishing processes, is discussed here. B y these inhibitors over-etching to acid is 
prevented, in their presence only the surface layer oxide are rem oved.
Inhibitors in the oil- and gas industries

Included are the add itives that work against the destruction of m etal apparatus used 
for the acid treatm ent of gases, also the protection applied to underground piping and storage 
tanks.
Inhibitors used in the automotive and aviation industries

These are the additives to fuels and to lubricating oils as well as those used in the 
hydraulic system  of aircraft.

A substantial part o f this com prehensive study deals w ith the m aterials successfu lly  
used in the protective treatm ent of metal surfaces. W ithin this section we find the form ation  
o f inorganic nonm etallic coatings like chrom ates, oxides, phosphates for the protection  of 
alum inium , zinc, and iron; also the organic lacquer coatings which contain inhibitors, the so- 
called inhibitor-pigm ented preparations are m entioned as well as products and inhibitors for 
the de-greasing, cleaning of m etal surfaces.

A com plete chapter deals with the add itives found suitable for the prevention o f the 
deterioration by corrosion of the m etals m ost exten sively  applied, i.e. o f steel, copper, and 
alum inium .

A register alphabetically ordered according to patentees, and to inventors, enhances the 
usefulness of this very good review which certain ly will help specialists in research or industrial 
practice or in patent affairs.

The concise inform ation based upon the system atization  and description of patents  
readily lends itself to perusal and engages the a tten tion  and interest of sta ff dealing w ith corro
sion problems.

E .  L i c h t e n b e r g e r - B a j z a
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M a r s h a l l  S i t t i g : A rom atic  Hydrocarbons —  M anufac ture  and Technology  

C hem ical Technology R ev iew  No. 56

N oyes D ata Corporation, Park Ridge, N ew  Y ersey, 1976. 357 pp., 116 figures

The im portance of arom atic hydrocarbons am ong the petrochem ical feedstocks has 
further increased in recent years. W ith the rise of the crude oil prices it  is even more im portant 
th an  before to be acquainted w ith  the latest refining and petrochem ical technologies g iving  
the greatest possible am ounts and exactly  the desired product distributions of arom atics 
and/or arom atic derivatives from  a unit am ount of crude oil. Thus, the publication of M. 
S i t t i g ’s book is tim ely and w elcom e.

The book consists o f 16 chapters, the first nine describing the m anufacture and separa
tion  of the industrially im portant arom atics, the others dealing w ith  the m anufacture of their  
derivatives.

In  the introductory chapter, the author describes the m ost im portant physical prop
erties, actual and potentia l uses and market position of benzene and the C7— C12 alkylbenzenes. 
The m arket survey is based on the la test commercial data , bu t the production and consum ption  
data refer m ainly to the U .S .

The second chapter deals w ith  the production of B T X  arom atics from different feed 
stocks. Thus, the m anufacture o f benzene, toluene and xy len es from  pyrolysis gasoline, by  
ca ta ly tic  reforming of naphtha, b y  arom atization of alcohols, from C5 hydrocarbons, from  
coal tar and from coal hydrogenation  products is described in th is chapter.

Am ong the ca ta ly tic  reform ing processes only those are dealt w ith  which do feature  
arom atics separation. The author also describes a few  processes producing olefins, acetylene, 
etc. as co-products along w ith  arom atics. A special value of the second chapter is the com para
tiv ely  detailed discussion of such reforming technologies w hich use particular catalyst com posi
tions besides, or instead of, the generally applied P t -A l .,0 3 or P t -R e -A l20 3 catalysts. Som e 
o f these  processes use tun gsten , tin , iridium, etc., instead  o f rhenium  as a second m etal in the  
ca ta ly st com positions. The aim  o f these m etal com ponents is to increase the dehydrocycliza- 
tion  a c tiv ity  of the cata lysts.

Several processes are also described where dehydrocyclization  is accom plished w ith  
zeolite  type catalysts.

The third chapter deals w ith  the production of naphthalene, the fourth w ith the m anu
facture of diphenyl from benzene and w ith that of phenylnaphthalene from benzene and naph
thalene.

From  chemical engineering aspects, the next chapter is very valuable giving a good  
review  on the separation of arom atics from paraffins. The six th  chapter deals w ith the purifica
tion  of arom atics.

In the seventh chapter, the author discusses the production and m ainly the transform a
tion  of alkylbenzenes. H ow ever, the transalkylation technology known under the nam e 
‘T atoray’ could not be found am ong the processes review ed. This process gives benzene, xy len es  
and sm all quantities of C10 arom atics from toluene and a C9 arom atics fraction.

The separation of ind ividual alkylbenzenes is review ed in the eighth chapter, where 
the m ost detailed discussion is g iven  naturally to the separation of C8 arom atics.

One short chapter describes the production and separation of a lkylnaphlhalenes, and  
th en  the autor proceeds to review  the m anufacturing technologies o f arom atic derivatives.

Separate chapters deal w ith  the hydrogenation, su lfonation , oxidation, halogenation  
and nitrogen derivatives o f arom atics. The greatest volum e is devoted to the oxidation of aro
m atics, quite rightly, because the m anufacture of several syn thetic  fibers, plastics and resins 
is based on these reactions. The 15th  chapter has the t itle  “ D ehydrogenation of A lkylarom atics” , 
but it  w ould be more correct to  give the title  “ D ehydrogenation  of E thylbenzene” to this 
chapter, as it reviews exclu sive ly  the technologies converting ethylbenzene to styrene.

In  the last chapter o f the book a few  estim ations concerning future arom atics produc
tion and demand are very  shortly  reviewed.

The book — as its t itle  also suggests — deals w ith  the m anufacturing technologies of 
arom atic hydrocarbons and their derivatives. The chem ical, reaction kinetic, therm odynam 
ic and cata lytic  issues form ing the bases of these technologies are not at all, or just per tan- 
gentem  discussed. This is not m entioned as a fau lt o f the book, but for orientation of those  
persons who look for this ty p e  of inform ation. In com piling th is book, the author based his 
work alm ost entirely on the U .S . patent literature, other sources, data published in journals
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were used only in the description o f the m arket position of the individual arom atics and in 
review ing their production data.

Thus, the book of Marshall S it t ig  is restricted to the short description o f abou t 300 
processes patented recently in the U .S . The author deals only w ith U .S. p a ten ts , and this 
feature —  although big British, French, Germ an, Japanese, etc. com panies have their signifi
cant processes patented also in the U .S . —  resulted in a certain onesidedness.

A great advantage of the book is the freshness o f the reviewed m aterial. T he patents  
described date alm ost entirely from the period after 1964 and m ost o f them  have been  granted  
after 1970. The short tim e between the w riting and publication of the book is rem arkable and 
should be appreciated: several patents dating from the second half of 1975 are discussed.

Sim plified flow sheets of the more im portant processes are also given in  the book, and 
the respective technologies are described in accordance w ith the flow-sheet.

At the end of the book indexes o f  the described patents, the inventors and com panies 
holding the patents can be found; these m ake the orientation much easier.

Volum e 56 of the Chemical T echnology R eview  gives a valuable survey o f the recent 
and la test m anufacturing technologies o f arom atic hydrocarbons and their d erivatives for 
technology experts and, at the same tim e, it is a well com piled guide to the U .S. p a ten t literature 
in this field.

I .  SZE BENYI

Y a l e  L. M e l t z e r : Water-soluble Resins and Polymers  

Technology and  Applications  

Chemical Technology Review No. 57

N oyes D ata Corporation, Park Ridge, N ew  Jersey— London, England, 1976. 371 pp ., 43
figures, 47 tables

The book is based on U .S. p a ten ts issued since 1966, dealing w ith the tech nology  and 
application of water-soluble resins and polym ers. The book comprises the follow ing chapters: 
Introduction  
Market survey  
Acrylam ide polymers
Acrylic acid and m ethacrylic acid polym ers 
Cellulose ethers and other cellulose derivatives  
Sodium  carboxym ethylcellulose (CMC)
H ydroxyethylcellu lose (HCE)
H ydroxypropylcellu lose (HPC)
M ethylcellulose (MC)
E thylcellu lose (EC)
E thylene oxide polym ers and related products  
P olyam ide resins
Polyethyleneim ine (P E I) and related products 
P olyv in y l alcohol (PVA)
P olyvinylpyrrolidone (PVP) and related products 
Starch, m odified starch and starch derivatives  
Natural gums
Inorganic stannic oxide polymers

W ater-soluble resins and polym ers form  a special group of the h igh-polym eric com 
pounds. Over the past 25 years their dyn am ic growth has centered in the sy n th etic  polym ers  
such as the cellulose ethers, po lyv inyl alcohol (PVA), acrylam ide polym ers, e th y len e  oxide 
polym ers, polyethyleneim ine (P E I) and polyvinylpyrrolidone (PVP). They have m ade inroads 
into the traditional starch and natural gum  m arkets, and served to expand their m arket through  
the developm ent of new applications. Som e of the m ain uses o f water-soluble resins and poly
mers are in adhesives, binders, cakes, candies, cem ents, chrom atography, clarifiers, coatings, 
cosm etics, detergents, emulsifiers, exp losives, flavor additives, granulating agents, hair sprays, 
hand lotions, ice-cream, inks, laxatives, lithography, oil-well drilling, o intm ent com positions,
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packaging, paints, paper, pharm aceuticals, pollution control, salad dressing, sizing agents, 
suspending agents, th ickeners, warp sizes and water loss agents.

Connected w ith the in d iv id u a l chapters the book discusses in detail the processing and 
app lications of water-soluble polym ers, comprising the m o st im portant results.

Owing to its con ten t, th e  book will undoubtedly w in  high acclaim  among m acrom ole- 
cular chem ists for its close rela tio n  to subjects orig inating  during the last decade. Perhaps 
the on ly  thing which m ight be ob jected  is that the la st chapter is som ewhat outside the subject- 
m atter.

The edition of the b ook  show s careful work: m isprin ts and errors were not found, the 
typograph y of the figures, form ulas and tables is ex ce llen t.

The book may be recom m ended to industrial sp ec ia lists as well as chemical engineers, 
tech nolog ists and scientific researchers.

I .  G é c z y
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Р Е З Ю М Е

Эффект циклической структуры на радиолиз углеводородов, IV
Радиолиз алкилциклопентанов и алкилциклогексанов, II. О некотрых 

бирадикальных проблемах

Л .  В О Й Н А Р О В И Ч  и Г. Ф Е Л Ь Д И А К

О бобщ ая бол ее ранние результаты , на осн ов е  радиолиза ц и к л оп ен ган овы х и цикло
гексановы х соедин ен ий  с нормальны ми и разветвленны м и боковы ми ц еп оч к ам и , СПН 2П 
бы ло установлено, что алкены  с откры той ц еп оч к ой  СПН 2П, получаем ы е в к ач естве основ
ного продукта за  счет разры ва связи С С в соотвествии с эн ергетич ески м и усл ов и я м и  — 
в основном  образую тся  за  счет разры ва св я зей  С С, присоединяю щ ихся к  а т о м у  углерода , 
р асп ол агаю щ ем уся  у  ответвления от к ол ь ц а . С реди продуктов  были всегда пол учены  такие  
алкены , в которы х двойн ая связь н а х о д и тся  у  так ого  атома углерода.

В ы ход ск елетно-и зом ерн ы х п р од ук тов  ум еньш ается  с увеличен ием  длины  боковой  
цепочки  и ее разветвленностью . Б оковы е ц еп оч к и  с их повы ш енной сп особн ость ю  к 
р асщ еп лен ию , к ак -будто  «внутрим олекулярно» защ ищ аю т кольцо от р а сп а д а .

Н а основе р езуль татов  исследован ий  с акц еп торам и радикалов бы ло устан овлен о, 
что некоторая часть скелетно-и зом ерн ы х п р о д у к т о в  образуется  в б и м о л ек у л я р н о й  реак
ции алкильны х м он оради к ал ов  с откры той цепочкой . На оставш ую ся , б ол ь ш ую  долю  
в ы хода, однако, акцепторы  радикалов не ок азы вал и  никакого вли яни я. Н а осн ов е  экспе
рим ентальны х р езул ь татов  и различны х а н а л о ги й  вероятным к а ж ется  п р о т ек а н и е  «уни- 
м олекулярны х» реакц ий  чер ез бирадикалы .

О кинетических уравнениях многоступенчатых электродных процессов, IV
Влияние адсорбции промежуточного продукта

Л .  К И Ш  и Й. Ф А Р К А Ш

Бы ло вы ведено и о б с у ж д е н о  у р а в н ен и е  пол яри зац и он н ой  кр ивой  д л я  м н огоступ ен 
чатой ионизации м етал лов и в о сстан овл ен и я  м етал лич ески х ионов д л я  т а к о го  случая, 
к огда  п р ом еж уточ ны е продукты  а д со р б и р у ю т ся  на поверхности эл е к т р о д а , и условия  
Л ангм ю р а р еал и зую тся . Бы ли определены  те у сл о в и я  и кинетические парам етры , при 
к отор ы х кривы е е lógj становятся прям ы м и (с — потенциал эл ек тр о д а , j плотность  
п ол яри зую щ его ток а).

Метод получения платиновых катализаторов, модифицированных 
адсорбированными металлами

III. САБО, Ф. Н А Д Ь  и Д .  М ОГЕР

Был р азр аботан  м етод получения п л ати н овы х катализаторов, м одиф и ци рованн ы х  
адсорбированн ы м и м еталлам и, и сп ол ьзуем ы х при исследовании газоф азн ы х гетерогенны х  
катали ти ческих реакций.

О дноврем енно с этим  был разработан  м етод , позволяю щ ий оп р едел и ть , как им  образом  
вли яет  адсор бци я  к и сл ор ода  в оздуха  и тер м о о б р а б о т к а  на в о зд у ш н о -су х и е , м одиф ициро
ванны е катализаторы .



М етод дем онтри руется  на прим ере платиновы х катал и затор ов , покрытых м едью . 
Б ы ло устан ов л ен о , что ни а д со р б ц и я  ки слорода, ни т ер м о о б р а б о т к а  вплоть до 100°С не  
вы зы ваю т изм енений в св о й ст в а х  платиновы х к а т ал и затор ов , покры ты х а д сор би р ов ан 
ной м едью . В случае п л ати н ов ы х катализаторов, покры ты х зол отом , исходны е свойства  
со х р а н я ю т ся  вплоть до 350°С .

Комплексы кобальта(П) с iV-бензоилфенилгидроксиламином и 
бензгидроксамовой кислотой

А. С Я М А Л  и В. Д .  Г А Н Е К А Р

К о м п л ек с  к оба л ь т а (П ) с N -бензои лф ен илги дроксил ам ин ом  и бензги дрок сам овой  
к и сл отой  бы ли синтезированы  и охарактеризованы  на о сн о в е  и х  И К  и электронны х спек
тров, а т а к ж е  изм ерений м агн и т н о й  восприимчивости. К ом п л ек сы  имеют розовый цвет и  
тетр агон ал ь н ую  стр ук тур у . К ом п л ек сы  очень стабильны  и не окисляю тся д а ж е  при п р о
д о л ж и т ел ь н о м  нагреве (н еск о л ь к о  часов) при 1Ю°С.

Расчёт декартовых координат и замыкание циклов молекулярных .моделей

Б. Р О Ж О Н Д А И

П р е д л о ж е н  м етод р асч ёта  декартовы х к оор ди н ат  и з геом етрических парам етров  
м о л ек у л я р н ы х  м оделей. М етод  позволяет простое о п р ед ел ен и е  координат гр уп п , 
н а х о д я щ и х ся  на разны х м ест а х  м олекулы , и вы числение к о о р д и н а т  атомов, зам ы каю щ их  
несим м етричны й цикл.

Взаимодействие моно- и диарилиденциклоалканонов с тиокарбамидом и
роданидом аммония

Т. Л О Р А Н Д ,  Д .  САБО и А. Н Е С М Е И

2-А р и л и ден ц и к л огек сан он ы , взаим одействуя с р о д а н и д о м  аммония и ти о к а р б а 
м идом , даю т  4 -а р и л -3 ,4 ,5 ,6 ,7 ,8  - гек са ги д р о -2 (1 Н )-х и н а зо л и н ги о н ы  (la  f). 2 -А р или ден цик - 
лоп ен тан оны  с роданидом  а м м он и я  даю т 1У,1Ч’-б и с[(2 -а р и л и д ен )-ц и к л оп ен ти л и ден ]-ти о-  
к ар бам и д  (П а Ь), а с т и о к ар бам и дом  7 Н -4 -а р и л -3 ,4 ,5 ,6 -тетр а л и д р о -2 (1 Н )-ц и к л о п ен та -  
п и ри м иди нтион  (ГОа Ь). 2 ,6 -Д и а р и л и ден ц и к л о гек са н о н ы  не реаги рую т с родан идом  
ам м ония, а с тиокарбам идом  да ю т  4 -а р и л -8 -а р и л и д ен -3 ,4 ,5 ,6 ,7 ,8 -гек са ги д р о -2 (1 Н )-х и н а -  
зол и н т и о н (1 \'а  f). В заи м одей ств и е  2 ,5 -ди бен зи л и ден ц и к л оп ен тан он а  с тиокарбам идом  
приводит к  образованию  7 Н -7 -б ен зи л и д ен -4 -ф ен и л -3 ,4 ,5 ,6 -тетр а ги д р о -2 (1 Н )-ц и к л о п ен та -  
п и ри м иди нтион а (V). О б су ж д а ет с я  м еханизм  вы ш еуп ом ян уты х реакций. О кисление 1а и 
IV a пр и води т  к  соответствую щ им  производны м 2 -о к согек саги др охи н азол и н а  (VI, V II).

Сульфенхлориды, X
Сульфенирование некоторых тиоамидов трихлорметансульфенхлоридом

Г. Ш Т АЙ Е Р,  Д .  К О Р Б О Н И Ч ,  А. Е. САБО, Ф. К Л И В Е Н И  и Е. Е И Н К Л Е Р

1 ,3 ,4 -О к са- и -ти ади азол -5-ти он ы , а так ж е ди н атр ий эти лен -бис-дитиок арбам аты , 
взаи м одей ств уя  с три хл ор м етан сул ьф ен хл ор и дом , даю т — в пр оти воп ол ож н ость  до с и х  пор  
распространенны м  в л и тер а ту р е  представлениям  ди сул ьф и ды . О дновременно, двой н ое  
сул ьф ен и р ов ан и е  алкил- и ари лдитиок арбам атов  пр и води т  к  образованию  бис-дитио-  
п р оизводн ы х иминометана.



Исследование реакций ацилирования диэтил-(иминокарбоната), I
Ацилирование монофункциональными хлоридами кислот и хлорформиатами

3.  Б Е Н Д Е ,  И. Б И Т Т Е Р  и 3 .  Ч Ю Р Е Ш

В р е а к ц и я х  диэтил-(и м ин окар боната) с хл ор и дам и  карбоновы х к и сл о т , а т а к ж е  с 
хлор ф ор м иатам и , в качестве о сн ов н ы х пр одук тов  образую тся  N -ац и л и п р ои зв одн ы е ис
ходн ого  вещ ества, а в качестве п обоч н ого  п р одук та  при хлорф орм иатном  ац и л и р ов ан и и  

- этилк арбам ат и при ац и л и р ов ан и и  хл ор и дам и  ки сл от  производны е эти л к ар бам ата  и 
этил-(Ы -ацилкарбам ата),

В со гл а си и  с м еханизм ом  ац и л и р ован и я  бы ло доказано, что при и сп ол ьзован и и  
органич еск ого  ф иксатора кислоты  м о гу т  быть получены  новые диэтил-(1Ч -ацилим инокар- 
бонатны е) производны е.

Исследование реакции ацилирования диэтил-(иминокарбоната), II
Ацилирование фосгеном и хлористым оксалилом

3. Б Е Н Д Е ,  И. Б И Т Т Е Р  и 3.  ЧЮРЁ111

П ри исследован ии  реак ц и и  диэти л-(и м и н ок ар бон ата) с ф осгеном  ил и  хлористы м  
оксалилом  бы ло установлено, что в зави си м ости  от условий  реак ц и и  м о гу т  бы ть п ол у
чены различны е продукты : пр оизводн ы е карбеток си -и зок арбам и да или о к сам и да . В за 
висим ости от усл ови й  реакции и на основе обр азую щ и схя  п р ом еж уточ н ы х и конечны х  
п р одуктов  был установлен м ех а н и зм  п р отек аю щ их реакций.

Новый синтез 3,4-дигидро- и 1,2,3,4-тетрагидрохиназолинов и их 
стереохимические исследования

Й. Ф И Ш Е Р ,  Г .Т О Т  и П. ВАГО

3 ,4-Д и ги др охи н азол и н ы  о б р а зу ю т с я  при взаим одействии а-гал оген эф и р ов  (К., Н ) 
с 4-зам ещ енны м и анилинам и в тетра ги др оф у  ране; 1 ,2 ,3 ,4 -тетр аги др охи н азол и н ы  о б р а зу ю т ся  
и з так и х а-галогенэф ир ов, к отор ы е с о д е р ж а т  эл ек тр он оак ц еп тор н ую  г р у п п у  (R 2 =  

COOCJ I-). П оследн яя  реакция я в л я ет ся  стереоселективн ой , ци с-и зом ер  п р ед став л я ет  
собой главны й п р одук т  реакции. С м есь ци с/тран с д а ет  пр отон н ок атал и зи р ов ан н ое равн о
весие. И зом еры  бы ли идентиф ицированы  м етодом  Я М Р.

Получение 1,3,4,6-тетра-0-ацетил-/?-0-глюко- и галактопираноз и их 
«-гликозилбромидных производных

В. М. Ч А Р И ,  М. Й О Р Д А Н  и X. В А Г Н Е Р

По уп р ощ ен н ой  м етодике и с вы соким вы ходом  были получены  1 ,3 ,4 ,6 -тетр а-О -  
ац ети л-^ -О -глю к о- и 1'алактопиранозы  и их а-гли кози лбром идны е п р ои зводн ы е, которы е  
с л у ж а т  исходны м и соединениям и в си н тезе  сам буби озы  и 2 -О -ац и л -гл ю к ози да  и -гал ак -  
тозида.
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In  d e u tsc h e r  S p rach e  • E tw a  320 Seiten  • G anzle inen  

IS B N  963 05 1111 8

A K A D É M IA I K IA D Ó

V erlag  d er U ngarischen  A kadem ie der W issenschaften  

B u d a p e s t



5 32

Allgemeine und anorganische 
Chemie in Frage und Antwort

Von Dr. Dr. h. c. E R IC H  TH ILO , Berlin, 
und Dr. G ER T BLUM ENTHAL, Berlin 
15., neubearbeitete Auflage 197b 
28(i Seiten, 30 Abbildungen
Plasteinband 10,40 M; Ausland 12, M. Bestell-Nr. 793 419 3

Der Band en thält eine Fülle au f dem neuesten W issensstand basierenden Stoffes der 
allgemeinen und anorganischen Chemie. Auch wichtige chemische Details und R eak 
tionen werden aufgeführt. Um eine bessere Übersicht zu erreichen sind die H a u p ta b 
schnitte in Form  der D ezim alklassifikation untergliedert, die einzelnen, Fragen dage
gen durchnum eriert. Das W erk verm ittelt als R epetitorium  wie bisher die F ak ten , 
die theoretischen Zusam m enhänge und die Probleme.

Bestellungen an dev Buchhandel erbeten

J O H A N N  A M B R O S I U S  B A R T H  L E I P Z I G





L es A cta  C him ica p a r a isse n t c n  fran<;nis, n llem a n d , anglais e t ru sse  e t  p u b lien t des m é-  
in o ircs d u  d om ain e des sc ien ce s  c h im iq u es .

L es A c ta  C him ica so n t p u b lié s  so u s  form e de fa sc icu le s . Q uatre fa sc ic u le s  seront réu n is  
en u n  v o lu m e  (4 v o lu m es p ar an).

O n e s t  prié  d ’e n v o y e r  le s  m a n u sc r its  d estin es a la  red action  ä l’a d r e sse  su iv a n te:

Acta Chimica
11-1521 Budapest , Hongrie

T o u te  correspon dance d o it  é tre  e n v o y é e  ä c e t te  m e in e  adressc.
L a red a ctio n  ne  rend p a s d e  m an u scrip t.
L e p r ix  de l’a b o n n e m en t e s t  d e  $  32,00 p a r ;v o lu m e .
A b o n n em e n t — en H o n g r ie  ä 1*A k ad ém iai K ia d ó  (1363 B u d a p e s t ,  P .O .B , 24. C .C .B . 

B a n k sz á m la ) 215 11488 ä l ’é tra n g er  ä l ’E n terp r ise  p ou r  le  C om m erce E x te r ie u r  «K ultúra»  
(1 3 8 9  H -B u d a p e st  62 , P .O .B . 149 C o m p te-co u ra n t N o . 218 10990) ou  l’é tr a n g e r  chez to u s le s  
r e p r é se n ta n ts  ou  d ép o sita ires .

D ie  A cta  C him ica v e r ö ffe n t lic h e n  A b h a n d lu n g en  aus dem  B e r e ic h  der ch em isch en  
W isse n sch a ften  in d eu tsch er , e n g lisch er , fran zösisch er  u n d  russischer S p ra ch e .

D ie  A cta  C him ica e rsch ein en  in  H efte n  w e ch se ln d e n  U m fan ges. V ie r  H e fte  b ilden  e in en  
B a n d . J ä h r lich  ersch einen  4  B ä n d e .

D ie  zur V erö ffen tlich u n g  b e s t im m te n  M an u sk rip te  sind an fo lg en d e  A d resse  zu sen d en :

Acta Chimica
H-1521 Budapest , Ungarn

A n  die g le ich e  A n sch r ift is t  a u ch  jed e  für d ie  R ed a k tio n  b e s t im m te  K orresp on d en z  
zu r ich ten .

M anuskrip te w erden n ic h t  z u r ü c k e rsta tte t.
A b o n n em en tsp re is  pro B a n d : $  32,00.
B este llb a r  für das In la n d  bei A k ad ém ia i K ia d ó  (1363 B u d a p e st , P o stfa ch  24, B a n k 

k o n to  N r. 215 11488), für d as A u sla n d  bei d e m  A u ß en h a n d e lsu n ter n e h m e n  „ K u ltú r a ”  
(1 3 8 9  B u d a p e st  62 , P .O .B . 149. B a n k k o n to  N r. 2 1 8  10990) oder b e i se in e n  A u sla n d sv er 
tr e tu n g e n  u n d  K o m m issio n ä ren .

«A cta  Chimica» и здает  стать и  по хим ии на р усском , ф р а н ц у зск о м , англий ск ом  и 
нем ецк ом  язы ках.

«A cta  Chim ica» вы ходи т  отдельны м и вы п уск ам и разн ого  объ ем а , 4  вы п уск а  
со ст а в л я ю т  один том и за  год  вы ходи т  4  тома.

П редназначенны е д л я  п у б л и к а ц и и  р у к о п и си  сл ед у ет  н а п р а в л я ть  по адресу:

Acta Chimica  
H-1521 Budapest ,  В И В

В ся к у ю  к о р р есп о н д ен ц и ю  в редакцию  нап р ав л я й те  по э т о м у  ж е  адресу.
Р ед а к ц и я  р у к о п и сей  не возвращ ает.
П одп и сн ая  цена — $ 3 2 ,0 0  за  том.
О течественны е п о д п и сч и к и  нап равля й те св ои  заявки по а д р е с у  И здательства  

А к а д ем и и  Н а у к  (1363  B u d a p e s t ,  P .O .B . 24, Т е к у щ и й  счет 2 1 5  1 1 4 8 8 ), а иностранны е  
подп и счи к и  через о р ган и зац и ю  по внеш ней то р го в л е  «Kultúra» (1 3 8 9  H -B u d a p e st  62, P .O .B .  
149 . Т ек ущ и й  счет 218  1 0 9 9 0  и л и  через ее загр ани чн ы е представитель ства  и у п о л н о м о 
ченны х.



Reviews of the Hungarian Academy of Sciences are obtainable 
at the following addresses:

A U S T R A L IA
C .B .D . L I B R A R Y  A N D  S U B S C R I P T I O N  S E R V IC E , 
B o x  4 886 , G .P .O .,  Sydney N .S . W. 2001 
C O S M O S  B O O K S H O P , 145 A c k la n d  S tr e e t ,  St. 
Kilda (Melbourne) , Victoria 3182 
A U S T R IA
G L O B U S , H ö c h s tä d tp la t z  3 , 1200 Wien X X  
B E L G I U M
O F F I C E  I N T E R N A T I O N A L  D E  L I B R A I R I E , 30  
A v e n u e  M a rn ix ,  1050 Bruxelles
L I B R A I R I E  D U  M O N D E  E N T I E R ,  162 R u e  d u
M id i ,  1000 Bruxelles
B U L G A R IA
H E M U S ,  B u lv á r  R u s z k i  6 , Sofia  
C A N A D A
P A N N Ó N I A  B O O K S , P .O .B o x  1 017 , P o s ta l  S t a 
t i o n  “ B ” , Toronto, Ontario M 5 T  2T8 
C H I N A
C N P I C O R ,  P e r io d ic a l  D e p a r tm e n t ,  P .O .B o x  50 , 
Peking
C Z E C H O S L O V A K I A
M A D ’A R S K Á  K U L T Ú R A ,  N á r o d n i  t f id a  22 , 
115 66 Praha
P N S  D O V O Z  T I S K U , V in o h r a d s k á  4 6 , Praha 2 
P N S  D O V O Z  T L A Ö E , Bratislava 2 
D E N M A R K
E J N A R  M U N K S G A A R D , N o r r e g a d e  6 , 1165
Copenhagen
F I N L A N D
A K A T E E M I N E N  K I R J A K A U P P A ,  P .O .B o x  128,
SF-00101 Helsinki 10
F R A N C E
E U R O P É R I O D I Q U E S  S . A . ,  31 A v e n u e  d e  V e r
s a i l le s ,  78170 La Celle S t.-C loud  
L I B R A I R I E  L A V O I S I E R , 11 r u e  L a v o is ie r , 75008 
Paris
O F F I C E  I N T E R N A T I O N A L  D E  D O C U M E N T A 
T I O N  E T  L I B R A I R I E , 4 8  r u e  G a y -L u s s a c ,  75240 
Paris Cedex 05
G E R M A N  D E M O C R A T I C  R E P U B L I C  
H A U S  D E R  U N G A R I S C H E N  K U L T U R , K a r l-  
L ie b k n e c h t - S t r a s s e  9 , D D R -102 Berlin 
D E U T S C H E  P O S T , Z E I T U N G S V E R T R I E B S A M T , 
S t r a s s e  d e r  P a r is e r  K o m m ü n e  3 — 4 , D D R -104 Berlin 
G E R M A N  F E D E R A L  R E P U B L I C  
K U N S T  U N D  W IS S E N , E R I C H  B IE B E R , P o s tfa c h  
4 6 , 7000 Stuttgart 1

G R E A T  B R IT A IN
B L A C K W E L L ’S P E R I O D I C A L S  D I V I S I O N ,  H y th e  
B r id g e  S tr e e t ,  Oxford 0 X 1  2E T  
B U M P U S ,  H A L D A N E  A N D  M A X W E L L  L T D ., 
C o w p e r  W o rk s , Olney, Bucks M K 46 4BN  
C O L L E T ’S  H O L D I N G S  L T D . ,  D e n in g to n  E s ta te ,  
Wellingborough, Northants NN8 2Q T  
W M . D A W S O N  A N D  S O N S  L T D . ,  C a n n o n  H o u se , 
Folkestone , Kent C T 19 5ЕЕ
Н . К .  L E W IS  A N D  С О .,  136  G o w e r  S tr e e t ,  London 
W C1E 6BS

G R E E C E
K O S T A R A  K IS  B R O T H E R S ,  I n te r n a t io n a l  B o o k 
s e l le r s ,  2  H ip p o k r a to u s  S tr e e t ,  Athens-143

H O L L A N D
M E U L E N H O F F - B R U N A  B .V ., B e u l in g s tr a a t  2, 
Am sterdam
M A R T I N U S  N I J H O F F  B .V ., L a n g e  V o o r h o u t  
9  — 11, Den Haag

S W E T S  S U B S C R I P T I O N  S E R V IC E , 3 4 7 b  H e e re -
w eg, Llsse
IN D IA
A L L IE D  P U B L I S H I N G  P R IV A T E  L T D . ,  13/14 
A s a f  A li R o a d ,  N ew  Delhi 110001 
150 B -6  M o u n t  R o a d .  Madras 600002 
I N T E R N A T I O N A L  B O O K  H O U S E  P V T . L T D .,  
M a d a m e  C a m a  R o a d ,  Bombay 400039 
T H E  S T A T E  T R A D I N O  C O R P O R A T I O N  O F  
I N D I A  L T S ., B o o k s  I m p o r t  D iv is io n , C h a n d r a lo k ,  
36  J a n p a th ,  New D elhi 110001 
IT A L Y
E U G E N I O  C A R L U C C I .  P .O .B o x  2 5 2 , 70100 Bari 
I N T E R S C I E N T I A ,  V ia  M a z z é  28, 10149 Torino 
L IB R E R IA  C O M M I S S I O N A R I A  S A N S O N I ,  V ia  
L a m a r m o r a  4 5 , 50121 Firenze
S A N T O  V A N A S I A , V ia  M . M a c c h i 5 8 . 20124 
Milano
D . E . A ., V ia  L im a  2 8 , 00198 Roma 
J A P A N
K I N O K U N I Y A  B O O K - S T O R E  C O . L T D . ,  17-7 
S h in ju k u  3 c h o m e ,  S h in ju k u -k u , Tokyo 160-91 
M A R U Z E N  C O M P A N Y  L T D ., B o o k  D e p a r tm e n t ,  
P .O .B o x  5 0 5 0  T o k y o  In te r n a t io n a l ,  Tokyo 100-31 
N A U K A  L T D . I M P O R T  D E P A R T M E N T , 2 -3 0 -1 9  
M in a m i I k e b u k u r o ,  T o s h im a - k u ,  Tokyo 171 
K O R E A
C H U L P A N M U L , Phenjan 
N O R W A Y
T A N U M - C A M M E R  M E Y E R , K a rl J o h a n s g a ta n
4 1 - 4 3 ,  1000 Oslo
P O L A N D
W ^ G I E R S K I  I N S T Y T U T  K U L T U R Y , M a rs z a l-
k o w s k a  80, Warszawa
C K P  I  W  u l. T o w a r o w a  2 8  00-958 Warsaw
R O U M A N IA
D . E . P . Bucurefti
R O M L I B R I ,  S tr .  B is e r ic a  A m z e i 7, Bucure§ti 
S O V I E T  U N I O N
S O J U Z P E T C H A T J  —  I M P O R T ,  Moscow 
a n d  th e  p o s t  o ffic es  in  e a c h  to w n  
M E Z H D U N A R O D N A Y A  K N IG A , Moscow G-200 
S P A IN
D I A Z  D E  S A N T O S , L a g a s c a  95 , Madrid 6 
S W E D E N
A L M Q V IS T  A N D  W I K S E L L ,  G a m la  B r o g a ta n  26,
101 20 Stockholm
G U M P E R T S  U N I V E R S I T E T S B O K H A N D E L  A B ,
B o x  346, 401 25 Göteborg 1
S W IT Z E R L A N D
K A R G E R  L I B R I  A G ,  P e te r s g ra b e n  31 , 4011 Base 
U S A
E B S C O  S U B S C R I P T I O N  S E R V IC E S , P .O .B o x  
1943, Birmingham , Alabam a 35201
F .  W . F A X O N  C O M P A N Y ,  IN C ., 15 S o u th w e s t  
P a r k ,  Westwood, M a ss , 02090 
T H E  M O O R E - C O T T R E L L  S U B S C R I P T I O N  
A G E N C I E S , North Cohocton, N. Y. 14868 
R E A D - M O R E  P U B L I C A T I O N S ,  IN C ., 14 0  C e d a r  
S t r e e t ,  New York , N . Y . 10006
S T E C H E R T - M A C M I L L A N , IN C .,  7 2 5 0  W e s t f ie ld
A v e n u e , Pennsauken N. J . 08110
V IE T N A M
X U N H A S A B A , 3 2 , H a i  B a  T ru n g , Hanoi 
Y U G O S L A V IA
J U G O S L A V E N S K A  K N J I G A ,  T e ra z ije  2 7 , Beograd 
F O R U M , V o jv o d e  M iS iC a  1, 21000 Novi Sad

15. IX. 1977 Index: 26.007



ACTA
CHIMICA

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

ADIUVANTIBUS

M. BECK , R . BO G NÁR, V. B R U C K N E R , 
G Y. H A R D Y , K . LE M PER T, P . M ÁRTA, 

К . P O L IN SZ K Y , E. PU N G O R ,
G. SCH AY, Z. G. SZABÓ, P. T É T É N Y I

В. B E N G Y E Iv e t  G Y . D E Á K

REDIGUNT

TOMUS 93 FASCICULUS 2

ACTA СШМ. (BUDAPEST)

A K A D É M IA I K IA D Ó , B U D A P E ST  

1 9 7 7

ACASA2 93 (2) 107—214 (1977)



ACTA CHIMICA
A M A G Y A R  T U D O M Á N Y O S  A K A D É M I A  
K É M I A I  T U D O M Á N Y O K  O S Z T Á L Y Á N A K  

I D E G E N  N Y E L V Ű  K Ö Z L E M É N Y E I

F Ő S Z E R K E S Z T Ő

L E N G Y E L  B É L A

S Z E R K E S Z T Ő

D E Á K  G Y U L A

T E C H N I K A I  S Z E R K E S Z T Ő

H A R A SZ T H Y -P A P P  M ELIND A

S Z E R K E S Z T Ő  B I Z O T T S Á G

BECK M IH ÁLY, B O G N Á R  R EZSŐ , B R U C K N E R  GYŐZŐ, 
H ARDY G Y U L A , L E M P E R T  K ÁRO LY, M ÁRTA F E R E N C , 
POLINSZKY K Á R O L Y , P U N G O R  ERN Ő , SC H A Y  GÉZA, 

SZ A B Ó  ZOLTÁN, T É T É N Y I PÁL

A cta  Chimica is a journal for the publication of papers on all aspects o f chem istry in 
E nglish , German, French and R ussian  languages.

A cta  Chimica is published in  4 volum es per year. Each volum e consists o f 4 issues of 
varyin g  size.

M anuscripts should be sen t to

Acta Chimica
H -1521 Budapest , Hungary

Correspondence w ith  th e  E d itors should be sent to the sam e address. M anuscripts are 
not returned  to the Authors.

Subscription rate $ 32.00 per volum e.
H ungarian subscribers should  order from  Akadém iai K iadó, 1363 B udapest, P.O. B ox 24. 

A ccou nt N o . 215 11488.
Orders from other countries are to be sen t to “ K ultúra”  Foreign Trade Company 

(H -1389  B udapest 62, P.O. B o x  149. A ccount N o. 218 10990) or to its  representatives abroad.



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 93 ( 2 ) ,  pp .  107—116 (1 9 7 7 )

APPLICABILITY OF THE PPP AND CNDO/2 
METHODS FOR THE STRUCTURAL 

INVESTIGATION OF ORGANOSILICON 
COMPOUNDS I

J .  R é f f y , T. V e s z p r é m i , P . H e n c s e i  a n d  J .  N a g y

(Department o f  Inorganic Chemistry, Technical U n iversi ty  o f  Budapest) 

R eceived  May 20, 1976

Q uantum chem ical calculations related to the m olecular structure o f p h en y l-  
halogenosilanes, phenoxysilanes and vinyl, allyl. p h en y l, benzyl derivatives o f  IV ./ l .  
group elem ents were carried out by PPP, iterativ P P P  and CNDO/2 m ethods. A m on g  
other th ings the charge d istribution , dipole m om en t, electron transition energies, 
ionization energies o f the m olecules were calculated. B ased  on the comparison o f  the  
calculated and experim ental data conclusions on th e  bond structures were draw n.

In troduc tion

S tu d y  on o rg anom eta llic  com pounds h as  b e e n  in  progress in th e  D e p a r t 
m en t o f In o rg a n ic  C hem istry  o f  B u d ap est T e c h n ic a l U niversity  fo r  m o re  
th a n  tw e n ty  y e a rs . O ur in te re s t  h as  been focussed  p a r tic u la r ly  on th e  o rg a n ic  
com pounds o f silicon, g erm an iu m  and  tin . T h e  re se a rc h  work has in c lu d e d  
th e  p re p a ra tio n  o f a n u m b er o f  com pounds, s tu d y  o f  th e ir  in d u stria l a p p l ic a 
tio n , ca rry in g  o u t  physico-chem ical m easu rem en ts , th e  in te rp re ta tio n  o f  th e  
experim en ta l re su lts  and  b y  th e  help  of th ese  r e s u lts  th e  s tru c tu ra l in v e s t ig a 
tio n  of th e se  com pounds. T h is w ay  th e  a p p lic a t io n  of q u a n tu m c h e m ic a l 
m ethods is c losely  re la ted  to  th e  research  w o rk  in  th e  In s titu te . R e la t iv e ly  
few papers h a v e  been  p u b lish ed  on th e  q u a n tu m c h e m ic a l in te rp re ta t io n  o f 
th e  s tru c tu re  o f  o rganosilicon com pounds. T h e  m a in  d ifficu lty  of th e  c a lc u la 
tions for th e se  m olecules as co m p ared  w ith  o rg a n ic  m olecules is c a u se d  b y  
th e  presence o f  th e  silicon d  o rb ita ls . F ro m  a m o n g  th e  q u a n tu m c h e m ic a l 
m ethods f irs t  o f  all th e  P P P , i te r a t iv  P P P  a n d  C N D O /2 m ethods h a v e  b een  
applied  in  o u r  w ork  for th e  in v es tig a tio n  o f  s t r u c tu r a l  problem s. I n  o rd e r  
to  s tu d y  th e  scope of ap p lic a tio n  o f  these  m e th o d s  calculations h a v e  b een  
carried  o u t fo r  num erous com pounds. In  th is  p a p e r  som e resu lts o f  o u r  c a l
cu lations a re  p resen ted .

Param eters

The n ecessa ry  in p u t p a ra m e te rs  of o u r  P P P  calcu lations [1, 2] w ere  
chosen as fo llow s. The valence s ta te  io n iza tio n  en e rg ie s  and  e lectron  a f f in itie s  
were ta k e n  m a in ly  on th e  b as is  o f  th e  w ork  o f  H in z e  an d  J affe  [3 , 4 ] .  T h e

1 Acta Chim. ( Budapest)  93, 1977
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io n iz a tio n  energy a n d  e lec tron ic  rep u ls io n  in te g ra l of silicon 3d o rb ita l  were 
c h o se n  — 1.10 eV a n d  3.762 eV, r e s p e c tiv e ly  according to  L e v i s o n  and  
P e r k i n s  [5]. F or th e  c a lcu la tio n  of th e  tw o -c e n te r  electronic re p u ls io n  in teg ra ls  
th e  M a t a g a —N ish im o t o  equa tion  [6] w a s  used. The re so n an ce  in teg ra ls  
w e re  ca lcu la ted  b y  th e  W o l f sb e r g — H e l m h o l z  form ula [7]. T h e  va lu e  of 
p ro p o r t io n a li ty  fa c to r  к  w as d e te rm in ed  f ro m  th e  resonance a n d  overlap  
in te g ra ls  of carbon—c a rb o n  bond in  benzene  [8]. The con fig u ra tio n  in te ra c tio n  
(C l)  w as ta k e n  in to  ac c o u n t in  our c a lc u la tio n s , and for la rg e r  m olecules 
p a r t i a l  C l was ap p lied .

T he m ost im p o r ta n t  P P P  p a ra m e te rs  a re  sum m arized in  T a b le  I .  In  the

Table I

P P P  parameters ( i n  eV )

i - U 4 m i ß i j

C 11.16 11.13 c  c 2.39

N+ 28.733 16.776 C - N 1 .7 3 -2 .0 7

0 17.693 15.217 C - 0 2.15

0  + 32.9 21.53 N -  0 2.41

F + 39.964 21.713 C - F 1.92

C1+ 26.675 12.949 C -C l 1.76

Si 1 . 1 0 3.762 S i - C 1 .0 2 -1 .3 2

Ge 0.984 3.762 S i - N 0.97 — 1.10

Sn 0.786 3.762 S i-  0 1.26

Si F 2.36

Si Cl 0.65

G e - C 0 . 8 6

S n - C 0 . 8 8

Table I I

The values o f  constants in the equation fo r  calculating 
the ionization energy (U (  =  - a,- exp (b(Z*))

* Of b i

C 0.6133 1.0362

N  + 0.9702 0.8723

О 0.7093 0.8144

0  + 0.8660 0.8459

F + 0.7093 0.8144

Si 0.2066 0.9555

C1 + 0.4348 0.7417

A c ta  Chim . ( Budapest)  93, 1977
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case of i te ra t iv  P P P  m e th o d  [9, 10] only  th e  io n iza tio n  energies w ere v a ried , 
th e  re s t o f  th e  in p u t p a ra m e te rs  was ta k e n  as c o n s ta n t. The ion iza tio n  energies 
were ca lcu la ted  from  th e  B u r n s  effective n u c lea r  charges [11] on th e  basis 
of e x p o n en tia l re la tio n s . T he re la tio n s were d e te rm in e d  from  th e  d a ta  o f iso- 
e lectron ic  series belong ing  to  th e  sam e e lec tro n ic  s ta te . The v alues o f th e  
c o n s ta n ts  in  th e  used  re la tio n s  are rep re sen ted  in  T ab le  I I .

T he CNDO/2 ca lcu la tio n s  [12, 13, 14] w ere ca rried  o u t w ith  s, p  an d  d  
basis b y  th e  o rig inal P o ple  — B e v e r id g e  p ro g ra m  [15].

R esults

W e stu d ied  th e  m o lecu la r s tru c tu re  o f  phenylhalogenosilanes  b y  P P P  
and  i te ra t iv  P P P  m eth o d s . T he aim  was to  re p ro d u ce  th e  u ltra v io le t sp e c tra  
of th e  com pounds in v e s tig a te d . T he c a lcu la ted  an d  m easu red  u ltra v io le t 
tra n s itio n s  are  p re se n te d  in  T ab le  I I I .  I t  is w o rth y  o f m en tion ing  t h a t  p ro p e r 
re su lts  w ere o b ta in e d  fo r n o t  on ly  th e  positio n  o f  th e  peaks b u t  also fo r th e  
in ten s itie s . T he i te r a t iv  P P P  resu lts  were so m ew h at w orse.

T he dipole m o m en ts  o f  th e  com pounds w ere ca lcu la ted , too . T he d ipole 
m om en ts w ere g iven as th e  v ec to ria l ad d itio n  o f  th e  р,л dipole m o m en ts  o b ta in e d  
b y  P P P  m eth o d  an d  d ipole m o m en ts  o f th e  a  sy s tem s. F o r th e  la t te r  pu rpose  
we m od ified  th e  D e l  R e  m eth o d  [17] and  e x te n d e d  i t  fo r organosilicon  com 
p o u n d s. As i t  can  be  seen in  T ab le  IV  th e  e x p e rim e n ta l an d  ca lcu la ted  d a ta  
agreed  w ith  a d ifference o f  0.1 — 0.2 D . T he o n ly  ex cep tio n  w as th e  p heny l- 
tr if lu o ro s ilan e , w here th e  d ifference w as ra th e r  la rg e : 0.5 D . I t  can  be  accep ted  
th a t  th e  p a ra m e te rs  u sed  in  th e  ca lcu la tions a re  a p p ro p ria te , an d  som e m ole
cu lar fa c to r  w hich h as  n o t been  ta k e n  in to  c o n sid e ra tio n  is responsib le  fo r th e  
m en tio n ed  an o m aly . F o r  th is  reason  i t  w as su p p o sed  th a t  th e  F —Si—F  b o n d  
angles w ere less th a n  te tr a h e d ra l  an d  th e  to ta l  en erg y  of th e  m olecule was 
ca lcu la ted  in  th e  fu n c tio n  o f  th e  F - S i- F  angle . B y  th is  m eth o d  th e  v a lu e  of 
th e  b o n d  angle can  be p re d ic te d . Since th e  D e l  R e  an d  P P P  ca lcu la tio n s are 
genera lly  n o t used  fo r th e  e s tim a tio n  of b o n d  ang les, we carried  o u t CND O /2 
ca lcu la tio n s as w ell. T he re su lts  are show n in  F ig . 1.

I t  can  be seen th a t  a t  ab o u t 107.5° i.e. a t  th e  m in im um  o f th e  to ta l  
energy  th e  CNDO m e th o d  resu lts  in  a c a lc u la ted  dipole m o m en t w h ich  is 
n e a rly  th e  sam e as th e  ex p e rim en ta l one. A t th e  sam e tim e  th e  D e l  R e  an d  
P P P  m eth o d  p ro v id es  a co rrec t v a lue  for th e  d ipo le  m om en t a t  a b o u t 103°. 
A lth o u g h  th e  v a lu e  a ro u n d  107° appears to  be m ore p ro b ab le , b o th  m eth o d s 
in d ica ted  id en tica l tre n d . In  th e  m e th y ltr if lu o ro s ila n e  w ith  s im ila r s tru c tu re  
th e  F - S i - F  angle is 106.5° (as i t  was d e te rm in ed  b y  m icrow ave sp ec tro sco p y
[19]), an d  based  on e lec tro n  d iffrac tion  m ea su re m e n t A l e k s e j e v  fo u n d  th is  
bond  angle in  p h e n y ltriflu o ro s ilan e  to  be 106° [20].

1‘ Acta Chim. (Budapest) 93, 1977
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Table I I I

Calculated and experim ental
ultraviolet tra n sitio n  energies o f  phenylhalogenosilanes ( in  e V )

Compound
ppp IP P P E xp . d a ta  [16]

IECI f 1ECI f Л Е f

C6H 5SiF 3 4.706 A ” 0.0008 4.829 A” 0.0008 4.705 0.0041
5.937 A’ 0.0338 5.943 A’ 0.0648 5.904 0.0954

(C6H 5)2SiF2 4.695 A„ 0.0000 4.714 B, 0.0006
4.687 0.0073

4.696 B x 0.0020 4.714 A2 0.0000

5.809 B 2 0.1719 5.734 B 2 0.2595 5.740 0.1707

CH3(CBH5)SiF2 4.697 A ” 0.0110 4.724 A” 0.0001 4.696 0.0033
5.898 A’ 0.0528 5.878 A’ 0.0955 5.876 0.0927

C6H 5SiCl3 4.675 A” 0.0022 4.663 A ” 0.0240 4.661 0.0041
5.751 A’ 0.1403 5.551 A’ 0.2352 5.700 0.0909

(C6H 5)2SiCl2 4.668 A2 0.0000 4.656 A2 0.0000

4.669 B t 0.0041 4.657 B , 0.0042 4.661 0.0076

5.588 B 2 0.2896 5.323 B 2 0.3725 5.635 0.2267

CH3(C6H 5)SiCl2 4.672 A ” 0.0022 4.664 A” 0.0022 4.678 0.0029
5.745 A ’ 0.1337 5.544 A’ 0.2248 5.740 0.0846

(C6H 5)3SiCl 4.808 E 0.0003 4.711 A 0.0003
4.814 A 0.0004 4.711 E 0.0004 4.714 0.0056
4.814 E 0.0004 4.712 E 0.0004
5.704 E 0.1809 5.467 E 0.2189
5.707 E 0.1748 5.472 E 0.2154 5.635 0.2946

Table IV

Calculated and experim ental dipole moments 
o f  phenylhalogenosilanes ( in  D ebye)

Compound D el  R e +  P P P D el  R e  +  IP P P Exper. data  
[18]

C6H5SiF3 2.238 1.958 2.77

(C6H5)2SiF2 2.615 2.235 2.59

(C6H5)3SiF 2.063 1.693 1.85

CcH5SiCl3 2.246 2.296 2.21

(CcH5)2SiCl2 2.626 2.636 2.58

(CBH5)3SiCl 2.123 2.023 2.16
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Fig. 1. T otal energy and dipole m om ent o f  C,.H5SiF3 in the function of F -S i-F  bond angle

Fig. 2 illu s tra te s  the  charge d is tr ib u tio n  o f  p h en y ltriflu o ro s ilan e  ca lcu 
la te d  b y  CNDO/2 an d  P P P  -f- D e l  R e m ethods. T he n ea rly  com plete  ag ree
m en t o f  th e  silicon an d  flu o r charges by  th e  tw o  m eth o d s is su rp tis in g . The 
charge  d is trib u tio n  fo r p h en y ltrich lo ro s ilan e  can be seen in  F ig . 3. The tre n d

Fig. 2. Partial charges in Cr,H 5S iF 3 by D el  R e  +  P P P  and CNDO/2 m ethods

Fig. 3. Partial charges in C,.H5SiCl3 by D e l  R e P P P  and CNDO/2 m ethods
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o f  th e  a tom ic  charges o b ta in e d  b y  th e  tw o  m eth o d s is also th e  sam e, b u t 
th e  C N D O /2 m ethod  s tro n g ly  u n d e re s tim a te s  th e  charge  o f ch lorine an d  silicon 
a to m s , th e  chem ical ex p erien ce  su p p o rts  th e  re su lts  o f P P P  -f- D e l  R e cal
c u la tio n s .

In  th e  follow ing p a r t  we w ould  like to  re p o rt a b o u t our in v es tig a tio n s  
o n  com pounds o f  s im ila r typ e  containing silicon , germ an ium  and tin .

Fig. 4.  Overlap of the d orbitals w ith  the p  orbitals of carbon atom s, a)  for v in y l and phenyl 
derivatives; b) for allyl and benzyl derivatives

I t  is know n th a t  th e  v a c a n t d  o rb ita ls  of silicon p a r tic ip a te  in  chem ical 
b o n d s . F o r germ anium  a n d  t in  com pounds, how ever, th is  in te ra c tio n  has no t 
b e e n  m ad e  clear. A ccord ing  to  v a rio u s  ex p e rim en ta l d a ta  th e  role o f  d  o rb ita ls 
is n eg lig ib le , on th e  o th e r  h a n d  u ltra v io le t spec tro scop ica l m easu rem en ts  
— in  th e  case of u n s a tu ra te d  h y d ro ca rb o n s  — show  th e  in te ra c tio n s  w ith  d 
o rb i ta ls  being  considerab le . N am e ly  th e  sp ec tra  o f g erm an iu m  an d  t in  com 
p o u n d s  in  com parison  w ith  th o se  of th e  co rrespond ing  ca rb o n  an d  silicon 
a n a lo g o n s  ind ica te  im p o r ta n t  sh ifts  w hich c an n o t be s im p ly  ex p la in ed  by  
in d u c t iv e  effect. To s tu d y  th e  effect o f d o rb ita ls  P P P  ca lcu la tio n s were 
c a r r ie d  o u t. F irs t o n ly  an  in te ra c tio n  o f th e  h e te ro a to m  w ith  ca rb o n  atom  
in  a  p o sitio n  (i.e. th e  co rre sp o n d in g  resonance in te g ra l /9, ) wras ta k e n  in to  
a c c o u n t, th e n  the  in te ra c tio n  w ith  carb o n  a to m  in ß  an d  even in  у  position  
w as considered . C a lcu la tio n s w ere also p erfo rm ed  w hen th e  in te ra c tio n  of th e  
h e te ro a to m  w ith  th e  л  sy s te m  w as en tire ly  neg lec ted . T he ca lcu la ted  and  
e x p e r im e n ta l resu lts  a re  su m m a riz e d  in  T ab le  V. As i t  can  be seen th e  best 
r e s u lts  w ere o b ta ined  fo r co m p o u n d s o f vario u s ty p e  w ith  th e  a ssu m p tio n  
o f  d iffe re n t in te rac tio n s , a n d  th e  e x p lan a tio n  of th e  re su lts  can  be g iven on 
th e  b a s is  o f a m odel show n in  F ig . 4.

In  th e  case of v in y l a n d  p h en y l d e riv a tiv e s  th e  h e te ro a to m  is placed 
in  th e  p lan e  of th e  л  sy s te m , an d  on ly  a b o n d  o f л  c h a ra c te r  can  he form ed. 
O n  go in g  from  silicon to  t i n  th e  d  o rb ita l becom es m ore diffuse a n d  la rger 
in  d ia m e te r . H ereby  th e  o v e rlap  an d  th e  in te ra c tio n  w ith  th e  p  o rb ita l o f the
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Table V

Calculated and experimental ultraviolet transition energies 
fo r  compounds o f  type R M ( C H 3) 3 ( i n  e V )

W ithout
hetero-
atom

In te rac tion  in

R M a ß ^EeXp [21]
position

c6h 5- c 4.719 — — — 4.714
5.983 5.949

Si 4.730 4.668 4.810 — 4.687

6.006 5.687 6.079 5.766
Ge 4.731 4.693 4.787 — 4.798

6.010 5.816 6.060 5.792

Sn 4.734 4.707 4.803 — 4.793
6.014 5.905 6.087 5.955

CH2 =  C H - c 7.447 — — 7.424

(ethylene)

Si 7.302 6.102 6.932 6.964

Ge 7.304 6.262 6.876 — 6.792

Sn 7.336 6.530 7.298 6.635

C6H5CH2- c 4.696 — — — 4.779

5.940 5.866

Si 4.696 4.695 4.648 — 4.635

5.940 5.926 5.688 5.609

Ge 4.696 4.695 4.664 4.583 4.604

5.940 5.931 5.773 5.512 5.509

Sn 4.696 4.695 4.657 4.568 4.544

5.940 5.935 5.778 5.526 5.248

CH2= C H  CH8 c 7.029 — —

Si 7.029 6.428 6.230 6.456

Ge 7.029 6.484 6.313 5.922 6.325

Sn 7.029 6.743 6.439 5.930 6.901

neighbouring  an d  fa re r  ca rb o n  a tom s w eakens. O n th e  c o n tra ry  fo r th e  allyl 
an d  benzyl d e riv a tiv e s  th e  h e te ro a to m  is ro ta te d  o u t o f th e  p lan e  o f th e  
sy stem  and  th e re  is a p o ss ib ility  of form ing a a in te ra c tio n  b e tw een  th e  
o rb ita l and  th e  co rresp o n d in g  carbon  a to m  in  ß  p o sitio n . T his in te ra c tio n  
can be ex ten d ed  fo r fa re r  ca rb o n  atom s if  th e  size o f th e  d  o rb ita l is increasing . 
In  these  te rm s a ll th e  re su lts  show n can be ex p la in ed .

To s tu d y  th e  s tru c tu re  of su b s ti tu te d  phenoxytrim ethylsilanes  
(XC„H4O Si(CH 3)3, w here X  =  C H 3, Cl, N O ,, O Si(C H 3)3, F  in orto, meta and
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Hexp(D)

Fig. 5. P lot of the calculated d ipole m om ents o f  phenoxysilanes against the experim ental
values

p a ra  positions) i te ra t iv  F P P  calcu la tions w ere ca rried  o u t, in  w hich a p lan a r 
m o d e l w as assum ed a n d  co n firm ed  by  th e  ag reem en t o f th e  ex p erim en ta l 
a n d  ca lcu la ted  e lec tron ic  tra n s i t io n  energies d e m o n s tra te d  la te r . B ased  on 
th e  jc charge d is tr ib u tio n  a n d  th e  a charges o b ta in ed  b y  D e l  R e m ethod  
w e ca lc u la ted  th e  d ipole  m o m en t o f th e  co m pounds w ith  th e  a ssu m p tio n  of 
free  ro ta tio n . I t  w as su p p o sed  th a t  the  tr im e th y ls ilo x y  g roup  ro ta te s  freely  
a ro u n d  th e  oxygen—a ro m a tic  carbon  axis, m eanw hile  th e  charge  d is tr ib u tio n  
does n o t  change, an d  all th e  sp a tia l a rran g em en ts  are of sam e energy  an d  of 
sam e  possib ility . In  m o st cases th e  dipole m o m en t ca lcu la ted  th is  w ay  shows 
a good  agreem ent w ith  th e  exp erim en ta l va lu e  as i t  is i l lu s tra te d  in  Fig. 5.

Fig. 6. P lot of the calculated ’E^i values o f phenoxysilanes against experim ental electron
transition ( IE )
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The g rea test d ifference for th e  o rto -b is-(trim ethy lsiloxy )-benzene can  be 
u n am bigously  ex p la in ed  by  th e  size of th e  tr im e th y ls ilo x y  group h in d erin g  
th e  ro ta tio n . T he good agreem ent o f th e  ca lcu la ted  an d  exp erim en ta l d a ta  
su p p o rts  th e  assum ed  geom etrical m odel, for ex am p le  th e  value of th e  Si— 
0 - C ar bond angle to  be 121°. T h e  electron ic  tra n s i t io n  energies of phen o x y - 
silanes ca lcu la ted  b y  I P P P  m eth o d  are  p re sen ted  in  F ig . 6 in  th e  fu n c tio n  
o f th e  exp erim en ta l e lectron ic  tra n s itio n s . The v a lu e  o f th e  co rre la tion  coef
f ic ie n t is 0.982.

l « p l eV)

Fig.  7. P lot of the calculated ionization energies o f phenoxysilanes against the experim ental
values

Fig. 7 i l lu s tra te s  th e  co rre la tio n  betw een  th e  ex p e rim en ta l and  ca lcu 
la te d  ion ization  energ ies of p henoxysilanes. A lth o u g h  th e  ca lcu la ted  values 
a re  ab o u t 1 eV h ig h e r th a n  th e  ex p erim en ta l ones, th e  co rre la tion  coeffic ien t 
(r) is 0.911.
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STUDY OF THE HYDRATION 
OF MACROMOLECULES, III*

M E A SU R EM EN T OF T H E  S E L F -D IF F U S IO N  OF W ATER IN  
POLY(ACRYLIC ACID) SO LUT IO NS

G y . I n z e l t  and P . G r ó f
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Eötvös Loránd University, Budapest)
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The self-diffusion coefficient o f water was determ ined at 25 and 35°C in aqueous 
solutions of po!y(acrylic acid) (PAA) in the concentration range of 3 — 10 w t.% . The 
open-end capillary m ethod w ithout stirring was used to measure the self-diffusion  
coefficient. lsO was em ployed as a tracer in water, and the sam ples were analyzed w ith  
a mass spectrom eter. The specific volum es and v iscosities o f  the solutions, and the  
average degree of dissociation of the PAA were determ ined.

In the concentration range exam ined, the self-diffusion coefficient o f water 
decreases linearly w ith  increasing PAA concentration at both  tem peratures. The acti
vation energy of self-diffusion was found to be 4.9 +  1.2 kcal m o l-1 . The hydration  
number of the PAA carboxy group was calculated: depending on the form factor, this 
was 4.9 5.4 and 5.6 6.0 water m olecules per COOH group at 25 and 35 °C, respec
tively .

As a co n tin u a tio n  o f o u r p rev ious w ork [1, 2]. in  th e  p resen t s tu d y  it  
was desired  to  d e te rm in e  th e  h y d ra tio n  n u m b e r o f th e  ca rb o x y  g roups o f 
po ly (acry lic  acid) (in th e  follow ing PA A ).

The selection  of PA A  w as ju s tif ie d  b y  th e  fa c t th a t  it is th e  s im p lest 
m odel su b stan ce  fo r th e  d e te rm in a tio n  of th e  h y d ra tio n  of th e  ca rb o x y l 
group . PA A  is a m acrom olecu le  w hich is re a d ily  d issolved in  w a te r, an d  
w hich behaves as a n o n -e lec tro ly te  in  th e  c o n c e n tra tio n  range em ployed  in 
th is  w ork.

N um erous e s tim a te s  of th e  e x te n t o f h y d ra tio n  o f th e  ca rb o x y  g roup  
are  to  be found  in  th e  l i te ra tu re  [3 — 9]. T hese v alues m u st be t r e a te d  w ith  
a ce rta in  degree o f re se rv e , how ever. F irs tly , th e  system s in v es tig a ted  w ere 
m u ltico m p o n en t so lu tions o f p o lypep tides o r  p ro te in s  w ith  com p lica ted  
s tru c tu re s  [3, 5, 6], in  w hich  i t  was p ro b lem a tica l to  assign th e  b o u n d  w a te r  
to  one fu n c tio n a l g roup . F u r th e r , th e  p ossib ilities  g iven by  th e  m e th o d s d id  
n o t p rovide a sa tis fa c to ry  basis for re liab le  q u a n ti ta t iv e  conclusions [5, 7 — 9].

A ccordingly , th e  d iffe ren t au th o rs  o b ta in e d  h y d ra tio n  num bers v a ry in g  
w ith in  w ide lim its  (1 —7.5 w a te r m olecular p e r CO O H  group).

T hus, it  is n o t su rp ris in g  if  th e  d ifferences in  th e  num erica l va lues w ere 
accom pan ied  by  o th e r  c o n trad ic tio n s : for ex am p le , ce rta in  au th o rs  [5, 7, 8] 
considered  th a t  h y d ra tio n  of th e  ionized fo rm  is th e  s ign ifican t re a c tio n ,

* For Part II, see Ref. [2].
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w h ereas  o thers [6] d rew  th e  conclusion  th a t  th e  ca rb o x y  g ro u p  in te ra c ts  
s tro n g ly  w ith  w a te r  on ly  in  th e  u n c h a rg e d  s ta te .

In  th e  p resen t p a p e r  an  acco u n t is g iven  of our resu lts  o b ta in e d  on th e  
m e a su re m e n t of th e  self-d iffusion  coeffic ien t o f w ate r. T he v a r ia tio n s  in  th e  
se lf-d iffusion  coefficient o f w a te r  w ere in v e s tig a te d  in  th e  PA A  c o n cen tra tio n  
ra n g e  o f  3 —10 w t.% , a t  25 an d  35°. T he densities and  v iscosities o f  th e  so lu
tio n s  w ere m easured  a t  25, 30 an d  35 °C. T he average degree o f  d issocia tion  
o f  th e  PA A  a t  th e  c o n c e n tra tio n  ex am in ed  was also d e te rm in ed .

T h e  h y d ra tio n  n u m b e r of th e  c a rb o x y  g roup  and the  a c tiv a tio n  energy 
o f th e  tra n s p o r t  processes w ere ca lcu la ted .

E x p erim en ta l

T he PAA used was a com m ercial product o f Polysciences. The m ass average molecular 
w eight o f  the sample was 150,000.

T he determ inations of the self-diffusion coefficient o f water, and the v iscosities and 
specific  volum es of the solutions, were reported earlier [1]. The degree of d issociation and the 
dissociation  equilibrium constant were determ ined by pH -m easurem ent and by potentiom etric  
titra tion , as described in the literature [10].

R esu lts  an d  discussion

T h e  resu lts  o f th e  self-d iffusion  m easu rem en ts  are lis ted  in  T ab le  I. 
A t b o th  te m p e ra tu re s  th e  re la tiv e  self-d iffusion  coefficient of w a te r , and  th e  
v a lu e  o f  th is  co rrec ted  in  acco rdance  w ith  th e  W a n g  re la tio n  [1], decrease 
l in e a r ly  as a fu n c tio n  o f  th e  PA A  c o n c e n tra tio n  in  th e  in te rv a l ex am in ed . 
T h e  av e rag e  ac tiv a tio n  en erg y  for th e  self-d iffusion of w a te r (/1H o) w as found 
to  be  4 .9  — 1.2 kcal m o l-1 , w hich, w ith in  th e  ex p erim en ta l e rro r , does n o t 
d iffe r fro m  th e  value o b serv ed  for th e  process in  p u re  w ate r. T his is in  accord-

ТаЫе I

Self-diffusion coefficient o f  water in P A A  
solutions at 25 and 35 °C

PAA
concentration

(%)
Das x  I05 
(cm2 s-1)

D„ x 10s
(cm2 s-1)

AHjj
(kcal mol-1)

0.00 2.57 +  0.02 3.49 +  0.15 4.9 4-0.8
3.06 2.22 +  0.08 2 .8 1 + 0 .1 2 4.4 +  1.3

5.10 1.98 +  0.10 2.64 + 0.08 5 .1 ^ 1 .3

7.17 1.77 +  0.12 2.29 +  0.16 4.6 + 1 .3
10.26 1.41 +  0.07 1.91 +  0.08 5.3 +  1.1

T he scatter of the m easurem ent is given  by the average error of the m ean value.
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ance  w ith  th e  idea  th a t  th e  in it ia l  s tep  in  th e  p rocess of self-d iffusion  is 
th e  b reak ag e  of 2 hyd rogen-bonds p e r  a c tiv a te d  m olecule. F o r d e te rm in a tio n  
o f  th e  h y d ra tio n  n u m b e r it  is n ecessa ry  to  know  th e  specific vo lum e o f  th e  
m acrom olecule. T he value of th is  w as ca lcu la ted  from  th e  specific vo lu m es 
m easu red  for th e  so lu tions, these  d a ta  being  g iven  in  T ab le  I I .  V alues o f  1.500

T ab le  II

Specific volumes o f  aqueous solutions o f  
P A A  at various temperatures

PAA
Vt

concentration
(%)

a t 25 °C 
(cm3 g " 1)

a t 30 °C 
(cm3 g ‘)

a t 3 5 °C
(cm3 g-»)

0.00 1.0029 1.0044 1.0060*

3.06 0.9931 0.9947 0.9967

5.10 0.9865 0.9881 0.9890

7.17 0.9795 0.9802 0.9815

10.26 0.9686 0.9707 0.9713

*[П].
R elative error o f the specific  volum es: + 0 .6 %

a n d  1.667, asc ribab le  to  spherical a n d  rod  shapes, w ere used as th e  fo rm  fa c 
to r  (a), assum ing  th a t  in  th e  case o f  th e  ran d o m  coil fo rm ed  by  th e  PA A  
m olecules it  is p ro b a b ly  n ecessary  to  ca lcu la te  w ith  values in te rm e d ia te  
b e tw een  th e  tw o  ex trem e  form s, b u t  n o t e x a c tly  de te rm in ed . I t  sh o u ld  be 
n o te d  th a t  th e  PA A  m olecules e x h ib it a sp h erica l form  on an  e lec tro n - 
m icroscopic p h o to g ra p h  of th e  f i lm  o b ta in e d  b y  e v a p o ra tio n  o f th e  so lv e n t 
fro m  a d ilu te  so lu tio n , in  c o n tra s t w ith  th e  p ic tu re  sim ila rly  p rep a red  fo r  th e  
a lk a li m e ta l sa lts  o f PA A , w here th e  ex ten d ed  fo rm  o f th e  m acrom olecu les 
can  be well seen [12]. O ur m easu rem en ts  in d ica te  th a t  th e  specific  v o lu m es 
o f  PA A  a t 25 and  35° are 0.653 an d  0.645 cm 3 g _1, resp ec tiv e ly . W hen  c a lc u la 
tio n s  w ere m ade w ith  these  a p p a re n t specific vo lum es, th e  W a n g  re la tio n  [1] 
led  to  th e  h y d ra tio n  num bers g iven  in  T ab le  I I I .  In  th e  p resen t case to o  th e  
d iffusion  of th e  m acrom olecule w as n eg lec ted , an d  i t  was assum ed  t h a t  all 
o f  th e  carboxy  g roups are  accessib le as reg a rd s  h y d ra tio n .

F o r PA A  i t  is p a rtic u la r ly  ju s t if ie d  to  ex am in e  w h a t g roup  th e  h y d ra 
tio n  num bers o b ta in e d  is to  be assig n ed  to , since th e  po ly e lec tro ly te  m a c ro 
m olecule can be conceived of as th e  copo lym er o f m onom ers w hich  c o n ta in  
C O O H  or COO~ groups. I t  is o b v io u s th a t  th e  h y d ra tio n s  o f th e  tw o  g roups 
to  be considered w ith  regard  to  th e  effect u n d e r  in v es tig a tio n  m a y  d iffe r 
(in  th e  p resen t case too  h y d ra tio n  o f  th e  v in y l b ase-ch a in  m ay  be d isreg a rd ed ). 
F ro m  th e  d issocia tion  degree d a ta ,  lis ted  in  T ab le  IV , i t  can  be seen  th a t
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Table III

H ydra tion  numbers o f  the carboxy group of  
P A A  at 25 and 35 °C fo r  two values o f  a

T em peratu re
(°C)

H
No. of H 20  molecules per COOH group

at a  =  1.500 a t a  =  1.667

25 5.44-0.6 4.9 +  0.6
35 6.0 +  1.2 5.6 +  1.2

Table IV

Average degree of dissociation and dissociation 
equilibrium constant ( K^) o f  P A A  at 25 °C

PAA
concentration

(%)

D egree of 
dissociation

3.06 0.016

5.10 0.011

7.17 0.009
10.26 0.006

K d =  4.2 X lO "5

th e re  is rou g h ly  one C O O " group fo r e v e ry  100 COOH groups. T h is ra tio  
v a r ie s  as a fu n c tio n  o f  th e  co n cen tra tio n : in  th e  range  ex am in ed  here  th e  
m a x im u m  d ev ia tio n  fro m  th e  above v a lu e  c a n  be expressed  w ith  a fa c to r  
o f  1.6. I t  appears re a so n a b le , therefo re , ta k in g  in to  acco u n t th e  above  n u m e r
ica l r a t io , to  assign th e  h y d ra tio n  n u m b ers  to  th e  non-ion ic C O O H  group . 
In  th e  c o n cen tra tio n  in te rv a l  in question  th e  s tru c tu re -b re a k in g  effect o f th e  
io n ic  g roups does n o t  seem  sign ifican t e ith e r , as th is  shou ld  be re fle c ted  in  
th e  co n c e n tra tio n  d ep en d en ce  of th e  se lf-d iffusion  coefficien t an d  in  th e  a c tiv a 
tio n  en e rg y  of se lf-d iffu sion . N or is i t  ju s t i f ie d  to  d raw  such  a conclusion 
fro m  th e  te m p e ra tu re  d ependence  of th e  h y d ra t io n  n u m b ers , because  of th e  
g re a te r  u n c e r ta in ty  o f  th e  d e te rm in a tio n . T h e  h y d ra tio n  n u m b ers  o b ta in ed  
in  th e  p re sen t w ork  a re  in  good ag reem en t w ith  th e  v alue  o f 4 — 5 w a te r  
m olecu les p e r CO O H  g ro u p  ca lcu la ted  th e o re tic a lly  b y  Sp o n s l e r  et al. [3], 
a n d  w ith  th e  re su lts  o f  X -ra y  d iffrac tion  a n d  in fra red  a b so rp tio n  m easu re 
m e n ts  b y  th e  sam e a u th o rs , w hich led  to  a h y d ra tio n  n u m b e r o f 4 w a te r 
m olecu les p er CO O H  g ro u p  in  p ro te ins.

T h e  sam e conclusion  w as reached  b y  o th e r  a u th o rs  [4] from  com pres
s ib ility  m easu rem en ts . T h e  agreem ent is less good w ith  th e  re su lts  o f  N M R 
s tu d ie s  [5], accord ing  to  w hich  the  h y d ra tio n  n u m b ers  o f th e  non -d isso c ia ted  
a n d  th e  d issocia ted  fo rm s are  2 and  6 — 7.5 w a te r  m olecules p e r  ca rb o x y
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g ro u p , resp ec tiv e ly . T h e  la t te r  conclusions w ere o b ta in ed  from  e x a m in a tio n s  
re la tin g  to  frozen p ro te in  solu tions, a n d  th u s ,  ju s t  as in th e  case o f  th e  re su lt 
o b ta in e d  from  w a te r-b in d in g  m e a su re m e n ts  on th e  solid m acrom olecu le  as 
so rb e n t (1 w a te r m olecule p er ca rb o x y  g ro u p ), i t  appears ju s tif ie d  to  use th e  
v alues jud ic iously .

T h e  resu lts  o f o u r v iscosity  m e a su re m e n ts  are to  be found  in  T ab le  Y. 
In  ag reem en t w ith  o u r earlie r conclusions, i t  m ay  be s ta ted  on th e  basis  of

Table V

Viscosities of  P A A  solutions at 25, 30 and  35 °C

PAA
concentration

<%)
■bn
(CP)

У 30
(cP) (cP)

A H *
(kcal m ol-1)

0.00 0.8903 0.7975 0.7193* —

3.06 3.176 2.909 2.660 3.2 +  0.2

5.10 5.764 5.369 4.946 to CO 14
- ©

7.17 11.60 — 9.940 2.8 +  0.5

10.26 27.22 24.86 22.46 3.5 +  0.3

* [13].
R elative error of the viscosities: t l %

th e  c o n cen tra tio n  d ependence  th a t  th e re  is no  co rre la tion  betw een  th e  m ac ro 
v isco s ity  o f th e  so lu tio n  an d  th e  se lf-d iffu sion  o f  th e  solvent. T h e  l a t t e r  can  
be b ro u g h t in to  co rre la tio n  only w ith  th e  m icrov iscosity  of th e  e n v iro n m e n t 
o f  th e  so lven t m olecules. A ccording to  o u r  in v estig a tio n s [14], th e  in crease  
o f  th e  m icroviscosities w ith  th e  c o n c e n tra tio n , w hich  can be c a lc u la te d  from  
th e  v a iia tio n  o f th e  d ie lec tric  re la x a tio n  tim e  o f w a te r, is in  good a g reem en t 
w ith  th e  decrease o f  th e  self-d iffusion coeffic ien t in  th e  case o f  th e  PA A  
so lu tio n s too . T his w ill be analyzed  in  g re a te r  d e ta il in  th e  fo llow ing  p a p e r  
o f th is  series.

*
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DETER M IN A TIO N  OF T H E  TH ERM O D YNA M ICALLY E FFE C T IV E  F IX E D  
CHARGE D E N SIT Y  A N D  PERM SELECTIVITY

F a s ih  A. S i d d i q i , M. N a se em  B e g , S u r e n d r a  P . S ing h  and A b d u l  H aq

( Physical Chemistry Divis ion , Department o f  Chemistry 
Aligarh Muslim University, Aligarh  202001 I N D I A )

R eceived  Ju ly  26, 1976

The m embrane potentials arising across two parchm ent supported hexacyano- 
ferrate(II) m embranes of silver and cadm ium  are used to evaluate the therm odynam ic
ally effective fixed  charge densities o f K o b a t a k e . K o ba ta k e’s theory is based on the  
therm odynam ics o f irreversible processes. K o b a t a k e’s equation was used under two  
lim iting conditions, namely in the concentration range and in the dilute range. The tw o  
lim iting forms of K obatake’s equation gave identical values of & for both  m embranes. 
The theoretical predictions for m em brane potentials by K o ba ta k e’s equation are borne 
out quite satisfactorily by the experim ental results obtained w ith  the silver and cad
m ium  hexacyanoferrate(II) m em branes investigated .

T he th eo ries  o f tra n sp o r t  o f  ch arg ed  or u ncharged  p a rtic le s  th ro u g h  
m em branes have  been  tre a te d  u n d e r  th e  follow ing head ings; (a) th e  idealized  
th e o ry  o f TMS [1—2] and  i ts  re f in e m e n t [3], (b) pseudo th e rm o d y n a m ic  
ap p ro ach  due to  S catchard  [4] a n d  th e  t re a tm e n t based  on th e  th e rm o 
d y n am ics of irrev ers ib le  processes [5 — 8] an d  (c) a k in e tic  a p p ro ach  based  
on th e  th e o ry  o f ab so lu te  re a c tio n  ra te s  [9 —10]. N a g a sa w a  an d  K o b a t a k e  
[10] have  ta k e n  th e  s tru c tu re  o f  th e  m em b ran e  in to  acco u n t a n d  b y  th e  
ap p lica tio n  o f th e  P o isson—B o ltz m a n n  eq u a tio n  com p u ted  ionic c o n c e n tra 
tio n s in  th e  m em b ran e  phase. In  o rd e r to  s u b s ta n tia te  o u r ea rlie r find ings 
[11 — 19] ex ten siv e  in v es tig a tio n s  h av e  been  m ade fo r th e  d e te rm in a tio n  of 
m em b ran e  charge den sity  an d  a re  re p o r te d  in  th is  p a p e r on th e  basis  o f  th e  
th e rm o d y n am ics  o f irreversib le  p rocesses g iven  b y  K o ba ta k e  et al. [20 — 25].

E x p erim en ta l

P re p a ra tio n  of m em branes

The m embranes of silver and cadm ium  hexacyanoferrate(II) were prepared by the  
m ethod o f interaction suggested by W e is e r  [26]. F irst parchm ent paper was soaked in d is
tilled water for two hours and then tied  carefully to the fla t m outh of a beaker which contains 
0.2 M  silver nitrate. This was suspended for about 72 hours in  a 0.2 M  solution o f potassium  
hexacyanoferrate(II). The two solutions were interchanged and kept for another 72 hours. 
The silver hexacyanoferrate(II) m em brane thus prepared was washed w ith deionized water
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for the rem oval o f free electrolyte. A sim ilar procedure was adopted for the preparation of  
cadm ium  hexacyanoferrate(II) m em brane by taking a 0.2 M  solution of cadm ium  chloride  
and potassium  hexacyanoferrate.

M easurem en t o f m em b ran e  p o ten tia l

T he potential developed b y  setting up a concentration cell o f the follow ing type described  
b y  M ic h a e l is  [27], So l l n e r  and Gr eg o r  [28] and Ma r sh a ll  and Ay e r s  [29]

S.C.E. Solution
Ct

Membrane Solution
C2

S.C.E.

was taken  as a measure o f m em brane potential. The m easurem ents were carried out a t 25 °C 
using a P ye precision potentiom eter (N o. 7568).

R esu lt and  discussion

T h e  m em b ran e  p o te n tia l d a ta  o b ta in e d  w ith  th e  silver an d  cadm ium  
h e x a c y a n o fe rra te ( I I )  in  v a rio u s 1 : 1 e lec tro ly te s  w ere p lo tte d  as a fu n c tio n

o f  lo g
Cj +  Co

w ith  th e  ra tio  v =  C2/C1 f ix e d  a t  10. These p lo ts  are  show n

in  F ig . 1.
K o ba ta k e  et a l .  [21] d erived  th e  fo llo w in g  eq u ation  for th e  electr ic  

cu rren t d en sity  (I )c, re la tiv e  to  th e  fram e o f  reference f ix e d  to  th e  m em brane, 
u sin g  th e  b asic f lo w  eq u a tio n  p rovid ed  b y  th e  th erm o d y n a m ics o f  irreversib le  
p rocesses,

(I)c  =  - F ( Z +C+ +  I C_)
АФ

Ax
R T L c 4

d i r

d.r

. d l n o _
I_О_

dx
+

F (C + -  C_) U m . ( 1 )

Fig. 1. P lo ts of observed potentia l АФ against log (Cj +  C ,)/2 for various electrolytes w ith  
(A ) Cadm ium  H exacyanoferrate(II) and (B) Silver H exacyanoferrate(II) m embranes
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H ere l + an d  l a re  m o la r m obilities o f -fu e  a n d  — ve ions defined  in  te rm s  
o f th e  m ass fix ed  fram e  o f reference, Um is th e  v e lo c ity  o f  th e  local cen tre  
o f m ass, Ф is th e  e lec tric  p o te n tia l, C + an d  C_ a re  co n cen tra tio n s o f  -\-ve 
and  — ve ions in  m oles p e r  cubic cen tim e te r o f  so lu tio n , a + an d  a_  a re  a c t iv i
ties o f positive an d  n e g a tiv e  ions in  m oles p e r  cu b ic  cen tim e te r o f so lu tio n , 
R  is th e  gas c o n s ta n t, T  th e  abso lu te  te m p e ra tu re  o f th e  system  an d  F  th e  
F a ra d a y  c o n s ta n t.

F o r th e  e v a lu a tio n  o f  Um, th e  viscous fo rce  a c tin g  on lc .c . o f so lu tio n

in  th e  m em brane is re p re se n te d  by
1

К
Um, w here  К  is a c o n s ta n t w hich

is considered  to  d ep en d  on th e  v iscosity  o f  th e  so lu tio n  and  th e  s tru c tu ra l  
de ta ils  of th e  p o ly m er n e tw o rk  of w hich th e  m em b ran e  is com posed. T he 
sam e vo lum e of so lu tio n  undergoes an  e lec tric  fo rce  w hich  is rep re sen ted  b y

F (C + C )
d 0
dx

( 2 )

In  th e  s te a d y  s ta te , th e  sum  of these  tw o fo rces is zero, so th a t

Um =  K F (C + C -)
АФ
dx

( 3)

F o r convenience, K o b a t a k e  et al. have co n sid e red  a m em brane w h ich  is 
ionized n eg a tiv e ly  w ith  a charge  density  0  (in  m oles/c.c .). T hen  th e  re q u ire 
m en t th a t  th e  e lec tr ic  n e u tra l i ty  m u st be re a lized  in  an y  e lem ent o f th e  
m em b ran e  gives th e  re la tio n

C + -  C_ =  0 .  (4)

Since in  th e  sy stem  considered  here no e lec tric  fie ld  is applied  e x te rn a lly  
across th e  m em b ran e , no n e t  charge is t r a n s p o r te d  from  one side o f  th e  
m em b ran e  to  th e  o th e r . T h is m eans th a t  ( I ) c m u s t be zero a t  a c ross-sec tion  
o f th e  m em b ran e . S u b s titu tin g  Eqs 3 an d  4 in to  E q . 1, p u ttin g  ( I ) c eq u a l

АФ
to  zero, and  so lv ing  fo r ----- , th e  follow ing ex p ress io n  is o b ta ined

dx

d Ф 

Ax

R T
F

M C -  +  0 )
d In a ,

dx

d In a
dx

(1+ +  U  c_  +  1,  0 +  K F 02
( 5)

To proceed  fu r th e r , th e  a c tiv itie s  a ,  and  a_  m u s t be know n  as fu n c tio n  o f  C _ .
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A s s u m p tio n  fo r  a + and  a _  :

K o b a t a k e  et al. h a v e  assum ed  th e  fo llow ing  rela tions

a + =  C _ ;  an d  a _  =  C _  ( 6)

p+ =  C _ / ( C _  + 0 ) ;  r _  =  1 . (7)

H e re  v+ and  r_  are th e  a c t iv i ty  coeffic ien ts  o f -\-ve and  — ve ions in  th e  
m e m b ra n e .

E q u a tio n  fo r  membrane p o ten tia l

W ith  Eqs 6, 7 a ssu m ed  for a + an d  a _ E q . 5 becom es

d Ф 

d*

R T

F
( h  l - ) C . T O

[(/+ +  /_) C_ +  1+0 +  K F 0 2] C_
dCL
d*

( 8 )

w h e n  th e  bu lk  so lu tion  on b o th  sides of th e  m em b ran e  are v igo rously  s tirred , 
n o  p o te n tia l  g rad ien t is se t u p  in th e m , so t h a t  th e  desired m em b ran e  po ten-

d Ф
t i a l  А Ф  is ob ta ined  b y  in te g ra tin g  — o v e r th e  th ickness of th e  m em b ran e .

d x
T h e  f in a l  expression fo r th e  m em brane  p o te n tia l  is given b y

АФ  =
R T

~F
1 +  — -  2a

ß
In

IC 2 +  o tß 0 \ l

Q  +  «/90 ! .
(9)

w here a n d  ß 1 +
K F 0

L
( 10 , 11)

a n d  th e  p a ram ete rs  h av e  b een  assum ed to  be  in d ep en d en t of sa lt c o n c e n tra tio n .
K o b a t a k e  et al. [21] h av e  derived  tw o  useful lim iting  fo rm s o f  E q . 9. 

T h e se  a re  (a) when C2 becom es su ffic ien tly  sm all w ith  v fix ed ; E q . 9 m a y  be 
e x p a n d e d  to  give

А Фу — In v
ß

г - !  1 + i 
xßv ß

( 12)

w h e re  \А Ф у is th e  ab so lu te  value of a re d u ced  m em brane p o te n tia l  defined  by

А Фу =  Е А Ф /R T  (13)

(b ) I t  has also been show n b y  K o b a t a k e  et al. t h a t  a t a fix ed  v th e  inverse 
o f  a n  a p p a re n t tran sfe ren ce  n u m b e r t^vp fo r  th e  Co-ion species in  a n e g a tiv e ly
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ch arg ed  m em b ran e  is p ro p o rtio n a l to  th e  inverse  o f th e  c o n c e n tra tio n  C2 in  
th e  reg ion  o f  h igh  sa lt co n cen tra tio n . H ere  täpp is defined  b y  th e  re la tio n

I Л ф у I =  (!  — 2 hTpp) In v (14)

s u b s titu tin g  fo r АФ  from  E q . 9 an d  ex p an d in g  th e  re su ltin g  ex p ressio n  for 
*app in  pow ers o f  1/C2 gives

1

*app

1 , ( l ± ß _ : 2xß) ( v  1)«
(1 a) 2(1 a )2 In v

(15)

F o r  th e  e v a lu a tio n  o f th e  th e rm o d y n a m ic  effective fix ed  ch a rg e  d e n s ity  
b y  th e  m e th o d  o f K o b a t a k e  et al. th e  follow ing p rocedure  w as a d o p te d .

E q u a tio n  12 in d ica tes  th a t  a va lu e  o f  ß  an d  a re la tio n  be tw een  a  a n d  0  can  
be o b ta in e d  b y  e v a lu a tin g  th e  in te rc e p t an d  th e  in itia l slope o f  a p lo t of 
\АФу \ a g a in s t C2. F igure  2 i l lu s tra te s  p lo ts  o f |ЛФ,у| versus C2 in  th e  reg ion  
o f low  c o n c e n tra tio n  th a t  w ere d e te rm in e d  for e lec tro ly te  w ith  b o th  m em 
b ran es. T he v a lu e  o f  in te rc e p t is eq u a l to  1//3 In v, b y  w hich ß  m ay  be e v a lu a te d . 
V alues are  g iven  in  T ab le  I.

Table I

Values o f  param eters a , ß , 0  and  Ф Х  fo r  various electrolyte system  at v —  10

Membrane Silver hexacyanoferrate(II) Cadmium hexacyanoferrate(II)

E lectrolyte a ß в Ф Х a P 0 Ф Х

K N O j 0 .6 8 1 .6 9 0 .0 0 6 1 0 .0 0 2 1 5 0 .7 5 1.81 0 .0 0 1 1 0 .0 0 8 3

KC1 — — — — 0 .6 8 2 .27 0 .0 0 0 8 0 .0 0 6 3

N a N 0 3 0 .6 8 1 .6 4 0 .0 0 3 5 0 .0 0 4 1 8 0 .7 5 1 .48 0 .0 0 1 1 0 .0 0 5 4

_  ,  , , (1  + /? -  2 a /3 )(v  -  l ) a ©
0 a re  e v a lu a te d  iro m  th e  slope = --------- -̂ rrz------ '  ' ------------- -

2 (1  — a )1 In  v
Ф Х  f r o m  g r a p h  5.

E q . 15 in d ica te s  th a t  th e  in te rc e p t o f a p lo t o f -------  a g a in s t 1/C2 a t
*app

fix ed  v allow s th e  values of a  to  be  d e te rm in ed , w hich are  show n in  F ig . 3 
fo r  b o th  m em b ran es w ith  th e  e lec tro ly te . T h e  v a lu e  o f th e  in te rc e p t is eq u a l

to  ------------ , from  w hich a m ay  be e v a lu a te d . V alues are  given in  T ab le  I .
(1 -  a)

F o r th e  e v a lu a tio n  o f 0 ,  th e re  are  tw o  lim itin g  cases
(i) in  th e  d ilu te  range  th e  slope, o f E q . 12 is given by

v — 1

xßv
1 -|--------2a

ß

1

0  ’
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T h e g rap h ica l v a lu e  o f  th e  slope d e te rm in ed  fro m  F ig . 2 is eq u a te d  w ith  th e  
ab o v e  expression  a f te r  su b s ti tu tin g  th e  v a lu e  o f  a  an d  ß, 0  m a y  th u s  be 
d e te rm in ed .

(ii) in  th e  c o n c e n tra tio n  range  using  E q . 15. T he slope is g iven  b y

( l  +  ß - 2 a ß ) { v - l ) x  e  
2(1 -  a )2 In v

Fig. 2. I ЛФу 1/2.303 vs. C2X l0 2 plots for electrolyte w ith  (A) Cadmium H exacyanoferrate(II) 
and (o) Silver H exacyanoferrate(II) m embranes

T he g rap h ica l v a lu e  o f  th e  slope d e te rm in ed  fro m  F ig . 3 is e q u a te d  w ith  th e  
ab o v e  expression . T h e  va lu es  of a  an d  ß  a re  s u b s ti tu te d  an d  th u s  th e  v a lu e  
o f  0  is e v a lu a ted . K o b a t a k e  has suggested  th a t ,  p ro v id ed  his eq u a tio n  for 
th e  m em b ran e  p o te n tia l  is co rrec t, th e n  th e  tw o  va lu es  o f 0  (in th e  tw o  l im it
in g  cases) th u s  d e te rm in e d  from  th e  opposite  lim its  shou ld  agree. In  th e  p re se n t

Fig. 3. 1/tJ^p vs. 1/C2 p lo ts for electrolyte w ith  (d )  Cadm ium  H exacyanoferrate(II) and (o) 
Silver H exacyanoferrate(II) m em branes
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in v e s tig a tio n  w ith  p a rc h m e n t su p p o rte d  m em b ran es, th e  tw o  v a lu es  o b ta in ed  
from  oppo site  lim its  agree w ith  one a n o th e r  th e re b y  confirm ing  th e  ap p lica 
b ili ty  o f K o b a t a k e  et al. e q u a tio n  to  th ese  system s also.

O nce th e  values o f  th e  p a ra m e te rs  a , ß  and  0  fo r a g iven m em b ran e  
e lec tro ly te  system  h av e  b een  d e te rm in ed , one can ca lcu la te  th e  th e o re tic a l 
ЛФ versus C2 cu rve  fo r th e  v a lu e  o f v an d  th e n  com pare  it  w ith  th e  co rre sp o n d 
in g  e x p e rim e n ta l d a ta . F o r  th is  com parison  E q . 9 m ay  he re w r itte n  in  th e  
fo llow ing fo rm  as suggested  b y  K o b a t a k e

(v —  еЧ) _  v

( ^ r

[I АФ у I +  (1 — 2a) In r]

~ +  ( 1 - 2 « )
IP 1

C2
ocß0

v —
I f  th is  eq u a tio n  is v a lid  th e  values o f  ----------  to g e th e r w ith  th e  p re 

d e te rm in ed  a , ß  and  0  (from  T ab le  I) m u s t fa ll on a s tra ig h t line  w h ich  has 
a u n it  slope an d  passes th ro u g h  th e  co o rd in a te  o rig in , w hen p lo tte d  a g a in s t X . 
T his b e h a v io u r should  be o b serv ed  irre sp ec tiv e  o f th e  value  o f  v a n d  th e  
k ind  o f m em b ran e  e lec tro ly te  (1 : 1 system ) used . F igure  4 d e m o n s tra te s  th a t  
th e  th e o re tic a l p red ic tions, b a sed  on K o b a t a k e ’s m em b ran e  p o te n tia l  ex p re s
sion is b o rn e  o u t q u ite  sa tis fa c to r ily  b y  o u r ex p e rim en ta l re su lts  o n  p a rc h 
m en t su p p o rte d  m em branes.

K o b a t a k e  et al. dev e lo p ed  a n o th e r th e o ry  fo r th e  e v a lu a tio n  o f  charge 
d e n s ity  o f  m em branes [25]. T h is  th e o ry  is b ased  on th e  exp ression  o f  p e rm 
se le c tiv ity , w hich  th e y  d eriv ed  b y  ta k in g  som e assu m p tio n . B o th  th e  a c t iv i ty  
coeffic ien ts  an d  m obilities o f  sm all ions in  charged  m em branes c a n  be ex 
p ressed  b y  th e  follow ing exp ression

v+ =  i>+(C_ +  Ф Х )/(С _ +  X ) ,  =  v°_ (16)

u+ =  u°+(C_ +  Ф Х )/(С_ +  X ) ,  u_  =  u°_ . (17)

H ere  Vj, Uj, v! and  М/ (i =  —) s ta n d  fo r th e  a c tiv ity  co e ffic ien t an d
m o b ility  o f  ionic species i in  th e  m em b ran e  an d  in  th e  b u lk  so lu tio n , re sp ec 
tiv e ly  C_ an d  X  are th e  c o n c e n tra tio n  o f an io n  adso rbed  on th e  m em b ran e

w ith  q a n d  X  defined  b y

4

an d

X  =
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(in  m oles p e r litre  o f w a te r  in  th e  m em brane), a n d  th e  s to ich iom etric  con
c e n tra t io n  of charges f ix e d  in  th e  m em brane. A ccord ing  to  th e  co n v en tio n  
su g g e s te d  b y  Gu g g e n h e im  [30] v°+ can be e q u a te d  w ith  r°_ for 1 : 1 e lec tro ly te , 
a n d  th e y  are rep laced  b y  th e  m ean a c tiv ity  co effic ien t v°± of th e  e lec tro ly te  
c o m p o n e n t. In  E q . 16, Ф rep re sen ts  th e  fra c tio n  o f co u n te r ions in  th e  u n 
b o u n d e d  form , i.e. e x c lu d in g  those tig h tly  b o u n d  to  th e  po lym er skele ton  
c o n s ti tu t in g  th e  m em b ran e . Ф Х  m ay  be re fe rred  to  as th e  th e rm o d y n am ica lly  
e ffec tiv e  fixed  charge d e n s ity  o f th e  m em b ran e .

Fig. 4. P lots of log ( v — e4/e 4 — 1) vs. log X  for K N 0 3 w ith  Silver H exacyanoferrate(II)
membrane

C onsider a sy s tem  in  w h ich  a n eg a tiv e ly  c h a rg ed  m em brane  is im m ersed  
in  a n  e lec tro ly te  so lu tio n  o f  co n cen tra tio n  C. U n d e r  th is  cond ition  th e  D o n n án  
eq u ilib r iu m  for sm all io n s ho ld s  betw een th e  m em b ran e  phase an d  th e  so lu 
t io n  th e n  we have

(r°+)2 C * = r + C + r _ C _ .  (18)

T h e  m ass fixed  tra n sfe re n ce  n u m b e r of th e  an io n  in  th e  m em brane , is d efin ed  by

r _  =  u _ C _ /(u +C+ - f  u _ C _ ) . (19)

In tro d u c in g  Eqs 16, 17 a n d  18 in to  E q . 19 to g e th e r  w ith  th e  e lec trical 
n e u tr a l i ty  condition , i.e . C + =  C_ +  X  
we o b ta in

T -  1 a  (4C2 +  1)1/2 +  1 (20)
(4C2 +  l ) 1/2+  (2 a  — 1)

w here
C =  С /Ф Х (21a)

a n d

a
(u°+ +  u°-) '

(21b)
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On th e  o th e r h a n d , th e  a p p a re n t tra n sfe re n ce  n u m b er of th e  a n io n  in  th e  
m em b ran e , t^ ,p is defined  from  th e  o bserved  m em brane p o te n tia l АФ  b y  th e  
fo llow ing N ernst eq u a tio n

u 1 (1  — 2*_app) m | . (2 2 )

H ere  C x an d  C2 are  th e  co n cen tra tio n  o f th e  ex te rn a l so lu tions on  th e  tw o 
sides o f  th e  m em b ran e , an d  R , T , an d  F  h av e  th e ir  usual th e rm o d y n a m ic s

Fig. 5. P lots o f P s defined by equation 23 against log (Cj +  C2)/2 for e lectro lyte  w ith  (A) 
Cadmium H exacyanoferrate(II) and (o) Silver H exacyanoferrate(II) m em branes

m ean in g . I t  has been  fo u n d  b y  K o b a t a k e  et al. [18] th a t  th e  d ifference  b e tw een  
r _  a n d  t^,p was less th a n  2 %  in  th e  w ide ran g e  o f sa lt c o n c e n tra tio n , w hen

th e  av erag ed  co n cen tra tio n ^*2 wag re p]ace(j  by  T h e re fo re , i f  we

rep lace  r _  b y  fapp, an d  C b y C 4- C
—1------- - E q . 20 is applicable ev en  w h en  th e

co n cen tra tio n s  on th e  tw o sides o f th e  m em b ran e  are d iffe ren t. R e a rra n g e 
m e n t o f  E q . 20 leads to

____ *app a

(4£2 +  l )>/* a — (2a — 1) (1 — tapp) =  P. (23)

H ere  P s is a m easure  o f  p e rm se lec tiv ity  o f th e  m em brane—ele c tro ly te  sy s tem .
F o r  th e  e v a lu a tio n  o f th e  th e rm o d y n am ica lly  effective f ix e d  charge 

d e n s ity  Ф Х , th e  v a rio u s values of p e rm se lec tiv ity  P s were c a lc u la te d  by  
su b s ti tu t in g  th e  va lu es  o f a (bu lk) and  î "pp in  E q . 23, and  th e n  p lo t te d  ag a in s t

C _|_ c
log —-------- -. T he re su lts  a re  show n in  F ig . 5 (vide T able I I ) . T h e  te rm  f

2
has been  defined  as th e  ra tio  betw een  th e  average  co n cen tra tio n  C a n d  th e

Acta Chim. (Budapest) 93, 1977



132 SIDDIQI et al.: STUDIES W ITH PARCHMENT SUPPORTED MEMBRANES, X III

Table II

Values o f  permselectivity P s fo r  various electrolytes at different concentrations

M em 
bran e <— Silver hex acy an o ferra te (II)—» «— Cadm ium  hexanocyanoferrate(II)—*

E lectro-
Concentrations 'M ' Concentrations 'M'

ly te 0.1 0.05 0.02 0.01 0.005 0.002 0.1 0.05 0.02 0.01 0.005 0.002

K N 0 3 0.35 0.44 0.50 0.54 0.56 0.59 0.49 0.50 0.52 0.52 0.54 0.56

KC1 — — — — — - 0.36 0.39 0.43 0.44 0.46 0.48
N a N 0 3 0.55 0.55 0.59 0.64 0.68 0.69 0.62 0.64 0.65 0.70 0.75 0.76

Fig. 6. P lots of Ps vs. - y =  I ■ ■ -r for K N 0 3 w ith Silver H exacyanoferrate(II) m em brane

e ffe c tiv e  fixed  charge d e n s i ty  Ф Х i.e. t,
Ф Х

th e  u n its  of b o th  C an d  Ф Х

a re  expressed  in  te rm s  o f  m oles or e q u iv a le n ts /litre  w hen th e  average  con
c e n tra t io n  C is equal to  th e  e ffec tive  fixed ch arg e  d e n s ity  Ф Х  i.e. С /Ф Х  =  £ =  1,

th e  v a lu e  of P s m u s t g ive   ̂ =  0.447 fro m  le f t  h an d  side of E q . 23. The
]/5

co rresp o n d in g  c o n c e n tra tio n  is ob tained  fro m  th e  p lo ts  of P s versus lo n g  C 
as g iv en  in  Fig. 5. T h e  v a lu e  o f th e  c o n cen tra tio n  is eq u a l to  th e  fix ed  charge 
d e n s ity , th e  Ф Х  v a lu es  a re  given for e le c tro ly te s  w ith  b o th  m em b ran es  in  
T a b le  I .  F u rth e r , th e  p lo ts  of P s versus (1 +  4 C2)_ i were d raw n fo r  one 
m e m b ra n e  w ith  KC1 a n d  sh o w n  in Fig. 6. I t  is e v id e n t th a t  th e  line n e a rly  
p a sse s  th ro u g h  th e  o rig in  w ith  u n it slope, th e re b y  confirm ing  th e  ap p lic a b ility  
o f  K o b a t a k e ’s e q u a tio n  to  th ese  m em branes.

*
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MAGNETIC PROPERTIES OF COPPER(II) 
COMPLEXES OF ONO DONOR TRIDENTATE 

SCHIFF BASES DERIVED FROM 
2-HYDROXY-l-NAPHTHALDEHYDE AND 

ALCOHOLAMINES
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The synthesis o f  several new copper(II) com plexes o f Schiff bases derived from 
2-hydroxy-l-naphthaldehyde and ethanolam ine, propanolam ine, isopropanolam ine, 
2-am ino-2-m ethyIpropanol are described. The Schiff bases coordinate through 0,0 and 
N as dibasic tridentate ligands. The com plexes were characterized by elem ental analysis, 
m agnetic susceptib ility  m easurem ents (83 — 297 °K ), infrared and electronic spectra. 
The com plex containing propanolamine, exhibits m agnetic m om ent o f 0.46 B.M. 
( — J =  846 c m -1) ind icating the presence of strong antiferrom agnetic interaction. 
In this com plex the spins o f the interacting copper(II) ions are com pletely coupled  
having a sole population o f the singlet state. The com plexes containing ethanolam ine  
and isopropanolam ine are involved in ferrom agnetic spin-spin exchange (J =  + 2 8  
to + 6 7  cm -1 ). The copper(II) com plex w ith  the ligand 2-hydroxynaphthaldehyde-2- 
m ethylpropanol exh ib its the behaviour of antiferrom agnetic exchange ( —J =  91 
cm -1). A com parison o f the m agnetic properties o f  the com plexes w ith  the corresponding 
oxovanadium (lV ) com plexes is presented.

In tro d u c tio n

In  recen t y ea rs  th e re  has been considerab le  in te re s t on th e  syn th esis  
an d  m agnetic  s tu d ie s  of co p p er(II)  com plexes o f  Schiff bases derived  from  
sa licy la ldehyde an d  alcoho lam ines [1 — 3]. In  c o n tin u a tio n  of o u r w ork  in 
th is  area  [1] we re p o rt here  th e  syn thesis  an d  m ag n e tic  p ro p erties  o f co p p er(II)  
com plexes of S ch iff bases (I) derived  from  2 -h y d ro x y -l-n a p h th a ld e h y d e  and  
e th an o lam in e , p ro p an o lam in e , isop ropano lam ine , an d  2 -am ino-2-m ethy lp ro - 
pano l. The com plexes w ere cha rac terized  b y  e lem en ta l ana lysis , m agnetic  
su scep tib ility  m easu rem en ts  an d  electron ic  sp ec tra .

E xperim en tal

M aterials and methods

Copper was determ ined iodom etrically after ign iting the com plexes to copper oxide 
and dissolving the oxide in HC1. N itrogen analyses were carried out by sem im icro D um m a’s 
m ethod. Magnetic susceptib ility  m easurem ents were perform ed at 83 — 297 °K b y  the Gouy 
m ethod using H g[Co(NCS)4] as a standard. The tem perature variation was done using a m odi
fied cryostat similar in design to that described by F iggis and N yholm [4]. Diam agnetic  
corrections of the m etal and ligand atom s were calculated using a standard source [5]. The
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Fig. 1

reflectan ce  spectra were recorded w ith  the help of a U nicam  SP8000 recording spectrophotom 
eter equipped with a reflectance attachm ent. 2-H ydroxynaphthaldehyde and alcoholam ines 
were purchased from Fluka AG (Sw itzerland).

General m ethod of preparation of the complexes

2-H ydroxy-l-n aphth aldehyde (0.86g, 0.005 m ole) was dissolved in  30 m l o f hot m etha
nol. T o th is  a methanolic so lution  o f the appropriate alcoholam ine (0.005 m ole in  15 m l) was 
added  and  the mixture was refluxed  on a steam  bath  for 30 m in and a yellow  solution  of the 
S ch iff base  was obtained. Copper(II) acetate m onohydrate (1.0 g, 0.005 m ole) w as dissolved  
in  60 m l h o t methanol. The Schiff base solution was then added to the copper acetate  solution  
slo w ly  w ith  stirring and th e  m ixture was refluxed for two hours while stirring m agnetically. 
The separated  green precipitates were suction filtered, washed w ith m ethanol and dried under 
v a cu u m  a t room tem perature. Y ie ld  =  80% . The com plexes are insoluble in  com m on non
coord in atin g  organic solvents.

T h e  analy tica l d a ta  a re  p re se n te d  in  T ab le  I.

Table I

A naly tica l  data o f  copper( I I )  complexesa

Complex Stoichiometry
% Cu % N

Found Reqd. Found Reqd.

Cu(hydrox-ethanolam ine) CuC13H u N 0 2 22.1 22.96 4.9 5.05

Cu(hydrox-isopropanolamine) Cu C14H 13NO, 21.0 21.86 4.9 4.82

Cu(hydrox-propanolamine) CuC14H I3N 0 2 21.0 21.86 5.2 4.82

Cu(hydrox-2-am ino-2-m ethylpropanol) CuC,5H 15N 0 2 19.9 20.85 4.8 4.60

a Abbreviation: hydrox =  2-hydroxy-l-nap hth ald eh yde.
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R esu lts  and  discussion

T he new  com plexes re p o r te d  in  th is  p a p e r have  been p re p a re d  b y  th e  
che la tion  reac tio n  o f c o p p e r(II)  a c e ta te  and  th e  Schiff bases d e riv ed  from  
2 -h y d ro x y n a p h th a ld e h y d e  a n d  e th an o lam in e , p ro p an o lam in e , iso p ro p an o l- 
am ine an d  2 -am in o -2 -m eth y lp ro p an o l. T he absence o f th e  v (O H ) s t r e tc h 
ing freq u en cy  in  th e  in fra re d  sp e c tra  of th e  com plexes in d ica tes  d e p ro to n a 
tio n  o f th e  S ch iff bases on com plex  fo rm atio n  an d  d ibasic  b e h a v io u r  o f th e  
ligands. T he an a ly tica l d a ta  o f th e  com plexes in d ica te  1 : 1 co p p er : lig an d  
ra tio  an d  th e  com plexes a re  a p p a re n tly  tr ic o o rd in a te d . T h e  ligands a re  b e h a v 
ing as t r id e n ta te  d ibasic lig an d s  as is ev id en t from  in fra red  an d  a n a ly tic a l 
d a ta . T he t r id e n ta te  d ibasic  c h a ra c te r  of these  lig an d s allow s th e  com plexes 
to  d im erise o r po lym erise . T h e  in so lu b ility  o f th e  com plexes in  n o n -c o o rd in a t
ing  so lven ts in d ica tes  p o lym eric  n a tu re  of th e  com plexes. T he m o lecu la r

Table II

Magnetic susceptibility data o f  copper( I I )  complexes from  83 to 297 ° К Лb

Cu(hydrox-ethanolamine) Cu(hydrox-isopropanolamine)

Temp.
(°K)

corr

(10 _e cgs. unit)
Meff

(B.M.)
J

cm -1
Temp.
(°K.)

corr

(10~e cgs. unit)
.U«ff

(B.M.)
J

cm -1

297 1489 1.89 297 1352 1.84

210 2184 1.92 206 2069 1.85

177 2608 1.93 + 6 7 151 2828 1.86 +  28

155 2998 1.94 118 3702 1.88

/ 124 3865 1.97 107 4258 1.92

101 4883 1.99 83 6048 2.01

85 5805 2.01

Cu(hydrox-2-amino-2-metha]propanolamine) Cu(hydrox-propanolamine)

Temp.
(°K)

corr
*M

(10~e cgs. unit)
Self

(B.M.)
J

cm -1
Temp.

(°K)
oorr

(10 ~e cgs. unit)
Self

(B.M.)
J

cm -1

297 1177 1.68 297 88 0.46 - 8 4 6

202 1616 1.62

170 1843 1.59 — 91

147 2032 1.55

115 2480 1.52

98 2752 1.47

85 3022 1.44

“ The m agnetic m om ent was calculated  using the Curie equation: — 2.84 (jrtj?rrX T )Чг
B.M.

ЬТ1Р =  6 0 x l 0 -e cgs un it; g =  2.1.
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w eig h ts  cannot be d e te rm in e d  due to  th e  in so lu b ility  o f th e  com plexes in 
co m m o n  solvents. B u t m a g n e tic  su scep tib ility  d a ta  o f th e  com plexes in d ica te  
m a g n e tic a lly  condensed  n a tu re  of th e  com plexes. T he m ag n etic  m o m en ts  (see 
T a b le  I I )  of th e  co m p lex es  co p p e r(h y d ro x y n a p h th a ld e h y d e -e th a n o la m in e ) 
a n d  c o p p e r(h y d ro x y n a p h th a ld e h y d e -iso p ro p a n o la m in e ) increase  as th e  te m 
p e ra tu re  is low ered. T h e  ex ch an g e  in teg ra l, J  o f  th e  com plexes w as ca lcu la ted  
u s in g  B leaney—B ow ers e q u a tio n  [7]:

t f T  +  I 1 -  1/3 exp  ( J /k T ) ] - t  +  N a
o k l

w h e re  N a =  th e  te m p e ra tu re - in d e p e n d e n t p a ra m a g n e tism  te rm , %м Г =  m ag
n e t ic  suscep tib ility  p e r  g — a to m  of copper co rre c ted  for d iam ag n e tism , and  
g =  gyrom agnetic  r a t io .  J  o f  th e  com plexes c o p p e r(h y d ro x y n a p h th a ld e h y d e -  
e th an o lam in e ) an d  c o p p e r(h y d ro x y n a p h th a ld e h y d e —isopropano lam ine) is posi
t iv e  (see Table I I ) . T h ese  in fo rm atio n s in d ic a te  th e  presence o f ferrom agnetic  
ex c h a n g e  in these  co m p lex es  [7, 8]. The co m p lex  co p p er(h y d ro x y n ap h th a l- 
d e h y d e -p ro p a n o lam in e ) h a s  only a sm all te m p e ra tu re - in d e p e n d e n t p a ra 
m a g n e tism  te rm  (|tieff =  0 .46  BM a t 297 °K ) a n d  th e  com plex is invo lved  in  
s t r o n g  a n tife rro m ag n etic  ex ch an g e . This co m p o u n d  is novel in  th e  sense th a t  
th e  sp ins are co m p le te ly  coup led  w ith  sole p o p u la tio n  being  th e  d iam agnetic  
s in g le t  s ta te . J  o f th e  com plex  c o p p e r(h y d ro x y n a p h th a ld e h y d e -p ro p a n o l-  
a m in e )  is estim ated  to  he  — 846 c m -1 . The s tro n g  an tife rro m ag n e tic  exchange 
re q u ire s  a Cu(II) e n v iro n m e n t v e ry  close to  a p la n a r  s tru c tu re  an d  hence th e  
e n t i r e  m olecule is p ro b a b ly  f la t .  There ex is ts  a co rre la tio n  b e tw een  J  values 
a n d  C u —0  — Cu b o n d  an g le s . The crossover b o n d  angle (Cu — О — Cu) from  
fe rro m a g n e tic  to  a n tife rro m a g n e tic  exchange is  ~ 9 8 °  [9]. T he s tro n g  a n ti
fe rro m a g n e tic  in te ra c tio n  ( J  =  —846 cm  J) in  co p p er(h y d ro x y n ap h th a l-  
d e h y d e —propano lam ine) in d ic a te s  Cu—0  — Cu b o n d  angle is ap p rec iab ly  h igher 
t h a n  98°. I t  is of in te r e s t  to  know  th a t  th e  com plexes co p p er (salicyl- 
a ld e h y d e -p ro p an o la m in e ) a n d  copper (a c e ty la ce to n e -p ro p a n o la m in e ) com 
p le x e s  ex h ib it also sm all te m p e ra tu re - in d e p e n d e n t p a ram ag n e tism  te rm  (/teff a t 
ro o m  tem p era tu re  =  0 .49 B .M . and  0.41 B.M . resp ec tiv e ly ) [2, 10]. T he single 
c ry s ta l  X -ray  s tru c tu re  o f  co p p er(ace ty lace to n e-p ro p an o lam in e) in d ica tes  th e  
d im e ric  n a tu re  of th e  co m p lex  w ith  alcoholic o x ygen  a to m s as th e  b ridg ing  
a to m s  [10]. W e su g g est a s im ila r dim eric s t ru c tu re  for th e  copper(hydroxy- 
n a p h th a ld e h y d e -p ro p a n o la m in e )  com plex. T h e  m ag n e tic  d a ta  o f th e  copper- 
(h y d ro x y n a p h th a ld e h y d e-2 -a m in o -2 -m e th y lp ro p a n o l)  com plex  in d ica te  th a t  
th e  m ag n e tic  m om en t o f  th e  com plex decreases as th e  te m p e ra tu re  is low ered 
a n d  th is  is c h a ra c te r is tic  o f  th e  presence o f  a n tife rro m ag n e tic  exchange 
( — J  =  91 cm -1) [11]. A s th e  com plex is a n tife rro m a g n e tic  a s tru c tu re  sim ilar 
to  co p p er(ace ty lace to n e—propan o lam in e) m a y  be  p roposed  fo r th is  com plex.
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T he m agnetic  p ro p e rtie s  o f  c o p p e r(h y d ro x y n a p h th a ld e h y d e —ethano lam ine) 
an d  co p p e r(h y d ro x y n a p h th a ld e h y d e —isopropano lam ine) are  com parab le  w ith  
th e  m agnetic  p ro p e rtie s  o f  cop p er(ace ty lace to n e—ethano lam ine) [10] an d  
copper(sa licy laldehyde—eth an o lam in e) [1]. T he single c ry s ta l X -ra y  s tru c tu re  
o f co p p er(ace ty lace to n e—eth an o lam in e) in d ica tes  th e  te tra m e ric  n a tu re  of th e  
com plex  [10]. A s im ila r te tra m e r ic  s tru c tu re  has been  proposed  fo r copper- 
(salicy la ldehyde—e th a n o la m in e ) [1]. As th e  m a g n e tic  p ro p ertie s  of our com 
p lexes, c o p p e r(h y d ro x y n a p h th a ld e h y d e -e th a n o la m in e ) an d  copper(hydroxy- 
n ap h th a ld e h y d e -iso p ro p an o la m in e ) are s im ila r to  th e se  com plexes a t e t r a 
m eric  s tru c tu re  m a y  be  p rop o sed  to  our fe rro m ag n e tic  com plexes [1, 10].

T he reflec tance  s p e c tra  o f th e  com plexes e x h ib it one asy m m etric  b a n d  
cen te red  a t  a round  16000 —17000 c m -1 (see T ab le  I I I ) .  This b an d  is assigned

Table III

Electronic spectral data o f  copper( I I )  
S c h if f  base complexes

Complex M edium ^max
cm -1

Cu(hydrox-ethanolamine) reflectance 15 970

Cu(hydrox-isopropanolamine) reflectance 15 870

Cu(hydrox-propanolamine) reflectance 17 990
Cu(hydrox-2-amino-2-methyl-propanol) reflectance 16 950

to  th e  d -d  tra n s itio n s . I t  is in te re s tin g  to  n o te  t h a t  th e  com plexes w ith  a n t i 
ferro m ag n etic  p ro p e rtie s  e x h ib it th is  b an d  a t  h ig h e r energy  in  com parison  to  
th e  com plexes w ith  fe rro m ag n e tic  p ro perties. T h is  d ifference in  b a n d  position  
m ay  be a ttr ib u te d  to  th e  p resence o f d ifferen t s tru c tu re  in  an tife rro m ag n etic  
an d  fe rrom agnetic  com plexes [10, 12].

I t  is of in te re s t  to  com pare  th e  m agnetic  p ro p e rtie s  o f these  com plexes 
w ith  th e  co rrespond ing  oxovanad ium (IV ) com plexes as b o th  co p p er(II)  oxo- 
van ad iu m (IV ) ions b e lo n g  to  s =  1/2 system . T he oxovanad ium (IV ) com plexes 
o f th e  p resen t ligands a re  all invo lved  in  a n tife rro m a g n e tic  exchange [13, 14]. 
T he m echanism  o f a n tife rro m a g n e tic  exchange in  th e se  oxovanad ium (IV ) 
com plexes is believed  to  be th ro u g h  th e  d irec t a  o v e rlap  o f dxy o rb ita ls  o f a d ja 
cen t v an ad iu m  a to m s [13]. In  copper(II) com plexes th e  u n p a ired  e lec tro n
is in  th e  dx 2  у2 o rb ita l  a n d  electron ic sp in —sp in  exchange ta k e s  place b y
superexchange th ro u g h  th e  b ridg ing  atom s in  tr id e n ta te  ligands. As th e  
co p p e r(II)  and  o x o v an ad iu m (IV ) com plexes w ith  th e  lig an d s h y d ro x y n a p h th a l-  
d eh y d e—p ro p an o lam in e , h y d ro x y n ap h th a ld eh y d e -2 -am in o -2 -m e th y lp ro p an o l 
a re  a ll involved in  a n tife rro m a g n e tic  exchange, p ro b a b ly  th e  s tru c tu re s  of 
th ese  copper(II) an d  o x o v an ad iu m (IY ) com plexes a re  sim ilar and  p re su m ab ly
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th e y  a re  dim eric. The re q u ire m e n t fo r th e  com plexes to  possess t r ip le t  g round  
s ta te  (ferrom agnetic  sp in —sp in  exchange) is th a t  th e  a d ja c e n t m e ta l ions 
sh o u ld  h av e  th e ir  u n p a ire d  e lec trons in  o rth o g o n a l in te ra c tin g  o rb ita ls . To 
h a v e  su ch  an o rthogonal o v e rlap  th ro u g h  ou t-o f-p lane  in te ra c tio n  in vo lv ing  
d z 2 o rb ita l  is qu ite  fa v o u ra b le  in  co p p e r(II)  com plexes. In  o x o v an ad iu m (IY ) 
co m p lex es  th e  d;2 o rb ita l is in  th e  d irec tio n  o f Y =  0 ax is a n d  d ire c t in te r 
a c tio n  o f  th is  o rb ita l w ith  th e  dxy o rb ita l o f a n o th e r  V a to m  a t 90° does n o t 
seem  to  be feasible. H o w ev er, th e  coup ling  o f th e  u n p a ired  sp ins a t  90° in  
th e  o rb ita ls  e.g. V^d^  — su ita b le  o rb ita l o f th e  ligand  a to m  (co o rd in a ted  to  
a n o th e r  V  atom ) in  th e  sq u a re  p lan e  — V 2dx-i-y-> m ay  lead  to  fe rro m ag n e tism  
w h ic h  w ould  be su ffic ien tly  w eak  because  th e  u n p a ired  e lec tro n  in  oxovana- 
d iu m (IY ) com plexes is in  th e  dxy o rb ita l a n d  dxy — dx2_ y 2 o r dxy — dz2 m ixing 
w ill o ccu r only in  th e  e x c ite d  s ta te . T he m ag n etic  p ro p ertie s  o f  co p p er(II) 
a n d  oxovanad ium (IY ) com plexes o f th e  ligands h y d ro x y n a p h th a ld e h y d e -  
e th a n o la m in e  and  h y d ro x y n a p h th a ld e h y d e —isopropano lam ine  in d ic a te  th a t  
th e  s tru c tu re s  of th e  com plexes are  d iffe ren t in  these  tw o  m e ta l ions. The 
o x o v an ad iu m (IV ) com plexes w ith  th ese  ligands are believed  to  be  d im eric 
a n d  in  case of copper(II) com plexes we h av e  proposed  a te tra m e r ic  s tru c tu re  
w ith  ou t-o f-p lane  in te ra c tio n .

*

T he authors are indebted  to  the D epartm ent of A tom ic Energy (G ovt, o f India) for 
su p p o rt o f this work. This work is  also supported in  part b y  the facu lty  research fund of the 
U n iv ersity  o f Bombay.
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ELEKTROCHEMISCHE UND 
ESR-SPEKTROSKOPISCHE UNTERSUCHUNGEN 

AM RADIKALANION DES OKTACYAN- 
CHINODIMETHANS

L. BuCSIS und H . KlESELE

( Chemisches Laboratorium  der U niversitä t F reiburg i. B r .)

E ingegangen am  29. A ugust 1976

D as Dianion des l,4-B is(d icyanm ethyl)-2 ,3 ,5 ,6-tetracyanbenzols 3 und des 
T etracyan-hydrochinons 6  wurden chem isch und elektrochem isch oxidiert. A ls R eak
tionsprodukt erwies sich das Radikalanion des O ktacyan-chinodim ethans 4  und das 
O ktacyanchinodim ethan (OCNQ) 5, bzw. das R adikalanion T etracyan-benzosem ichi- 
non 7 und das T etracyan-benzochinon 8. D ie H albstufenpotentiale der Übergänge  
D ianion/R adikalanion und Radikalanion/Chinoid wurden gemessen. Die W erte genü
gen der H am m ett-G leichung und passen gut in die Reihe der 7 ,7 ,!8,8'-T etracyan- 
chinodim ethane, bzw. Chinone. Die chem ische O xidation führt zum R adikalanion 4  
bzw. 7. Aus den E SR -Spektren von  4 und 7 wurden die N -K opplungskonstanten en t
nom m en. Ergebnisse von  HM O-Berechnungen stim m en m it diesen K opplungskon
stan ten  gut überein.

D ie C harge T ran sfe r  (CT)-Salze des T e tracy an -ch in o d im e th an s  (TCNQ) 
1 m it T e tra th io -fu lv a len  2 u n d  an d eren  D o noren  w urde  wegen ih re r  a u ß e r 
gew öhnlichen  e lek trischen  E ig en sch aften  in  den  le tz ten  J a h re n  in te n s iv  
u n te rs u c h t  [1, 2].
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D a O k ta c y a n -c h in o d im eth a n  (OCNQ) 5 ähnliche E ig en sch a ften  au f
w eisen  sollte, sch ien  es von  In te resse , O x id a tio n sv ersu ch e  am  D ian io n  des
l,4 -B is (-d ic y a n m e th y l)-2 ,3 ,5 ,6 -te tra c y a n b e n z o ls  3 [3] d u rch zu fü h ren . H ierzu  
h a b e n  w ir das R e d o x sy s te m  3 4 5 z u n ä c h s t m it H ilfe v o n  G le ichstrom -
u n d  C yclischer V o lta m m e trie  u n te rsu c h t u n d  d ie  p aram ag n e tisch e  Spezies 4 
E S R -sp e k tro sk o p isc h  c h a ra k te ris ie rt.

F rü h ere  U n te rsu c h u n g e n  [4] h ab en  g eze ig t, daß  das TCNQ ein analoges 
V e rh a lte n  zum  B en zo ch in o n  aufw eist. D a h e r  w urde das T e tracy an -b en zo - 
ch in o n  8 [5, 6] bzw . dessen  D ianion 6 m it in  d ie  U n tersu ch u n g en  einbezogen.
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6 7 8

U m  eine q u a n t i ta t iv e  E in o rd n u n g  d e r b e id en  V erb indungen  5 u n d  8 in 
d ie  R eihe  der T e tra c y an -c h in o d im e th a n e  bzw . Chinone zu erm öglichen , 
w u rd e  ih r R e d o x v e rh a lte n  m it dem  d er G ru n d k ö rp e r sowie e in iger D eriv a te  
v e rg lich en .

Im  folgenden soll ü b e r die e lek tro ch em isch en  und  E S R -sp ek tro sk o p i- 
sch en  U n te rsu ch u n g en  b e r ic h te t w erden.

E lek troch em isch e U n tersu ch u n gen

D as P o la ro g ram m  des D ianions 3 ze ig t be i der anodischen  O x id a tio n  
zw ei reversib le  E in e lek tro n en ü b erg än g e . A b b ild u n g  1. D ieser B e fu n d  w ird  
d u rc h  das Cyclische V o ltam m ogram m  b e s tä t ig t ,  das in  A bb ildung  2 d a rg e 
s te l l t  is t . D as gleiche R ed o x v e rh a lten  is t au ch  b e i den anderen  V erb in d u n g en  
d ie se r Serie zu b e o b a c h te n .

E rw a rtu n g sg e m ä ß  b e s itz t das p e rc y a n ie rte  O CN Q -System  d ie p o sitiv -
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sten  P o te n tia le  in n e rh a lb  der T e tracy an -ch in o d im e th an -R e ih e  [7]. W ä h lt  m an  
das e rs te  R e d u k tio n sh a lb s tu fe n p o te n tia l v o n  TCN Q  1 als R ezu g sp u n k t u n d  
b ild e t AE]/*, d. h. ф е  P o ten tia ld iffe ren zen  zu den  jew eils ersten  H a lb s tu fe n 
p o te n tia le n  d er an d eren  V erb indungen  d ieser Serie, so fügen sich die b e s t im m 
te n  P o te n tia lw e rte  zw anglos in  eine L in ea re  F re ie  E nerg ie B eziehung  (L F E )  
n ach  H a m m e tt ein. A bb ild u n g  3. T abelle  I .  A us dem  D iagram m  e rg ib t sich  
eine R e a k tio n sk o n s ta n te  qq =  340; die p o ten tia le rh ö h en d e  W irk u n g  e in e r 
C y an g ru p p e  b e trä g t -f- 230 mV.

In  der C hinonreihe erfo lg t die anod ische  O x id a tio n  des D ian io n s 6 in

Abb. 1. G leichstrom -Voltam m ogram m  des N atrium salzes von  3 in Benzonitril/0,1 m T B A P

Abb. 2. Cyclisches Voltam m ogram m  des N atrium salzes von  3 in Benzonitril T B A P , v  =
=  0,297 V /sec

Гб'р

Abb. 3. L FE -B ezichung für die R edoxpotentiale zJE}/2 der T etracyan-chinodim ethanreihe. 
Die Punkte entstam m en L iteraturzitat [7]
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Tabelle I

H albstufenpotentiale des Oklacyan-chinodimethans, des Tetracyanbenzochinons 
und einiger verwandten Verbindungen

Chinoid/ R adikalailion Radikalanion/D ianion
J E , / 2
mVVerbindung

Elb
mV

S
mV

А Е \ /г
mV

Elb
mV

s
mV

TCNQ 303 63 -  348 82 651

OCNQ 1209 53 906 661 63 548
Benzochinon 400 - 1340 940
Durochinon -  760 360 1635 875
T etracy anchinon 995 68 1395 174

1
69 821

E i/2: H albstu fenpotentia le  in Benzonitril/0,1 m  T B A P  gegen A g/AgC l-Bezugselektrode, 
s: Aus der logarithm ischen Analyse [12] erm itte lte  Geradensteigungen.

zw ei reversib len  E in e lek tro n en ü b erg än g en . A u ch  h ier erhöb t eine zu n eh m en d e  
Z ah l e le k tro n e n a n z ie h e n d e r C yangruppen  d as  R e d o x p o ten tia l u n d  so b e s itz t 
das T e tra c y an -b e n z o c h in o n  8 u n te r  den C h in o n en  das höchste  R e d o x p o te n 
tia l .  Ä hnlicherw eise  e r la u b t die d E ^ 'B ü d u n g  den Vergleich m it an d eren  
C hinonen  [8]. D ie R e a k tio n sk o n s ta n te  is t  je d o c h  m it pCh =  530 u m  190 
g rö ß er als bei den  T e tra c y a n -c h in o d im e th a n e n . A bbildung 4. D ie p o te n tia l
e rh ö h en d e  W irk u n g  e in e r C yangruppe v e rg rö ß e r t  sich; sie b e trä g t  350 mV 
u n d  is t  d am it u m  120 mV größer, als b e i d en  T e tracy an -ch in o d im e th an en .

A us den Q u o tie n te n  der R e a k tio n sk o n s ta n te n  QchlQQ = 1 , 6  w ird  ein 
s tä rk e re r  S u b s titu e n te n e in f lu ß  a u f  das B en zo ch in o n  gegenüber d em  TCN Q - 
S y stem  ersich tlich .

V erg leich t m a n  die D ifferenzen ZlE t/2 zw ischen  dem  ers ten  u n d  zw eiten  
H a lb s tu fe n p o te n tia l in n e rh a lb  der beiden  R e ih e n , so fin d e t m an , d a ß  die Dif-

Abb. 4. L FE -B eziehung für die Redoxpotentiale d E } /2 der Chinonreihe. Die P unk te en tstam 
men L iteraturzitat [8]
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ferenz beim  O C N Q -System  von  allen au fg e fü h rten  V erb indungen  am  k le in sten  
is t. D ieser B efund  v e rd ie n t besondere B each tu n g , d a  nach  [1] die e lek trische  
L e itfäh ig k e it eng m it A E 1/2 k o rre lie rt is t. D a OCNQ w eiterh in  das p o sitiv s te  
B e d u k tio n sp o te n tia l au fw e is t —  Lage des R e d o x p o te n tia ls  is t ein w eiteres 
K rite riu m  zur B e u rte ilu n g  d er e lek trischen  L e itfä h ig k e it [1] — e rsch e in t 5  

zu r H erste llu n g  von  le iten d en  CT-Salzen beso n d ers  geeignet.

D as E S R -S p e k tru m  des O C N Q -R adikalan ions (OCNQ ) 4 is t  in  A bb il
dung  5 d a rg es te llt. E s  b e s te h t aus zwei N o n e tts , d ie a u f zwei P a a re  von  je  
v ie r ä q u iv a len ten  S tick s to ffa to m en  z u rü ck zu fü h ren  sind . D aneben  is t eine 
R eihe in te n s itä tssc h w a c h e r  L in ien  zu e rk en n en , die von  13C -A ufspaltungen  
h e rrü h ren . D ie S tick s to ffk o p p lu n g sk o n s tan ten  b e tra g e n  aN' =  1,09 G u n d  
aN• =  0,125 G. D as m it diesen W erten  s im u lie rte  E S R -S p ek tru m  is t in  
A bb ildung  6 w iedergegeben . F ü r  die S im u la tion  w u rd en  L o ren tz -K u rv en  u n d  
eine H a lb w e rtsb re ite  v o n  99 m G  zugrunde geleg t.

D ie Z u o rd n u n g  d e r K o p p lu n g sk o n stan ten  g eh t aus der th eo re tisch  
b erech n e ten  S p in d ich tev e rte ilu n g  hervor. D a n a c h  is t die A u fsp a ltu n g  von  
aN- =  1,09 G a u f  exocyclische N itrilg ru p p en  z u rü ck zu fü h ren , w äh ren d  die 
kleine K o p p lu n g sk o n s ta n te  a N» =  0,125 G den  k e rn s tän d ig en  N itrilg ru p p en  
zugeschrieben  w erden  m u ß . Diese In te rp re ta tio n  w ird  auch  du rch  einen  V er
gleich m it dem  R a d ik a la n io n  des TCNQ g e s tü tz t .  B ei diesem  R ad ik a l w ur-

Abb. 5. E xperim entelles ESR -Spektrum  des Pyridinium salzes von 4 in DME bei 25 °C

E S R -spek troskop ische U n te rsu ch u n g en

1 Gauss
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den  d ie  S tick s to ffk o p p lu n g sk o n stan ten  der exocyclischen N itr ilg ru p p e n  zu
1,02 b zw . 1,01 G b e s tim m t [9, 10].

D ie  S p in d ich tev erte ilu n g  h ab e n  w ir n ach  dem  H M O -V erfahren b e rech 
n e t ,  w o b ei die in  T abelle  I I  an g e fü h rten  P a ra m e te r  v erw en d et w u rd en , die 
sich  en g  an  L ite ra tu rw e rte  [9] an leh n en .

D ie  U m rechnung  der S p in d ich ten  in  K o p p lu n g sk o n stan ten  erfo lg te  über 
d ie  e in fach e  R ela tio n  [11]:

F ü r  K jj w urde ein W e rt von  25 G e in g ese tz t. Die th e o re tisc h  b e rech n e 
te n  S p in d ich ten  und  K o p p lu n g sk o n s ta n te n  sind  zusam m en m it den  ex p eri
m e n te ll e rm itte lte n  W erten  in  T abelle  I I  au fg e fü h rt.

D ie  re la tiv  gu te  Ü b e re in s tim m u n g  zw ischen experim en te llen  u n d  be
re c h n e te n  K o p p lu n g sk o n s tan ten  lä ß t  d a ra u f  schliessen, daß  die C(CN)2- 
G ru p p ie ru n g  k o p lan ar zum  ü b rig en  M olekü lgerüst an g eo rd n e t is t. E in e  solche 
A n o rd n u n g  w äre eine w eitere  n o tw en d ig e  V orau sse tzu n g  fü r  die A u sb ildung  
le ite n d e r  C T -K ristalle  [1].

E s  erschein t b em erk en sw ert, d a ß  die A u fen th a ltsw ah rsch e in lich k e it des 
u n g e p a a r te n  E lek tro n s an  den  C (C N )-G ruppierungen  des O C N Q ~ -R ad ikals  
seh r v ie l g rößer is t als im  R in g , obw ohl m an  q u a lita tiv  e rw a rte n  w ürde , 
d a ß  d ie  v ie r k e rn s tän d ig en  C N -G ruppen  zu e iner g leichm äßigeren  S p in d ich 
te v e r te ilu n g  führen .

D em gegenüber wreist das R ad ik a lan io n  7 eine w esentlich  g rößere  K o p p 
lu n g sk o n s ta n te  an  den  k e rn s tä n d ig e n  C N -G ruppen  auf. Sie b e trä g t  0,3 G. 
D as s e h r  einfache E S R -S p e k tru m  des R ad ik a ls  is t  in  A bbildung  7 d a rg e s te llt.
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T a b e lle  II

Berechnete Sp ind ich ten , K opplungskonstan ten  u n d  experimentelle  
l , N -K opp lungskonstan ten  des O ktacyan-chinodim ethan-R adikalanions

Position ber.
Spindichte

6
aber.
14

aexp.
14

a, b 0,0346 0,86

c, d 0,2315 5,79

2, 3, 5, 6 0,0484 1,21

9, 11, 13, 15 0,0107 0,27

10, 12, 14, 16 0,0460 1,15 1,09

17, 18, 21, 23 0,0022 0,06

18, 20, 22, 24 0,0096 0,24 0,125

HM O-Param eter: alle txc =  a 0
alle ocn =  <*c "Ь l->0 /30 
alle ßc-N — 2,0 ß0 
alle ßc-C=N =  0,9 ß0 
ßs—c ~  ßb—d ~  0,9 ß0 
alle übrigen ß =  ßn
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E xperim entelles

Elektrochem ische Untersuchungen

D ie elektrochem ischen U ntersuchungen wurden in einer 0,1 m olaren Lösung von  
T etrabutylam m onium -perchlorat (T B A P) in wasserfreiem B enzonitril in einem  Dreielektro
denverfahren durchgeführt. A ls Arbeitselektrode wurde eine P t-Scheibenelektrode verwendet, 
deren  U m drehungsgeschw indigkeit bei den DC-M essungen 750 U /m in betrug. Als Bezugs
elek trode diente eine Ag/A gC l-E lektrode in B enzonitril/Tetram ethylainm onium chlorid. 
3 w urde als Natrium salz [3] und 6 als D i-tetraäthylam m onium  6a eingesetzt.

D i-tetraäthylam m onium -salz des T etracyan-hydrochinons 6a: 0,5 g Tetracyan-hydro- 
chinon-D ioxan-K om plex [5, 6] werden in 20 ml W asser/Aceton (1 : 1) gelöst und so lange 
m it T etraäthylam m onium -hydroxyd versetzt bis die entstehende tiefrote Farbe nicht mehr 
dunkler wird. Dann läßt m an das Lösungsm ittel an der L uft verdunsten , bis nur noch über- 
schü ß ige Base und dunkelrote K ristalle übrig bleiben. N ach dem  Abpressen auf einer Ton
p la tte  wird getrocknet und unter Feuchtigkeitsausschluß aufbewahrt.

ESR -spektroskopische Untersuchungen

D as Radikalanion 4  wurde aus 3, das als D ipyridinium salz [3] vorlag, durch O xida
tio n  m it Brom in D im ethoxiäthan  (DM E) hergestellt. Das Radikalanion 7 erhielten wir durch 
O x id ation  von 6a m it Jod  in DM E. Die R adikallösungen wurden durch m ehrm aliges E in
frieren unter R einststickstoff, Abpum pen und A uftauen von Sauerstoff befreit und bei 25 °C 
in  abgeschm olzenen Proberöhrchen m it einem  Varian E9 E SR -Spektrom eter gem essen.

Radikalanion des O ktacyan-chinodim ethans 4: 0,116 g (0,25 mMol) D ipyridinium 
salz des l,4-B is(-d icyanm ethyl)-2 ,3 ,5 ,6-tetracyan-benzols 3a werden in 30 m l abs. DME 
su sp en diert und m it 0,02 g (0,25 mMol) Brom  versetzt. E s wird 30 sec geschüttelt, wobei 
das R ad ikal in Lösung geht. D ie grüne Radikallösung wird in das E SR -R öhrchen abfiltriert 
un d  entgast.

Radikalanion des Tetracyan-benzochinons 7: 0,02 g D i-tetraäthylam m onium salz des 
T etracyan-hydrochinons 6a werden in 2 ml A cetonitril gelöst und ein K örnchen Jod zugege
ben. D ie Radikalbildung is t  an der grünen Farbe der Lösung erkenntlich. D ie Lösung wird 
in ein  ESR-Röhrchen agbefüllt, das Acetonitril im  H ochvakuum  entfernt und durch DME 
ersetzt.
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UNTERSUCHUNGEN AN METAULCHELATEN 
MIT LIGANDEN VOM CUPROIN- UND 

FERROINTYP, XXV1

Ü B E R  D IE  STR U K TU R  VON C H L O R O (C U P R O IN )K U PF E R (II)-C H E L A T E N  

D. R e h o r e k  und P h . T homas

(Sektion  Chemie der K a rl-M arx-U n iversilä t Leipzig , D D R )

Eingegangen am  29. Septem ber, 1976

K upfer(II)-Chelate des T yps Cu(cuproin)Cl2 und Cu(cuproin)2Cl2 (cuproin  =  
dm p, dm ch, dpch und bich)2 wurden m ittels E SR -, UV/Vis- und L eitfäh igkeitsm essun
gen untersucht. D ie Ergebnisse der M essungen stehen in Übereinstim m ung m it einer 
verzerrt-tetraedrischen Struktur des Cu(bich)Cl2 sowie m it verzerrten trigonal-b ipyra- 
m idalen bzw. quadratisch-pyram idalen Struktur der übrigen Chelate.

F ü r  die C helate C u(phen)C l2 u n d  C u(bipy)C l2 k o n n ten  a n h a n d  von 
UV/Vis- u n d  E S R -S p ek tren  [1, 2, 3], in  n e u e re r  Zeit auch d u rc h  F I R -  und  
R A M A N -U ntersuchungen  [4] q u as io k taed risch e  S tru k tu re n  m it b rü c k e n 
b ild en d en  C hlorid ionen nachgew iesen  w erden .

E in e  von  S t e p h e n s  et al. [5] d u rc h g e fü h rte  R ö n tg e n s tru k tu ra n a ly se  
e rg ab  eine v e rze rrte  tr ig o n a l-b ip y ram id a le  S tru k tu r  fü r das C hela t C u(b ipy )2- 
Cl2 • 6 H 20 ,  w om it frü h e r p u b liz ie rte  E rg eb n isse  von E S R -M essungen  [6] 
b e s tä tig t  w erden k o n n ten . Ü ber die S t ru k tu r  d er analogen C up ro in -C h ela te  
is t m it A usnahm e des C helats C u(bich)C l2, fü r  das au f der B asis  d e r  o p ti
schen  S p ek tren  sich e in an d er w id ersp rech en d e  S tru k tu re n  an g eg eb en  w u r
den  [7, 8], u n d  des h y d ra tis ie r te n  C u(dm p)C l2 • H 20 ,  über das sow ohl D a ten  
von  R ö n tg e n s tru k tu ru n te rsu c h u n g e n  als auch  E in k ris ta ll-E S R -M essu n g en  v o r
liegen [9, 10, 11], n ich ts  b e k a n n t.

W ir hab en  m it H ilfe von E S R -, re flex io n ssp ek tro sk o p isch en  u n d  L e it
fäh ig ke itsm essungen  K u p fe r(II)-C h ela te  des allgem einen T yps C u(cupro in )C l2 
bzw . C u(cupro in)2Cl2 (cupro in  =  dm p, d m ch , d p ch  und  bich)2 u n te r s u c h t ,  um  
d a ra u s  A ussagen ü b e r die S tru k tu r  d er e rs te n  K o o rd in a tio n ssp h äre  zu  gew in
n en , w o rü b er in  d ieser A rbeit b e r ic h te t w erden  soll.

1 X X IV . M itteilung: R eho rek , D ., T homas, P H .: Z. anorg. alig. Chem. 429, 237
(1977).

2 Für die verwendeten Liganden wurden in dieser Arbeit folgende A bkürzungen be
nutzt:

phen 1,10-Phenanthrolin, bipy 2 ,2'-B ipyridin, dmp - 2 ,9 -D im eth y l-l,1 0 -  
phenanthrolin, dm ch 3 ,3 '-D im ethylen-4,4'-dim ethyl-2,2'-bichinolin , dpch 3,3 '-Di- 
m eth ylen -4 ,4 ,-diphenyl-2.2'-bichinolin , bich 2 ,2'-B ichinolin .
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Experim entelles

D ie  Darstellung der Chelate Cu(bich)Cl2, Cu(dm p)Cl2, Cu(dmp)Cl2 • H20 ,  Cu(dmp)2Cl2 
und Cu(dmch)Cl2 ist bereits in  der Literatur [11 — 14] beschrieben wurden. Cu(dpch)Cl2 wurde 
als rotes Chelat nach einer der D arstellung des Cu(dmch)Cl2 [12] analogen Vorschrift erhalten.

Zur Darstellung der Chelate Cu(dpch)2Cl2 und Cu(dm ch)2Cl2 wurde eine Lösung von  
340 m g CuCl2 • 2H20  (2m M ol) in  30 ml Methanol langsam  unter intensivem  Rühren zu einer 
L ösung von  4 mMol des organischen Liganden in Chloroform  gegeben. Die dunkelgrüne Lösung  
wurde 15 M inuten gerührt und anschließend im  V akuum  eingeengt. Die sich dabei abschei
denden K ristalle wurden abgesau gt und aus M ethanol um kristallisiert. Die Trocknung erfolgte  
im  V akuum  über P4O10. D ie  Elem entaranalyse entspricht der oben angegebenen Z usam m en
setzung.

Versuche zur D arstellu ng  von  Cu(bich)2Cl2 verliefen  ohne das gewünschte Ergebnis.
D ie  verwendeten L iganden  waren entweder käu fliche Produkte (F E R A K , V E B  

L aborchem ie Apolda) oder w urden im  Falle des dpch nach  [15] dargestellt.
D ie  ESR -Spektren der polykristallinen Chelate w urden bei 295 К  m it Hilfe eines Spektro

m eters v o m  Typ JE S-3B Q  der Fa. JEOL (Japan) im  X -B a n d  m it D PPH  als Vergleichsprobe 
(g — 2 ,0036) aufgenom m en.

D ie  Auswertung der E SR -Spektren erfolgt n ach  S ea  h i. et al. [16] bzw. K n e u b ü h l  
[17]. Säm tliche E SR -Param eter sind in Tab. I zusam m engefaßt. Zusätzlich wurden noch die 
P aram eter des von B il l in g  et al. [11] am Einkristall und  von  uns im Pulver verm essenen  
Cu(dmp)Cl2 ■ H20  sowie die W erte für die entsprechenden K om plexe des 1,10-Phenanthrolins 
und des 2,2'-B ipyridins m it in  die Tabelle aufgenom m en.

D ie  R eflexionsspektren der pulverförmigen Proben w urden im  Bereich von  1200 — 400 
nm  bei Raum tem peratur m it H ilfe eines E instrahlphotom eters vom  Typs V SU -2 der Fa.

Tabelle I

M e ßergebnisse

Chelat
E

g i  =  g ±

SR -Param et

g2

era)

ge =  g ll
B anden  im Reflexionsspektrumb) R C )

Cu(dmch)2CI2 2,008 2,142 2.227 640(CT), 870(dd), 990(dd) 1.57

Cu(dpch)2Cl2 2,14d) 650(CT), 850(dd), 960(dd) -
Cu(dmp)2Cl2 2,096 2,122 2,164 670(CT), 780(dd), 940(dd),

1050(dd) 0.62

Cu(phen)2Cl2 2,008 2,132 2,190 780(dd), 900(dd) 2,14

Cu(bipy)2Cl2° 2,19 2,02 790(dd), 890(dd) O O

Cu(dmch)Cl2 2,053 2,122 2,264 520(CT), 890(dd), 1020(dd) 0,49
Cu(dpch)Cl2 2,036 2,128 2,342° 500(CT), 860(dd), 1000(dd) 0,43

Cu(bich)Cl2 2,071 2,343 480(CT), 1020(dd) 0

Cu(dmp)Cl2 2,032 2,175 2,275 500 (CT), 850(dd), 1000(dd) 1,43

Cu(dmp)Cl2 • H20 2,028 2,127 2,277 790(dd), 1100(dd) 0,67

Cu(dmp)Cl2 ■ H20 K) 2,0299 2,1325 2,2752

Cu(phen)Cl2 2,056 2,258 690(dd) 0

Cu(bipy)Cl2h^ 2,055 2,252 690(dd) 0

a) M eßgenauigkeit + 0 :0 0 8

c) D efinition s. T ex t  
e) M eßdaten [6] entnom m en

g) M eßdaten [11] entnom m en

b) M eßgenauigkeit + 2 0  nm, im K lam m ern Zu
ordnungen

d) starke A ustauschw echselw irkungen, s. T ex t  
f) schw ach aufgelöste  Cu-Hyperfeinstruktur: 

a3 =  62 ±  10 G 
h) M eßdaten [3] entnom m en
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V E B  CARL ZEISS Jena aufgenom m en. Die Lage der d-d -B anden ist. in Tab. I angegeben. 
D ie Leitfähigkeitsm essungen wurden an 10- 4 m olaren L ösungen in N itrom ethan an einem  
M eßgerät des Typs LM 301 der Fa. V E B  H ydrom at B annew itz durchgefülirt. D ie  erhaltenen  
W erte sprechen im Falle der M ono-Chelate für N ichtelektro lyte  und im  F alle der Bis-Chelate 
für 1 : I-E lektrolyte [18].

D iskussion der M eßergebnisse

M it A usnahm e d e r C helate  C u(dpch)2Cl2 u n d  Cu(bipy)2Cl2 lie fe rte n  alle 
B is-C helate  E S R -S p e k tre n  m it au sg ep räg te r rh o m b isch e r S y m m etrie . D as im  
F a lle  des Cu(dpch)2Cl2 b eo b a c h te te  a n n ä h e rn d  iso tro p e  E S R -S p e k tru m  ist 
m it h o h er W ah rsch e in lich k e it a u f  A ustauschw echselw irkungen  zw ischen  kri- 
s ta llo g rap h isch  n ic h tä q u iv a le n te n  p a ram ag n e tisch en  Z en tren  zu rü ck zu fü h 
re n  [19].

Aus diesem  G ru n d e  s in d  A ussagen ü b e r  die S tru k tu r  d e r e rs te n  Koor- 
d in a tio n ssp h äre  des C u(dpch)2Cl2 an h an d  des E S R -S p ek tru m s n ic h t  m öglich. 
D a jed o ch  das R e flex io n ssp ek tru m  des C u(dm ch)2Cl2 eine große Ä hn lichkeit 
m it dem  des C u(dpch)2Cl2 aufw eist, k an n  an g en o m m en  w erd en , d a ß  beide 
C helate  eine ähn liche S tr u k tu r  besitzen .

D as E S R -S p e k tru m  des Cu(bipy)2Cl2 lä ß t  sich d u rch  e inen  Spin- 
H A M IL T O N -O perato r a x ia le r  S ym m etrie  besch re ib en . W egen g u  < g ± kann  
a u f  einen  d ,2-G ru n d z u s ta n d  geschlossen w erd en . D as Ab w eichen des W ertes 
fü r  gn  von  2,0023, dem  g -W e rt des freien E le k tro n s , is t a u f  A ustau sch w ech se l
w irkungen  zu rü ck zu fü h ren . D ie ausg ep räg t rh o m b isch e  S y m m etrie  d e r  ESR - 
S p ek tren  der ü b rigen  B is-C helate  sp rich t fü r  e in en  G ru n d z u s ta n d  d e r F o rm  (1).

I 0 > =  a [co s Ф dz2 -f- sin Ф dx2 _ y2] — a 'y L(0) (1)

'ipL(0) s te llt h ierbei eine sy m m e tr ie a d a p tie rte  L in ea rk o m b in a tio n  v o n  A tom - 
o rb ita le n  der L iganden  d a r.)

B ei K en n tn is  d e r  o p tisch en  Ü bergänge u n d  d er en tsp re c h e n d en  K ova- 
le n z p a ra m ete r  is t d er M ischungskoeffiz ien t Ф au s  den  g -W erten  b e rech en b ar. 
A llerd ings se tz t dies v o ra u s , d aß  die ex p e rim en te ll e rm itte lte n  g -W erte  n ich t 
d u rch  A ustauschw echselw irkungen  v e rfä lsch t w orden  sind. W ie a b e r  das 
B eispiel der C helate C u(dpch)2Cl2 und  C u(b ipy)2Cl2 zeig t, k ö n n en  A u stau sch 
w echselw irkungen n ic h t generell v e rn ach lässig t w erden . M öglicherw eise sind 
sie hei den übrigen  C h e la ten  von  geringerer G röße, ab e r da  ein  V erg leich  m it 
d iam ag n etisch  v e rd ü n n te n  P ro b en  feh lt, k ö n n e n  keine A n g ab en  ü b e r die 
S tä rk e  dieser W echse lw irkungen  gem acht w erd en . W ir k ö n n en  u n s  deshalb 
led ig lich  au f T ren d au ssag en  b esch ränken , w obei w ir an n eh m en , d a ß  fü r die 
e inzelnen  C helate e tw a  gleich große M eßfehler a u f tre te n .

N ach D u d l e y  u n d  H a t h aw ay  [20] s te ll t  die G röße R  =  — -----—
g3 ~ g 2

Acta Chim. (B udapest) 93, 1977



152 REHOREK, THOMAS: UNTERSUCHUNGEN AN METALLCHELATEN, XXV

(gi  <  g 2  <  £з fü r rho m b isch e  S y m m etiie , gl =  g2 =  g ±  bzw. g2 =  g3 =  g ±  fü r 
a x ia le  Sym m etrie) ein g u tes  M aß  fü r die M ischung v o n  dzi- u n d  dx2- y2-W ellen 
fu n k tio n e n  dar. R  k an n  v o n  0 (reine dx2_y2-F u n k tio n )  b is t»  (reine ( ^ - F u n k 
t io n )  v a riie ren . F ü r  R  =  1 gehen  die dzr  u n d  die dxi- yi-F u n k tio n  e tw a  zu 
g le ic h e n  Teilen in den G ru n d z u s ta n d  ein.

T a b . I  en th ä lt die b e re c h n e te n  R -W erte.
Im  Falle der K o o rd in a tio n sz a h l 5 — diese k a n n  a u f  der B asis d e r L e it

fäh ig k e itsm essu n g en  fü r  die B is-C helate  angenom m en  w erden — erg eb en  sich 
als m ög liche  S tru k tu re n  d ie  q u ad ra tisch e  P y ra m id e  u n d  die tr ig o n a le  Bi- 
p y ra m id e , die jeweils d u rc h  V erzerru n g  in e in an d e r übergehen  k ö n n en . Beide 
G re n z s tru k tu re n  sind d u rc h  e in en  un te rsch ied lich en  G ru n d zu stan d  g ek en n 
z e ic h n e t:  d.t fü r die tr ig o n a le  B ipyram ide u n d  dx2_ y  fü r die q u a d ra tisc h e  
P y ra m id e  [21]. Da d u rc h  V erze rru n g  die dz2- u n d  die dj.2- ^ 2-F u n k tio n  im  
G ru n d z u s ta n d  m ite in an d er m isch en , kann  u m g ek eh rt bei K en n tn is  des A us
m a ß e s  d e r  M ischung a u sg e sa g t w erden, ob die S tru k tu r  m ehr der q u a d ra ti
sc h e n  P y ram id e  (R  <  1) o d e r d er trigonalen  B ip y ram id e  (R  )> 1) e n tsp r ic h t 
(vg l. A b b . 1).

D em n ach  liegt das C h e la t C u(dm p)2Cl2 in  e in e r v e rze rrten  q u a d ra tis c h 
p y ra m id a le n  A nordnung, b e i d e r  sich die be id en  he terocyclischen  L ig an d en  
au s s te risc h e n  G ründen  in  cis -S tellung  b e fin d en , v o r, wogegen d ;e ü b rig en  
B is -C h e la te  s tä rk er in  R ic h tu n g  einer tr ig o n a len  B ip y ram id e  v e rz e rr t  sind . 
N e b e n  d en  E S R -D aten  w e is t au c h  das R e flex io n ssp ek tru m  des C u(dm p)2Cl2,

к i
z z

Abb. 1. a: trigonal-bipyram idale Struktur (d22-G rundzustand); b: quadratische Pyram ide
(dxz- y 2- Grundzustand)
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in sbesondere  die hypsochrom e V ersch iebung  d er kurzw elligen d—d -B an d e , a u f  
das abw eichende s tru k tu re lle  V e rh a lten  h in .

C u(phen)2Cl2 b e s itz t w ie auch  das C u(b ipy)2Cl2 eine im  w esen tlichen  
tr ig o n a l-b ip y ram id a le  S tru k tu r . A llerdings is t im  F alle  des C u(phen)2Cl2 der 
G rad  der V erzerrung  e tw as g rößer als beim  b ip y -C hela t, was v e rm u tlic h  auf 
die gegenüber dem  2 ,2 '-B ip y rid in  v e rrin g e rte  D reh b a rk e it des P h e n a n th ro -  
lin g e rü s ts  zu rü ck zu fü h ren  is t.

Abb. 2. Chloroverbrückte trigonal-bipyram idale Struktur

E in  Teil der M ono-C helate w eist überraschenderw eise  ein  ähn liches 
E S R -spek tro sk o p isch es V e rh a lten  wie die B is-C helate  auf. M it A u sn ah m e des 
Cu(bich)C l2 liefern  die M ono(cupro in )-kupfer(II)-C hela te  E S R -S p e k tre n  rh o m 
b ischer S ym m etrie . Cu(b;ch)Cl2 sow;e die be iden  F erro in -C hela te  C u(bipy)C l2 
C u(phen)2Cl2 zeigen dagegen E S R -S p ek tren  ax ia le r S ym m etrie  m it 
w as a u f  einen dxt - yv  bzw . dxv-G ru n d zu stan d  h inw eist. W ie die L e itfä h ig k e its 
m essungen  zeigen, liegen alle h ier u n te rsu c h te n  M ono-Chelate als N ich t- 
e le k tro ly te  vo r, w o taus sich eine K o o rd in a tio n szah l von m in d esten s 4 e rg ib t.

F ü r  Cu(phen)Cl2 u n d  C u(bipy)C l2 k o n n te n  IR -sp ek tro sk o p isch  Chloro- 
b rü ck en  nachgew iesen w erden  [4] und  in Ü b ere in stim m u n g  m it E S R - und
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o p tisc h e n  S p ek tren  [1, 2, 3] q u asio k taed risch e  S tru k tu re n  ab g e le ite t w erden . 
D e r fü r  Cu(bich)Cl E S R -sp ek tro sk o p isch  e rm itte l te  g n -W ert is t m it g n =  
=  2,343 b ed eu ten d  g rö ß er als bei den o k ta e d risc h e n  K om plexen  C u(phen)C l2 
u n d  C u(bipy)C l?. K o k o s z k a  et al. [22] e rm itte lte n  fü r  C u(phen)C l2 in  ver- 
z e rr t- te tra e d risc h e i U m g eb u n g , das d u rch  D o tie ru n g  von  Z n(phen)C l2 m it 
C u 2+ e rh a lte n  w u rd e , e in en  gn"W ert von  2,297, d er d am it b e trä c h tlic h  ü b er 
d em  fü r  o k taed rische  K o o rd in a tio n  e rh a lte n e n  W e rt lieg t. W ir n eh m en  an , 
d a ß  au ch  irn C u(bich)C l2 eine v e rz e rrt-te tra e d risc h e  K o o rd in a tio n  v o rlieg t,

Abb. 3. Q uadratisch-pyram idale Struktur m it Chlorobrücken (D ie beiden Chloratome 1 u. 2 
befinden  sich außerhalb der durch Kupferatom  und die beiden Stickstoffatom e gebildeten

Chelatebene.)

was au ch  m it der gegenüber den  ok taedrisch  k o o rd in ie rte n  C helaten  Cu(bipy)CL, 
u n d  C u(phen)C l2 b e o b a c h te te n  b a th o ch ro m en  V ersch iebung  d er d -d -B a n d e n  in 
Ü b ere in s tim m u n g  s te h t .

C u(dm p)C l2 • H 20  h a t  nach  U n te rsu ch u n g  von  B illing  et al. [11] eine 
S tru k tu r ,  die am  b e s te n  als v erzerrte  q u a d ra tisc h e  P y ram id e  besch rieben  
w erd en  k an n . Die von  u ns an  einer p o ly k ris ta llin en  P robe e rm itte lte n  g -W erte  
s tim m e n  g u t m it den  v o n  B il lin g  et al. e rh a lte n e n  E in k ris ta lld a te n  ü b ere in .

T ro tz  au ffa llender äu ß erlich e r U n tersch iede  — das w asserfreie C u(dm p)C l2 
is t  w ie die anderen  D ich lo ro -m ono(cupro in )-C hela te  ro t ,  die h y d ra tis ie r te  
F o rm  dagegen g rü n  — h a b e n  die E SR - u n d  au ch  die R e flex io n ssp ek tren  
b e id e r C helate, hei le tz te re n  v . a. im  B ere ich  d er d -d -B an d en , eine große 
Ä h n lich k e it m ite in an d e r, w as au f s tru k tu re lle  G em einsam keiten  h inw eist.
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Die un te rsch ied lich e  F a rb e  d er C helate is t in  e rs te r  L inie a u f  den  bei einer 
W ellen länge von e tw a  500 n m  a u ftre te n d en  C h arg e-T ran sfer-Ü b erg an g  im  
C u(dm p)C l2 zu rü ck zu fü h ren . E in e  der des C u(dm p)C l2 • H .,0 ähn lich e  S tru k 
tu r  des C u(dm p)Cl2 b e d in g t, d aß  be i le tz te rem  jew eils ein  C h lo ra tom  als 
B rücken ligand  fu n g ie rt (vgl. A bb . 2). D er R -W ert des w asserfre ien  C u(dm p)C l2 
b e trä g t  1,43 und  is t d a m it g rößer als fü r  die h y d ra tis ie r te  F o rm . D ie S tru k tu r  
des C u(dm p)C l2 ä h n e lt desh a lb  m ehr einer tr ig o n a len  B ip y ram id e . Bei den 
beiden  anderen  M ono-cupro in -C hela ten  sind  die R -W erte  k le iner als 1. W egen 
der au sg ep räg ten  rh o m b isch en  S ym m etrie  d er E S R -S p e k tre n  s in d  jedoch  
auch  h ie r zusätzliche W echselw irkungen  m it b e n a c h b a rten  C h ela ten  über 
C hlo robrücken  an zu n eh m en , w as m it der sch lech ten  L öslichke it d e r  C helate 
im  E in k la n g  s te h t. A uf G ru n d  d er R -W erte  e rg ib t s ich  eine v e rz e rr te  q u a d ra 
tisch  p y ram id a le  S tru k tu r ,  w obei w ahrschein lich  die be id en  u n m itte lb a r  
k o o rd in ie rten  C hlo ra tom e (vgl. A bb. 3) zusam m en m it den S tick s to ffa to m en  
des H eterocyclus ein  v e rz e rr te s  T e tra e d e r b ilden , w as die g egenüber dem  
C u(dm p)C l2 b eo b ach te te  b a th o c h ro m e  V ersch iebung d er k u rzw elligen  d-d-  
B an d e  erk lä ren  w ürde u n d  aus sterischen  G ründen  p lausibe l e rsch e in t.
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SOME CHEMICAL ASPECTS 
OF 3-THIONO-L2-DITHIOLES, VI

M o h a m e d  A . - F .  E l k a s c h e f , F a r o u k  M . E .  A b d e l -M e g e i d  

and A h m a d  A . E l b a r b a r y

(N a tion a l Research Centre, D okki, Cairo, E gypt)
R eceived Septem ber 28, 1975; 

in revised form August 15, 1976

Compound I reacted w ith am ines to g ive  N -substitu ted-3-th ionoisoth iazole  
derivatives (IVa, b), while com pounds II and III gave l,3-d i-(substitu ted  am ino)- 
3-thiono-l-propene derivatives (Via c and V ila  —d). Compounds I, II and III gave  
w ith diphenyldiazom ethane the benzhydrylidene derivatives IX, X and XI, respectively . 
Compounds II and III w ith diazofluorene yielded the respective 3-fluorenylidene-l,2- 
dithiole derivatives XII and XIII, while com pound I gave the spiro [fluorenethiophene] 
derivatives XIV. The product from com pound I w ith  copper-bronze was the d ibenz-thio- 
phenothiophene XVII, whereas com pound III afforded 2 ,5-di-(/;-methox у phenyl) th io
phene (XX).

I l a n d l l l

II: Ar =  Ph;
III: Аг=СвШ ОСНз(р-)

A lthough  m a n y  reac tio n s o f 3 -th io n o -l,2 -d ith io le s  are know n [2] a n d , 
th e ir  reac tio n s w ith  am ines were n o t c larified , a n d  th e ir  reac tions w ith  d ia z o 
a lkanes an d  copper b ronze w ere n o t s tu d ie d  a t  all.

W e found  th a t  th e  reac tio n  of com pound  I w ith  hyd raz in e  h y d ra te  a n d  
p h en y lh y d raz in e  gave th e  N -am ino  (IVa) a n d  N -pheny lam ino-4 ,5 -benzo-3- 
th io n o (2 if)-iso th iazo le  (IVb), re spec tive ly , th u s  con firm ing  th e  re su lt o b ta in e d  
by  M c C l e l l a n d  e t a l .  [3].

a: R = N H 2; 
b: R = N H P h

* Part V: s. [1].
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T re a tm e n t o f co m p o u n d  IVa w ith  n itro u s  acid  d id  n o t give th e  ex p ec ted  
h y d ro x y  d e riv a tiv e  (IVa, R =  O H  in s te a d  o f N H 2), h u t y ie lded  2 ,2 ’-di-(N - 
h y d ro x y b en zam id e ) d isu lfide  (V). The s t ru c tu re  of th is  com pound  w as sup 
p o r te d  b y  its  IR sp e c tru m  and  m olecu lar w eig h t d e te rm in a tio n  (c j . E x p e ri
m e n ta l) .

— NH 2

IVa V

C om pound II re a c te d  w ith  m e th y la m in e , e th y lam ine , or h y d raz in e  
h y d ra te  to  give 1,3 -d i-(N -m e th y lam in o )-l-p h cn y l-3 -th io n o -l-p ro p en e  (Via),
1 .3 - d i-(N -e th y lam in o )-l-p h en y l-3 -th io n o -l-p ro p en e  (VIb). and  1 ,3-d ihydrazo- 
l-p h e n y l-3 - th io n o -l-p ro p e n e  (Vic), re sp ec tiv e ly . S im ilarly , com pound  III gave
1 .3 - d i-(N -m eth y lam in o )-l-(p -m e th o x y p h en y l)-3 -th io n o -l-p ro p en e  (Vila), 1,3- 
d i-(N -e th y lam in o )-l-(p -m e th o x y p h en y l)-3 -th io n o -l-p ro p en e  (Vllb), 1,3-dihyd- 
ra z o -l-(p -m e th o x y p h e n y l)-3 -th io n o -l-p ro p e n e  (Vile), and  l,3 -d i-(N -b en zy l- 
a m in o )-l-(p -m e th o x y p h en y l)-3 -th io n o -l-p ro p e n e  (Vlld) w ith  m e th y lam in e , 
e th y la m in e , hyd raz in e  h y d ra te , and b en zy lam in e , respective ly . T he reac tio n  
se q u en ce  m ay  be ex p la in ed  as follows:

II or III

NHR

NHR

NHR

Ar

NH R

VI and VII
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VI: A r =  P h ; VII: A r =  CeH 4O C H 3(p)
a: R  =  C H 3; 6: R  =  C2H 5; c: R  =  B H ,; d: R  =  C H 2P h

T he IR  sp ec tra  o f com pounds IVa, IVb, Via, Vic, Vllb an d  V ile s u p 
p o rted  th e  s tru c tu re s  g iven . T he A, В, C, . . . m a rk in g  assignation  fo r  th io - 
am ides accord ing  to  J ein sen  an d  N i e l s e n  [4] is  g iven fo r these  co m pounds 
as show n in  T ab le  I.

C om pound I re a c te d  w ith  d iazom ethane to  give th e  norm al re a c tio n  o f 
th io k e to n es, th u s  affo rd ing  3,3’-[3 ,3 ’-b is(4 ,5 -benzo -l,2 -d ith io le)] su lfide  (VIII)

I VIII

W ith  d ip h en y ld iazo m cth an e , com pounds I, II, an d  III behaved  n o rm a lly , 
y ie ld ing  3 -b en zh y d ry lid en e-4 ,5 -b en zo -l,2 -d ith io le  (IX), 3-benzhydry lidene-5 - 
p h e n y l-l,2 -d ith io le  (X), an d  3 -b en zh y d ry lid en e-5 -(p -m eth o x y p h en y l)-l,2 -d i- 
th io le  (XI), resp ec tiv e ly . C om pounds II an d  III also b ehaved  n o rm a lly  w ith  
d iazofluorene to  give 3-(9’-flu o ren y lidene)-5 -pheny l-l,2 -d ith io le  (XII) an d
3-(9’-flu o ren y lid en e)-5 -(p -m eth o x y p h en y l)l,2 -d ith io le  (XIII), re sp ec tiv e ly , 
w hereas com pound  I y ie ld ed  spiro [(9 /f-flu o ren e)-9 ,2 ,-(3,-oxo-4, ,5 ’-benzo- 
2 ’H -th io p h en e)] (XIV).

W ith  copper-b ronze  com pound  I afforded  4 ,5 -4 ’,5 -d ibenzo th iophene(2 ,3 - 
3’,2’)th io p h cn e  (XVII).

In te rm e d ia te  XV, fo rm ed  th ro u g h  free ra d ic a l cleavage, re a c te d  to  give 
XVI w hich , in  tu rn , w as co n v erted  by  tr e a tm e n t  w ith  copper b ro n ze  to  
XVII. A ctu a lly , B a k e r  et al. [5] o b ta in ed  th e  d ith io b en zo a te  XV ( C = 0 ,  
in s te a d  o f C = S )  to g e th e r  w ith  com pound XVII b y  boiling  th io sa licy lic  acid
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w ith  phosphorus p e n to x id e . C om pound ХУ ( С = 0 ,  in stead  of C = S )  w as also 
is o la te d  as a p ro d u c t f ro m  th e  reac tio n  o f  th e  oxo-analogue o f co m p o u n d  I 
w ith  copper bronze [1].

XII: Ar = Ph;
XIII: Ar = СеШОСНз (p )

S

C'u-bronze
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C om pound II did  n o t re a c t w ith  co p p e r bronze, while c o m p o u n d  III 
gave 2 ,5 -d i-(p -m eth o x y p h en y l)th io p h en e  (XVIII). T he sequence o f  th is  re a c 
tio n  can  be exp la ined  as follow s:

In  su p p o rt o f th e  g iven m echan ism  is th e  p o stu la tion  o f a p e ro x id e  
fo rm a tio n  [1] sim ilar to  th e  persu lfide  XVIII in  th e  reaction  o f  th e  oxo- 
analogue of com pound II w ith  copper b ronze  w here  com pounds XIX a n d  XX 
A r = P h ,  in s tead  o f p -m e th o x y p h e n y l w ere a c tu a lly  iso lated .

Experimental

M .p’.s are uncorrected and have been m easured on  a Kofler microscope. M icroanalyses 
were performed by the M icro-analytical Laboratory, N .R .C ., E gypt. Molecular w eigh ts were 
determ ined by electro-therm al m ethod (New-M ayer) a t  the M icro-analytical U n it , F acu lty  
o f Science, Cairo U niversity. IR  spectra were m easured in  K Br using a U R  10 sp ectrop hotom 
eter (Carl Zeiss, Jena).

Action of am ines and hydrazines on com pounds I, II and III

A m ixture of com pound I, II or III in ethanol and excess of the am ine (m eth ylam in e  
33% aqueous soln., ethylam ine 33% aqueous soln., or benzylam ine) or the hydrazine (hydrazine  
hydrate 99% soln., or phenylhydrazine) was refluxed for 5 hrs till no evolu tion  o f  hydrogen  
su lfide gas was detected. On concentration, yellow  crysta ls o f sulfur separated and  were re
m oved b y  filtration. The filtrate  was evaporated and th e  residue was recrystallized  from  the 
proper solvent (с/. Table II).

Table I

Selected bands in  the IR  region (c m -1)  
for compounds IVa,b V ia  — c, and  VHb, c

C om 
p o u n d

A
b an d

В
b an d

c
b a n d

D
b a n d

E
b a n d

F
b an d

G
b an d

NH, o r  
NH 

S t r e t .
c=c

IVa 1620 s 1480 s 1260 m 1135 in 850 vs 750 vs 650 m 3370 s
IVb — 1485 s 1260 w 1125 w — 725 m 680 s 3250 w —

Via — 1490 m 1260 s 1115 m — 725 m 700 s 3230 s 1610 s
Vlb 1495 s 1280 s 1116 s — 722 m 700 m 3250 v s 1620 s
V ic 1615 w 1495 vs 1295 vs 1110 s 880 m 725 m 680 m 3 1 0 0 -  

3150 s
1600 m

VIII, — 1490 vs 1255 vs 1110 s — 735 s 680 w 3240 vs 1615 vs
VIIc 1620 s 1485 vs 1270 s 1115 m 850 s 725 m 700 m 3100 w 1620 s

v s =  very strong, s =  strong, in =  m edium , w =  weak.

Acta Chim. (B udapest) 93, 1977



162 ELKASCHEF et al.: 3-THIONO-l,2-DITHIOLES, VI

Table II

Action o f  am ines an d  hydrazines (  R —N H 2)  on compounds I, II and  III

S tarting
com pound R

P ro d u c t
and

y ie ld , %
M .p.,

°c
Molecular form ula 

(Mol. w t.)

.

Analysis, % 

Calcd./Found

C H N s

I n h 2 IV a1 128 C.H6N2S2 46.15 3.30 15.38
(85) (182) 46.21 3.28 15.24

Mol. wt. Found: 175
I NH Ph IVb1 1 0 3 -1 0 5 60.47 3.88 10.85 24.81

(68) (258) 60.33 3.85 10.33 24.26
и CH3 V ia 1 9 9 -1 0 0 c „ h I4n 2s 13.59

(77) (206) 12.75
и C2II5 VIb1 6 7 - 6 8 C13II18N 2S 11.97 13.68

(74) (234) 11.04 13.60
и NH., V ic 2 1999 C9H i2N4S 15.38

(58) (208) 15.07
h i CH3 V i la 1 117 Ct,H 16O N 2S 61.02 6.78 1 1 .8 6 13.57

(86) (236) 60.86 6.67 11.76 13.77
h i C2H5 VHb3 1 2 2 Cl4H,„N,OS 63.64 7.58 10.61 1 2 .1 2

(68) (264) 63.46 7.75 10.13 1 2 .1 0
h i N H , V i le 1 1 2 4 -1 2 5 C|0H |4N4OS 13.44

(75) (238) 12.60
h i CII„Ph VHd 1 7 9 -1 8 0 C„4H24N2OS 7.21 8.25

(35) (388) 7.00 8.27

Solvent o f crysta llization : 1 n-hexane; 2 benzene; 3 m eth an o l-H 20 ;  4 m ethanol; 5 etha
nol.

A ction  o f nitrous acid on com pound IVa

A cold solution o f sod ium  nitrite (1 g) in  a m in im um  am ount of water was added to a 
cold solution  of com pound IVa (0.5 g; 0.0027 mole) in  hydrochloric acid (50 ml). The reaction  
m ixture was kept a t room  tem perature for 24 hrs. T he resulting solid, 2,23-di-(N -hydroxy- 
benzam ide) disulfide (V) (0 .6  g; 75% ) was filtered o ff and  recrystallized from ligh t petroleum  
(b .p . 40 — 60 °C); m.p. 110 °C.

C14H 12N20 4S2 (336). Calcd. N  8.33. Found N  7 .65% . IR : 1720 cm “ 1 and 1760 c m “ 1 
(C =  0 ) ,  3280 cm “ 1 (N H  -O H ) .

A ction o f  diazoalkanes on com pounds I, II and III

A  m ixture of com pound I, II, or III in dry benzene and an excess o f the diazoalkane  
[diazom ethane (prepared from  nitrosom ethylures, diphenyldiazom ethane prepared from  
benzophenone hydrazone), or 9,9-diazofluorene (prepared from  9-fluorene hydrazone)] was 
refluxed  for 6 hrs. The so lv en t w as evaporated and th e  residue was either chrom atographed  
using an alumina colum n and the proper eluent, or so lid ified  and recrystallized from the proper 
so lv en t (с /. Table III).

A m ixture of copper bronze (1.9 g) and com pound I (2 g; 0.0108 mole) dissolved in  dry 
x y len e  (100 ml) was refluxed  for 10 hrs. and filtered w h ile  hot. The oily residue, after d istil
la tion  o f the solvent under reduced pressure, was chrom atographed on an alum ina colum n. 
U sing n-hexane as eluent, 4 ,5 3,5 3-dibenzothiopheno(2,3-33,2 3)-thiophene (XVII) (0.9 g; 69% ) 
was separated and recrystallized  from  n-hexane. M.p. and m ixed m.p. w ith an authentic  
sam ple of XVII [5]: 216 °C.
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Table III

Action o f  diazoalkanes ( N 2CR2) on compounds I, II, and  III

Starting
com pound

R P roduct and 
yield, %

M.p.,
°c

Molecular 
form ula 

(Mol. w t.)

Analysis, %

Calcd./Found

C H s

1 H V III1 147 c i4h 8s 5 47.61
(21) (336) 47.20

I Ph IX' 168 C20H US2 75.47 4.40 20.13
(44) (318) 75.69 4.65 20.18

и l>h X 2 1 4 3 -1 4 4 76.73 4.68 18.58
(43) (344) 76.40 4.90 18.14

h i Ph X I2 “ 145 C23H 18OS2 73.78 4.92 17.11
(32) (374) 74.18 4.92 16.87

и K2=bipheny- X II2 211 C22H 14S2 77.19 4.09 18.71
lene (15) (342) 77.11 4.05 18.84

HI K ,= bipheny- X III2’ »

C
O

C
O c23H16o s2 73.19 4.30

lene (32) (372) 73.92 4.70

Mol. wt. Found: 350

I R2=bipheny- X I V ’ b 2 2 2 -2 2 4 C20H ,2OS 80.00 4.00 10.67
lene (19) (300) 80.38 4.42 10.64

Solvent of crystallization: 1 n-hexane; 2 ethanol.
Eluent: a n -hexane-benzene (50 : 50); b light p et.-b en zen e  (30 : 70).
IR  spectra: Compound IX , 1590 cm -1 (C = C  and Ph). Compound XIV, 1595 cm -1 

(P h ), 1700 c m - 1 ( C = 0 ) .

A ction o f copper bronze on com pound I

A m ixture of copper bronze (3 g) and com pound III (2 g; 0.102 m ole) dissolved in dry 
xylene (100 ml) was refluxed for 10 hrs and filtered while hot. The oily residue, after evapo
ration o f  the solvent under reduced pressure, was chrom atographed on an alum ina column. 
U sing a cyclohexane-benzene m ixture (50 : 50) as eluent, 2 ,5-d i-(p-m ethoxyphenyl)th iophene  
(XX) (0.4 g; 33% ) was separated and recrystallized from re-hexane. M.p. and m ixed m.p. w ith  
authentic  sample of XX [6]: 2 1 5 — 216 °C.

R E FE R E N C E S

[1] P art V: Elkaschef, M. A .-F ., A bd el-Megeid , F. M. E ., E eba bbak y , A. A .: Tetrahedron
30, 4113 (1974)

[2] La n d is , P. S.: Chem. R ev. 65, 238 (1965)
[3] McClelland , E. W ., W a r b e n , L. A., J akson , J. H .: J . Chem. Soc. 1929, 1582
[4] J e n s e n , K ., N ie l s e n , P. H .: A cta Chem. Scand 20, 597 (1966)
[5] B a k er , W., E ln aw a w y , A. S., Ollis, W. D.: J . Chem. Soc. 1952, 3163
[6] Cam paigne, E „ F o y e , W . O.: J. Org. Chem. 17, 1405 (1952)

M oham ed A .-F . E l k a s c h e f  

F a ro u k  M . E .  A b d e l -M e g e i d  

A hm ad  A . E l b a r b a r y

N ationa l R esea rch  C entre , 
D okki, C airo, E g y p t.

A d a  Chim. ( Budapest)  93, 1977





Acta Chimica Academiae Scientiarum Hungaricae, Tomus 93 (2 ) ,  pp .  165— 168 (1977)

CONVERSIONS OF TOSYL AND 
MESYL DERIVATIVES OF THE MORPHINE 

GROUP, XVII*

“ A Z ID O M O R PH IN E ” D E R IV A T IV E S, I 

S. M a k l e i t , J .  K n o l l ,* *  R . B o g n á r , S. B e r é n y i  and G. K is s

( Institu te o f  Organic Chemistry, Kossuth L a jos U niversity Debrecen, 
and **Institu te o f  Pharmacology, Semmelweis M edica l University, B udapest)

R eceived Januar 30, 1976

In view  o f the very  favourable pharm ocological properties o f “ azidom orphine” , 
the investigation  of further derivatives appeared to  be promising for both  theoretical 
and practical reasons. The synthesis o f “ 14-hydroxyazidom orphine” (3,14/J-dihydroxy- 
4,5a-epoxy-6/S-azido-17-m ethylm orphinan) is reported .

T h e pharm aco log ical in v estig a tio n  o f “ az id o m o rp h in e”  (3 -h y d ro x y -4 ,5 a - 
epoxy-6 jd-azido-17-m ethylm orphinan) [ l a — d] g av e  surp rising  re su lts , a cco rd 
ing  to  w hich  [2a— h] th is  com pound  is “ th e  m o s t p o ten t ana lgesic  know n 
so fa r  am ong th e  sem isy n th e tic  m orph ine  d e r iv a tiv e s , and  its  to le ra n c e  and  
d ependence  c a p a c ity  is s trik in g ly  low in  re sp e c t to  its  analgesic  e ffec t” , 
fu r th e r , in  m an , “ az id o m o rp h in e  p roved  to  b e  an  analgesic 40— 50 tim e s  as 
p o te n t  as m o rp h in e” ; ta k in g  in to  acco u n t th e  re la tio n sh ip s  w hich  h a v e  been 
b e tw een  th e  ac tio n  an d  chem ical s tru c tu re  o f  sem isy n th e tic  m o rp h in e  d e riv a 
tiv es  [3], th e  p re p a ra tio n  o f some d e riv a tiv e s  o f  “ az idom orph ine”  ap p e a re d  
to  b e  p rom ising  [4a, b ].

In  th e  p re se n t com m u n ica tio n  we d esc rib ed  in  deta il th e  p re p a ra tio n  
o f “ 1 4 -h y d ro x y az id o m o rp h in e”  (3,14/?-dihydroxy-4,5oe-epoxy-6/?-azido-17-m e- 
th y lm o rp h in a n ) .

S ta r tin g  from  th e b a in e  (1), 14 -hydroxycode inone  (2) can  b e  o b ta in e d  
accord ing  to  S e k i  [3]; on ca ta ly tic  h y d ro g e n a tio n  [5] th is  affords 1 4 -h y d ro x y - 
d ihydrocode inone  ( 3 ) .  1 4 -H y d ro x y d ih y d ro m o rp h in o n e  (4 )  w as p re p a re d  
acco rd ing  to  W e i s s  [6]. C om pound 4  can  b e  reduced  w ith  so d iu m  boro- 
h y d rid e  [7] to  give 1 4 -h y d ro x y d ih y d ro m o rp h in e  (5) in  a su rp ris in g ly  s te reo 
specific  reac tio n . T h is tr ih y d ro x y  d e r iv a tiv e  ca n  be p a rtia lly  a c e ty la te d  in  a 
special w ay  [8a, b] to  o b ta in  th e  3 -0 -acety l d e riv a tiv e  (6) w hich , on  t r e a t 
m e n t w ith  to sy l o r m esyl chloride, gives th e  6 -0 -to sy l or m esyl d e r iv a tiv e  (7) 
A zidolysis affords th e n  th e  desired co m p o u n d  (8).

T h e  d e ta iled  pharm aco log ical in v e s tig a tio n  o f th is  d e riv a tiv e  [2f, g, h, 
9a, b ] con firm ed  o u r p resu m p tio n s. “ 1 4 -H y d ro x y az id o m o rp h in e”  p ro v e d  to

* Part XV I: S. Ma k l e it , T. Mil e , R. B o g n á r : A cta Chim. Budapest 89. 275 (1976) 
and Magyar Kém . F olyóirat 81, 564 (1975).
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be an  analgesic  o f th e  sam e effic iency  as “ az id o m o rp h in e” , its  to x ic i ty  b e ing  
11. 6 an d  6.5 tim es low er in  m ice an d  ra ts ,  re sp ec tiv e ly ; i t  is a m ore  p o te n t  
a n titu s s iv e  ag en t th a n  az id o m o rp h in e ; to le ra n c e  an d  th e  d ependence  c a p a c i
ties are  iden tica l.

E xperim en ta l

3-0 -A cety l-1 4 -h y d ro x y d ih y d ro m o rp h in e  (6 )

To a suspension o f 3 g (9.9 m m oles) 14-hydroxydihydrom orphine and 30 g sodium  
hydrogen carbonate in 300 ml water, a total o f 15 m l acetic  anhydride was added in three 
equal portions, w ith stirring. After the term ination o f gas evolution, stirring w as continued  
for 5 m in. After extraction w ith  5 X 60 m l of chloroform , the combined chloroform  solutions  
were washed 2 x 1 0  ml o f a 5%  aqueous solution o f sodium  hydroxide and w ith  2 x 2 0  ml 
o f w ater, the solution was dried over m agnesium  sulfate and evaporated to dryness. The 
residual gum  (3 g) was suitable for further processing.

3-0 -A cety l-6 -0 -to sy l-1 4 -h y d ro x y d ih y d ro m o rp h iiic  (7 )

A solution of 2.18 g (11 m m oles) p -to luenesu lfonyl chloride in 12 ml anhydrous pyridine  
was added dropwise to a solution of 3 g 8.65 m m oles 3-0-acetyl-14-hydroxydihydrom orphine  
in 12 m l anhydrous pyridine, w ith  stirring, at a tem perature between 0 °C and — 5 °C. The 
m ixture was stirred for further 2 hrs at this tem perature, and it was allowed to  stand  24 hrs 
at room  temperature. The reaction m ixture was then poured into 300 ml o f w ater satured  
w ith sodium  hydrogen carbonate and extracted w ith  3 X 60 ml of chloroform. T he com bined  
chloroform  solutions were washed w ith 2 X 20 m l o f w ater, dried over m agnesium  su lfate  
and evaporated . The residue was then dissolved in 50 m l ethyl acetate and w ashed  w ith  
3 x 1 0  ml o f water, dried over m agnesium  sulfate and evaporated. After rubbing th e  residue  
w ith  anhydrous ether, the solidified crystalline substance was filtered off to  ob ta in  2.6 g 
69.5%  o f  the product, m .p. 193 — 194 °C, [a ]o  — 166.6° (c  =  0.9; chloroform).

C2bH wO,NS  (500.981). Calc. N  2.8; S 6.4. Found N  2.77, S 6.49, 6.34% .
IR : vqaC =  1770 c m ' 1.

6-D eoxy-6-azido-14-hydroxydihydro isom orphine ( " 1 4 -hydroxy azidom orphine” )  (8 )

A solution of 2.5 g 35 m m oles sodium  azide in 8.4 ml water was added to so lution  
of 1.8 (3.5 mmoles) 3-0-acetyl-6-0-tosyl-14-hydroxydihydrom orphine in 56 m l anhydrous  
dim ethylform am ide. The reaction m ixture was heated  for 24 hrs. at 100 °C, cooled , poured  
into 220 m l o f water and extracted  w ith 3 x 6 0  m l of chloroform. The com bined chloroform  
solution  was washed w ith 2 x 1 5  ml of a saturated aqueous solution of sodium  chloride. The 
solution  was then dried over m agnesium  sulfate and evaporated . After the rem oval o f  chloro
form, the residual am ount of dim ethylform am ide was evaporated at 60 °C at a pressure of 
0.1 torr. The residue was rubbed w ith acetone to ob ta in  a crystalline substance 0.86 g; 
73.1% , m .p. 222—223 °C, |a lo  — 185.9° (c =  0.53; anhydrous ethanol).

C „H 2,,0 3N4 (328.356). Calc. N  17.1. Found N  18.0, 18.37% .
IR : jijsjj =  2100 c m - 1.

*

The authors’ thanks are expressed to Main D epartm ent I o f Natural Sciences o f  the  
H ungarian Academ y o f Sciences and to Alkaloida Chem ical Works T iszavasvári for support
ing th is research.
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CONVERSIONS OF TOSYL AND MESYL 
DERIVATIVES OF THE MORPHINE GROUP,

XVIII*

“ A Z ID O M O R P H IN E ” D E R IV A T IV E S, II

S. Ma k l e it , J .  K n o l l ,** R . B o g n á r , S. B e r é n y i , G. S o m o g yi

and G. K iss

(Institu te o f  Organic Chem istry, Kossuth Lajos U niversity, Debrecen, 
and **Institute o f  Pharmacology, Semmelweis M edical U niversity, B udapest)

R eceived  Januar 30, 1976

In the course of investigation s of “ azidom orphine” derivatives. 3 -d eo x y -, 3-0- 
eth y l and 3-0-m orpholinylethyl-“ azidom orphines”  were prepared. Of these com pounds 
“ 3-0-ethylazidom orphine” (“ A zidodionin” ) proved to be the m ost effic ient antitussive  
agent known so far, according to tests on experim ental animals.

O w ing to  reasons m e n tio n e d  in  our p reced ing  co m m u n ica tio n , w e con
tin u e d  ou r investig a tio n s co ncern ing  th e  m o d ifica tio n  o f “ az id o m o rp h in e ” , 
w ith  th e  p rim ary  p u rp o se  o f  th e  chem ical m odelling  o f o u r new  th e o re tic a l 
re sea rch  concepts ab o u t th e  m echan ism  o f ac tio n  o f m o rp h in e  ( J .  K n o l l ).

T he m od ifica tion  o f  th e  C-3 phenolic h y d ro x y l group  of m o rp h in e , in 
th e  sim u ltan eo u s p resence o f  a C-6 azido g roup , w as considered  b y  us to  be 
a ro u te  necessary  an d  p o ssib ly  lead ing  to  new  p ra c tic a l resu lts  [ l a ,  b ] .

In  th e  p resen t co m m u n ica tio n  th e  d e ta ils  o f th e se  in v e s tig a tio n s  are  
described .

3 -D eo x y d ih y d ro m o rp h in e  (1) [2a, b ] was p rep a red  in  th e  k n o w n  w ay, 
w hose to sy lo x y  d e riv a tiv e  (2) afforded  on azidolysis 3 -d eo x y az id o m o rp h in e  
(4 ,5a-epoxy-6 /?-azido-17-m ethy lm orph inan) (3). A ccord ing  to  th e  re su lts  of 
pharm aco log ical in v es tig a tio n s  carried  o u t so fa r, com pound  3 a p p e a rs  to  
h av e  no p rac tica l s ign ificance .

W hen  e th y lm o rp h in e  (4) w as h y d ro g en a ted  (5) an d  th e  p ro d u c t  con
v e r te d  in to  th e  tosy l an d  m esyl d e riv a tiv es  (6a, 6b), su b seq u en t az ido lysis , 
ca rr ied  o u t in th e  w ay  deve loped  b y  us fo r th e  m o rp h in e  a lk a lo id s , gave 
“ A z idod ion in”  (7) (3 -e thoxy-4 ,5a-epoxy-6 /? -az ido -17 -m ethy lm orph inan ). The 
p h arm aco log ica l in v e s tig a tio n  of th is  com pound  affo rded  a n o th e r  new  re su lt 
o f  p ro m in e n t im p o rtan ce  [3a, b , с]. “ A zid o e th y lm o rp h in e  w as fo u n d  to  be in 
th e  r a t  60 tim es m ore p o te n t  o ra lly  th a n  codeine, i.e. i t  is th e  h i th e r to  know n 
m o st p o te n t oral a n titu ss iv e  in  th is  te s t” .

* Part X V II: S. Ma k l e it , J. K n o l l , R. B ogn á r , S. B e r é n y i , G. K is s : A cta  Chim., 
B udapest 93, 165 (1977) and M agyar K ém . Folyóirat 82, 430 (1976).
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I t  is know n t h a t  3 -0 -m o rp h o lin y le th y lm o rp h in e  (11) [4] h a s  fav o u rab le  
p h arm aco lo g ica l p ro p e rtie s . T ak in g  th is  in to  acco u n t, we p re p a re d  3-0- 
m o rp h o lin y le th y laz id o m o rp h in e  (3-m orpholinylethoxy-4 ,5a-epoxy-6jö-azido-17- 
m e th y lm o rp h in a n ) (9). T h is  com pound  can be sy n th esized  e ith e r  b y  th e  a lk y la 
t io n  o f  az idom orphine (8), w hich  can be ca rr ied  o u t since th e  azido  g roup  is 
r a th e r  stab le  in  a lk a lin e  m ed iu m , or d irec tly , s ta r tin g  from  m o rp h in e  (10). 
T h e  pharm aco log ical p ro p e rtie s  o f th e  co m p o u n d  h av e  been p u b lish e d  earlier 
[За, b ] .

E xperim en ta l

3-D eoxy-6-0-tosyld ihydrom orphine (2 )

3-Deoxydihydrom orphine (1) (4.1 g; 0.015 m ole), prepared in the know n w ay  [2a, b], 
w as dissolved in anhydrous pyridine, and a solution of 2.95 g (0.015 m ole) p-toluensulfonyl 
chloride in 15 ml anhydrous pyridine was added b y  drops. Stirring was continued for 2 hrs 
at 0 °C and the m ixture w as a llow ed to stand 24 hrs. at room  tem perature. I t  w as th en  poured 
in to  400 m l of a saturated aqueous solution of sodium  hydrogen carbonate and extracted  
w ith  3 xlOO ml of chloroform . T he com bined chloroform solution was w ashed w ith  2 X 25 ml 
o f  w a ter, dried over m agnesium  su lfate and evaporated to dryness. The residue w as dissolved  
in  50 m l ethyl acetate, w ashed w ith  3 X 20 ml of w ater, dried and evaporated. The residue 
w as a gum  weighing 3.25 g w h ich  was processed further in  this form.

C26H 290 4NS (451.564),

3-Deoxyazidom orphine (3 )

A  solution of 6.5 g sod ium  azide (0.1 mole) in 16 m l water was added to  a solution  
o f  3.35 g o f compound 2 (0 .0074 m ole) in 100 m l anhydrous dim ethylform am ide, and the 
m ixtu re  was heated 24 hrs. a t 100 °C. The m ixture was poured into 500 m l o f w ater, and 
ex tra c ted  w ith 4 X 100 m l o f chloroform . The com bined chloroform solutions were washed 
w ith  2 x 5 0  ml of a saturated aqueous solution of sodium  chloride, dried over m agnesium  
su lfa te  and evaporated. The residue crystallized from  anhydrous ether to give 1.17 g (20% ) 
o f  th e  product; [a]o — 238° (c =  0.5; chloroform).

C17H 20ON4 (296.36). Calc. N  18.98. Found N  17.94% .
The product was chrom atographically hom ogeneous (Silica gel G Merck; solvent 

sy s tem  benzene-m ethanol (8 : 2); detection  w ith D ragendorff reagent).
VN3 =  2100 cm -1 .

6-O-Tosyldihydroethylm orpliine (6a)

A  solution of 50 g (159 m m oles) dihydroethylm orphine in 200 m l anhydrous pyridine 
w as cooled  to a tem perature betw een  0 °C and — 5 °C, and a solution of 37 g (190 m m oles) 
to sy l chloride in 200 ml anhydrous pyridine was added dropwise, w ith  stirring. A fter further 
stirring for 2 hrs. under cooling in  ice-w ater, the m ixture was allowed to stand 24 hrs at room  
tem perature, and poured in to  5000 ml of a saturated aqueous solution of sodium  hydrogen  
carb onate; the mixture w as ex tra cted  w ith 4 X 250 m l of chloroform. The com bined chloroform  
ex tra c ts  were then washed w ith  2 x 100 ml of a saturated aqueous solution o f sodium  chloride, 
dried over magnesium su lfate and evaporated to dryness to rem ove all pyridine. The rem ain
ing gu m  was dissolved in 500 m l e th y l acetate and washed w ith  3 x 7 0  ml of w ater. The ethyl 
a ceta te  solution was dried over m agnesium  sulfate and evaporated to obtain 58.5 g o f re
sidu al gum .

C26H 3I0 5NS (469.584).
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6-O-M esyldihydroethylm orphine (6b)

A solution of 14.85 g (47 m m oles) dihydroethylm orphine in 60 m l anhydrous pyridine  
was cooled to a tem perature between 0 °C and — 5 °C, and the solution of 4.06 ml (6.014 g; 
53.5 m m oles) m ethanesulfonyl chloride in  60 ml anhydrous pyridine was added dropwise, 
w ith stirring, during about 20 m inutes. Stirring was continued for further 2 hrs under cooling  
in ice-w ater, the m ixture was allowed to stand 24 hrs at room temperature, poured into  1500 
m l of a saturated aqueous solution o f sodium  hydrogen carbonate, extracted w ith  3 X 200 ml 
of chloroform , and the com bined chloroform extracts were washed with 2 x 7 0  ml o f a saturated  
aqueous solution o f sodium  chloride. The chloroform  solution was dried over m agnesium  
sulfate and evaporated to dryness to rem ove all pyridine. The remaining gum  w as dissolved  
in hot anhydrous ether (about 40— 50 m l). C rystallisation started instantaneously to yield  
11.86 g (64% ) o f the product, m .p. 135— 136 °C; [a]^ 96.1° ( = 0 .5 2 ;  chloroform ).

C20H 2A N S  (393.430). Calc. N 3.56; S 8.14% . Found N  3.43; S 8.22% .

Azidodionine bitartarate (7 )

A solution of 58.5 g (124 m m oles) 6-0-tosyldihydroethylm orphine w as prepared in 
1700 ml of anhydrous dim ethylform am ide, and 81 g (1240 m moles) of sodium azide dissolved  
in 200 ml water was added. The hom ogeneous reaction m ixture was poured in to  5500 ml 
water and extracted  w ith 4 X 400 ml of benzene. The com bined benzene solutions were washed  
w ith 3 x 1 0 0  m l of a saturated aqueous solution of sodium  chloride, dried over m agnesium  
sulfate and evaporated (20 torr, 50 °C). The residue was 40 g of a gum which w as dissolved  
in 200 m l of anhydrous ethanol. To this hot solution , the solution of 17.5 g o f d-tartaric acid  
in 150 m l of hot anhydrous ethanol was added. On cooling the salt precipitated as yellow  
crystal plates (51 g; 65%  calculated for the starting m aterial), m.p. 193 °C, base content 
^ 6 7 % . The base precipitated from the crude product was only slightly contam inated. 
R ecrystallization of the salt from 200 ml o f water gave 44.3 g o f the product, m .p. 197 °C.

C23H ao0 8N4 . H 20  (508.556). Calc. N  11.05. Found N  11.35, 11.18% .
IR : =  2100 cm -1 , [ajp — 84° (c =  0.5; water).

3-O-M orpholinylethylazidom orphine (9)

0.17 g (7.4 m m oles) sodium  m etal was dissolved in 10 m l anhydrous ethanol, and 1 g 
(3.12 m m oles) azidom orphine (8) was dissolved in this solution . After the addition  o f 0.85 g 
(4.56 m m oles) finely  powdered m orpholinylcthylchloride hydrochloride, the m ixture was 
refluxed on a w ater bath  for 1 hr. A fter cooling, sodium  chloride was rem oved b y  filtration , 
the pH  o f the solution was adjusted to 5— 6 w ith  10% aqueous hydrochloric acid , and the 
solution evaporated to dryness in vacuum . The residue was dissolved in 20— 25 m l o f water, 
transferred into a shaking funnel and m ade alkaline (pH  =  9) w ith 50% aqueous sodium  
hydroxide solution , then extracted w ith  3 X 30 ml o f chloroform. The com bined chloroform  
extracts were washed w ith 2 x 1 5  m l of w ater and dried over m agnesium  su lfate. E vapora
tion to dryness left a gum  which rapidly converted on standing into well developed crystals; 
washing w ith  n-hexane or anhydrous ether gave 0.55 g (40% ) of the product, m .p . 80— 81 °C; 
[a]D — 138.8° (c =  0.72; chloroform).

C23H 3l0 3N6 (425.512). Calc. N 16.46. Found N  16.38, 16.14%.
IR : =  2100 cm -1 .

3-0-M orplioliiiylethyl-6-0-m csyIdihydrom orphinc (13b)

A solution of 6.4 g (15.8 m m oles) 3-0-m orpholinylethyldihydrom orphine in 25.6 ml 
anhydrous pyridine was m ixed at 0°, by  dropwise addition , w ith a solution of 1.18 m l (1.75 g; 
15.2 m m oles) m ethanesulfonyl chloride in 25.6 ml anhydrous pyridine. A fter stirring for 
2 hrs a t 0 °C, the m ixture was allowed to stand 24 hrs at room tem perature, then  poured 
into 250 ml of a saturated aqueous solution of sodium  hydrogen carbonate. The m ixture was 
extracted  w ith  3 X 50 ml of chloroform and the com bined chloroform extracts w ashed w ith  
2 x 1 0  ml o f saturated aqueous solution of sodium  chloride. After drying over m agnesium  
sulfate, the solution was evaporated to leave a residual gum  (5.8 g; 76% ) su itab le for further  
processing.

C24H 34OcN2S (474.536).
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3 - О -M orpholiny le thy lazidom orph ine  (9 )

To a solution o f 5.8 g (8 .8  m m oles) of com pound 13b in  186 ml dim ethylform am ide, 
a so lu tion  of 7.56 g (85 m m oles) sodium  azide in 22.4 m l w ater was added at once; the m ixture  
w as th en  m aintained at 100 °C for 24 hrs. After cooling, the reaction m ixture w as poured  
in to  700 ml of water and extracted  w ith  3 x 1 0 0  m l o f chloroform . The com bined chloroform  
ex tra cts were washed w ith  2 X 40 m l of a saturated aqueous solution of sodium  chloride and 
dried over m agnesium  su lfate. The residue obtained on evaporation was crystallized from  
n-hexane to yield 2.1 g (40% ) o f the product, m .p. 8 0 — 81 °C, [a]p — 138.8° (c =  0.72; 
chloroform ).

С гзН д А Д . (425.512). Calc. N 16.46. Found N  16.38, 16.53% .
I l l :  =  2100 c m -1 .

*

The author’s th an k s are expressed to Main D epartm en t I o f Natural Sciences o f  the 
H ungarian Academ y o f Sciences and to Alkaloida Chem ical W orks (Tiszavasvári) for sup
porting th is research.
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To find new derivatives w ith  m orphineantagonistic properties and to  prepare 
m odel com pounds for m orphine-receptor studies, several new  N -su b stitu ted  nor- 
“ azidomorphine” -derivatives, including N -allyl-nor-“ azidom orphine” (5), N-allyl-nor- 
“ azidocodeine” (6), 14-hydroxy-N -allyl-nor-“ azidom orphine” (19), 14-hydroxy-N - 
allyl-nor-“ azidocodeine”  (24), N -cyclopropylm ethyl-nor-“ azidom orphine” (25) and 
14-hydroxy-N -cyclopropilm ethyl-nor-“ azidom orphine” (26) have been synthesized .

Ow ing to  reasons m en tio n ed  in  our p rev ious p apers, an d  in  v iew  o f the  
m o rp h in e -an tag o n is tic  ac tio n  o f N -su b s titu te d  m orph ine  d e r iv a tiv e s  (N -allyl- 
n o rm o rp h in e  =  n a lo rp h in e , 1 4 -h y d ro x y -N -a lly ld ih y d ro n o rm o rp h in o n e  =  n a l
oxone, 1 4 -h y d ro x y -N -cy c lo p ro p y lm eth y ld ih y d ro n o rm o rp h in o n e  =  n a ltre x 
one), i t  seem ed rew ard in g  to  a t te m p t  th e  sy n th esis  o f N -su b s titu te d  d e riv a tiv e s  
o f “ az idom orph ine” .

In  th e  p resen t p a p e r  o u r stud ies in  th is  fie ld  [ la ,  b ] w ill b e  discussed 
in  d e ta il.

T he following d e riv a tiv e s  h av e  been  p rep a red :

N -a lly l-no r-“ az id o m o rp h in e”  (3 -hydroxy-4 ,5a-epoxy-6 /3-azido-17-ally lm or- 
p h in an ) (5),
N -a lly l-no r-“ azidocodeine”  (6),
14-hydroxy-N -a lly l-no r-“ az id o m o rp h in e”  (19) 
14-hydroxy-N -ally l-no r-“ azidocodeine”  (24), 
N -cy c lo p ro p y lm eth y l-n o r-“ az id o m o rp h in e”  (25), and  
1 4 -h y d ro x y -N -cy c lo p ro p y lm eth y l-n o r-“ az id o m o rp h in e”  (26).

T he syn thesis o f com pound  5 has been  accom plished  in  tw o  d iffe ren t 
w ays. W hen s ta r tin g  from  azidom orph ine  (7), p a r tia l a c e ty la tio n  o f th e  
pheno lic  h y d roxy l g roup  y ie lded  3 -0 -ace ty laz idom orph ine  (8), w h ich  was 
co n v e rted  in to  th e  3 -0 -ace ty l-N -cy an o -n o r-d e riv a tiv e  (9), b y  B ra u n ’s m ethod .

** Part X V III: S. Ma k l e it , J. K n o ll , R. R o g n á r , S. B e r é n y i , G. S o m o g y i, G. K is s : 
A cta Chim. (Budapest) 93, 169 (1977) and Magyar K ém . F olyóirat 82, 432 (1976)
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A lk a lin e  hydrolysis a n d  su b se q u e n t acid h y d ro ly s is  resu lted  in  11 via  th e  
in te rm e d ia te  10; th is  p ro d u c t  can be fu r th e r  co n v e rte d  in  d iffe ren t w ays. 
T re a tm e n t  w ith  ally l b ro m id e  yields com pound  5 , w hile th e  reac tio n  p ro d u c t 
w i th  cy c lo p ropy lm ethy l b ro m id e  is com pound 2 5 . A n o th e r possib ility  fo r th e  
p re p a ra t io n  of 5 in v o lv es  th e  use of th e  w ell-know n N -ally l-no r-d ihydro - 
m o rp h in e . P a rtia l a c e ty la t io n  o f th is  com pound  re su lts  in  1, and  th e  6-0-tosy l 
a n d  6-0-m esyl d e r iv a tiv e  (3) can  be o b ta in ed  b y  t r e a tm e n t  w ith  to sy l an d  
m e sy l chloride, re sp e c tiv e ly . Com pound 5 is fo rm e d  b y  th e  azidolysis o f th is  
c o m p o u n d . This m e th o d  is also  described in  a U .S . p a te n t  [2] p u b lished  in 
1975 (M ay 6, 1975). I t  is co n sid e red  im p o rta n t to  em p h asize  th a t  th is  syn th esis  
p a t h  h a d  been re p o rte d  e a r lie r  by  us in  o u r co m p reh en siv e  p ap ers  [ la ,  b] 
(d a te s  o f arriva l to  p re ss : l a :  A ugust 21, 1974; l b :  A u g u st 15, 1974).

O ne of th e  s y n th e tic  ro u te s  to  N -cy c lo p ro p y lm eth y l-n o r-az id o m o rp h in e  
(2 5 ) h a s  already  been m e n tio n e d . The s ta r tin g  m a te r ia l  in  th e  o th e r p rocedure , 
d e sc rib e d  in the  l i te ra tu re  [3] is N -cy c lo p ro p y lm eth y l-n o r-m o rp h in e . Com 
p o u n d  2 was ob ta in ed  b y  h y d ro g en a tio n  and  p a r t ia l  a c e ty la tio n  of th e  phenolic 
h y d ro x y l  group of th is  c o m p o u n d , and the  p ro d u c t w as th e n  con v erted  fu r th e r  
in to  th e  6-0-tosyl an d  6 -0 -m esy l deriva tives (4 ), re sp ec tiv e ly . T h e  desired  
c o m p o u n d  25 was o b ta in e d  in  th e  azidolysis s te p . T h is sy n th e tic  ro u te  has 
b e e n  pub lished  in  a n o th e r  U .S . p a te n t [4] (A p ril 29, 1975). O ur com m en ts 
co n c e rn in g  th is p a te n t  a re  th e  sam e as fo r th e  p rev io u s  one.

O n th e  basis o f o u r  im p o r ta n t  o b se rv a tio n  t h a t  th e  B rau n  reac tio n  can  
re a d i ly  be accom plished in  th e  presence o f th e  az ido  group , th e  sim ple co n 
v e rs io n  of th e  azido co m p o u n d s , p repared  e a r lie r , to  th e  desired  p ro d u c ts  
seem ed  to  be possible.

T h e  B raun  re a c tio n  o f  “ azidocodeine”  (3-m ethoxy-4,5:x-epoxy-6-/?-azido- 
1 7 -m e th y lm o rp hinan) (12) [5 a— d] proceeds th ro u g h  13 y ield ing  14, an d  
a l ly la t io n  of th e  re a c tio n  p ro d u c t  gives co m p o u n d  6.

W hen  sub jec ting  th e  3 ,14-d iacetoxy  d e r iv a tiv e  (16) of “ 14 -hydroxy- 
a z id o m o rp h in e”  (3 ,14 /?-d ihydroxy-4 ,5a-epoxy-6 /?-az ido-17-m ethy lm orph inan) 
(15 ) [6] to  the  B raun  re a c tio n , th e  corresponding  nor d e riv a tiv e  (18) is o b ta in ed  
th ro u g h  th e  in te rm e d ia te  1 7 . A lly lation  of 18 y ie ld s  N -ally l-no r-“ 14-hydroxy- 
a z id o m o rp h in e”  (19), w hile  i ts  reaction  w ith  cy c lo p ro p y lm e th y l b rom ide  is 
s u i ta b le  for the  p re p a ra tio n  o f  th e  N -cy c lo p ro p y lm eth y l d e riv a tiv e  (26).

T h e  B raun  re a c tio n  o f  “ 14 -hydroxyaz idocodeine”  (3 -m ethoxy-4 ,5a- 
epoxy-6 /3 -azido-14 /?-hydroxy-17-m ethy lm orph inan) (20) [7a, b] or its  14- 
a c e to x y  derivative  (21) ta k e s  place th ro u g h  c o m p o u n d  22 resu ltin g  in  th e  
nor  d e r iv a tiv e  (23) w h ich  c a n  th en  be c o n v e rte d  in to  24 in an  a lly la tio n  
re a c tio n .

D eta iled  d a ta  o f th e  pharm aco log ical te s ts  o f  com pounds 5 an d  19 h av e  
a lr e a d y  been p u b lished  e a r lie r  [10].
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Table I

R'

No R R ’ R ” M.p.,
°c

Yield,
% [«to F M ,w la’ Calcd. Found IR ,

cm -1

l allyl H CHgCO gum allyl 933. OAc 1750
2 cyclopropylm ethyl H CHgCO gum cyclopropylm ethyl

1040, 3070, OAc 
1756

Table II

R '

No R R ’ R ”  M-P’ 
°C

Yield,
0//0 [*]d

Formula,®
M.W. Calcd. Found IR

cm -1

3 allyl H COCHg gum — — — — S 0 2 1370, 1190, 1220
4 cyclopropylm ethyl H COCH, 129 — 130 49 - 1 5 0 C29H 3.

523.9 S 6.13
2.53
5.97
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Table III

No R R’ R” M.P.,
°c

Yield,
% [*to

Formula,
M.W. Calcd. Found

IR
cm“ 1

5 allyl H H 1 2 8 -1 3 0 77.5 - 1 9 0 C i<jH 220 2N 4
338.3

N
16.5

N
15.83

N 3 2100, allyl 930

6 allyl H CH3 9 6 - 9 7 26.2 - 2 1 0 .2 c20h 24o 2n
352.4

N
16.0

N
16.1

N , 2100, allyl 930, 940, 
3000

7 CH3 H H azidomorphine; (3-hydroxy-4,5a-epoxy-6/?-azido-N-methylmorphinan)
8 CH3 H COCH3 gum - - — — N 3 2100, OAc 1770
9 CN H COCH3 191 90.3 - 308.4 C19H ln0 3N5

365.3
N
19.16

N
19.33

OAc 1774, N 3 2108 
N-CN 2214

10 CN H H 202 96.5 225.5 c 17h 170 2n 5
323.3

N
21.66

N
21.68

N 3 2082, N - C N  2192

11 H H H 245 47 - 181
(СНСЦ : 
ЕЮ П =  
2 : 1)

c 16h iso 2n 4
297.3

N
18.84

N
19.08

N 3 2 0 8 0 -2 1 0 5 , NH  3298

12 CH3 H CH3 azidocodeine; (3- m ethoxy-4,5a-epoxy-6/?-azido-N-m ethylm orphinan)
13 CN H CH3 158 159 96.5 - 273.6 c i8h I9o 2n 5

337.4
N
20.76

N
20.6

N 3 2110, N - C N  2211

14 H II CH3 gum — — - — — N 3 2100, NH  3320
15 CH3 OH II 14-hydroxyazidomorphine; (3,14/?-dihydroxy-4,5a-epoxy-6/?-azido-17-methylmorphinan)
16 CH3 OCOCH3 COCH3 169 170 93 - 2 6 6 .5 C2iH230 5N 4

411.4
N  13.6 
OAc 20.8

N  13.2 
19.2

N 3 2100, OAc 1746, 
1773
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Table III (continued)

17 CN OCOCH3 COCH3 184 — 185 74 - 2 8 4 .1 c2]h 2„o 3n 5
422.4

N
16.5

N
16.68

N 3 2100, OAc 1746, 1773 
N - C N  2210

18 H OH H higher
than
360

54 - 1 5 9 .3  
(IN  HC1)

c ,6h ,7o 3n 4
313.3

N
17.7

N
17.52

N 3 2100, NH  3320

19 allyl OH H 1 4 8 -1 5 0 89.5 200
(0.25)

^20^2lC)3N4
365.4

N
15.8

N
15.75

N 3 2100, allyl 927 
3078

20 CH3 OH CH3 14-hydroxyazidocodeine; (3-m ethoxy-4,5a-epoxy-6lS-azido-14/i-hydroxy-17-methylmorphinan)

21 CH3 OCOCH3 CH3 1 5 8 -1 5 9 96.5 - 2 2 5 C2„H240 4N4
384.4

N
14.57

N
13.93

N 3 2103, OAc 1725, 1250 
1280

22 CN OCOCH3 CH3 164 - 166 83.5 246.8 c20h 2,o 4n s
395.4

N
17.71

N
17.81

N 3 2103, OAc 1740, 
N - C N  2219

23 H OH CH3 1 7 8 -1 8 0 63.6 202.8 c I7h 2,o 3n 4
329.4

N
17.06

N
16.6

N 3 2101, N H  3300, 
C-14-OH 3420

24 allyl OH CH3 7 8 - 8 1 76 - 219.8 c20h 25o 3n 4
369.4

N
15.2

N
14.98

N 3 2100, allyl 927

25 cyclopro-
pylm ethyl

H H 143 53 - 1 7 4 c„,h „4o , n 4
352.7

N
15.9

N
15.9

N 3 2102, cyclopropyl- 
m ethyl 1045, 3080

26 cyclopro-
pylm ethyl

OH H 201 37 - 1 8 8
(0.25)

C2(|H240 3N4
368.7

N
15.2

N
15.1

N 3 2100, cyclopropyl- 
m ethyl 
1038, 3080

tc

M
A

K
L

E
IT

 et ul : T
O

SY
L

 A
N

D
 M

E
SY

L
 D

E
R

IV
A

T
IV

E
S O

F T
H

E
 M

O
R

P
H

IN
E

 G
R

O
U

P, X
IX



180 MAKLEIT et al.: TOSYL AND MESYL DERIVATIVES OF TH E MORPHINE GROUP XIX

E xperim en ta l

M .p.’s, given in the T ab les, are uncorrected and were measured in  open capillaries 
T he hom ogeneity of the su b stan ces was checked b y  th in-layer chrom atography in all cases 
[S ilicagel G, Merck; benzene—m ethanol (8 : 2), D ragendorff]. Optical rotation  data were 
o b ta in ed  in chloroform so lu tio n  in  0.5 concentration, un less indicated otherw ise.

T he reactions are grouped and described in  classes according to types.
(1) Preparation o f 3 -O -acety l derivatives was based on W eis’ [8a, b] m ethod. Com

pou nd s synthesized in th is  w ay  were 1, 2 and 8.
(2) Preparation of tosyl and mesyl esters w as accom plished according to our usual 

m eth od: the compound w as a llow ed to react w ith 0.2 m ole excess o f tosyl chloride or m esyl 
chloride in  pyridine 2 hrs a t 0 °C and then 24 hrs a t 20 °C. Compounds prepared in this 
w a y  were 3 and 4.

(3) Azidolysis o f su lfon ic  acid esters was carried out according to the m ethod de
v e lo p ed  by us, using 9 m ole excess  of sodium azide in  dim e th y  lform am ide m edium , 24 hrs, 
100 °C. The method w as em p lo y ed  in the preparation o f  com pounds 5 and 25.

(4) The Braun reaction  o f  azido compounds w as effected in chloroform  solution  
w ith  one mole excess o f  cyan o g en  bromide at 60 °C for 2.5 — 6 hrs. Com pounds obtained in 
th is  w a y  were 9, 13, 17 and 22.

(5) Deacetylation to  rem ove the 3-O-acetyl group was accom plished in  sligh tly  alka
line m edium  (2.5% alkali in  aqueous ethanol) in the course of the preparation o f 10.

(6 )  Deacetylation o f 3 ,14-d iacetyl and 14-acetyl derivatives and hydrolysis o f the 
cyan o  group were done sim ultaneously  (5— 10% aqueous hydrochloric acid, boiling for 
5— 10 hrs). This m ethod w as em ployed  with substances 11, 14, 18 and 23.

(7) N-alkylation of nor-azido compounds (a lly l, cyclopropylm ethyl) could be achieved  
b est in absolute ethanol w ith  an equivalent molar q u a n tity  o f allyl bromide and cyclopropyl
m e th y l bromide, respectively , in the presence hydrogen  carbonate, refluxing the mixture 
for 10 hrs. Compounds ob ta in ed  in this way were 5, 6, 19, 24, 25 and 26.

The authors’ thanks are due to Departm ent I o f  the Hungarian A cadem y of Sciences 
and to  the Alkaloida Chem ical W orks (Tiszavasvári) for supporting this research.
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REACTIONS ACCOMPANIED BY ACYL 
SPLITTING IN N-CARBAMOYLSUCCINIMIDE 

DERIVATIVES

K . H a r s á n y i , K . T a k á c s  and A . S i m a y

( Pharmaceutical and Chemical Works Chinoin, Budapest)  

Received March 26, 1976

The acyl sp litting reactions of N -carbam oylsuccin im ide (HI) and its  deriva tives  
o f formula IV w ith  nucleophilic agents and b y  therm al treatm ent have been in v e stig a t
ed. I t  has been found th a t III undergoes endo- or exocyclic  acyl splitting w hen  acted  
upon by nucleophilic agents, whereas in com pounds IV only an exocyclic C—N  bond  
rupture occurs. Therm al effect produces in com pounds III and IV exocyclic acyl sp littin g , 
which can be accelerated w ith free radical in itia tors or w ith  organic bases.

I t  is well kn o w n  th a t  tr ip ly  acy la ted  a m m o n ia  d e riv a tiv es  can be re a d ily  
induced  b y  nucleoph ilic  agen ts to  undergo  re a c tio n s  accom panied  b y  th e  
sp littin g  of acyl g roups. O pen-chain  tr ia c y la m m o n ia  deriv a tiv es  have  p a r t ic u 
la rly  s tro n g  a c y la tin g  p ro p ertie s  [1].

D eriv a tiv es  o f th e  general form ula I, c o n ta in in g  th e  tr ia c y la te d  n itro g e n  
a to m  as th e  m em b er o f a py rro le  ring , can  be co n sid ered  special re p re se n ta tiv e s  
of th is  g roup . T he reac tio n s  of these co m pounds w ith  nucleophilic a g e n ts  can  
proceed  in  tw o  d irec tio n s, b y  ru p tu re  o f endo cy c lic  o r exocyclic acy l-N  b o n d  
(reac tio n  p a th  A a n d  B , respective ly ) (F ig . 1).

W ith in  th e  g roup  of la  com pounds, o n ly  acy l sp li t t in g  of ty p e  A h as  been  
observed  [2]. T h is is p ro b a b ly  due to  th e  s ta b le , con ju g a ted  10я e le c tro n  
s tru c tu re  o f th e  com p o u n d s, a co n ju g a tio n  w h ich  rem ain s u n ch an g ed  in  a 
reac tio n  o f ty p e  A. B o th  th e  decrease a n d  th e  in crease  of c o n ju g a tio n  (lb  
and  Ic , re sp ec tiv e ly ) as com pared  w ith  la ,  b rin g s  a b o u t reaction  B . I n  th e  
case o f  com pounds lb  [3 — 6] and  Ic [7 —12] e i th e r  process A or p ro cess  В 
will occur, d ep en d in g  on th e  n a tu re  o f th e  R  g ro u p  [6, 8], on th e  c h a ra c te r  
of th e  nucleoph ilic  ag en t [5], and  on th e  re a c tio n  cond itions [4]. I n  a few  
cases, s im u ltan eo u s occurrence of b o th  p rocesses, A a n d  B, has been o b se rv ed
[4, 12].

T he acyl sp littin g  reac tio n  of ty p e  В can  be  b ro u g h t abou t also th e rm a lly  
in  ce rta in  cases. T h u s , e .g ., from  N -carb am o y lm ale in im id e  (II) m ale in im id e  
can be p rep a red  a t  100 —110 °C [2].

In  th e  p re se n t w ork , reac tions of som e n ew  lb  an d  Id d e riv a tiv e s  (III 
and  IV ), effected  b y  nucleophilic  agents o r b y  th e rm a l influence h a v e  b een  
stu d ied .
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Fig. 1

C om pound  III  w as p rep a red  b y  th e  c a ta ly t ic  h y d ro g en a tio n  o f  II , w hile 
c o m p o u n d s  IY a an d  b  b y  th e  D ie ls—A ld er re a c tio n  of I I  w ith  cy c lo p en ta - 
d ien e  (Ya) an d  fu rá n  (Vb), re sp ec tiv e ly  (F ig  2).

I n  th e  reac tio n  o f II a n d  Va, th e  k n o w n  endo-IVa [14] w as fo rm e d , in

О

b Z: О

Fig. 2
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a c c o rd a n c e  w ith  genera l s tereochem ical p rin c ip les  [13]. H o w ev er, in  th e  
a d d i t io n  reaction  of I I  a n d  Vb, exo-IVb w as o b ta in ed  b o th  a t  60 °C an d  a t 
20 °C , as co n tra ry  to  th e  re su lts  of th e  re a c tio n  o f fu rán  and  m ale in im id e  [15].

A c y l sp littin g  by nucleophilic  agents

I n  accordance w ith  analogous cases p u b lish ed  in th e  l i te r a tu r e  [3 — 6], 
c o m p o u n d  I I I  show ed an  a lte rn a tiv e  r e a c t iv i ty  tow ards nucleo p h ilic  agen ts.

I n  th e  course o f i ts  h y d ro ly sis , b o n d  ru p tu re  of ty p e  A w as fo u n d  in  
a c id ic  m ed ium , and b o n d  ru p tu re  of ty p e  В in  basic m ed ium . A lcoholysis 
(m e th a n o l)  also was a re a c tio n  of ty p e  A . In  am inolysis e ffec ted  w ith  an 
a l ip h a t ic  p rim ary  am ine  (b u ty lam in e), c o n c u rre n t A and  В re a c tio n s  were 
o b s e rv e d , w hereas w ith  a  secondary  am in e  (p iperidine) ex c lu s iv e ly  acyl 
s p l i t t in g  o f ty p e  В o ccu rred . T he schem e o f th e  reactions is show n in  F ig . 3.

C om pounds V il la  a n d  b have also b e e n  p rep ared  in  an  a u th e n t ic  w ay, 
b y  th e  ca ta ly tic  h y d ro g e n a tio n  of th e  k n o w n  com pounds [2] IX a  an d  b.

I n  co n tra s t to  I I I ,  in  th e  reactions o f  com pounds IV a an d  b w ith  vario u s 
n u c le o p h ilic  agents, u n ifo rm ly  an acyl s p li t t in g  process of ty p e  В w as found , 
in d e p e n d e n tly  of th e  n a tu re  o f th e  re a g e n t a n d  th e  reac tio n  co n d itio n s  ( tem 
p e r a tu r e ,  p H ). In  acid o r  a lk a lin e  h y d ro ly sis , m ethano lysis , an d  in  am ino lysis 
w ith  a  p rim a ry  or se c o n d a ry  am ine, b o th  a t  55 and 20 °C, ex c lu s iv e ly  th e  
k n o w n  endo-V IIa [16] a n d  exo-V IIb [15, 17] w ere ob ta in ed  fro m  endo-IV a 
a n d  exo-IV b, re spec tive ly . T he reac tions to o k  place genera lly  u n d e r  very  
m ild  co n d itio n s, th u s  e.g. th e  alkaline h y d ro ly s is  of IVb gave exo-V IIb  even 
a t  0 °C . T h is also p ro v es th e  exo co n fig u ra tio n  o f th e  com pound IV b, as iso
m e r iz a t io n  is un likely  to  t a k e  place a t  0 °C [15, 16].
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A c y l sp litting  by therm al in fluence

In  th e  course o f  th e  therm o ly sis  o f I I I ,  s im ila rly  to  th e  case o f I I  [2], 
a process of ty p e  В occu rred  a t  100 110 °C a n d  succin im ide (VI) was fo rm ed .
I t  w as show n th a t  th e  re a c tio n  can  be c a ta ly z ed  w ith  free rad ica l in it ia to rs  
(e.g. benzoyl p ero x id e), or organic bases (p y rid in e , tr ie th y lam in e ), in  th e  
presence o f w hich th e  reac tio n  proceeds a lre a d y  a t  60 — 80 °C giving good 
yields.

S im ilarly , in  th e  course o f th e  th e rm o ly sis  o f  com pounds IV a re a c tio n  
of ty p e  В to o k  p lace  (F ig . 2), an d  a t  a co n sid e rab ly  h igher ra te  th a n  in  th e  
case of I I I .  In  th e se  cases to o , th e  reac tio n  cou ld  be considerab ly  acce le ra ted  
w ith  benzoy l p e rox ide  o r w ith  organic bases. (See T ab le  I I  in  E x p e rim en ta l.)  
T he “ th e rm o ly s is”  o f IV a proceeded in  th e  p resence  of tr ie th y la m in e  a l
read y  a t  room  te m p e ra tu re .

No iso m eriza tio n  to o k  place in  th e  course o f th e  reac tio n , u n ifo rm ly  
endo-V IIa [16] a n d  exo-V IIb [15, 17] w ere fo rm ed . N e ith e r could iso m eriza 
tio n  be effected  in  th e  m elt o f endo-IV a by  th e rm o ly s is  a t  180 or 220 °C [18]; 
hom ogeneous endo-V IIa  w as form ed u n d e r th e se  cond itions too .

T h u s, in  th e  course of our in v es tig a tio n s , com pounds IV w ere fo u n d  
to  undergo  exclusively  an  acyl sp littin g  of ty p e  В in  reac tio n s, effected  b o th  
w ith  nucleophilic  ag en ts  an d  b y  th e rm a l in flu en ce . In  view  of th is  re su lt , 
a new  syn th esis  [20], m ore conven ien t th a n  th o se  know n so fa r, has b een  
developed fo r th e  p ro d u c tio n  o f com pound X Ia  [19], hav in g  selective ro d en - 
tic id a l a c tiv ity  an d  know n u n d er generic n a m e  N orhorm ide .

E xperim en ta l

M.p.-s are uncorrected. The IR  spectra were recorded in K B r pellets w ith a Zeiss U R -20  
spec trophotomcter.

Preparation of N-carbam oylsuccinim ide (III)

To 7.0 g (0.05 m ole) o f  II, dissolved in 250 m l o f d ioxan , 3 g o f a dioxan-w et 8% Pd/C  
catalyst was added, and hydrogenation was carried out a t room  tem perature and atm ospheric  
pressure. A fter hydrogen absorption had ceased, the so lution  was filtered from the ca ta ly st  
and concentrated in  vacuum  to 40 ml, to obtain 4.2 (59% ) o f  crystalline III, m.p. 158 160 °C
(from ethylacetate).

IR: vN H , 3420 ms, 3300 ms, 3265 ms; rC =  0  1795 s, 1750 s, br, 1710 sh.
C5H6N 20 3 (142.12). Calcd. C 42.25; H 4.22; N  19.71. Found C 42.46; H 4.23; N  19.56%

Synthesis of com pounds IV

(1) 7.0 g (0.05 m ole) o f II was allowed to react as described in the literature [14] w ith  
8.3 m l (0.1 m ole) o f  Va, to y ield  7.85 g (76% ) of endo-IVa, m .p. 151 153 °C (from m eth y l
ethyl ketone).

IR : rN H 2 3415 s, 3350 sh, 3269 m, 3200 m; rC =  0  1775 s, 1755 s, 1701 s.
In the sam e w ay as above, 8.4 g (78% ) of exo-IVb was obtained by the reaction o f 7.0 g 

(0.05 m ole) o f II w ith  17.5 m l (0.24 m ole) o f Vb; m .p. 1 3 2 — 134 °C (d.) (from dioxan).
IR : i>NH2 3415 s, 3300 s, 3270 sh; i>C =  0  1790 s, 1760 s, 1710 s.
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C9H8N20 4 (208.17). Calcd. C 51.93; H 3.87; N  13.46. Found C 51.67; H 3.82; N  13.38% .
(2) 7.0 g (0.05 m ole) o f II was suspended in  25 m l of dry chloroform. U nder cooling and 

stirring, 4.5 m l (0.055 m ole) o f Va was added dropw ise at room tem perature, and the reaction  
m ixtu re  was stirred at 20 — 25 °C for 16 hrs to ob ta in  9.25 g (90% ) of endo-IVa m .p. 154 — 156 
°C (acetone).

In  an identical w ay, 2.0 g (68% ) of exo-IVb was obtained by reacting 2.0 g (0.014 m ole) 
o f  I I  w ith  3 ml (0.042 m ole) o f Vb for 36 hrs; exo-IVb m elts at 132 — 135 °C w ith  decom position  
and is identical w ith IVb prepared as described above.

R e a c t io n s  o f  III w it h  n u c le o p h ilic  a g e n ts

1 . A c id  h y d r o ly s is

(a) 0.50 g (0.0035 m ole) o f III was m ixed  w ith  3 ml of 51V HC1, and the m ixture was 
sh aken  at room tem perature for 4 hrs. The solid  substance was filtered o ff to  obtain  0.50 g 
(89% ) of V illa , m.p. 2 1 7 - 2 1 8  °C (d.)

C5H8N20 4 (160.13). Calcd. C 37.50; H. 5.04; N  17.50; Found C 37.47; H 5.11; N  16.90% .
(b) 1.0 g (0.007 m ole) o f III was boiled in  3 m l o f 5 IV HC1 for 10 m in. On cooling, 0.55 g 

(67% ) o f succinic acid (m .p . 186 — 188 °C) crystallized  from  the clear solution.
Under identical conditions, 0.20 g (55% ) o f  succinic acid (m .p. 186 — 187 °C) was ob

ta in ed  from 0.50 g (0.0031 m ole) o f V illa .

P r e p a r a t io n  o f  V i l l a  b y  t h e  h y d r o g e n a t io n  o f  IX a

3.2 g (0.023 m ole) o f IX a [2] was m ixed w ith  200 m l of 96% alcohol, and 1 g o f  an alco
h o l-w et 8% Pd/C ca ta lyst was added; the m ixture was hydrogenated at room  tem perature  
an d  atm ospheric pressure. A fter the hydrogen absorption had ceased, the reaction  m ixture  
w as heated  to the boiling poin t, and the hot so lution  was filtered from the ca ta lyst. On cooling  
2.3 g  (63% ) of V il la  crystallized, m. p. 216 — 217° (d.); this product was indentical w ith  V il la  
prepared as described above.

2 . A lk a lin e  h y d r o ly s is

To 0.5 g (0.0035 m ole) o f III there was added 10 m l of water and then, at room  tem per
ature, 10% NaOH solution , un til the solid substance had dissolved. After a short standing, 
th e  clear solution was acid ified w ith  hydrochloric acid and evaporated to dryness in  vacuum . 
T he residue was recrystallized from  2 m l o f 96%  alcohol to give 0.30 g (79% ) o f VI, m.p. 
124 — 125 °C.

3 . M e th a n o ly s is

0.5 g (0.0035 m ole) o f III was refluxed w ith  5 m l of m ethanol for 4 hrs. A fter cooling  
0.35  g (58% ) of V U Ib  crystallized , m.p. 180 — 181 °C (dioxan.)

C6H 10N2O4 (174.16).
Calcd. C 41.37; H 5.79; N  16.08. Found C 41.70; H  5.98; N 16.18% .

P r e p a r a t io n  o f  V U I b  b y  t h e  h y d r o g e n a t io n  o f  IX b

2.38 g (0.0155 m ole) o f IX b  [2] was d issolved  in  100 m l of m ethanol, 1 g o f m ethanol-w et 
8%  Pd/C catalyst was added, and hydrogenation was carried out at room tem perature and 
atm ospheric pressure. A fter the hydrogen absorption had ceased, the reaction m ixture was 
h ea ted  to  the boiling poin t and the hot solution w as filtered  to rem ove the cata lyst. On cooling, 
1.8 g (67% ) of V U Ib  crystallized from  the filtrate, m .p . 180 — 181 °C; this product w as identical 
w ith  V U I b , prepared as described above.

4 . A in in o ly s is

(a) To 0.5 g (0.0035 m ole) o f I I I , 7 m l o f acetone and 0.35 ml (0.0035 m ole) o f butyl- 
am ine were added, and the m ixture was boiled for 4 hrs. After cooling, the substance which  
p recip itated  was filtered b y  suction to obtain 0.08 g (10.5 %) of X, m.p. 237 — 238 °C (from  
ethanol).
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IR : rNH 2 3390 m w, 3335 mw; pN H : 3230 m w, br.; vC =  0  -+- am ide I 1700 sh, 1670 s; 
am ide II 1555 s.

C9H 17N 30 3 (215.25). Calcd. C 50.22; H 7.96; N 19.52. Found C 50.00; H 8.03; N  19.40% .
Evaporation o f the acetonic m other liquor in vacuum  and recrystallization o f the re

sidue from benzene gave 0.20 g (53% ) o f VI, m.p. 123 — 125 °C.
Evaporation o f the benzene m other liquor in vacuum  and recrystallization o f the re

sidue from petroleum ether yielded 0.06 g (15% ) of butylurea, m.p. 9 5 -  96 °C.
(b) 1.0 g (0.007 mole) of III was d issolved  in 10 m l of acetone and 0 .7  m l (0.007 mole) 

o f piperidine was added; the m ixture w as boiled for 4 hrs, and then evaporated to about 
5 ml. After cooling, the substance which separated was filtered off, and recrystaliized from  
alcohol to obtain 0.60 g (67% ) of carbam oylpiperidine, m .p. 102 — 104 °C.

The evaporation of the acetonic m other liquor in vacuum  and recrystallization  o f the 
residue from benzene gave 0.30 g (39% ) o f  VI. m.p. 123 — 125 °C.

Reactions of com pounds IV with nucleophilic agents

1. Acid hydrolysis

0.52 g (0.0025 m ole) of endo-IVa w as m ixed w ith 10 ml of water, 0.5 m l o f  cone. HC1 
and 2 m l of dioxan were added, and the reaction m ixture was shaken at room  tem perature  
for 2 hrs. The solid substance which separated was filtered off and recrystallized from  water 
to g ive  0.34 g (84% ) of endo-VIIa, m .p. 184 187 °C (lit. [16] m.p. 187 °C).

In an identical way, during a reaction tim e of 7 hrs, 0.15 g (37% ) of exo-VIIb was formed  
from 0.52 g (0.0025 m ole) o f exo-IVb; m .p . 160 163 °C (lit. [17] m.p. 159 161 °C).

2. A lkaline hydrolysis

0.52 g (0.0025 m ole) o f endo-IVa was m ixed w ith 5 m l of water and at room  tem perature, 
40%  NaO II solution was added dropwise, u n til the solid substance had dissolved. The solution  
was allowed to stand for 10 m in., then acid ified w ith hydrochloric acid, and the substance  
w hich separated was filtered off to obtain  0.40 g (98% ) o f endo-VIIa m .p. 185 187 °C.

The reaction of 0.52 g (0.0025 m ole) o f exo-IVb according to the preceding process gave  
0.25 g (61% ) of exo-VIIb. m.p. 1 6 1 -  163 °C.

In an identical way, in a reaction carried out at 0 °C, 0.52 g (0.0025 m ole) o f exo-IVb 
yielded 0.22 g (54% ) of exo-VIIb. m.p. 161 — 163 °C.

3. M ethanolysis

0.52 g (0.0025 m ole) o f endo-IVa was m ixed w ith 5 m l of m ethanol, and the m ixture was 
refluxed for 4 hrs. After cooling, the solid w hich separated was filtered off, and recrystaliized  
from  alcohol to obtain 0.22 g (54% ) o f endo-VIIa. m.p. 185 °C.

In an identical w ay, 0.20 g (49% ) o f exo-VIIb (m .p. 1 5 7 - 160 °C) was obtained from  
0.52 g (0.0025 mole) o f  exo-IVb.

4. A m inolysis

0.52 g (0.0025 mole) o f com pound IV in 5 ml of acetone was m ixed w ith  0.003 mole 
of the amine compound and the reaction m ixture was boiled for 2 hrs. After the evaporation  
o f the solution, the residue was triturated under toluene, and the solid substance was recrystal
iized from water. Y ields are given in T able I.

Thermolytic investigation  of compounds III and IV

0.0035 mole o f III or 0.0025 mole o f  IV was heated in 5 ml of solvent, or w ithou t solvent, 
at the temperature and for the tim e given in  Table II. When using a cata lyst, 0.3 m l o f  pyridine  
or 0.3 ml o f triethylam ine, or 0.3 g o f b enzoyl peroxide was added to the reaction m ixture  
before heating.

After cooling, the solvent was d istilled  off in vacuum  and the residue recrystaliized  
from  alcohol. In all the experim ents VI (m . p. 124 125 °C) was obtained from  III, endo-VIIa
(m .p. 185 187 °C) from  endo-IVa, and exo-VIIb (m .p. 160 — 163 °C) from exo-IVb.

Y ields and therm olysis conditions are summarized in Table II.
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Table I

A m in o lys is  data o f  compounds  IV

S tarting
m aterial

Reagent amine P roduct Yield,
1 %

endo-IVa butylam ine endo-VIIa 74
endo-IVa piperidine en do-V ila 61

exo-IVb butylam ine exo-VIIb 61

exo-IVb piperidine exo-VIIb 56

Table II

Thermolytic  investigation o f  compounds  III and  IV

Solvent Catalyst Temperature,
°C

Re
action
time,
hr.

III

Yield, °/r 

IVa IVb

VI Vila vilb

— 210 -2 2 0 3 86
— 1 8 0 -1 9 0 3 74 —

dim ethylform am ide — h.p. l 81 — -
m eth y l ethyl ketone — b.p. 2 0 61 65
m eth y l ethyl ketone pyridine h.p. 4 20 86* —
m eth y l ethyl ketone triethylam ine h.p. 4 57 - —
m eth y l ethyl ketone b enzoyl peroxide h.p. 4 52 - —
acetone — h.p. 2 — 0 0
acetone pyridine b.p. 2 — 49 24

acetone triethylam ine b.p. 2 39** 79 73
acetone benzoylperoxide b.p. 2 ‘ - 69 48

acetone triethylam ine 20 5 — 74 —

* After a reaction tim e o f  2 hours. 
** After a reaction tim e  o f  4 hours.

Preparation of XIa

5.22 g (0.0095 m ole) o f th e  X lb geometrical isom eric m ixture was m ixed w ith  60 ml of 
w ater and 6 ml of cone. HC1. A fter  the dissolution of th e  solid, the solution was clarified w ith  
charcoal and 20% N aO H  so lu tio n  was added dropwise to the filtrate  to adjust pH  7; 4.65 g 
(95% ) of the XIa hernihydrate geom etrical isom eric m ixture was obtained.

2 CggH^NgOg * H20  (1041 .12). Calcd. C 76.13; H 5.03; N  8.07. Found C 75.99; H 5.02; 
N  7.76% .

*
The authors w ish to th a n k  István  R em po rt  for the m icroanalyses. K ároly H orváth  

fo r  th e  IR  spectroscopic in vestig a tio n s, and László T ó th  for his help in the experim ental work.
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The reduction o f  a rutacarpine (12) w ith  lith ium  alum inium  hydride gave, in 
addition  to rutecarpene (13) and 3a-rutecarpan (14), a product arising b y  further 
ring cleavage. This com pound proved to  be 3,4-secorutecarpan (15). T he structure of 
each  compound was confirm ed by the analysis o f their IR , NM R and MS spectra.

T h e chem ical b e h a v io u r of h o r tia m in e  (1) [1], a re p re s e n ta tiv e  o f  a lk a 
lo ids w ith  indolo[2,3-c] q u in azo lin o [3 ,2 -a ]p y rid in e  skele ton , w as s tu d ie d  by  
P a c h t e r  et al. [2]. B y  t r e a tm e n t  w ith  w a te r , h o rtiam in e  w as c o n v e rte d  in to  
6 -m eth o x y h e ts in in e  (2). R eac tio n  o f  th e  la t te r  w ith  ace tic  a n h y d r id e  gave, 
in  a d d itio n  to  the  m ono- an d  d iace ty l d e riv a tiv e s  th e  c o m p o u n d  called  iso- 
h o rtia m in e  (3).

O n h y d ro g en a tin g  iso h o rtiam in e  (3) in  th e  presence o f A d am s c a ta ly s t, 
fo u r h y d ro g en  atom s w ere ta k e n  u p , a n d  te tra h y d ro iso h o r tia m in e  (4) was 
o b ta in e d  w hich is in  fa c t  3 ,4 -seco d ih y d ro h o rtiam in e .

In te re s tin g ly , th is  ta p e  of r in g  cleavage has n o t b een  o b se rv e d  w ith  
h o rtia m in e  (1) or d ih y d ro h o rtia m in e  (5) (F ig . 1).

A  sim ilar ring  o p en in g  com b in ed  w ith  th e  u p ta k e  o f h y d ro g e n  was 
re p o rte d  b y  T ő k e  et al. [3], w ho o b se rv ed  th e  fo rm a tio n  o f 3 ,4 -secoyoh im bine  
(7) in  th e  redu c tio n  o f  th e  3 ,4 -d eh y d ro  p ro d u c t (6) o b ta in e d  fro m  n a tu ra l 
a -y o h im b in e  (Fig. 2).

B a n e r j i  et al. [4] p rep a red  th e  3 ,4-secolactam s o f som e yo h im b in e  
a lk a lo id s  b y  m eans o f  an h y d ro u s  so d iu m  a c e ta te  in  ace tic  a n h y d r id e . T hey  
fo u n d , how ever, th a t  a seco lac tam  w as fo rm ed  only  from  a lk a lo id s  w ith  
rin g s D /E  fused cis. T h u s  e.g. th e  seco lac tam  o f s tru c tu re  9 w as o b ta in ed  
from  v en en a tic  acid (8) [5] (F ig . 3).

T h e  fission of th e  C (3)-N b bo n d  o f  som e yoh im bine  a lk a lo id s  w as effected  
w ith  cyanogen  b rom ide b y  A l b r i g h t  a n d  G o l d m a n  [6], to  o b ta in  th e  cor
resp o n d in g  3 ,4-secocyanam ide in  a fa ir  y ie ld  (10 —► 11) (F ig . 4).

O n in v es tig a tin g  th e  re d u c tio n  o f  ru te c a rp in e  (12), we re p o r te d  in  an

* Part IV: Acta Chimica (B udapest), 89, 85 (1976).

Acta Chim. (B udapest) 93, 1977
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earlier com m unication  [7] t h a t  th e  red u c tio n  w ith  lith iu m  alum in ium  h y d rid e  
gave tw o  p ro d u c ts , ru te c a rp e n e  (13) and  ru te c a rp a n  (14), d epend ing  on th e  
so lv en t app lied  (Fig. 5).

L a te r  m ass sp e c tro m e tric  in v es tig a tio n  o f th e  p ro d u c t su sp ec ted  to  he 
ru te c a rp a n  (14) revealed  t h a t  i t  w as n o t a hom ogeneous su b stan ce , b u t  i t  
co n ta in ed  besides th e  c o m p o u n d  of m olecular w e ig h t 275, co rresp o n d in g  to  
3 a -ru te c a rp a n  (14), la rge  a m o u n ts  o f a su b stan ce  o f m o lecu la r w eigh t 277 (15).

Fig. 3

Fig. 4

Acta Chim. ( Budapest)  93, 1977
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T hese tw o  su b stan ces  w ere se p a ra te d  b y  p re p a ra tiv e  th in - la y e r  c h ro 
m a to g rap h y  (K ieselgel H ; benzene : ace to n e  1 : 1). A ccordingly, th e  e a rlie r  
d a ta  concern ing  th e  p h y sica l and  sp ec tro scop ic  p ro p e rtie s  of 3 a -ru te c a rp a n
(1 4 )  [7, 8] req u ire  som e co rrec tion : M .p. 123— 125 °C; UV (E tO H ): m ax . 
( lo g e ): 282 (3.96), 290 (3.93). Ш  (K B r): 3400 c m - 1 (v N H , indo le ), 3250 
c m -1 ( v N H , sec.), 2850, 2815, 2750 c m -1 (B o h lm a n n  band).

T he c h a ra c te ris tic  d a ta  o f th e  su b s ta n c e  o f  m olecu lar w eight 277 ( 1 5 )  

are as follow s: M .p. 192— 193 °C; UV (E tO H ): m a x . (log e): 283 (3 .89), 290 
(3.82). IR  (K B r): 3440 c m -1 ( v N H , indo le), 3400, 3360 c m -1 (v N H , sec.), 
750, 735 c m -1  (у  C H , o -d isubst.).

Since th e  U V  sp ec tru m  of su b stan ce  1 5  w as ch arac te ris tic  o f  a re g u la r

MS: M*m/e 277

JR (CHf'h): i-NH 3470 (indole), 3300 cm

NMR: C(6)H2 C(5)HS C(21)H2 C(3)H2 NH indole NH

CDG'b 2.85s(A4) 3.51s 3.72s 3.9 7.45

CFjCOGH 3.45 4.10 4.74 5.01
(—H) (1H)

(2H) (2H) (2H) (2H)

Fig. 6

A d a  Chim. (Budapest) 93, 1977
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in d o le  ch rom ophore , we p re su m ed  th a t  th e  tw o  ad d itiona l h y d ro g e n  a to m s 
w ere  u se d  up  in  th e  s p lit t in g  of th e  fo llow ing  C—N or С—C lin k ag es:

(a ) Nb—€(21); (b) C (3 ) -N (1 4 ) ;  (c) C (2 ) -C (3 ) ;  (d) C ( 3 ) - N b.

O n  th is  basis we h a d  to  consider fo u r a lte rn a tiv e  s tru c tu re s . O f th ese , 
i t  w a s  possib le  to  choose th e  r ig h t one on th e  basis  of th e  IR , N M R  a n d  MS 
s p e c tr a  (F ig . 6).

S ince th e  pa ir o f b a n d s  c h a ra c te ris tic  o f  th e  p rim ary  am ino  g ro u p  was 
a b s e n t  in  th e  IR  sp ec tru m  o f  th e  d ilu te  so lu tio n  of com pound 15  in  ch lo ro 
fo rm , s tru c tu re  (b) could  a t  once be exc lu d ed .

A ccord ing  to  th e  m ass sp ec tru m  of co m p o u n d  15, th e  m o lecu la r io n  of 
th e  c o m p o u n d  had  low  s ta b ili ty , in  ag reem en t w ith  th e  four possib le  a l te rn a 
t iv e  s tru c tu re s . The m ain  decom position  p ro cess  o f th is com pound is th e  fo r
m a t io n  o f  th e  trihydro-/?-carbo line  ca tio n  w ith  m/e 171, w hich can  be  derived  
f ro m  th e  m olecular ion  b y  th e  e lim in a tio n  o f  an  o-am inobenzyl ra d ic a l;  the  
l a t t e r  a lso  appears as a f ra g m e n t w ith  p o s itiv e  charge (m/e 106). T h is m ain  
d e c o m p o s itio n  process can  b e  in te rp re te d  b y  a n y  o f th e  h y p o th e tic a l s tru c tu re s  
(a ), (b ) a n d  (d), b u t d e fin ite ly  excludes th e  a lte rn a tiv e  (c). In  case o f  s tru c tu re
(c) t h e  fo rm a tio n  of ions w ith  m/e 130 a n d  145 w ould p red o m in an te , ju s t  as 
in  th e  fra g m e n ta tio n  o f 3 ,1 4 -d ih y d ro ru te c a rp in e  [9].

I n  th e  NM R sp e c tru m  of th e  c o m p o u n d , in  tu rn , th re e  N H  p ro to n s  
w ere  id e n tif ie d . On th is  basis  th e  v a r ia n t (c) c a n  be  sim ilarly  excluded . F u r th e r , 
s in ce  t h e  sing le t 6 c h a ra c te r is tic  of th e  m e th y l g roups on th e  a ro m a tic  ske le ton  
d id  n o t  a p p e a r  a t a ro u n d  2 .2 , also s tru c tu re  (a) h a d  to  be exc lu d ed , leav in g
(d ) a s  th e  only  possible s tru c tu re  for com p o u n d  15 , w hich was c o n s is te n t w ith  
a ll o b se rv e d  spectroscopic d a ta .

A t  th e  sam e tim e  an  in te re s tin g  e ffec t w as observed in  th e  N M R  spec
t r u m  o f  15 recorded in  CDC13 so lu tion : th e  chem ical sh ift o f th e  m e th y le n e  
p ro to n s  o f  th e  carbon  a to m s C(5)— C(6) w as id e n tic a l. A ccord ing ly , a b a n d  of 
ty p e  A 4 ap p ea red  a t  <5 2.85. O n th e  effect o f  s a l t  fo rm ation  th is  iso ch ro n ism  
d is a p p e a re d  in  CF3CO O H  so lu tio n , an d  th e  tr ip le ts  co rrespond ing  to  th e  
in d iv id u a l  m ethy lene  p ro to n s  could be re a d ily  iden tified  a t  3.45 a n d  4.10, 
re sp e c tiv e ly .

I t  follow s th a t  as a b y -p ro d u c t of th e  red u c tio n , a 10-m em bered  rin g  
w as fo rm e d  w ith  fission  o f th e  C(3)— N b lin k a g e , and  th e  p ro d u c t w as 3,4- 
s e c o ru te c a rp a n  (15).

E xperim en ta l

M .p .’s were determined by a Boetius M. in strum ent, UV spectra were recorded w ith  
a U N IC A M  SP-500 instrum ent, and IR  spectra were ob ta in  w ith  a UNICAM SP -1200 spectro
ph otom eter. The NMR spectra were recorded on a Jeo l PS-100 equipm ent a t 100 M Hz, 
using T M S as internal standard; the chem ical shifts are g iven  on the basis o f the convention  
^TMS == 0 ppm . Mass spectra were recorded by an instrum ent A E I MS-902 (70 eV).

A c ta  C h im . ( B udapest)  93, 1977
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Rutecarpine (1 2 )

This com pound was prepared as described in our earlier com m unication [^], from  
1.86 g of l,2 ,3 ,4-tetrahydro-l-oxo-/3-carboline (0.01 m ole), 1.37 g o f anthranilic acid (0.01  
m ole), and 10 ml o f phosphorus oxychloride in 25 ml of anhydrous benzene. M.p. 256— 258 °C. 
UV (EtOH): m ax (log e): 278 (3.88), 290 (3.92), 332 (4 .48), 345 (4.54), 364 (4.44).
IR  (KBr): 3350 c m ' 1 (v N H , indole), 1660 cm -1 (i> C = 0 ,  lactam ), 765, 725 c m -1 (yCH , 

o-disubst.).
NM R (CDC13): <5H„-C(5) 4.51 t (2 II); II , -C (6 )  3.20 t (2 H ); H -C (1 9 )  8.13 d (1 II); J 0 = 7 

Hz; NH  9.35 s (1 H).
MS: the mass spectrum  is given in another paper [9].

Rutecarpene (1 3 )

Rutecarpene w as prepared as earlier [7], by  reducing 0.28 g o f rutecarpine (12) (0.001  
m ole) in 20 ml o f anhydrous tetrahydrofuran w ith  0.12 g o f  lith ium  aluminium hydride (0.003  
m ole). M.p. 2 0 5 - 2 0 7  °C.
UV  (EtOH): m ax (log  e): 336 (4.28).
IR  (KBr): 3430 c m ' 1 (v indole, N H ), 760 and 740 c m -1 (yCH , o-disubst.).
NM R (CDC13): H „ -  C(5) 3.44 t (2 H); H 2-  C(6) 3.03 t  (2 .H ); H 2- C ( 2 1 )  4.50 s (2 .H ).
MS: m/e (I% ): 273.1268 (75% ), C18H 15N 3; 272 (100% ); 243 (3% ); 169 (1.1% ); 155 (1.5% ).

3a-R utacarpan (1 4 )

0.28 g o f rutacarpine (13) (0.001 m ole) was reduced in  40 ml of anhydrous ether w ith  
0.23 g of lithium  alum inium  hydride (0.006 m ole) as described in our earlier com m unica
tion [7]. Processing o f  the reaction m ixture gave 0.20 g o f the product, which was separated  
on a Kieselgel H preparative layer. The developing so lven t system  was a 1 : 1 m ixture of  
benzene and acetone. The fraction w ith  R f  0.66 was elu ted  w ith  anhydrous ethanol and  
recrystallized from  the same solvent to obtain 0.05 g o f 14, m .p. 123— 125 °C.
UV (EtO H): m ax (log  e): 282 (3.96), 29Ó (3.93).
IR  (KBr): 3400 c m - 1 vNH  indole, 3250 c m - 1 (vN H , sec.), 2850, 2815, 2750 c m - 1 (B ohl- 

mann bands), 745 cm -1 (yCH, o-disubst.).
(CHC13): 3480 c m - 1 (vN H  indole), 3350 c m ' 1 (vN H , sec.), 2750, 2810, 2840 c m - 1 (B ohl- 

mann bands).
NM R (CDC13): H a— C(5) 3.15 m (1 H ); H e- C ( 5 )  3.65 m  (1 H); H , C(6) 2.78 m  (2 H ): 

H„—C(2J) 3 .68 d (1 H); 3.92 d (1 H ); 3J AB =  16.0 H z, H C(3) 4.39 s (1 H).
MS: m/e (I%): 275.1426 (68% ), C18H „ N 3; 274 (75% ); 169 (100% ); 144 (13% ); 143 (25% )

3,4-Secorutecarpan (1 5 )

(a )  The fraction  w ith R^ 0.75 adsorbed in the separation of rutacarpan (14) on the  
Kieselgel H preparative layer (so lvent system  1 : 1 m ixture o f benzene and acetone), was 
eluted with anhydrous ethanol. The so lven t was evaporated and the residue crystallized from  
acetone to yield: 0 .05 g o f 15, m .p. 195— 198 °C.
UV (EtO H): m ax (log  e): 283 (3.89), 292 (3.83).
IR  (KBr): 3440 c m -1 (t>NH, indole), 3400, 3360 c m -1 (vN H , sec.), 750, 735 c m -1 (yCH , 

o-disubst.).
(CHC13): 3470 c m -1  (vN H , indole), 3300 cm -1 (rN H , sec.).
NM R (CDC13): H„— C(5) and H2-C (6 1  2.85 s (4 H , ty p e  A4); H „ -C (2 1 ) and H2-  C(3) 3 .50 s 

(2 H) and 3 .74  s (2 H); N b- I I  and N ( 1 4 ) - H 3.9 s (2 .H ); indole NH  7.45 s (1 H). 
(CFjCOOH): H 2— C(5) 4.10 m (2 H); H 2- C ( 6 )  3.45 t  (2 H); H „ -C (2 1 ) and H 2 - C ( 3 )  4.74  

(2 H) and 5.01 (2 H), respectively.
MS: m/e (I% ): 277.1584 (2.8% ), ClfH 19N 3; 171 (100% ); 144 (15% ); 143 (39% ); 106 (18% ).

(b)  0.13 g o f  rutecarpan (14) (0.0005 m ole) was dissolved in 20 ml of m ethanol, and 
0.09 g of sodium borohydride (0.0025 m ole) was added into  the solution under cooling w ith  
ice. The mixture w as stirred 3 hrs a t room  tem perature. I t  w as then evaporated on a w ater  
bath, the residue d issolved  in 20 ml o f water and shaken w ith  1 X 30 ml and 2 X 20 ml portions 
o f  chloroform. T he solution  was dried and the so lvent evaporated to leave a colourless o ily  
residue which was crystallized from acetone. Y ield 0.08 g (60% ), m.p. 195— 198 °C.

Acta Chirn. (Budapest) 93, 1977
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PREPARATION AND INVESTIGATION OF LEWIS 
ACID COMPLEXES, XII*

IN VEST IG ATIO NS ON T H E  CYCLIZATION OF 1,2,3,4-TETRA-ACETYL-B-d -GLUCO- 
PY R A N O SE  INTO  2,3,4-TRIACETYL-LEVO G LUCO SANE**

( P R E L I M I N A R Y  C O M M U N I C A T I O N )

E . Z á r a - K a c z i á n  an d  Gy . D e á k

( Institute o f  Experimental Medicine, Hungarian Academy o f  Sciences, Budapest)

R eceived June 3, 1977

R ecen tly  we p u b lish ed  [1, 2] our in v es tig a tio n s  on th e  m echan ism  of 
th e  reac tio n  of TiCl4 w ith  pentaacety l-/?-D -glucopyranose an d  2 ,3 ,4 -triace ty l- 
levoglucosane, re sp ec tiv e ly . O ur w ork ing  h y p o th es is  in  th e  in v es tig a tio n  of 
th e  reac tio n  m echan ism  w as th a t  a s tu d y  o f th e  s tru c tu re  o f th e  so-called 
in itia l com plexes fo rm ed  fro m  th e  s ta r tin g  m a te ria ls , and  th a t  o f th e  com plexes 
iso la ted  a t a la te r  p o in t o f  tim e  o f th e  reac tio n , w ill y ie ld  in fo rm a tio n  p e rm ittin g  
a deep er insigh t in to  th e  reac tio n s .

T h e  su b stra te s  o f  th e  reac tio n s to  be s tu d ie d , tr iace ty l-levog lucosane  
an d  pentaacety l-/S -D -glucopyranose, are p o ly fu n c tio n a l from  th e  p o in t o f view 
o f e lec tro n  p a ir d o n a tio n . Since no d a ta  w ere av a ilab le  in  th e  lite ra tu re , a t 
f ir s t  we stud ied  on m odel com pounds th e  re la tio n sh ip  b e tw een  th e  s tru c tu re  
o f th e  com pounds, th e ir  te n d e n c y  fo r com plex fo rm a tio n  an d  th e  s tru c tu re  of 
th e  com plexes.

In  th e  in v e s tig a tio n  o f th e  com plexes, th e  analysis  o f th e ir  IR  spectra  
p lay ed  a decisive role. T h ese  w ere recorded  u n d e r cond itions w hich  elim inated  
th e  p o ssib ility  of deco m p o sitio n  of th e  com plexes.

In  th e  course o f  th e  in v es tig a tio n  of th e  rin g  sp littin g  re a c tio n  th e  idea 
p re sen ted  itse lf to  s tu d y  w ith  th e  m ethods, used  so fa r  w ith  good resu lts, 
th e  conversion  of l,2 ,3 ,4 -te traace ty l-/? -D -g lucopyranose , c a ta ly z ed  w ith  SnCl4 
an d  y ie ld ing  2 ,3 ,4 -triace ty l-levog lucosane  (F ig . 1), w hich  can  be considered 
r a th e r  as a m irro r re a c tio n  o f th e  ring  cleavage.

T h is reac tio n  w as f i r s t  re p o rte d  b y  L e m i e u x  [3 ],  w ho supposed  th a t  
th e  p r im a ry  step  w as th e  fo rm a tio n  of a 1,2-a-cyclic ion , w hich  th e n  tra n s 
fo rm ed  in to  th e  end  p ro d u c t  b y  th e  in tram o lecu la r  a t ta c k  o f th e  free OH 
g ro u p  in  position  6. L em ieu x  described th is  reac tio n  as an  ex trem e  “ pu ll” 
form  o f th e  “ p u sh -p u ll”  m ech an ism , ch a rac te ris tic  o f som e Sn2 ty p e  reactions.

* Part X I: F e n ic h e l , L ., D e á k , Gy ., Bakó , P., H o lly , S. and Csű r ö s , Z.: A cta Chim. 
(B udapest) 85, 313 (1975).

** Presented at the 173rd N ational M eeting (Friedel-Crafts Centennial Sym posium ) 
of the American Chemical S ociety , N ew  Orleans, Louisiana, March 23, 1977.
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B y  TLC, IR  sp ec tro sco p y  an d  in  p re p a ra tiv e  ex p erim en ts  w e estab lished  
t h a t  — in  co n trast w ith  L e m i e u x ’s s ta te m e n t — a t  room  te m p e ra tu re  th e  
re a c t io n  is com pleted  w ith in  15 m inu tes an d  on ly  one k in d  of p ro d u c t can 
be  d e te c te d  (besides th e  u n c h a n g e d  te traace ty l-g lu co se ). This m eans th a t  
th e  re a c tio n  is ra th e r  fa s t a n d  h ig h ly  selective. T herefo re , k in e tic  m easu rem en ts  
w ere  p erfo rm ed  in  d ilu ted  a n d  cooled so lu tions; in  th is  case th e  re a c tio n  tim e 
w as 70 m inu tes. A t —20 °C th e  reac tio n  can  be frozen  o u t; th u s  som etim es 
ev e n  th e  recording of th e  I R  sp e c tra  was perfo rm ed  in  specially  cooled cells.

T h e  spectrum  o f th e  ch lo ro fo rm  so lu tion  o f te tra a c e ty l-g lu c o se  shows 
t h a t ,  in  a n  equilibrium  sy s te m , a species co n ta in in g  an  in tra m o le c u la r  hyd ro g en  
b o n d  is  also present. O n th e  b as is  o f our earlier re su lts  we assum ed  th a t  u n d er 
th e  co n d itio n s  of th e  re a c tio n  a com plex  is fo rm ed  from  th e  su b s tra te  an d  th e  
c a ta ly s t .  Indeed , we su cceed ed  in  p rep arin g  an  iso lab le  com plex  con ta in ing

Fie. 1
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2 m oles of te traace ty l-g lu co se  an d  1 m ole o f SnCl4. S u rp rising ly , how ever, 
th e  sp ec tru m  of th is  com plex  does n o t revea l a sh ifted  ca rb o n y l b a n d . O n 
in v e s tig a tin g  th e  changes in  th e  sp e c tra  we cam e to  th e  conclusion t h a t  SnCl4, 
as a Lew is acid, is linked  in  th e  com plex  to  th e  h y d ro x y l g roup  (F ig . 1, a). 
T his assu m p tio n  w as p ro v ed  b y  ex p erim en ts  p erfo rm ed  on m odel com p o u n d s.

W hile  in v es tig a tin g  th e  tra n s fo rm a tio n  o f te traace ty l-g lu co se  in to  tr i-  
ace ty l-levog lucosane  in  ch loroform  so lu tio n  a t  room  te m p e ra tu re , we o bserved  
th a t  th e  b an d  ch a ra c te ris tic  o f th e  v O H  s tre tc h in g  v ib ra tio n  d ia p p e a rs  im 
m e d ia te ly  a fte r th e  m ix ing  o f th e  te traace ty l-g lu co se  and  SnCl4 so lu tions. 
B y  assum ing  th e  fo rm a tio n  o f a 2 : 1 com plex , as m en tio n ed  earlie r, th is  change 
in  th e  sp ec tru m  can  he exp la ined .

F ro m  th e  IR  sp ec tra  we concluded , th a t  in  an  equ ilib rium  re a c tio n  also 
a sm all q u a n tity  o f such  a com plex  is fo rm ed  in  w hich SnCl4 is p re su m a b ly  
lin k ed  to  th e  ca rb o n y l oxygen  o f th e  C -l ace ty l group (F ig. 1, b), b u t  th is  
co m p lex  rap id ly  undergoes fu r th e r  reac tions. In  th is  com plex  th e  c a rb o n -  
oxygen  bond  of th e  ca rb o n  a to m  in  positio n  I  is w eakened  b y  th e  e lec tro n  
a t t r a c t io n  of SnCl4 an d  b y  th e  effect o f th e  a d ja c e n t ace to x y  g roup ; th e  ac e to x y  
g roup  is sp lit off in  th e  form  o f A cO SnC If an ion , w hile th e  oxygen  o f th e  h y d ro x 
y l g ro u p  in  position  6 becom es lin k ed  b y  nucleoph ilic  su b s titu tio n  to  ca rb o n  
a to m  C -l, w ith  th e  loss o f a p ro to n .

W h en  th e  reac tio n  is co m p le ted , a new  b a n d  appears in  th e  sp ec tru m  
a t  1660 cm -1 , w hich  is a sh ifted  ca rb o n y l b a n d  belonging  to  th e  a c e ty l g roup  
in  co m p lex  linkage.

S u rp rising ly , how ever, a new  s tro n g  b a n d  is ex h ib ited  a t  1720 c m - 1 , 
w hich  can  be d e tec ted  a t  an  ea rlie r s tage  o f th e  reac tio n  as an  in flex io n  an d  
is co n tin u o u sly  increasing  in  in te n s ity . A ccord ing  to  ou r a ssu m p tio n  th e  p r i
m a ry  p ro d u c t of th e  re a c tio n  is a  com plex  co n ta in in g  tr ia ce ty l-lev o g lu co san e , 
SnCl4 an d  acetic  acid  in  1 : 1 : 1  p ro p o rtio n  (F ig . 1, c). D ep en d in g  on  th e  
co n d itio n s  o f th e  reac tio n , th is  com plex  d issocia tes in to  its  c o n s titu e n ts  an d  
th u s  w e o b ta in  a com plex  sp ec tru m .
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В . K a k á c  u n d  Z. J .  V e j d e l e k :

H andbuch der photom etrischen A na lyse  organischer Verbindungen

Verlag Chemie, 1974

D as zweibändige W erk »H andbuch der photom etrischen Analyse organischer Verbin
dungen« wurde 1974 vom  Verlag Chemie herausgegeben. A u f dem  Gebiet der instrum entalen  
chem ischen Analyse sind jene R eaktionen von großer W ichtigkeit, m it deren H ilfe irgendein  
stab iles, farbiges D erivat der zu untersuchenden Substanz hergestellt werden kann, um  eine 
qu antitative  Bestim m ung durch Photom etrierung zu erm öglichen.

D ie Verfasser sam m elten  und system atisierten ein riesiges M aterial und achteten  
dabei sorgfältig darauf, jeden F aktor in B etracht zu ziehen, w elcher auf den R eaktionsgang  
und auf die Bildung des farbigen Endprodukts einen E influß ausübt. B ei M essungen dieses 
T yps is t  die Angabe von  M eßvorschriften, welche die Se lek tiv ität und Reproduzierbarkeit 
der M ethoden gewährleisten, von großer W ichtigkeit.

D iese Aufgabe, das Erreichen des gesetzten Ziels, wurde von den Verfassern sehr in
teressant gelöst. D as B eilste in -System  wurde als Grundlage gew ählt und die zu analysierenden  
V erbindungen wurden nach ihren funktionellen Gruppen in 18 H auptgruppen und diese in 212 
Nebengruppen unterteilt. D iese Gruppierung erfolgte nach jenen funktionellen Gruppen, 
die in der Farbreaktion teilnehm en.

Die einzelnen H auptgruppen wurden im  allgem einen folgenderm aßen bearbeitet:
D ie Grundprinzipien, d.M. das W esen der einen oder mehreren zur photom etrischen  

B estim m ung führenden R eaktionen, werden dargelegt, sodann werden im  R ahm en der Neben
gruppen die w ichtigsten R eaktionstypen  eingehend besprochen. E s wird besonders darauf ge
achtet, bei jeder R eaktion  Aufschluß über die Spezifizität der R eaktion und über eventuelle  
Störfaktoren zu geben. Schließlich werden die benötigten R eagenzien angeführt und eine kurze, 
sehr gu t zusam m engefaßte Beschreibung der Reaktion gegeben. D ies wird im  allgem einen  
aufgrund je  eines F achartikels zusam m engestellt, doch wird am  Ende einer Jeden Neben
gruppe die ganze dies bezügliche Literatur angegeben. Innerhalb der Nebengruppen werden  
als A bschluß der Beschreibung der einzelnen R eaktionstypen jen e  Verbindungen in Tabellen  
zusam m engefaßt, deren B estim m ung noch der erörterten L iteratur erfolgt. Das B uch  enthält 
672 Tabellen dieser Art.

E inige weitere D aten  über das Buch:
D as Schrifttum  der N ebengruppen enthält die bibliographischen D aten  von rund 

7,500 Fachm itteilungen. D iese Zahl um faßt auch jene F achm itteilungen, die n ich t eingehend  
aufgearbeitet, nur aufgrund einer Referatenzeitschrift angeführt wurden. D ie Zahl der in  
den Tabellen angeführten Verbindungen übertrifft 6000 !

D iese D aten zeugen von  der eine unglaublich große Energie erfordernden Arbeit, die 
die Verfasser bei der Zusam m enstellung des Buches leisteten . E s m uß noch erw ähnt werden, 
daß die Verfasser über die System atisierung der gesam m elten L iteratur hinaus noch die ein
zelnen Verfahren auszuw erten hatten , um  das von ihnen als beste beurteilte auszuwählen, 
wobei sicher die beschriebenen Verfahren in mehreren Fällen kontrolliert, d.h. die angegebenen  
M ethoden geprüft werden m ußten.

Der Rezensent hält das gut K onzipierte, auf hohem  N iveau  stehende W erk in der B iblio
thek eines jeden Laboratorium s, in dem  m an sich m it der A nalyse von organischen Präparaten  
befaßt, als unentbehrlich.

L. LAng
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B i L T Z  —  K l e m m — F i s c h e r :

Experim entelle E in fü h r u n g  in  die A norganische Chemie , 71. A uflage

de G ruyter Lehrbuch; Berlin —N ew  York 1975

In  der Chemie w erden E rgebnisse im  allgem einen auf ind uktivem  W ege durch eine 
e ingehende Analyse und System atisieru ng der Erfahrungen erreicht. D iese M ethode zielt 
ein e im m er tiefere E inb ettun g der einzelnen K enntnisse in  das sich allm ählich erweiternde 
S y stem  der Zusammenhänge. D ie  deduktive M ethode führt ebenfalls zu bedeutenden Erfolgen, 
d och  kann man diese E rgebnisse ebenfalls als einen Teil dieser E inbettung betrachten.

A us diesem Grund lieg t die Folgerung auf der H and, daß der Anfänger a u f diesem  induk
t iv e n  W ege in die Chemie e ingeführt werden muß. Dieser W eg ist  geeignetum , die Freude an 
den Erscheinungen zu w ecken un d  die B eobachtungsgabe zu schulen. Mit solchem  Ziele gibt das 
vorliegen de Buch dem A nfänger ein m it äußerst einfachen M itteln zu verwirklichendes Pro
gram m , in  welchem die T heorien  n ich t als das Primäre behandelt werden, sondern als M ittel 
zur Erkennung der Zusam m enhänge dienen.

Zu Beginn wird eine äußerst einfache Ausrüstung und M anipulationstechnik dargelegt, 
w elch e auch in der M ittelschule zur Verfügung stehen. D iese Einführung wird m it einer Zu
sam m enfassung der w ich tigsten  Arbeite- und Vorsichtsm aßregeln des chem ischen Laborato
rium s beendet.

D anach werden die ty p isch en  N ichtm etalle und N ichtm etallverbindungen behandelt. 
Chlor, Schwefel, Stickstoff, K ohle und Phosphor gehören diesem  A bschn itten , in dem auch 
die experim entelle Begründung w ichtiger chem ischen Begriffe erfolgt. So werden die Begriffe 
v o n  Säuren und Basen, der chem ischen  U m setzung, der K onzentration, der elektrolytischen  
D issozia tion , der chem ischen B ind ung sowie O xidation und R eduktion besprochen und in der 
In terpretation  angewandt. E inen  w ichtigen Teil dieses A bschn ittes bildet die Besprechung  
der 1U PA C  Nomenklatur.

B ei der Behandlung der M etallverbindungen werden die w ichtigeren Repräsentanten  
der A lkali- und E rdm etallealkali (einschließlich A m m onium  bzw. M agnesium ), Alum inium , 
E lem en te  der Gruppen IB  und IIB  und schließlich R epräsentanten der Übergangselem ente  
un d  der Gruppen IVB und V B  besprochen. Die K entnisse, die das chem ische V erhalten dieser 
R epräsentanten  betreffen, w erden ebenfalls in einem  System  geordnet, w obei die Zusam m en
hän ge im  Rahmen des chem ischen  G leichgew ichtes aufgezeigt und erklärt werden. In dieser 
B ezieh u n g  das M assenwirkunggesetz und seine Anwendungen auf verschiedene Erscheinungen  
dienen  für die Erweiterung und V ertiefung der A nschauungsweise des Lesers.

E in  kleinere A b schn itt is t  den  weniger wichtigen N ichtm etallverbindungen sowie einigen  
w eiteren  M etallverbindungen gew idm et. Besonders die erstgenannte Verbindungsgruppe ist 
g eeign et, die Variabilität der B ind ung der anorganischen M oleküle zu veranschaulichen.

D as Buch ist sehr lehrreich  und dazu geeignet, den Anfänger in das chem ische Denken  
einzuführen. Das ist besonders durch das Bestreben der Verfasser bedingt, das Periodensystem  
der E lem ente zugrunde zu legen und dessen Nutzen bei allen Vergleichen und Orientierungen 
aufzuzeigen.

Der Inhalt des B uches kann nach dem Verfasser auch einer R eduktion unterworfen 
werden. Nach dem D urcharbeiten des Buches hat man auch den entgegengesetzten  Eindruck. 
D as B u ch  ist auch einer E rw eiterung fähig, und der Leser hat auch in  dieser H insicht eine 
ausgezeichnete In itiative bekom m en. D iese 71. Auflage und auch die folgenden werden m it 
In teresse  erwartet.

P . H u h n

G. W ü n s c h : Optische A nalysenm ethoden  zur B estim m u n g  anorganischer Stoffe

Sam m lung Göschen 2606 
W alter de Gruyter et Co.

Berlin, N ew  York 1975. 316 Seiten. DM 19,80

Der die optischen analytischen  M ethoden behandelnde, in  der in w eiten  K reisen be
k a n n ten  und beliebten Serie »Sam m lung Göschen« erschienene Band wird sow ohl hinsichtlich  
des U m fangs als auch des G ehaltes der ursprünglichen Zielsetzung der Serie gerecht: Förderung
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des allgem einen Lernens. Er g ibt eine klare, m oderne, kurzgefaßte, doch für das V erständnis 
und die Praxis ausreichende Orientierung über die w ichtigsten , in den optischen Laboratorien  
üblichen analytischen M ethoden: über Spektrophotom etrie, Turbidimetrie, F luorom etrie, 
Flam m enspektroinetrie und Atom absorption. Der Verfasser befaßt sich nicht m it den Geräten 
und der Praxis der Em issionsspektrographie, verm utlich  deshalb, weil diese in einem  separaten  
Band behandelt werden.

Das B uch behandelt die Themen auf m ittlerem  N iveau , so daß es für O berschüler sowie 
für andere Leser ohne H ochschulausbildung in Chemie oder Physik leicht verstän d lich  ist. 
Gleichzeitig ist es auf dem  neuesten Stand und liefert auch zur sachgemäßen und sorgfältigen  
Ausführung der beschriebenen Methoden ausreichende Inform ationen.

Ein großes V erdienst des Buches ist, daß im  ersten  Teil eine ausführliche Beschreibung  
der Grundprinzipien der einzelnen Methoden der A tom - und M olekularspektroskopie, der 
einzelnen B aueinheiten der verwendeten Geräte (L ich tquelle , Monochromator, D etek tor  usw.), 
des prinzipiellen A ufbaus der Geräte und der versch iedenen Methoden des M essens und der 
Auswertung erfolgt. E in wesentlicher Teil ist der Fehlerberechnung, den die G enauigkeit 
erhöhenden M ethoden, den Signal-G eräusch-Vcrhältnissen, der Em pfindlichkeit und dem  Be
griff der N achw eisbarkeitsgrenze gewidmet.

Der zw eite T eil des Bandes ist spezieller N atur. Es enthält die eingehende Beschreibung  
der photom etrischen, turbidim etrischen, fluorom etrischen, flam m enphotom etrischen und 
m ittels A tom absorption ausgeführten Bestim m ung von  etw a 30 Elem enten. D ie B eschreibun
gen erstrecken sich auf das Grundprinzip die Versuchsausführung und darüber h inaus auf die 
Bereitung der R eagenzien, die Aufnahme der V ergleichskurven, die Angabe der Störelem ente, 
die Vorbereitung der Probe und die Behandlung des Gerätes. H eutzutage, wo o ft nachlässig  
zusam m engestellte M itteilungen und Lehrbücher erscheinen, kann die Z usam m enstellung  
und Abfassung des speziellen Teiles vom  didaktischen G esichtspunkt wahrhaftig als e inw and
frei und m usterhaft bezeichnet werden. Das Buch g ib t dem  Leser vieles, was son st nur von  
sehr erfahrenen und guten Pädagogen verm ittelt wird.

Der dritte Teil des B uches befaßt sich m it der Beschreibung grundlegender Ü bungen, 
unter anderem m it der B estim m ung der Löslichkeit, m it der Untersuchung der Z usam m en
setzung von K om plexverbindungen und m it der A usarbeitung neuer Photom etrischer M etho
den.

Jeder A bschn itt des B uches gibt dem Leser nützliche Hinweise auf B ücher, in denen 
die einzelnen T eilthem en zu finden sind und die nachzuschlagen sich bei weiteren Problem en  
lohnt.

Am Ende des B uches befindet sich ein nützliches Sachregister.
Ich glaube, die kleinform atige Broschüre wird für jeden eine nützliche H ilfe  oder ein 

Lehrbuch sein, der sich die Praxis der optischen analytischen  Methoden anzueignen w ünscht 
oder sich in den M ethoden auskennen m öchte. A ußerdem  kann das Buch jenen F achleuten  
als Beispiel em pfohlen werden die A nalytik zu unterrichten.

J .  I n c z é d y

T. E r d e y - G r ij z : K in e tik  der Elektrodenprozesse 

Akadém iai Kiadó, B udapest 1975. 581 Seiten

Der Erfolg eines w issenschaftlichen Buches, w elches das Interesse eines w e iten  fachli
chen Kreises beansprucht, wird neben der guten B rauchbarkeit und dem hohen N iv ea u  der 
Behandlung des G egenstands durch den leichtverständlichen Stil und durch die klare und 
logische Ausführung des Stoffen bestim m t. All diese vorteilhaften E igenschaften  konnten  
bereits bei der ersten in ungarischer Sprache erschienenen Ausgabe des vorliegenden  
Buches, dessen Verfasser als Klassiker dieses W issenschaftsgebiets gilt, eindeutig festgeste llt  
werden. Diese B ew ertung wird auch durch die T atsache unterstützt, daß der R ezensent 

nach der englischen Ausgabe nunmehr die zw eite frem dsprachige Ausgabe begrüßen darf 
und dies m it Freude tut. Die Kinetik der E lektrodenprozesse ist heute ein hochw ichtiger, 
grundlegender Zweig der Elektrochem ie und der elektrochem ischen Technologie; seine Be
deutung nim m t stets zu. Folglich ist eine B ehandlung des Stoffes in der Art und in dem  U m 
fang des vorliegenden W erks, worin die Vorteile eines Lehrbuchs m it einer auf hohem  Niveau  
und auf dem neuesten Stand stehenden Darlegung des gesam ten W issenschaftsgebiets oder 
zum indest eines überwiegenden Teiles davon m it einem  sachkundigen Ausblick n ach  vorwärts 
verbunden sind unzw eifelhaft sehr nützlich und sogar ich  m öchte die B ehauptung w agen —
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in  einer deutschsprachigen A usgabe äußerst notw endig, da ja diese Sprache zum indest 
in  e in em  großen Teil des europäischen w issenschaftlichen Lebens trotz der zunehm enden  
V erbreitung der englischen Sprache auch heute noch ein  lebendiges und sich ste ts  weiter  
entw ick len d es Medium der w issenschaftlichen K om m unikation  geblieben ist und auch in 
Z uk un ft bleiben wird.

D a s B uch ist in acht große Abschnitte gegliedert, wovon Abschnitt 8 als A nhang  
b etr a ch te t werden kann und eine hervorragende Z usam m enfassung der Grundbegriffe dar
ste llt  (E lek trodenpotentia le, galvanische Elem ente, T ransportvorgänge, anodische und katho- 
dische Ström e, Theorie der D oppelsch icht, Grundlagen der Theorie der absoluten R eaktions
geschw ind igk eit und ihre Anwendungsm öglichkeiten a u f die Geschwindigkeit von E lek troden
prozessen , elektrokinetische V ersuchs verfahren usw.).

In  den sieben H auptabschn itten  werden fo lgen de Fragen behandelt: 1. G rundlagen  
der K in etik  von Elektrodenprozessen; Elektrodenprozesse, bei denen der Ladungsübergang  
geschw ind igkeitsbestim m end ist. 2. Elektrodenprozesse m it durch die chem ische R eaktion  
b estim m ter  Geschwindigkeit. 3. Elektrodenprozesse m it diffusionsbestim m ter G eschw indig
keit. 4. K inetik  einiger w ichtiger Elektrodenprozesse (H 2-, Cl2-, 0 2-G aselektroden, R edox- 
elek trode , elektrolytische M etallabscheidung, E lektrokristallisation). 5. E lektrodenprozesse  
in Salzschm elzen. 6. E lektrodenprozesse an L eitergrenzflächen. 7. K inetik der anodischen  
F ilm bildu ng.

E iner großer Vorteil des B uches ist, daß jedes K ap ite l m it einem ausführlichen L itera
turverzeichn is (bearbeitet im  allgem einen bis M itte 1974) abgeschlossen wird und ein 
N am ensregister  sowie ein sehr ausführliches Sachverzeichnis am  Ende des Buches die Orien
tierun g  erleichtert.

Zusam m enfassend kann eindeutig festgestellt w erden , daß das Buch ein äußerst w ert
vo lles H ilfsm ittel für die große Zahl deutschsprechender Forscher, Technologen und H och 
schu llehrer im  deutschen Sprachgebiet und auch darüber hinaus darstellt.

E . B e r e c z

Topics in  Current Chemistry. 63. B o n d in g  and Structure
Springer Verlag, Berlin, 1976. 202 pp.

T his well established series, concerned m ainly w ith  th e  theoretical aspects o f  chem istry , 
offers under this title  three review s on widely differing top ics b y  authors active in the respective  
fields. T he first one 44D i s c r i m i n a t i n g  I n t e r a c t io n s  B e t w e e n  C h i r a l  M o le c u le s” b y  D avid  P. 
Cr a ig  and P. Mello r  (48 pp.) deals w ith  the chemical ph ysics o f what one used to call diastereo- 
m eric in teractions, but for which the authors now coined th e  term  6chirodiastaltic in teraction s’. 
A fter sh o rtly  reviewing all kinds o f such interactions so far observed, from the w ell know n  
m .p. phenom ena through com plex stab ility  to chiral d iscrim ination in physiological reactions, 
the au th ors take account of the m icroscopic physical in teraction s which m ay be the prim ary  
factors in  chiral discrim ination. Of all this so far only the v ery  short range interactions denoted  
u sually  as van  der Waals forces h ave been considered (also th is  only qualitatively) as the reason  
for d ifferen t packing in diastereom eric ( l - l  vs . l -d , or l - L  v s .  l - D . etc.) crystal structures. N ow  in 
a sy stem a tic  and quantitative w a y  chiral discrim ination b y  all other possible interactions 
have been  evaluated and probable ranges in energy term s predicted for various kinds of dipole- 
dipole, dipole-m ultipole, m agnetic m om ent, dispersion and resonance interactions. The possi
b ility  o f  th is  last one for pairs differing only in their ch ira lity  (/. d)  has been first recognized  
b y  th e  authors and is essentially  a postulated difference in th e  resonance interaction o f ground  
sta te  and  excited  state betw een species of like ( d -d  or l - l ) and  unlike (d - l ) chirality. M ost of 
the e ffec ts , apart from packing forces, are too sm all to  be observed w ith present day  tech 
n iques, th ou gh  m ultipole interactions in  oriented helical polym ers m ay be considerable.

T he review by R olf G l e i t e r  and Ruedi G y g a x  44N o - B o n d - R e s o n a n c e  C o m p o u n d s , 
S t r u c t u r e , B o n d i n g  a n d  P r o p e r t i e s ” (40 pp.) is a critical discussion of the problem, w hether  
tr ith iap en ta len e  and its congeners should be considered as equilibrium or resonance species:

A cta  Chim . ( Budapest) 93, 1977



RECENSIONES 209

As it should be these days, alm ost exclusively  physical techniques and theoretical 
calculations are invoked. I f  there is an equilibrium , the energy barrier of this m ust be under 
NM R detection level. The authors show that other spectroscopic techniques and various 
quantum  chem ical approaches also fail to provide an unam biguous answer except for p h oto
electron spectroscopy, which gives results in favour of the resonance alternative. T he predicted  
resonance energy is, however, rather low.

Electron rich linear three-center bonds m ay be encountered in several other system s;  
the o ldest and m ost trivial one m ight be the triiodate anion.

The longest chapter in this volum e (107 pp.) d evoted  to “ 77ie Molecular Zeem an Effect” 
was contributed by D. H. S u t t e r  and W. H. F l y g a r e . The reviewer is only qu alified  to 
give but a descriptive report o f this part. The review  w as prom pted by a substantia l develop
m ent in m icrowave spectroscopy in the late sixties w hich enabled the study of the m olecular  
Zeeman effect of sm all diam agnetic molecules. It is a powerful technique to provide inform a
tion concerning the electronic structure, in particular about molecular electric quadrupol 
m om ents and m agnetic susceptib ility  anisotropies. The review  is com prehensive; it  covers 
both the theoretical aspects, as the quantum  m echanical treatm ent of the effect and practical 
ones, such as instrum entation, measuring techniques, m ethods of evaluation, etc. A ll th is is 
illustrated by several exam ples and also tables o f  experim ental Zeeman effect va lu es are 
presented.

The volum e can be recom m ended to those in terested  in quantum chem istry, chem ical 
physics and molecular spectroscopy.

M . N ó g r á d i

Topics in  S u lfu r  C hem istry. Vol. 1.
(Ed. A. Se n n in g )

Georg Thiem e Publishers, S tu ttgart, 1976. 223 pp.

The characteristic marks of the developm ent of chem istry, can be recognized also in 
sulfur chem istry, this special field  of chemical sciences. The number of newly prepared com 
pounds increases rapidly, the com pounds find more and more practical applications and, at 
the sam e tim e, im portant results are published in the field  of theoretical research aim ed at 
the elucidation of the structure and reactiv ity  o f sulfur com pounds. This rapid developm ent  
requires the publication of com prehensive works, facilita tin g  survey and affording rapid in 
form ation about the actual trends and fields of sulfur chem istry. As exam ples, “ T he Chem istry 
of Organic Sulfur Com pounds,” edited by N . K H A RA SH, o f wich two volum es have appeared, 
or the series “ Organic Compounds of Sulphur, Selenium  and Tellurium” m ay be m entioned. 
The first contains reviews on single special topics o f organic sulfur chem istry, and th e  latter, 
a continuously published work of several volum es, gives account on papers published during 
a given period. In view  of the fact that survey works are needed, the publication o f the new  
series “Topics in Sulfur Chem istry” is certainly w elcom e. The aim of the Editor and Publisher 
is to give reviews on the inorganic, organic, physical, analytical and biochem ical sectors of 
sulfur chem istry, the intention being the publication of one volum e a year.

The first volum e, published in 1976, consists o f three chapters of high leve l: J. P. 
Ma r in o  gives an interesting survey on sulphur-containing cations; I. P h o ta k i on the role of 
sulfur com pounds in the chem istry of amino acid protecting groups; and, fin a lly , M. H a ak e  
on organic sulfodiim ides, system atically  covering the literature alm ost up to the present day.

Sulfur-containing cations play an im portant part in organic chem istry. Several such 
structures have been described as stable com pounds or selective interm ediates. In his paper 
“ Sulfur-Containing Cations” , J .  P. Ma rino  discusses the relevant compounds grouped accord
ing to the coordination num ber of sulfur.

Of the m ono-coordinated com pounds, the chem istry  of sulfenium ions and thiazyl 
cations is discussed. Among 2-coordinated sulfur cations, results obtained in the in vestigation  
of isothiuroniuin salts, thiocarbonium  ions, su lfur-n itrogen  cations and sulfur-containing  
radical cations are reported. In accordance w ith their im portance, the author d iscusses sulfo- 
nium  salts at a considerable length, dealing w ith their derivatives containing halogen, nitrogen, 
sulfur and oxygen substituents, and w ith the th iopyryliu m  cation. The up -to -d ate  survey  
also treats problems in conjunction w ith the structures and the reactions of the com pounds 
discussed, and research work on the problems of reaction m echanism  is m entioned.
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In  the second chapter (“T he R ole o f Sulphur in  A m ino Acid Protective Group Chem
is tr y ” ), I . P h otak i discusses a them e from the field  o f peptide chemistry: the chem istry  of 
su lfur-conta in ing  amino acids and the properties o f sulfur-containing amino and carboxyl 
p r o te c tiv e  groups. The author describes the m ost im p o rta n t properties o f sulfur-containing  
am in o  acids, processes used for th e  protection o f the m ercapto, amino and carboxyl groups 
o f c y ste in e , and the incorporation o f sulfur-containing am ino acids into peptide chains. O f the  
N -p ro tec tin g  groups sulfenyl, su lfon y l and thiouretane ty p es  are discussed. The chapter, which  
w ill be a useful aid to peptide chem ists, contains severa l prescriptions for the preparation  
o f p r o te c te d  amino acids and peptides and for the rem oval o f the protecting groups.

T h e  third chapter (“ The Chem istry of S ,S-D iorgano-Sulfodiim ides” ), w ritten  b y  M. 
H a a k e , deals w ith research in  conjunction w ith su lfod iim ides, which have been know n for 
a b o u t te n  years. The author discusses the preparation, structure and physical properties of 
th e se  particu lar sulfon analogues. O f the reactions characteristic  of sulfodiim ides, th e  su b sti
tu t io n  o f  im ide hydrogen b y  m eta l or halogen, the form ation  of the N —Si, N  —P  and N  —S 
b o n d s, conversions induced b y  a lkylatin g  and acylating agen ts are treated in detail, and fin a lly , 
a d d itio n  to  the double bond is discussed. Sulfodiim ides are im portant com pounds from  both  
th e  th eo retica l and practical p o in ts  o f view  thus th is m odern survey on their research w ill be 
o f  in te r e s t  in  a rather wide sphere. In  summary it  can be concluded that the first vo lum e of  
th is  n e w  series publishing review s in  the field of su lfur chem istry, contains va luab le  papers 
w ritte n  b y  specialists, which w ill be o f aid not only to  sulfur-organic chem ists, b u t will com 
m and  th e  interest o f a wider circle. A s a continuation o f  th is useful in itiative, w e aw ait the  
fu rth er  vo lum es of the series, w h ich , in  view  of the increasing im portance of research in  sulfur- 
c h em istry , i f  possible, should also be larger, containing m ore reviews.

Á. K u c s m á n

A lkaloids
(Ed. K. W iesner), Butterworths, L ondon -  B oston, 1976. 

(In ternational R eview  o f Science, Organic C hem istry, Ser. 2., Ed. D. H . H ey .)

U n d er  the general t itle  “ International R eview  o f  Science” , Butterworts have tackled  
a g rea t p iece  of work: the presen tation  to experts, in  rev iew  form , of the m ost recent results in  
n atu ra l sciences, subdivided according to the several d isciplines. First in sequence chem istry  
has b e e n  dealt w ith and w ith in  th is  domain organic ch em istry  has been published in ten  
v o lu m es, up  to 1973. This was th e  first series of this work. In order to bring it up -to-date  and  
to  m a in ta in  its usefulness, the publishers decided to re-publish , every second year, under u n 
ch an ged  tit le s  but w ith ever progressive contents, th e  several volum es as parts o f a second, 
th ird , e tc .,  series.

T h is  book on “ Alkaloids”  is  th e  9th volum e o f the 2nd  series; it  was com pleted in 1975, 
and c o n ta in s  318 pages. In eigh t chapters the la test progress in the domain of e igh t fam ilies  
o f a lk a lo id s, arbitrarily selected , is excellently review ed. T he several authors o f th e  chapters 
are w e ll kn ow n and acknow ledged experts, their nam es are to be found in the m onograph  
“ T he A lk a lo id s” by R. F. Ma n s k e , occasionally at the head  o f the same chapter here as there, 
(e.g. S. W . P e l l e t ie r , on diterpenoid  alkaloids, in Vol. 12. p. 1, 1970). Y et, apart from  the  
h igh  le v e l o f  expert knowledge show n as a common feature, the two works do overlap, firstly  
becau se  th e  present book does not a im  at nor does it  claim  com pleteness, and secondly, because  
i t  is w r itte n  for the inform ation o f  a wider circle o f  sc ien tists  interested in  natural organic  
su b sta n ces. This purpose is a tta in ed  b y  the lucid ity , th e  clear-cut arrangement o f the te x t  
and, a b o v e  all, by  short, skilfu l introductions dealing w ith  the previous literature, w hich  
se v era lly  precede the chapters.

T h e  first chapter, b y  Z. V a l e n t a  and H. J. L iu , is  about Ormosia alkaloids, first re
v iew ed  in  R . F. Ma n sk e ’s “The A lkaloids” , Vol. 9, pp. 213. The present authors survey  the  
progress o f  the nine years since. T he diversity o f the f iv e - and six-membered rings w ith  three  
n itrogen  a tom s is due to the high num ber of asym m etry cen tres in the ring. Several successful 
sy n th eses  have  been already reported.

A  rev iew  on the C ephalotaxus alkaloids is given b y  J .  A. F in d l a y . Since several a n ti
leu k a em ia  com pounds are to be found in this fam ily, research has been intensified  in  th is  
dom ain , to o ; there are several syn theses known of these four-m em bered groups of com pounds  
w hich  co n ta in  also a benzazepine m o iety  in their skeleton.

T h e  tw o chapters on m ono- and sesquiterpenoids (V. Sn ie c k u s ) and on diterpenoid  
alkaloids (S . W. P e l l e t ie r  and S. W . P a g e), occupy prom inent place both in im portance and
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in size. From the pharm acological point o f view , this dom ain is very diverse and promising, 
thus several attem pted and successful syntheses have been published.

Am ong the sum m aries special atten tion  m ay be accorded also to that b y  M. H es s e  
and H. S ch m id , on the sperm idine and spermine alkaloids containing m acro-heterocycles. 
In this com paratively novel and not quite well known fam ily  of plant bases, there are 
m acrocyclic lactam  rings constructed of polyam ine, m ostly o f sperm idine or sperm ine and of 
a su itab ly substituted carbooxylic acid. The physiological im portance of the polyam ine com 
ponent generally found in both anim al and vegetable organism s has only recently  becom e a 
m atter o f study; it  is known that this com ponent reacts w ith  nucleic acids and, probably just  
thereby, it  stim ulates the grow th of m icro-organism s, plant and anim al cell cultures. For 
some representatives o f this fam ily syntheses proving the structures have been reported.

In sum m ing up: this book, in well chosen, concise and clear presentation acquaints 
the reader w ith som e novel results in the field  of alkaloid chem istry, in connexion w ith  eight 
fam ilies o f these com pounds. In a library intended to serve research in the chem istry of natural 
organic substances, and in the field  of pharm acology, this book certain ly ought to be avail
able.

L .  TŐKE

M . S i t t i g : Detergent M anufacture
N oyes Data Corporation, Park R idge, New Jersey-London, England, 1976. 388 pages

This book. Volum e 62 in the Chemical T echnology R eview  series, w ill be useful and 
instructive  to specialists producing and utilizing tensides, for it  provides a satisfactorily  com 
prehensive review of an extrem ely wide range of subjects, from  the production o f the starting 
m aterials to the transportation o f the com m ercially distributed products.

The first chapters o f the book provide a picture o f the preparation o f  the starting 
m aterials for detergent syntheses. T hey describe first the production of straight-chain paraffins 
in the pure state, and then th a t o f  straight-chain olefins. This is follow ed by an account of the 
preparation and purification of trim eric and tetram eric com pounds of propylene, the straight- 
chain alcohols, alkyl halides, alkylarom atic com pounds and alkylphenols. A fter the synthesis 
o f the tenside base m aterials, it  deals w ith oxyethylation , su lphation and su lfonation , and 
w ith the processing and characterization of the products thus obtained. Separate accounts 
are given of active constituents o f different types (containing nitrogen, phosphorus, etc.), 
shaping, investigation  m ethods, “ builders” of phosphate form and those not containing phos
phorus, other constituents (enzym es, antim icrobial substances, etc.), sh ipm ent forms of the 
products, and their final utilization . L astly , it  describes the developm ent tendencies to he 
expected  in this branch of industry.

The above features are treated  prim arily from an industrial aspect, on the basis o f U.S. 
patents. This is perhaps the greatest value of the book, for it  discusses the p aten ts in such 
depth and detail that the reader obtains a very good appraisal o f the ind ividual procedures. 
Inform ation of sim ilar thoroughness could be acquired from a literature search on ly  at the ex
pense o f m uch tim e and trouble.

It is particularly w orthw hile to draw atten tion  to the large num ber o f flow charts to 
be found in the book. These provide a good supplem ent to the tex t, are illustrative , and greatly  
facilitate a rapid survey. The Figures o f the apparatus and equipm ents are of a sim ilarly high 
standard and easy to follow.

Other valuable features o f the book are the “ Com pany Index” , the “ Inventor Index” 
and the “ US P atent Num ber In dex” . There is no “ Subject In dex” , but, because o f the nature 
of the book, this is fully m ade up for by the detailed list o f contents.

The sequence of the ind ividual chapters is logical, and the author’s sty le  is concise and 
readily understandable. This is a useful and valuable book o f high standard.

J .  MORGÓS
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A n d r e w  M. W e l l s : P r i n t i n g  I n k s

R e c e n t  D e v e l o p m e n t s

(C hem ical Technology R eview  No. 61)
N oyes Data Corporation, Park Ridge, New Jersey — London, E ngland, 1976 

328 pp., 8 figures, 280 tables

T he book presents an advanced , technically oriented review  o f printing ink technology  
based  on  U.S. patents issued since 1965 and relating to the m anufacture and application  
o f p r in tin g  inks.

I t  consists o f the follow ing chapters:
Introduction  
Flexographic Inks
Lithographic Varnishes, H ea t Set and Moisture Set Inks 
Gravure Inks 
Newspaper Inks
Sp ecialty  Inks and A pplications  
A dditives for Printing Inks 
P igm ents and D yestu ffs  
R adiation  Curable System s  
Com pany Index 
In ven tor Index 
U .S . Patent Num ber In dex
T he book gives detailed tech n ica l information and can be used as a guide to the U.S. 

p a ten t literature in the field  of printing inks.
P rinting ink is a m ixture o f  coloring m atter dissolved or dispersed in a carrier to form 

a flu id  or paste. The colorants are p igm ents and dyes, while the vehicles or carriers are light 
petro leum  solvents up to h eavy  m ineral oils.

R ecen tly  in the printing in d u stry  newer techniques and specialty applications are gain
ing a foo tho ld . W ith the m any ty p es  o f  printing m ethods currently in  use, a variety  of printing 
inks are required. The inks can be d ivided into those based on mineral oils and those using 
other veh icles. The latter group is based on a varnish technology sim ilar to th a t used in the 
p ro tectiv e  coatings field.

M ineral oil inks are used a lm ost exclusively in newsprint. In the la st years, there has 
been a proliferation of inks for rather specific end uses, such as porous tip  pens, ball point pens, 
electr ica l microcircuitry, m agnetic applications as in bank check processing and conductive  
coatin gs. R eactive pigm ent m ixtures and fluorescent dyes have also been developed.

W ith  the increasingly severe regulations for air pollution  control, considerable research 
and d evelop m en t activity has been  devoted  to high solids system s and ultraviolet curable 
prin ting  inks. Ultraviolet cured ink s require only one-third the energy and one-fifth  the capital 
cost w h en  compared w ith con ven tion a l heat cured system s.

T he book reviews over 250 descriptions, recipes and processes related to binder resin 
d ev e lo p m en t, ink formulation and add itives. Indexes by com pany, inventor and paten t num 
ber help  in  providing easy access to  the inform ation contained in the book. The book can be 
recom m ended to professional workers in  the printing industry as well as to chem ical engineers 
and research chemists.

I. G é c z y

H .  G .  H e n n i n g , W .  J u g e l t  u n d  G .  S a u e r :

P r a k t i s c h e  C h e m i e  f ü r  M e d i z i n e r  u n d  N a t u r w i s s e n s c h a f t l e r

VEB Verlag V olk und Gesundheit. Berlin, D D R , 1976.
434 Seiten , 76 Abbildungen, 32 Tabellen

D a s Buch, das seit seiner ersten  Publikation im  Jahre 1966 in  der dritten Auflage er
schien , is t  für die chemische G rundausbildung von Studierenden der M edizin und anderen 
U n iv ersitä ts- und H ochschulstudenten gedacht, deren H auptfach nicht die Chemie ist. D em 
entsp rech en d  gibt das Buch eine kurze E inleitung zur Aneignung der elem entaren Laborato-
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rium stechnik und anschließend eine bündige Zusam m enfassung der Grundlagen der allgem einen  
und anorganischen, der physikalischen, der organischen und der analytischen Chemie.

W enn man bedenkt, daß diese Them enkreise ein riesiges W issensmaterial um fassen und 
daß der G esam tum fang des Buches nur 434 Seiten beträgt, so erkennt man, welch schw ierige 
Aufgabe die Autoren übernom m en haben. Bei der A usw ahl und Zusam m enstellung des im  
Buch vorzulegenden Materials konnte natürlich n icht nur hinsichtlich der S toffkenntn isse, 
sondern auch in bezug auf grundlegende G esetzm äßigkeiten keine V ollständigkeit angestrebt 
werden. Das Ziel der Autoren war, die moderne chem ische Anschauungsweise und chem isches 
D enken zu verm itteln.

D abei gelang es ihnen, den ziemlich allgem einen Fehler von Werken dieser A rt zu ver
m eiden, welcher darin besteht, daß man m ittels sehr kurzer Zusammenfassung zu vieler B ei
spiele ein charakteristisches B ild von dem gesam ten W issenschaftszweig zu geben versucht. 
Dagegen behandeln die Autoren lieber wenigere B eispiele, die aber die allgem eine G ültigkeit 
chem ischer G rundgesetze wiederspiegeln und m it einander in Verbindung gebracht werden  
können.

Verständnis und A neignung des M aterials werden durch die rezeptartig angegebenen  
einfachen Versuche und Berechnungsbeispiele sehr erleichtert. Kontrollfragen am E nde eines 
jeden U nterabschnittes dienen zur selbständigen K ontrolle des Verständnisses der w ichtigeren  
Zusam m enhänge.

W ie aus der bisherigen Rezension hervorgeht, ist das Buch ausgezeichnet geeignet, 
U n iversitätsstudenten , für die im  Laufe ihrer weiteren Studien  Chemie eine H ilfsw issenschaft 
ist m it den Grundlagen dieser W issenschaft vertraut zu m achen. Das Gelernte erm öglicht es 
ihnen, später sich jene Teile der Chemie anzueignen, die sich eng an ihr Fachgebiet anschließen.

W egen des beschränkten Um fanges des W erkes sow ie wegen der verschiedenen Vorbil
dung und den verschiedenen Ansprüchen des angesprochenen Leserkreises (S tu d en ten ) ver
w endeten die Autoren in der Behandlung der einzelnen Zusam m enhänge vernünftige Verein
fachungen, welche die Verwirklichung der obigen Z ielsetzungen nicht gefährden. D as bringt 
jedoch m it sich, daß das Buch ungeeignet ist um  U niversitätsstudenten , die sich m it Chemie 
als H auptdiszip lin  befassen (Chemiker, Pharm azisten) als H ilfsm ittel zu dienen.

Das Buch ist vor allem  für M edizinstudenten. B iologen und eventuell für Studenten , 
die sich dem chem ischen Lehram t widm en, gedacht, doch kann es auch für F ach leute anderer 
Diszplincn von Interesse sein, die eine K enntnis der grundlegenden Zusam m enhänge der 
Chemie anstreben.

K . B u r g e r

B . Cs a k v a r i : M o l e c u l a r  g e o m e t r y  o f  i n o r g a n i c  c o m p o u n d s  on  the  b a s i s  o f  the  

v a le n c e  s h e l l  e le c tro n  p a i r  r e p u l s io n  t h e o r y  (in H u ngarian ). V olum e 30  o f  th e  
series “ A d van ces in  c h e m is tr y ”

Akadém iai K iadó, Budapest, 1976 (196 pages, 140 Figures, 46 T ables)

In Volum e 30 of this series, which enjoys great popularity among H ungarian chemists^ 
the author and editor gives an account of the Valence Shell Electron Pair R epulsion  Theory  
(V SE P R ) and the related research field. This theory, or rather approach, to the propagation  
and developm ent of which the author and his colleagues have made great contributions, 
began to becom e widespread in university chem ical teach ing from the end o f  the 1960’s.

The m olecular geom etry of inorganic com pounds can nowadays be regarded as clarified  
in principle on the basis o f experim ents, even if  there are still some white spots in  this field. 
The question is primarily one of why the com bining electron shells of the given atom s lead to 
ju st th a t structure (internuclear distances, bond angles, sym m etry) which can be calculated  
from the measured data. T oday it seems that the com binational possibilities for the electron  
shells o f the atom s are so varied, especially if  the condensed phases too are taken  in to  con
sideration , that a sim ple answer cannot be given to th is w hy. Csák v ári’s book has the great 
advantage that, insofar as possible, it gives the least com plicated answer by the application  
of the V S E P R  theory.

For this reason, his book will be very profitably used not only by stu d en ts, but also 
by research workers dealing w ith inorganic chem istry and the structure of m atter. This is 
facilitated  by the large number of tabulated data, the m any, well-prepared F igures, and the 
52 references collected at the end of the book.
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T he book contains 5 chapters: 1. Introduction; 2. Fundam entals o f the va len ce shell 
electron  pair repulsion theory; 3. General questions o f the stereochem istry of hydrogen and 
the e lem en ts o f the second period; 4. Structures o f com pounds of hydrogen and the elem ents 
of th e  second period; 5. Stereochem istry of the elem ents o f the third and higher periods. After  
c larify in g  the theoretical foundations, the book deals w ith  th e  stereochem istry o f the ind ividual 
central atom s on the basis o f the periodic system . In sp ite  o f the fact that for editorial reasons 
th is series has no index, the sequence em ployed in  the present volum e m akes it  v ery  easy  
to handle.

E .  B o d o r
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ACTA CHIMICA
ТОМ  9 3 - В Ы П .  2

Р Е З Ю М Е

Применение методов ППП и ППДП/2 для структурных исследований 
кремнеогранических соединений, I

Й. Р Е Ф Ф И , Т . В Е С П РЕ М И , П . Х Е Н Ч Е И , Й. Н А Д Ь

Бы ли пр оведены  расчеты  м ол ек ул я рн ой  стр у к т у р ы  ф ен и лгал оген си лан ов , ф енокси- 
силан ов, в ин ил-, ал л и л -, ф енил- и бен зи л -п р ои зв одн ы х элем ентов  группы  IV /1 с  пом ощ ью  
м етодов, П П П , и терати вн ого  П П П  и П П Д П /2 . С реди п р оч его , бы ли рассчитаны  р а сп р ед е
л ен и е за р я д а  в н ек отор ы х м о л ек у л а х , дип ольн ы е м ом енты , электронны е п е р е х о д ы  и эн ер 
гии ионизации . И з с р а в н ен и я  расчетны х и эк сп ер и м ен тал ьн ы х данны х бы ли сдел а н ы  з а 
клю чения отн оси тел ь н о  стр ук тур ы  связей .

Исследование гидратации макромолекул, III
Коэффициент самодиффузии воды в водных растворах полиакриловой кислоты)

Д Ь . И Н З Е Л Ь Т  и П . ГР О Ф

К оэф ф ициент са м оди ф ф узи и  воды в водн ы х р а ст в о р а х  п о л и а к р и л о в о й  ки слоты ) 
(П А К ) с  к он ц ен тр ац и ей  3  ч- 10 в е с .% был и зм ер ен  п р и  2 5  и 35°С , и сп ол ьзуя  м ето д  капил"  
л я р а с  открытым кон ц ом . В о д а  бы ла мечена О18 и с о д е р ж а н и е  изотопа о п р ед е л я л о с ь  с  по" 
мощ ы о м асс-сп ек тром етри и . И зм ерения т а к ж е  вкл ю ч аю т оп р еделен и е сп ец и ф и ч еск и х  объе" 
мов, вязк остей  р а ств о р о в , а т а к ж е  и х  степ ен и  д и ссо ц и а ц и и .

К оэф ф и циент са м оди ф ф узи и  воды л и н ей н о  ум ен ьш ается  с  весовой д о л е й  П А К  в 
изученном  и н тер в ал е  кон ц ен трац и й . Э нергия ак ти вац и и  сам одиф ф узии воды  равна  
4 ,9  +  1,2 кк ал /м ол ь . Ч и сл о  ги др атац и и  равно 4 , 9 -  5 ,4  и 5 ,6 —6 ,0  м олек ул  воды  н а  группы  
С О О Н  при 25  и 35 °С , соотв етств ен н о , в зав и си м ости  от ф актора формы, и сп о л ь зо в а н н о го  
в расчете.

Исследование мембран с пергаментным носителем, XI
Определение термодинамически эффективной, фиксированной плотности 

заряда и селективной проницаемости
Ф . А .  С И Д И К И , М. Н . А СЕЕМ  Б Е Г , С. П . С И Н Г  и А. НАК

П отенциалы , возн и к аю щ и е м е ж д у  двум я м ем бран ам и  гек сац и ан оф ер р ата(П ) сер еб р а  
и кадм ия на пергам ен тн ом  н о си тел е бы ли и сп ол ьзован ы  д л я  определения т ер м о д и н а м и 
чески эф ф ективной, ф ик си рованн ой  плотности за р я д а  по К обатак е. Т еория К о б а т а к е  о с н о 
вана на тер м один ам ик е н еобрати м ы х п р оцессов . А р а в н ен и е  К обатак е бы ло и сп о л ь зо в а н о  
при д в у х  гр анич ны х у с л о в и я х , а им енно в обл асти  кон центри рован ны х и в о б л а с т и  р а з 
бавленн ы х растворов . Д в е  граничны е формы у р а в н ен и я  К о б а та к е  даю т идентичны е в е л и 
чины & д л я  о б о и х  м ем бран . Т еор ети ч еск и е п р ед ск а за н и я  потенц иалов м ем бран , п о л у ч е н 
ные из ур авн ен и я  К о б а т а к е , впол не удовлетвор и тел ьн о со в п а д а ю т  с  экспери м ен тальны м и  
результатам и , пол ученн ы м и и з исследован ия  м ем бран  гексаци аноф ер ратов  ( I I )  с ер еб р а  
и кадм ия.

\



Магнитные свойства комплексов меди(Н) с ONO донорнотридентатными 
основаниями Шиффа, полученными из 2-гидрокси-1-нафтальдегида

и аминоспиртов
А. СИ АМ АЛ и К . С. К А Л Е

О п и сы в а ется  синтез н ек отор ы х новы х к ом п л ек сов  м ед и (П ) с  ш иффовыми о с н о в а 
ниям и, п ол уч ен н ы м и  из 2 -ги др ок си -1-н аф тал ьдеги да  с  этанолам и ном , пр оп ан ол ам и н ом , 
и зо п р о п а н о л а м и н о м , 2-ам и но-2-м ети лпропан олом . О сн о в а н и я  Шиффа к о о р д и н и р у ю т ся  
ч ер ез 0 ,0  и  N  к ак  диосновны е три дентатны е лиганды . К ом п л ек сы  были охарак тер и зован ы  
данны м и эл ем ен та р н о го  ан ал и за , изм ер ен и й  м агн итной  восприим чивости ( 8 3 — 2 9 7 ° К ) , а 
т а к ж е  и х  инф ракрасны м и и электрон ны м и сп ек трам и . К ом п л ек с, со д ер ж а щ и й  п р о п а -  
н ол ам и н , и м еет  магнитны й м ом ент 0 ,4 6  В . М. ( — т = 8 4 6  с м - 1 ), указы вая на наличие с и л ь н о 
го ан ти ф ер р ом агн и тн о  взаи м одей ствия . В  этом к ом п л ек се  спин ы  взаи м одей ствую щ и х ион ов  
м е д и (П ) п о л н о сть ю  спарены , им ея еди нствен ную  п о п у л я ц и ю  синглетного с о ст о я н и я .
К о м п л ек сы , с о дер ж а щ и е  этан ол ам и н  и и зоп р оп ан ол ам и н , обладаю т ф ерром агнитны м  
сп и н -сп и н о в ы м  взаим одействием  (т  =  —(-28 до  + 6 7  см - 1 ). У  ком плекса м ед и (П ) с  л и ган дом  
2-ги др ок си н аф тал ь деги д-2 -ам и н о-2 -м ети л п р оп ан ол  бы л о  о б н а р у ж ен о  ан ти ф ерр ом агни т-  
ное в за и м о д ей ст в и е  ( —т =  91 см - 1 ). П ри води тся  с р а в н е н и е  магнитны х свойств к о м п л ек со в  j
с  со о тв ет ст в у ю щ и м и  ком плексам и оксованади я(1У ).

Электрохимические и ЭПР исследования анион-радикала октацианхино-
диметана

Л . Б У Ч И Ш  и X . К И С Е Л Е

Д и а н и о н ы  1 ,4-би с(ди ц и ан м ети л )-2 ,3 ,5 ,6 -тетр ац и ан бен зол а  3 и т ет р ац и ан ги д р о- j
х и н о н а  6 бы л и  окислены  элек трохи м и ч еск и м и  и хи м и ч еск и м и  путям и. П р одук там и  бы ли  
а н и о н -р а д и к а л  октац ианхи ноди м етана 4 и ок тац и ан хи н оди м етан  5, а т а к ж е  тетр ац и ан -  
б е н зо с е м и х и н о н  7 и тетр ац и ан бен зохи н он  8, со о тв етств ен н о . Бы ли измерены  потенциалы  
п о л у в о л н ы  сту п ен ей  ди ан и он /ан и он -р ади к ал  и ан и о н -р а д и к а л /х и н о н . Р езул ьтаты  с о г л а с у 
ю тся  с  у р а в н ен и ем  Гам метта, полученны м  как в с ер и и  7 ,7 ’, 8 ,8 ’-тетрац иан хиноди м етан ов , 
так и в с е р и и  хин онов. Х и м и ч еск о е  ок и сл ен ие п р и в оди т  к  образованию  п р о д у к т о в  4 и 7, 
со о тв ет ст в ен н о . Бы ли сняты  и х  Э П Р  спектры  и п ол уч ен н ы е константы  расщ еп л ен и я  на  
азоте с р а в н и в а л и с ь  с рассчитанны м и по Л К А О  —М О. В ел и ч и н ы , предсказы ваем ы е р а сч ет а 
ми х о р о ш о  со гл а су ю т ся  с эксперим ентальны м и данны м и.

Исследование металлических хелатов с лигандами типа купроина и ферроина
XXV

О структуре хелата хлоро(купроин)мед(П)
Д . Р Е Х О Р Е К  и Ф. ТОМ АС

С п о со б о м  Э П Р , У Ф  и видим ой сп ек т р о ск о п и и , а т а к ж е  изм ерением  эл е к т р о п р о 
в о д и м о ст и  бы ли изучены  хелаты  м е д и (П ) типа С и(купроин)С 12 и С и(купроин)2С12 (гд е  к у -  
п р ои н  =  c m p , c m ch , dpch и b ic h 2). Результаты  и зм ер ен и й  хорош о со гл а су ю т ся  с и с к а 
ж е н н о й  тетраэдри ч еской  ст р у к т у р о й  дл я  C u(bich)C l2 и с  и ск аж ен н ой  тр и гон ал ь н ой -би -  
п и р а м и д а л ь н о й  и к вадр атн о-пи рам и дальной  с т р у к т у р а м и  остальны х хелатов .

Некоторые химические свойства 3-т и пн о-! ,2-дит иолов, VI
М. А .-Ф . Э Л Ь К А Ш Е Ф , Ф . М . Е . А Б Д Е Л Ь -М Е Г Е Й Д  и А. А. Э Л Ь Б А Р Б А Р И

С оеди н ен и е / ,  в заи м одей ств уя  с  ам инам и, д а е т  N -замещ енны е п р ои зв одн ы е 3- 
т и о н о и зо т и а зо л а  (IVa, Ъ), в то в р ем я  как II  и I I I  д а ю т  1 ,3-ам инодизам ещ енны е п р о и зв о д 
ны е З -т и о н о -1 -п р о п ен а  (Vla-c и VIIa-d).  С оединения I , I I  и I I I  с  диф ени лдиазом етаном

/



даю т  производны е бен зги др и л и ден а  ( I X , X  и X I ,  соответствен но. С оеди н ен и я  I I  и I I íz  
ди азоф л уор ен ом  даю т соответствую щ и е пр оизводн ы е 3 -ф л у о р ен и л и д ен -1 ,2 -ди ти о л а  X I I  и 
X I I I ,  в то время как  I д а ет  п р оизводн ы е сп и р о  [ф луорентиоф ена] X I V .  С оедин ен ие I в 
п р и сутств и и  м едной бронзы  д а ет  дибензти оф еноти оф ен  X V I I , в то  врем я к ак  I I I  д а ет  2 ,5 -  
ди-(п -м етоксиф енил)тиоф ен ( X X ).

Превращения тозиловых и мезиловых производных морфиновой группы,
XVIII

«Азидоморфиновые» производные, I
*

Ш. М А К Л Е Й Т , И . К Н О Л Л , Р. Б О Г Н А Р , Ш. Б Е Р Е Н И  и Г. К И Ш

П риним ая во вним ание очень ценны е ф арм ак ологи ческ ие свой ства  т. наз. «азидом ор- 
фина», к азал ось  целесообр азны м  и ссл едов ан и е  дальн ей ш и х новы х п р о и зв одн ы х к ак  с  
теор ети ч еск ой , так  и с  пр актич еск ой  точек  зр ен и я .

В  настоящ ем  сообщ ен и и  оп и сы вается  си н т ез  т. наз. «14-гидроксиазидом орф ина»  
(3 ,1 4  /З-дигидрокси-4,5 а-эпокси-6/?-азидо-17-м етилф орм инана).

Прев ращения тозиловых и мезиловых производных морфиновой группы,
XVIII

«Азидоморфиновые» производные, II
Ш. М А К Л Е Й Т , Й . К Н О Л Л , Р . Б О Г Н А Р , Ш. Б Е Р Е Н И , Г. Ш ОМ ОДИ и Г. К И Ш

В  х о д е  и сследован ий  бы ли синтезир ованы  т. наз. «азидоморфиновы е» п р оизводн ы е  
и соответствую щ и е 3 -д ео к си -, 3 —0-эти л - и 3 - О -м орф олинилэтил-аналогп.

Соответственно данны м и ссл едован и й  с  ж ивотны м и, ок азал ось , что 3  О-этил-оази- 
доморфин» («азидодионин») я в л я ет ся  эффективны м средством  против к а ш л я .

Исследование тозиловых и мезиловых производных в морфиновом ряду, XIX
Азидопроизводные, III

Г. М А К Л Е Й Т , Й . К Н О Л Л , Р . Б О Г Н А Р , Ш. Б Е Р Е Н И , Г. Ш ОМ ОДИ и Г. К И Ш

С целью  пол учени я соеди н ен и й  с  антагон исти ческим  влиянием  к м о р ф и н у  и м оде
ли р ов ан и я  исследован ий рецептор а м орф ина бы ли получены  м ногие новы е N -зам ещ енны е  
нор-«азидом орф иновы е» производны е. Это сл ед у ю щ и е соедин ен ия: М -аллил-н ор-«ази до-  
морфин» (5 ), 1М -аллил-нор-«азидокодеин» (б ), 14-гидрокси-М -аллил-нор-«азидом орф ин» (10), 
14-гидрокси-М -аллил-нор-«азидокодеин» (24), М -циклопропилм етил-нор-адзидом орф ин» (25) 
и 14-гидрокси-Г>1-циклопропилметил-нор-«азидоморфин» (26).

Исследование реакций отщепления ацила от производных 
N-карбамоилсукцинимида

К . Х А Р Ш А Н И , К . Т А К А Ч  и А. ШИМАИ

Бы ли исследованы  реакц ии  отщ еплени я аци ла от N -к ар бам ои л сук ц и н и м и да  ( 111) и 
его  производн ы х ( IV)  п од  влиянием  н ук л еоф и л ьн ы х реагентов  или теп ла. Б ы л о у с т а н о в л е 
н о , что в то время как III п о д  вли яни ем  нук леоф и льн ы х реагентов п р ет ер п ев а ет  эн д о - или  
эк зоц и к л и ч еск ое  отщ епление ац и л а , д л я  IV н абл ю дал ось  лиш ь эк зо ц и к л и ч еск о е  р а с 
щ еп лен и е С — N  связи . П од  влиянием  теп ла к ак  дл я  II I ,  так и дл я  IV н а б л ю д а л о сь  эк зо ц и к 
л и ч еск о е  отщ епление аци ла, к отор ое у с к о р я л о сь  п о д  влиянием  ради к ал ь н ы х ин и ц и ато
ров или ор ган и ч еск и х  основани й .



Алкалоиды со скелетом индоло [2, 3-с]хиназолино[3,2-а]-пиридина, V
3,4-Секорутекарпан

К . Д О Р А -Х О Р В А Т , Г. ТОТ, Й. ТАМ АШ  и О. К Л А У Д Е Р

В о сст а н о в л ен и е  р у т е к а р п и н а  (1 2 ) алю м огидридом  л и ти я  пр иводи т к образовани ю , 
н а р я д у  с  р утек ар п ен ом  (1 3 ) и  З а -р утек ар п ан ом  (14), н о в ого  п р о д у к т а  — за  счет д а л ь н ей 
ш его  р аск р ы ти я  цикла — к отор ы й , к ак  бы ло д о к азан о , п р ед ст а в л я ет  собой  3 ,4 -сек о р у т е-  
к а р п а н  (1 5 ). С троение о тд ел ь н ы х соеди н ен и й  п о д т в ер ж д а л и  н а  осн ов е  и х  И К  Я М Р  и MC 
сп ек т р о в .
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B ackscatterin g  o f  charged p artic les , X -ray em ission  fo llo w in g  charged particle  
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S CI ENTOMETRI CS
S cientom etric reveals th e  quantitative re la tion sh ip s govern in g  scientific pro

d u ctiv ity  w hile s tu d y in g  sc ien ce  itself m a in ly  b y  m ath em atica l statistics.
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CERTAIN CHARACTERISTICS OF HOLOGRAPHIC 
PLATES AND THEIR APPLICABILITY IN SPECTRAL

ANALYSIS

Z.  B u r g u d j i e v ,* K .  Z i m m e r * *  and E .  B o b o l i n a *

( * Department o f  A tom ic Physics, Faculty o f  P h ysics , Sofia University , B ulgaria  
**Institute o f  Inorganic and Analytical Chem istry , L . Eötvös University , B udapest)

Received June 7, 1976

Authors have found that the values o f  the photom etric (instrum ental) fluctuation  
and total errors occurring in measuring the photographic blackening in  case o f holo
graphic plates are equal to that of the ordinary p lates, and the 1-transforrnation can 
be used to the blackening curve in this case ju st as well as in case o f the ordinary spec
tral plates. The spectral properties of the tw o kinds of plates are practically  identical. 
B etter results m ay be expected w ith holographic spectral plates in the v isib le  region 
on the spectral lines, bu t their sensitom etric sen sitiv ity  is considerably less and there
fore, in order to atta in  the optim al background value, the exposure tim e m ust be 
prolonged.

T he ap p licab ility  o f  a p h o to m a te ria l in  sp e c tra l analysis can  be p ro p e rly  
assessed i f  its  basic  ch a rac te ris tic s , in  p a r t ic u la r  th e  b lackening c u rv e  shape 
an d  th e  signal-to -noise  ra tio , are know n. As reg a rd s  o rd in ary  sp e c tra l p la tes 
w ith  a reso lv ing  pow er o f th e  o rder of 100 lincs/m m , th is  q u es tio n  m a y  be 
considered  as su ffic ien tly  clarified . H o w ev er, th is  does no t a p p ly  to  holo
g rap h ic  p la te s , w hich  g re a tly  differ in  reso lv in g  pow er. T heir a ssessm en t, 
w hich  is o f p rac tica l in te re s t , is th e  su b je c t o f  th is  article.

E xp erim en ta l

Holographic plates m ade at the Cinema and R adio Institu te in Sofia [I] w ith  a resolv
ing power o f approx. 2800 lines/m m  were used in our investigation . By m eans o f a mercury 
lam p, a three prism glass spectrograph C. Zeiss, Jena (s lit  width: 50 pm ) and change o f expo
sure tim e, certain photographic blackenings were obtained  on them  after develop ing. These 
were measured w ith a nonautom atic G-2 m icrophotom eter, C. Zeiss, Jena, at a 10 m m  fixing  
height o f the slit and a 20-fold standard enlargem ent; th e  w idth of its slit was 0 .20 , 0 .40, 0.60 
and 0.80 for the determ ination of m icrophotom etric error and 0.40 mm for the to ta l and fluc
tuation  errors and characteristic curve. Thirty m easurem ents each were made o f the respec
tiv e ly  selected blackenings in order to determ ine the size of the standard d eviation s charac
terizing the errors o f interest.

R esults and  d iscussion

a) M icrophotometric ( instrum enta l)  error in  m easuring  photographic blackenings

T he ex p e rim en ta l d a ta  on th e  size o f th e  m icro p h o to m etric  e r ro r  am(S) 
in  m easu ring  th e  b lacken ings S  on th e  t r e a te d  holograph ic  p la tes fo r a 0.40 m m  
s lit w id th  of th e  m icro p h o to m ete r are  show n  in  Fig. 1. T he ex p erim en -
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ta l  p o in ts  for b lacken ings less th a n  a p p ro x . 1.7 lie well a ro u n d  th e  
th e o re t ic a l  curve for th is  e rro r , ca lcu la ted  b y  th e  form ula crm(S )  =  am •

• V l  +  102S [2, 3]. F o r th e  c o n s ta n t am we h a v e  a value of 0.23 • 1 0 ^ 3, w hich  
c o in c id es  w ith  th e  v a lu e  o b ta in e d  in  [3], fo r th e  sam e m ic ro p h o to m e te r  an d  
fo r O R W O  (GDR) sp ec tra l p la tes.

T h e  follow ing sp ec ifica tio n  was m ade in  th e  region of v e ry  low  b la c k 
e n in g s . A t a 0.40 m m  s lit w id th  of th e  m ic ro p h o to m e te r  for a s ligh t sp e c tra l 
line  w ith  ap p ro x . 0.02 b lack en in g  a m ic ro p h o to m e tric  error w ith  a v a lu e  of
0 .36  • 1 0 “ 3 was m easu red  b y  a ttu n in g  zero on  th e  b lackening  scale u p o n  th e  
p la te ’s fog , as well as a m ic ro p h o to m etric  e r ro r  w ith  a value of 0 .33 • 10“ 3 
b y  a t tu n in g  zero on a c lean  su b s tra te  (g lass). T he m ic ro p h o to m etric  e rro r 
fo u n d  fo r  a 0.01 b lack en in g  o f  th e  p la te ’s fog  w as 0.34 • 10“ 3. T he p ra c tic a l 
c o in c id en ce  of these th re e  v a lu es , analogous as re p o rte d  in  [4], show s th a t  
in  th e  reg io n  of th e  low est b lacken ings no in c rea se  in  th e  value of th e  m ic ro 
p h o to m e tr ic  erro r shou ld  be ex p ec ted  above th e  one o b ta ined  b y  th e  above - 
m e n tio n e d  fo rm ula w hich  m ig h t be due to  th e  fog on th e  p h o to m a te r ia l.

F ig u re  2 shows th e  d ependence  of th e  c o n s ta n t  om in our m e a su re m e n ts  
on th e  s lit  w id th  of th e  m ic ro p h o to m ete r. J u s t  as w ith  spectra l p la te s , here  
to o , th e  v a lu e  of th is  c o n s ta n t  does n o t d e p e n d  on th e  slit w id th  w h en  th e  
l a t t e r  exceeds 0.40 m m , i.e. th e  size of th e  m e a su re d  area on th e  p h o to p la te  
is a b o v e  0.010 m m 2.

Fig. 1. V alues o f the photom etric a m and fluctuation  error oy and the calculated values ol 
the to ta l error at in the function of the value of blackening S measured on holographic jih trs, 
in case  o f  application of a d r.sitcm cter (m agnified 20 tim es w ith  a slit o f 10 mm height t.i d

0.40 mm width)
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Fig. 2. Value o f the constant a mo in the function o f the value of the slit w idth W of the  
densitom eter (m agnified 20 tim es w ith  a slit o f 10 mm height)

b) Fluctuation  and  total errors in  m easuring  photographic blackenings

T he f lu c tu a tio n  e rro r  oy(S) in  m easu rin g  p h o to g rap h ic  b lacken ings on 
ho lograph ic  p la te s  w as d e te rm in ed  b y  th e  m e th o d  described  in  [5]. T he size 
of th e  to ta l  e rro r ot(S) in  m easu rin g  p h o to g ra p h ic  b lacken ings was co n n ec ted  
w ith  th e  m ic ro p h o to m e tric  an d  th e  f lu c tu a tio n  e rro r  b y  m eans of th e  fo rm u la
ai(S)  =  a f ( S )  +  a2m(S).

Fig. 1 show s th e  re su lts  of th e  d e te rm in e d  size of th e  f lu c tu a to n  and  
to ta l  e rro r a t  a 0.40 m m  slit w id th  of th e  m ic ro p h o to m e te r. I t  m a y  be 
concluded  th a t  th e  va lu e  o f  th e  to ta l  e rro r in  ho log rap h ic  p la te s  is de te rm in ed  
ch iefly  b y  th e  v alue  o f th e  f lu c tu a tio n  e rro r on ly  in  th e  b lacken ing  range  of 
0 to  ap p r. 0.7, w hile above i t  th e  m ic ro p h o to m etric  e rro r becom es d e te rm in a n t. 
The course o f th e  f lu c tu a tio n  erro r curve in  th e  in d ica ted  region of sm all 
b lacken ings can  be a p p ro x im a te d  b y  th e  exp ressio n : <7f S )  — of -f- a, ■ S  
w here we have  a, =  0.35 • 10-3  and  a, - -  3.75 • 1 0 ~ 3. T he value  o f th e

J  0 J

c o n s ta n t Ofa is p ra c tic a lly  e q u a l to  th a t  o f th e  f lu c tu a tio n  e rro r o f b lack en in g  
on th e  p la te ’s fog Sw =  0.01 fo r w hich we m easu red  oy =  0.37 • 10—3.

T hese resu lts  are an a logous to  those  o b ta in e d  in  [5] for O R W O  sp ec tra l 
p la te s . T here  is, as m ig h t be ex p ec ted , a c e r ta in  d ifference in  th e  value o f th e  
c o n s ta n t dy.

c) A pp lica tion  o f  l-tr ans fo rm a tio n  and Y ,-approxim a tion  to the blackening
curve o f  holographic p la tes

The eq u a tio n  of th e  /-tran sfo rm a tio n  [6 
of th e  ch a ra c te ris tic  cu rv e  is g iven by

9] o f th e  un d erex p o sed  p a r t

l =  s *f- (k s) • log (1 10 3), ( 1 )
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w h ere  / is  th e  tran sfo rm ed  b la c k e n in g  s —  th e  reduced  b lacken ing , к  =
7

sL
У

th e  tra n s fo rm a tio n  c o n s ta n t, у  b e ing  th e  slope an d  SL th e  b lack en in g  o f  th e  
lo w est p o in t  o f th e  s tra ig h t p a r t .

T h e  e q u a tio n  of th e  ^ - a p p r o x im a t io n  o f th e  un d erex p o sed  p a r t  o f  th e  
c h a ra c te r is t ic  curve, w hich  is d ed u ced  b y  using  E q . (1) [10, 2] is g iven  by :

r y  =  S  +  (S L - 10 SL)- ( 2)

Y  b e in g  th e  log of th e  ex p o su re , Y  =  log  H , an d  Y L co rresp o n d in g  to  
b la c k e n in g  S L.

T h e  u n iv e rsa lity  o f th e  1 -tran sfo rm atio n  w ith  d iffe ren t ty p e s  o f sp e c tra l 
p h o to m a te r ia l  was d e m o n s tra te d  in  [6 11], so th a t  i t  is w orthw hile  to  check
its  a p p lic a b ili ty  to  h o lo g rap h ic  p la te s  as w ell. Since th e  s ta n d a rd  d ev ia tio n  
a(l) o f  th e  /-tran sfo rm a tio n  is eq u a l to  th e  s ta n d a rd  d ev ia tio n  a( Y )  o f  th e  
Y -a p p ro x im a tio n  [10], th e  re s u lt  o b ta in ed  w ill be va lid  also fo r th e  la t te r .  
A t p r e s e n t  th ere  is no sense in  looking  fo r m ore ex ac t eq u a tio n s  fo r t r a n s 
fo rm in g  o r ap p ro x im atin g  th e  u n d erex p o sed  p a r t  of th e  c h a ra c te r is tic  curve 
as sh o w n  in  [10].

T h e  values e x p e rim e n ta lly  d e te rm in ed  fo r th e  p a ra m e te rs , fo rm in g  
p a r t s  o f  E q s  (1) and  (2), as w ell as fo r th e  s ta n d a rd  d ev ia tio n  a(l) o f th e  /- tra n s 
fo rm a tio n  a t  d ifferent w av e -len g th s  of th e  v isib le  region an d  fo r th e  tre a te d  
h o lo g ra p h ic  p lates are show n  in  T ab le  I . T hese p la te s , as can  be seen  th e re ,

T a b le  I

Л(пт) 405 436 546
577
578 612

у 2.25 2.60 4.16 4.16 1.50

Sl 0.52 0.44 0.68 0.78 0.40

к 0.23 0.18 0.16 0.19 0.26

H*L 1.0 3.7 2.2 1.5 6.2

R 400 463 585 543 321

SR 0.20 0.20 0.20 0.20 0.20

Q 880 230 510 750 120

0.09 0.10 0.10 0.10 0.05

* The va lues o f  are in relative units

a re  d isting u ish ed  b y  a re la tiv e ly  h igh c o n tra s t  coefficient an d  sm all values 
o f  th e  tran sfo rm a tio n  c o n s ta n t  k. T he va lu es  of o(l) are o f th e  sam e order 
as in  [9, 10]. I t  should  be n o te d  th a t  a(l) is de te rm in ed  by  f in d in g  th e  d iffer
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ences betw een  the  ta b u la r  va lu e  [12] for th e  tra n sfo rm e d  b lack en in g  l an d  its  
v a lu e  of th e  p ro lo n g a tio n  o f  th e  s tra ig h t p a r t  of th e  re d u ced  b lack en in g  
cu rv e . These d ifferences co rresp o n d  to  b lacken ings ran g in g  in  size betw een  
th e  v alues of 0.03 an d  S L.

I t  m ay  be conc luded  from  th e  above th a t  th e  /- tra n s fo rm a tio n  and  
th e  Y ;-ap p ro x im atio n  o f  th e  underexposed  p a r t  o f th e  c h a ra c te r is tic  curve 
are  applicab le  to  h o lo g rap h ic  p la te s  tre a te d  in  a m a n n e r an a logous to  th a t  
fo r o rd in a ry  sp ec tra l p la te s .

d) Contrast and in form ationa l sensitiv ity  o f  holographic p la tes

T he properties o f th e  tr e a te d  holograph ic  p la te s  rev iew ed  so fa r  show  
co m p le te  sim ilarity  to  o rd in a ry  spec tra l p la te s . T his m akes i t  possib le  to  
d e te rm in e  th e  c o n tra s t R  a n d  th e  in fo rm atio n a l Q se n s itiv ity  in  ho log raph ic  
p la te s  b y  th e  m eth o d  u sed  in  [5] fo r sp ec tra l p la te s , i.e. b y  m ean s o f th e  
fo rm u las:

R  — m ax. ]0 .4343y
S L - S

y ( 1 0 s / v _  i )

[0 .35 S w • 10“ 3 +  3.75 S  • IO“ 3]

log (1 -  l O - ^ )

(3)

Q =  m ax.

SL - s
y ( I ( ) S l r -  l )

0.4343 у  ■ 1(t V ^

log (1 — 1 0 -s/>)

H L( 1 -  \0  sly)SjV ^

[0.35 S w - 1 0 - 3 + 3 .7 5  S  • IO“ 3] (4)

T he values o b ta in ed  fo r th e  m ag n itu d es R  an d  Q, as w ell as th e  b lack 
en ings S R and  S q a t  w h ich  th e y  are a tta in e d  are  g iven in  T ab le  I .

e) A p p licab ility  o f  holographic plates in  spectral analysis

T he sole crite rion  fo r th e  a p p licab ility  o f p h o to m a te r ia l in  sp ec tra l 
an a ly sis  is, as show n in  [13], th e ir  c o n tra s t sen s itiv ity . M oreover, th e  h igher 
th e  va lu e  of th is in d ic a to r  o f  a ce rta in  m a te ria l, th e  g re a te r  th e  possib ilities  
o f  im p ro v in g  th e  analysis b y  its  use.

T he values of th e  c o n tra s t  sen s itiv ity  R  o f ho log raph ic  p la te s , show n 
in  T ab le  I , are on th e  w hole tw o  or th ree  tim es h igher th a n  th o se  fo r O R W O  
sp e c tra l p la te s  in v es tig a ted  in  [5]. T his is due p rim arily  to  th e  low er v alue  
o f fog b lackening  in  tliin -la y e r ho lograph ic  p la te s  an d  p a r t ly  to  th e  low  v alue  
o f  th e ir  tran sfo rm atio n  c o n s ta n t k .
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I t  follows th a t ,  w h en  m a k in g  an  analysis a long  sp ec tra l lines ly ing  in  
th e  v is ib le  region, b e t te r  re s u lts  m ay  be e x p e c te d  w ith  ho lograph ic  th a n  
w ith  o rd in a ry  spectra l p la te s . I t  should be b o rn e  in  m in d , th o u g h , th a t  

o w in g  th e  sm all s e n s ito m e tr ic  sen sitiv ity  o f h o lo g rap h ic  p la te s  (tw o or 
th r e e  o rd e rs  lower th a n  t h a t  o f  spectra l p la te s) -  th e  a d v a n ta g e s  o b ta in ed  
b y  th e  use of th e  la t te r  w ill b e  a t  th e  expense o f a considerab le  len g th en in g  
o f  th e  exposure  tim e n e c e ssa ry  to  a tta in  th e  o p tim a l v a lu e  on th e  b a c k 
g ro u n d  o f the  spectra . T h is  len g th en in g  of ex p o su re  tim e  can  be o b ta in ed  
o n ly  in  th e  analysis o f  sa m p le s  w hich are  n o t  co nsum ed  d u rin g  exposure 
t im e ,  s a y , of gases, or w h en  th e i r  q u a lity  c o n secu tiv e ly  en te rin g  th e  electrode 
g a p  is  p rac tica lly  u n c h a n g e a b le , as is th e  case w ith  solid m e ta l an d  alloy 
sa m p le s .
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DECOMPOSITION OF BROMINATED METHANES
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The concentration changes of products obtained b y  the gas phase pyrolysis of 
m ethyl brom ide, m ethylene brom ide and brom oform  have been determ ined in the 
temperature range of 720 - 1170 K.

F irst, th e  presumable direction of thermal decom position  was predicted by ther
m odynam ic considerations and calculations, and then the m ost probable reaction steps 
were determ ined from experim ental facts. B y using the toluene carrier gas technique 
to investigate the decom position of bromoform, the C -B r bond strength was determ ined  
from the tem perature dependence of the rate constant o f the bond dissociation reaction. 
The bond energy was found to  be 51.0 kcal/mole.

The steps of chain reactions were confirm ed by therm ochem ical data obtained  
from mass spectrom etric m easurem ents.

1. In troduction

This p a p e r  deals w ith  th e  gas phase p y ro ly s is  o f m ono-, di- an d  tri-  
b ro m o m eth an e . T hese  stud ies, u s in g  p rim arily  in f ra re d  spectroscop ic  m e th o d s, 
w ere perform ed in  paralle l w ith  ou r in v es tig a tio n s  on  th e  heterogeneous 
th e rm a l d ecom position  processes ta k in g  place on an  in c a n d e sc e n t tu n g s te n  
w ire [1 -3 ], since th e  m ass sp ec tro m e tric  te ch n iq u e  ap p lied  in  th e  la t te r  ru led  
o u t th e  possib ility  o f gas p h ase  th e rm a l d eco m p o sitio n  in  th e  re a c to r  of 
g iven  design.

The com pounds s tud ied  a re  in g red ien ts  o f th e  fillin g  gases o f b rom ine- 
cycle halogen la m p s , an d  these  com pounds decom pose a t  th e  w ork ing  te m p e r
a tu re  of the  lam p s. T his is th e  te ch n ica l b a c k g ro u n d  o f our prev ious [1—3] 
a n d  recen t p y ro ly tic  in v es tig a tio n s . F rom  th e  a sp ec ts  o f  th e  tu n g s te n  cycle, 
th e  d is trib u tio n  o f hyd rogen  an d  b rom ine fo rm ed  in  th e rm a l decom position  
is o f basic im p o rta n c e  [4-6]. As a n  illu s tra tio n , F igs l a  an d  lb  show  th e  
p a r t ia l  pressures o f  tu n g s te n  b ro m id es  as a fu n c tio n  o f te m p e ra tu re  a t h y d ro 
gen : brom ine ra t io s  o f 1 and  0.5 [6].

B y  a co m p ariso n  of th e  hom ogeneous a n d  hete ro g en eo u s th e rm a l 
decom position  processes of m e th y l and  m eth y len e  b ro m id e , we found  [7] 
t h a t  th e  resu lts o b ta in e d , a p a r t  from  th e  in h e re n t th e rm o ch em ica l in fo r
m a tio n , m ay n o t be  co rre la ted , since  th e  reac tio n  m ech an ism s are  basica lly  
d iffe ren t.
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T h e  pyro lysis  of th e  fo u r th  m em b er o f th e  series, te tra b ro m o m e th a n e , 
on a n  in c a n d e sc e n t sp ira l h as  also  b een  s tu d ied  [8], b u t  o u r p re se n t ex p er
im e n ta l a p p a ra tu s  c a n n o t be u sed  to  s tu d y  th e  co rresp o n d in g  gas phase 
th e rm a l decom position .

Fig. 1. Equilibrium  of the tun gsten -brom ine-hydrogen  system  as a function  of tem perature
and brom ine to hydrogen ratio

T h e  kinetics of th e  gas p h ase  th e rm a l decom position  o f b ro m in a ted  
m e th a n e s  was in v es tig a ted  p r im a rily  to  d e te rm in e  th e  C -B r b o n d  s tren g th  
[9 1 2 ]. F o r such purposes th e  to lu en e  ca rrie r gas te ch n iq u e  has o ften  been
a p p lie d , w hich te rm in a te s  th e  ch a in  reac tio n  a fte r  th e  f ir s t  s tep  w ith  to luene  
as ra d ic a l  tra p  [9]. T his m e th o d  w as used here in  th e  in v e s tig a tio n  o f brom o- 
fo rm . T h e  lite ra tu re  of th e  co rresp o n d in g  ch lorine d e riv a tiv e s  c o n ta in s  com 
p le te  re a c tio n  schem es [13 19]. T he ra te  co n stan ts  are g en era lly  dete rm in ed
fro m  th e  experim en ta l cu rv es  b y  using  th e  p rincip le  o f q u a s i-s te a d y  s ta te  
r a d ic a l  co n cen tra tion  [16, 18].

2. E xperim en ta l

(a )  Apparatus

The gas phase pyrolysis o f the com pounds was studied in a flow  system . The samples 
w ere passed  in argon stream  through a quartz tube which was the lin ing of the oven of a 
C hevenard thermobalance w ith  controlled heating. In m easurem ents on brom oform  toluene 
w as also m ixed into the stream . T he gaseous reaction products were detected  after cooling 
b y  infrared spectrophotom etry [20] and supplem entary chem ical analysis. The schem e of the 
app aratu s is shown in Fig. 2.

Since m ethyl bromide is a gas at room tem perature, the m ost conven ien t m ethod was 
to feed  the system  from a cylinder filled w ith argon containing m eth yl brom ide in known
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concentration. In this case the units between capillary m anom eter 3 and oven 7 were dis
connected.

W ith m ethylene brom ide and bromoform, the argon carrier was saturated w ith  the 
vapour of the sample at a partial pressure corresponding to the tem perature o f the liquid  
to  be studied. The tem perature o f m ethylene bromide w as adjusted to 273 К  and that of 
brom oform  to 313 K, corresponding to vapour pressures o f 12.8 and 17.3 Torr, respectively  
[21]. Bromoform vapour was prevented from condensation by heating line (22 in Fig 2.) 
betw een the vessel and the oven.

Fig. 2. Apparatus for gas phase pyrolytic investigations. (1) Argon gas cylinder, (2) precision 
reductor, (3) capillary m anom eter (calibrated), (4) liquid sam ple, (5) therm ostating jacket, 
(6) thermom eter, (7) oven, (8) quartz tube coil (reactor), (9) P t— P tR h therm ocouple, 
(10) closing lid, (11) condensation vessel, (12) therm ostating jacket, (13) gas filter (G4), 
(14) IR  light source, (15) IR  cell, (16) organic liquid seal, (17) m onochrom ator, (18) detector, 
(19) perforated gas inlet, (20) toluene, (21) therm ostating jacket, (22) electric heating coil

When applying the carrier gas technique, toluene, m ixed previously w ith  bromoform  
arriving from the other line, w as fed  into the reactor in a sim ilar w ay, through a therm ostating  
vessel held at 293 К (partial pressure 22.0 Torr).

The flow rate was m easured w ith  a differential m anom eter, and it was m aintained at a 
steady value during the m easurem ents. The reactor was a quartz tube, 8 mm in internal diam 
eter. The coil consisted of 7 turns w ith a spacing of 16 17 m m ; the outer diam eter of the
coiled section was 38 mm. T he tem perature was measured near the m id-point o f oven  7. The 
accuracy of the m easurem ent was + 5  K. According to our m easurem ents, the difference in 
tem perature between the m id-point and the ends of the coil was no greater than th is accuracy. 
V essel 11 in the figure was included to collect the condensation products w ith  longer chains.

In cooler 12 the gaseous products leaving the reaction cham ber are brought to room  
tem perature, thereby ensuring m easurem ent conditions identical to those of calibration. As 
the therm olysis also yields fine grains o f solid carbon w hich, passed by the gas flow  to the 
cell w indows of the spectrom eter, would reduce the m easured transm ission, the system  also 
contains gas filter 13. Liquid seal 16 containing an organic substance prevents the back-dif
fusion of air, i.e. the form ation o f  an oxidizing atm osphere.

To analyze the products, the gas leaving the thermal zone was passed through the gas 
cell o f a U R  10 infrared spectrophotom eter (length: 100 m m , volum e: 129 cm 3, windows: KBr); 
in som e instances the reaction products were absorbed in  appropriate liquids and analyzed  
by chem ical methods. The total volum e of the gas was also checked by a gasom eter. (Since 
the to ta l pressure of the reaction com ponents did not exceed 2% of the pressure of argon, the 
change in volum e upon absorption of the reaction products was neglected.)

In the steady state at the temperature of investigation  the flow  rate was 4 1/h. The 
residence time of the reaction m ixture, calculated by the m ethod given below, was 15 s at

6 б

873 K.
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b )  A n a ly t ic a l m e th o d s

T he following m aterials were used. Methyl brom ide, F luka purissim um  (purified by  
rep ea ted  distillation); M ethylene brom ide, Fluka purissim um  (purified by repeated distilla
tion ); Brom oform , Merck p. a. S ince the compound decom poses relatively qu ick ly upon 
the e ffe c t  o f light without the stab ilizers acetone and ethanol m ixed into the reagent, the sta
b ilizers were distilled out im m ed ia te ly  before the m easurem ents. The purity w as accepted as 
sa tisfa c to ry  when no C 02 and CO could be detected by IR  spectrophotom etry in the reaction  
produ ct.

T he spectrophotom etric m easurem ent was calibrated for the IR active gases (all com 
p o n en ts excep t bromine and hydrogen) at a total argon pressure of 1 atm . The concentrations 
of th e  com ponents were m easured a t the following wavenum bers:

m eth y l bromide 
m ethylene bromide 
m ethane
hydrogen bromide 
acetylene

612 c m -1 
647.5 cm -1 

3011 cm“ 1 
2484 cm -1 

728 c m - 1

In  the calibration m easurem ents the brom inated m ethane derivatives were determ ined  
b y  polarographic methods [22] after absorption in cooled dioxan. A cetylene was determ ined  
b y  th e  m ethod of B arnes [23] after absorption in silver n itrate, hydrogen brom ide was m eas
ured b y  alkalim etric and brom ine b y  iodom etric m ethods after absorption in alkali and carbon 
te trach loride , respectively. To calibrate for m ethane, the cell was filled w ith m ethane of known  
p artia l pressure through a pum p system . The transm ittances o f the sam ples were measured 
after  adjusting the total pressure to  1 atm  with argon gas. In som e m easurem ents the preci
p ita te d  carbon was oxidized w ith  air at 770 K, and m easured in the form of carbon dioxide. 
T he condensed products were determ ined by IR  spectroscopy only qu alita tively  in carbon 
te trach loride  solution, and thus w e did not attem pt to set up an accurate m aterial balance.

( c )  R e s u lts

T he compositions of the gas m ixtures produced by the thermal decom position of the  
com p ou n d s investigated are show n as a function of tem perature in Figs 3 6. In Tables
I an d  II  the material balances o f  the pyrolysis of m ethyl and m ethylene brom ide are given,

T ab le  I

M aterial balance o f  the p yro lys is  o f CH^Br as a fun ction  of tem perature , 
in  percentage of the atoms introduced

T 0 (% ) H (% ) B r(% )

(K) identified unidentified identified unidentified identified unidentified

700 100.0 0 100.0 0 100.0 0

800 98.9 l . i 99.7 0.3 98.4 1.6

900 98.4 1.6 94.4 5.6 98.1 1.9

1000 97.4 2.6 92.4 7.6 97.5 2.5

1100 95.2 4.6 91.4 8.6 97.2 2.8

as a function  of temperature. T he reason for the deviation  from  100% is the form ation of un
id e n tif ie d  pyrolysis products w ith  higher molecular weight.

As can be seen from  F ig . 3, the decom position of m ethyl brom ide (original partial 
pressure 31 Torr) starts at 820 K . The main product o f the reaction is hydrogen bromide 
a ccou n tin g  for the total brom ine content at 1070 K. The curve of m ethane runs sim ilarly  
p a ssin g  a maximum at 1070 K . The m axim um  of m ethylene bromide at 920 К  deserves
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T a b le  I I

M aterial balance o f  the pyrolysis o f  CH 2Br2 as a function of temperature, in  percentage
o f  the atoms introduced

T 0(%) H(%) Br(%)

(K) identified unidentified identified unidentified identified unidentified

700 100.0 0 100.0 0 100.0 0

800 98.5 1.5 99.2 0.8 98.9 l . i

900 96.2 3.8 98.5 1.5 98.1 1.9

1000 94.6 5.4 97.7 2.3 96.9 3.1

1100 93.9 6.1 96.9 3.1 96.5 3.5

atten tion  from the view point of the reaction m echanism . The appearance o f a cety len e  and 
carbon is similar to that observed w ith the thermal decom position of m ethylene brom ide.

Figure 4 shows th at the thermal decom position o f m ethylene bromide (partia l pressure 
12.8 Torr) starts at about 720 K, as ind icated  by the appearance of hydrogen brom ide. The 
concentration of the latter increases gradually up to 970 K, and hardly changes above that 
temperature. The curve o f carbon (C 02) shows sim ilar properties. Acetylene appears a t 770 К  
in am ounts less by several orders, and it passes a m axim um  at 1070 K. The am ount o f  bromine 
is a m axim um  at 770 K. The infrared spectrum  o f the oily  product collected in  vesse l (11) is 
shown in Fig. 7; the assignm ent of the spectrum  is given in Table 111.

Fig. 3. Com position o f the pyrolysis gas o f m ethyl brom ide as a function о f the tem perature

0.5

0.4
0.3
0.2
0.1

Fig, 4. Com position of the pyrolysis gas o f m ethylene brom ide as a function of the tem perature
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T ab le III

A ssignm ent o f  the IR  spectrum shotvn in  Fig. 7

Band (cm -1 ) A ssignm ent

3075 = C H 2 vas
2960 - C H 3 vas
2925 1 Cl я 1 vas
3870 - C H 3 vs
2853 - C H 2 vs
1725 о II О

1583 C=C (conjugated)
1465 - C H 2- <5s
1425 - C H 3 Sas
1382 -C H 3 <5s
1286

1130

1078

1042 ?

970

874

820

740

710 (CH2)n i5as

I t  is certain from the assigm ent that the product m ay  not contain appreciable am ounts 
o f brom ine, since there is no observable band in the C -B r stretching region (550 — 650 c m -1). 
I t  can  be stated that the m ain bulk  of the substance con sists o f normal paraffins, irrespective  
o f  th e  non-assigned bands. It is also certain that the su bstance is a mixture of various hydro
carbons. (The presence of a v С - О band at 1725 cm -1 is  s ligh tly  surprising, since in the gaseous 
p ro d u ct not even traces o f CO or C 02 could be detected . This band suggests th at som e traces 
o f o x y g e n  in the argon m ight be responsible for the form ation  of carbonyl com pounds which  
w ere enriched in the condensation vessel.)

F ig . 5. Composition of the pyrolysis gas of brom oform  as a function of the tem perature
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т сю

Fig. 6. Com position of the pyrolysis gas o f bromoform as a function of the temperature
(with toluene carrier gas)

Fig. 7. IR  spectrum  of the o ily  product formed in the gas phase-therm al decom position
of m ethylene bromide

T ab le  IV

Partial pressures o f methyl and methylene bromide during gas phase pyro lysis, 
as a function o f the temperature

Temper- Undecomposed Conversion
ature

(K) («) M ethyl brom ide, 
Pi (Torr)

Methylene bromide. 
PI (Torr)

M ethyl bromide, 
Pi (Torr)

Methylene bromide, 
Pi (Torr)

298 38.6 31.0 12.8 0.00 0.00
673 17.1 31.0 12.8 0.00 0.00
773 14.9 31.0 10.2 0.00 0.20
823 13.9 30.8 6.1 0.01 0.52
873 13.2 29.8 2.0 0.04 0.85
923 12.5 16.3 0.6 0.48 0.95
973 11.8 5.4 0.2 0.83 0.99

1073 10.6 0.6 0 .0 0.98 1.00
1173 9.8 0 .0 0 .0 1.00 1.00
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In  order to determ ine the d issociation energy o f the C—Br bond, the therm al decom po
sitio n  o f brom oform  was studied b y  the toluene carrier gas technique.

T a b ic  V

P a rtia l pressures o f bromoform during gas phase p yro lys is , as a function  o f  the temperature

Temper
ature
(K)

Reaction 
time (s)

Without toluene With toluene
Rate constant, к 

(»-*)Undecomposed 
P i (Tor9

Conversion Undecomposed 
P i (Ton) Conversion

298 23.2 17.3 0.00 17.3 0.00 0

673 10.3 16.3 0.05 — — —

723 9.5 14.1 0.18 ~ — —

773 8.9 5.0 0.71 16.7 0.03 О.ООГ36

823 8.4 1.0 0.94 14.4 0.17 0.0229

873 8.0 0.9 0.95 7.7 0.55 0.1007

923 7.8 0.9 0.95 0.5 0.97 0.7760

I t  can be seen from Figs 5 and 6 th at in  the carrier gas the decom position of bromoform  
sta r ts b y  about 70 К higher than w ithout toluene. The reason for this is th a t toluene forms 
b en zy l brom ide w ith the abstracted brom ine atom s, thereby suppressing the chain reaction. 
I t  is  w orth  noting that only hydrogen brom ide could be observed in  the gas phase, and thus 
th e  probable reaction schem e m ust account for the fact that no bromine is form ed during the  
reaction , although it is stoichiom etrically  expected . The IR  spectrum  of the condensed prod
u c ts  show s the presence of carbon tetrabrom ide.

The changes in pressure of starting substances as a function  of tem perature are given  
in  T ables IV and V, together w ith  the residence tim es calculated b y  the m ethod  given  in sec
tio n  3 /b . Table V also contains the calculated rate constants, since the k inetics o f the C -Br  
dissocia tion  reaction could not be determ ined for bromoform by m easuring hydrogen bromide.

3. In terp reta tion  o f  th e resu lts

I t  is n o ted  in  ad v an ce  th a t  in  th e  p robab le  m ech an ism  o f th e rm a l 
d eco m p o sitio n  th e  d isso c ia tio n  o f th e  C -B r bond  is assum ed  to  he th e  f irs t 
s te p  w ith  all th ree  co m p o u n d s, s im ila rly  to  th e  decom position  schem es found  
in  th e  lite ra tu re  fo r ch lo rine , f lu o rin e  [14 -19 ] and  b ro m in e  d e riv a tiv es  
[9 12]. This m echan ism  is p ro v ed  in d ire c tly  b y  th e  bo n d  d issoc ia tio n  energies
(w h ich  are th e  a c tiv a tio n  energies o f th is  reac tio n ) o b ta in ed  b y  ra d ic a l tra p p in g  
te c h n iq u e s . These energies are in  good ag reem en t w ith  th e  d a ta  ob ta in ed  
b y  o th e r  m ethods (spectroscop ic  an d  m ass spec trom etric ).

As to  th e  p ro b ab le  d irec tio n  o f  th e rm a l decom position , p re lim in ary  
e s tim a te s  can be m ade from  th e rm o d y n a m ic  d a ta . F o r th is  reaso n , th e  th e rm o 
d y n a m ic  d a ta  o f th e  th re e  co m pounds s tu d ied  an d  th e ir  th e rm a l decom posi
t io n  p ro d u c ts  are g iven in  T ab le  IV . T he d a ta  show  th a t ,  w ith  th e  exception  
o f m e th y l b rom ide, th e  b rom o d e riv a tiv e s  are  u n stab le  w ith  re sp ec t to  th e ir  
e le m e n ts  even a t  room  te m p e ra tu re . T h e ir liab ility  to  d ecom position  is fu r th e r
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enhanced  b y  th e  fac t th a t  th e  elem ents m a y  fo rm  hydrogen  b ro m id e  w ith  
a n egative  free e n th a lp y  o f fo rm a tio n  [24].

A lthough  un d er th e  g iv en  ex p erim en ta l co n d itions eq u ilib riu m  processes 
are  o u t o f considera tion , i t  w as w o rth  in v e s tig a tin g  th e  possible equ ilib riu m  
com positions. In  order to  c a lc u la te  th e  eq u ilib riu m  com position  o f  p y ro ly tic  
m ix tu res  a co m p u te r a lg o rith m  w as developed  [7, 24, 25], in  w h ich  th e  free 
e n th a lp y  o f th e  com plete sy s te m  was m in im ized  by  th e  m eth o d  o f s teep est 
descen t. T he resu lts  of th e  c a lcu la tio n s  are show n in  Figs 8 an d  9. O n brom o-

(°K)

Fig. 8. Equilibrium  com position  of the pyrolysis gas o f m ethyl brom ide

form  no ca lcu la tio n  was p e rfo rm ed , since o f th e  p resum able  d ecom position  
p ro d u c ts  only  hyd rogen  b ro m id e  could be d e te c te d  ex p e rim en ta lly , a n d  th< 
co m p u te r  p ro g ram  also req u ire s  as in p u t th e  com pounds assum ed  to  be 
fo rm ed . F o r th e  o th e r tw o d e r iv a tiv e s  th e  in p u t consisted  of th e  co m p o u n d s  
d e tec ted  ex p erim en ta lly . The d iag ram s do n o t show  th e  curves o f so lid  ca rb o n  

A ccording to  Fig. 8, if  equ ilib riu m  is a ssum ed , th e  deco m p o sitio n  of 
jn e th y l b rom ide yields h y d ro g en  an d  hydro g en  b rom ide as m ain  p ro d u c ts , 
a n d  som e m e th a n e . From  F ig . 9 , th e  m ain  p ro d u c ts  of th e  deco m p o sitio n  
o f  m ethy lene  brom ide are h y d ro g en  b rom ide, h y d ro g en  and b ro m in e . The 
ap p ea ran ce  o f  ace ty lene  can be a t t r ib u te d  to  seco n d ary  processes. I t  is n o ted  
th a t  th e  exp erim en ta l resu lts  on  m ethy lene  b ro m id e , excep t for th e  sm all 
a m o u n t of ace ty lene  and  b ro m in e , are  in good ag reem en t w ith  th e se  calcu-
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Ia tio n s . H ow ever, w ith  m e th y l  brom ide th e  m ech an ism  discussed below  does 
n o t  p e rm it the  fo rm a tio n  o f  hydrogen , in s te a d , as show n la te r , th e  fo rm a tio n  
o f  m e th y le n e  brom ide is a ch a rac te ris tic  re a c tio n  step .

I t  is stressed th a t  w h e n  com paring th e  r e s u lts  o f th e rm o d y n am ic  ca lcu 
la t io n s  an d  k inetic in v e s tig a tio n s  several fa c to rs  m u s t be ta k e n  in to  acco u n t, 
e.g. th e  presence of n o b le  gases, th e  surface to  vo lum e ra tio  o f th e  reac to r , 
th e  coverage  of th e  r e a c to r  walls w ith  ca rb o n , w hich  p lay  im p o r ta n t  roles 
in  th e  reac tion  m ech an ism .

(°K)

Fig. 9. Equilibrium  com position of the pyrolysis gas o f m ethylene brom ide

Section 3 a deals w ith  th e  m echanism  o f th e  th e rm a l decom position  
o f  th e  com pounds, w h e re a s  section 3/b g ives th e  ca lcu la tions of th e  bond 
d isso c ia tio n  energy o f  h ro m o fo rm  o b ta in ed  b y  th e  to luene  ca rr ie r  gas te c h 
n iq u e . The m echanism  o f  th e  decom position  o f  m e th y len e  brom ide is d iscussed 
b e fo re  th a t  of m e th y l b ro m id e , because in  th e  la t te r  m eth y len e  brom ide 
is also  form ed, an d  th u s  th e  tw o d ecom position  processes can  be conceived 
to  ru n  in  parallel.

I t  is no ted  t h a t  th e  various steps o f th e  m echanism s a re  ve rified  on 
th e  basis of the  c o rre sp o n d in g  heats o f re a c tio n . The th e rm o ch em ica l d a ta  
o f  rad ica ls , req u ired  fo r  th e se  ca lcu la tions, w ere  de te rm in ed  b y  th e  m ass 
sp ec tro m etric  m e a su re m e n ts  [1 3] a lread y  m en tio n ed .
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3/а . Probable, m echanism s o f the gas phase pyro lysis  o f  brom inated methane
derivatives

Consider f i r s t  th e  th e rm al deco m p o sitio n  o f m ethy lene  b ro m id e . I ts  
f i r s t  s tep  is a th e rm a lly  a c tiv a ted  d isso c ia tio n  process:

CH2Br2 —v 'C H 2B r +  B r  A E  =  62.5 kcal/m ole (1)

The chain c a rr ie r  is the ac tiv e  b ro m in e  a to m , w hich leads to  th e  fol
low ing  processes:

C H ,B r2 +  Br- — -CH Br, +  H B r A E  =  14.6 kcal/m ole (2)

•CH Br2 - * C  +  H B r +  B r A E  — 33.0 kcal/m ole (3)

R e a c tio n  (3), p re su m a b ly  the  r e s u l ta n t  o f  p a r tia l  processes n o t  d iscussed  
h e re , involves a g re a t decrease in  free  e n th a lp y  (Л Е  =  -3 3 .0  kcal/m ole),

T ab le  VI

Therm odynamic data o f  brominated methane derivatives and their decomposition products [24]

Compound E nthalpy  o f form ation 
(kcal/m ole)

Standard entropy 
(cal/Kmole)

CH3Br — 9.0 58.7
CH2Br2 (g) -  1.0 70.1

CHBr3 (g) 6.0 79.0

CBr4 (g) 12.0 85.5

C (s) 0.0 1.4

H2 0.0 31.2

B r 2 ( g ) 7.3 58.6
Br 22.6 41.8

HBr - 8 . 7 47.4

CH4 - 1 7 .9 44.5
C2H2 54.2 48.0

w hich  ju stifies th e  assu m p tio n  of th is  process. The rad ica ls -CHBr., fo rm ed  
in  re a c tio n  (2) and  ‘C H 2B r form ed in  re a c tio n  (1) ta k e  p a r t  m a in ly  in  reco m 
b in a tio n s , and th e  fo rm er m ay also re a c t w ith  th e  s ta r tin g  co m p o u n d :

CH .,Br2 +  CHBr., —► C2H..Br. +  H B r +  B r  (4)
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T he re su ltin g  d ib ro m o m eth y len e  undergoes th e rm a l decom position  in  th e  
process

C2H ,B r2 — 2C +  2 H B r (5)

E q u a tio n  (6) show s th e  reco m b in a tio n  of ra d ic a l -CH2B r an d  th e  e lim 
in a tio n  o f d ih ro m o e th an e :

2 -C H ,B r — C2H 4B r2 — C2H 2 +  2 H B r (6)

A cety len e  is fo rm ed  p re su m ab ly  in  re a c tio n  (6), w hereas th e  doub le  
b o n d s fo rm ed  in  v a rio u s  e lim in a tio n  reac tio n s  are  responsib le  fo r p o ly m eriza 
tio n , i.e. fo r th e  fo rm a tio n  of h igher p ro d u c ts . A lthough  th e  a ssu m p tio n  
o f re a c tio n  (6) is su ffic ien t to  ex p la in  th e  fo rm a tio n  of ace ty lene, reac tio n s  (4) 
an d  (5) w ere also in c lu d ed  in to  th e  deco m p o sitio n  schem e on ana logy  w ith  
th e  co rresp o n d in g  ch lorine de riv a tiv es  [14]. T he co m b in a tio n  of reac tio n s  
(2, 3) a n d  (4, 5) lead s to  a h y d ro g en  b rom ide  to  ca rb o n  ra tio  2 : 1 .  T he m a x 
im u m  o f b ro m in e  c o n cen tra tio n  can be in te rp re te d  b y  th e  fac t th a t  a t  h ig h er 
te m p e ra tu re s  re a c tio n  (2), being  e n d o th e rm ic , becom es d o m in an t, th e re b y  
su p p re ss in g  th e  reco m b in a tio n  of b rom ine a to m s. T he m axim um  of ace ty len e  
c o n c e n tra tio n  is due  p resu m ab ly  to  self-decom position .

T h e  p y ro ly sis  o f  m e th y l b rom ide p roceeds, in  ag reem ent w ith  th e  
e x p e rim e n ta l re su lts , p resu m ab ly  in  th e  fo llow ing  m anner.

T h e  s ta r tin g  s tep  is again  th e  d issocia tion  o f  th e  b rom ine-carbon  b o n d :

C H 3B r — C H 3 +  B r  A.E = 69.0 kcal mole (7)

B y  re a c tin g  w ith  th e  s ta r tin g  su b stan ce , b o th  rad ica ls p roduce  fu r th e r  
ra d ic a ls  acco rd ing  to  th e  reac tions

C H 3B r +  B r  — H B r +  CH2B r A E  =  13.3 kcal/m ole

C H 3B r +  C H 3 — C H , +  C tE B r A E  =  1.7 kcal/m ole (9)

T h e  re su ltin g  rad ica l CH.,Br also re a c ts  w ith  th e  s ta r tin g  su b s ta n c e
(un like  th e  analogous rad ica l -СН2С1, w hich  is, fo r energetic  reasons, s tab ilized  
b y  reco m b in a tio n  on ly  [16]):

C H 3B r -)- 'С Н 2Вг —*■ CH2B r2 'C H 3 A E  =  2.0 kcal/m ole (10)

T he presence  o f  m eth y len e  b ro m id e  is ex p la in ed  b y  reac tio n  (10). 
C on seq u en tly , c a rb o n  and acety lene  d e te c te d  ex p e rim en ta lly  are fo rm ed , in  
p a r t ,  d u rin g  th e  decom position  o f m e th y len e  b ro m id e . T he d isap p earan ce  o f
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brom ine  can  be a t tr ib u te d  to  th e  fa c t t h a t  th e  ac tiv a tio n  en e rg y  o f  b o n d  
d issoc ia tion  is 7 kcal/m ole h igher fo r m e th y l b rom ide th a n  fo r m e th y len e  
b ro m id e , an d  th u s  th e  decom position  s ta r ts  b y  a b o u t 100 К  h ig h er . A cco rd 
ing ly , b ro m in e  a lread y  can n o t be fo u n d  in  F ig . 4 a t  ab o u t 920 K . S ince th e  
m e th y l rad ica ls  are  consum ed in  ex o th e rm ic  re a c tio n  (9), th e ir  re c o m b in a tio n  
p ro d u c t, e th a n e , c an n o t be de tec ted .

T he th e rm a l decom position  of b ro m o fo rm  also s ta r ts  w ith  th e  th e rm a lly  
a c tiv a te d  d issocia tion  of th e  C -B r b o n d :

C H B r3 —► -C H B r2 -f- Br- A E  =  55.5 kcal/m ole (11/

T he ch a in  is s ta r te d  b y  th e  b ro m in e  a to m :

C H 3B r -)- B r- -CBr3 -(- H B r A E  — 9.5 kcal/m ole (12)

T h is re a c tio n  is reversib le , causing  th e  th e rm a l decom position  to  be 
a p a r t ly  p ro d u c t- in h ib ite d  process.

T he tr ib ro m o m e th y l rad ica l e ith e r  recom bines w ith  th e  b ro m in e  a to m s:

•CBr3 +  B r  C B r4 (13)

or th e  chain  p ro p ag a tes , on ana logy  w ith  th e  correspond ing  c h lo r in a te d  
rad ica l [19], in  th e  follow ing step s:

•CBr3 — "C B r, +  B r  (14)

•CBr2 +  C H B r3 — C2B r, +  H B r (15)

T e tra b ro m o m e th an e  form ed in  re a c tio n  (13) w as found  in  c ry s ta llin e  
form  in th e  co n d en sa tio n  vessel (11) an d  in  th e  cooler p a rts  o f th e  re a c to r  
tu b e . C o nsequen tly , th e  brom ine c o n te n t is re p re se n te d  by  th e  solid  p ro d u c ts , 
an d  th is  is th e  reason  w hy i t  could n o t be fo u n d  in  th e  gas phase . T h e  e x p e r
im e n ta l fac ts  suggest th a t  th e  reco m b in a tio n  o f  B r- is also in s ig n if ic a n t.

W hen  th e  ca rrie r gas con ta in s to lu e n e , th e  above reactions do n o t  ta k e  
p lace , since to lu en e  in  excess is b ro m in a te d  in  th e  reaction

C6H 5 C H 3 +  2 B r  — C0H 5- C H 2B r +  H B r (16)

A ccord ing  to  th is  eq u a tio n , th e  ra te  c o n s ta n t o f reac tio n  (11) c a n  be 
d e te rm in ed  b y  m easu ring  th e  a m o u n t o f h y d ro g en  b rom ide fo rm ed . F u r th e r 
m ore, its  te m p e ra tu re  dependence p e rm its  th e  bond  dissociation  en e rg y  to  
be d e te rm in ed .
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3 /b. D eterm ination o f  the C -B r  bond d issocia tion  energy o f  bromoform

I n  flow  system s th e  reac tio n  tim e  is a fu n c tio n  of th e  g eo m e try  an d  
te m p e ra tu re  d is tr ib u tio n  o f th e  reacto r. T h e  s itu a tio n  is som etim es com pli
c a te d  b y  th e  fa c t th a t ,  as in  o u r  case, th e  re a c tio n  invo lves a change in  vo lu m e , 
b u t  d u e  to  th e  g rea t d ilu tio n  of th e  r e a c ta n t  (2 v/v  % ) th is  effect can  be 
n e g le c te d  here . As to  th e  g eo m etry , p lug flo w  is  assum ed  and  m ass t r a n s p o r t  
b y  d iffu sio n  is neg lec ted  a t  th e  flow  ra te s  ap p lie d . As a fu rth e r  sim p lifica tio n , 
th e  r e a c to r  is reg a rd ed  as iso th e rm al, a n d  i t  is assum ed th a t  th e  re a c tio n  
m ix tu re  is h ea ted  in s ta n ta n e o u s ly  to  th e  te m p e ra tu re  of th e  re a c to r .

I n  a ca rrie r gas c o n ta in in g  to luene , b ro m o fo rm  decom poses in  a f irs t-  
o rd e r  re a c tio n  in s te a d  o f a chain  reac tio n  w ith  com plica ted  k in e tic s , an d  
th u s  th e  in te g ra tio n  o f th e  ra te  eq u a tio n  y ie ld s

1 It b i ( p f p ) (17)

w h ere  t is th e  residence  t im e  and
p  an d  p 0 a re  th e  in s ta n ta n e o u s  an d  s ta r t in g  p a r tia l p ressures o f b ro m o 
form .

T h e  v alue  o f p j p  can  be de te rm ined  from  in fra red  sp ec tro p h o to m e tric  
m e a su re m e n ts  (th ro u g h  th e  m easu rem en t o f  h y d ro g en  b rom ide), w hereas 
th e  re a c tio n  tim e  can  be ca lcu la ted  from  E q . (18):

t =
V r • T„

Q

l

T
(18)

w h ere  Vr is th e  vo lum e o f th e  reac to r (52.3 c m 3),
Q is th e  vo lum e r a te  m easured  a t  th e  in le t  te m p e ra tu re  (2.18 cm 3/s), 
T 0 is th e  in le t te m p e ra tu re  of th e  gas (298 K ), and  
T  is th e  te m p e ra tu re  of th e  re a c to r .

T h e  ra te  c o n s ta n ts  g iven  in  Table У  w ere ca lc u la ted  by  m eans of E q . (18). 
A ccord ing  to  th e  th e o ry  of th e rm a l a c t iv a tio n , th e  te m p e ra tu re  d e p e n d 

en ce  o f  ra te  c o n s ta n ts  can  be described b y  th e  A rrhenius eq u a tio n :

In  к  =  In A  E /R T (19)

w h e re  A  is th e  freq u en cy  fac to r ,
E  is th e  a c tiv a tio n  energy , and 
R  is th e  u n iv e rsa l gas co n stan t.

T h e  ac tiv a tio n  (d issocia tion) energy d e te rm in e d  graph ica lly  from  E q . (19) 
is 51 .0  kcal/m ole, an d  fre q u e n c y  fac to r A eq u a ls  1.2 X 1013 (Fig. 10). T h e  l i te r 
a tu r e  v a lu e  of a c tiv a tio n  en erg y  is 55.5 k ca l/m o le  [24]; th e  difference o f th e  
tw o  v a lu e s  is in sig n ifican t.
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Fig. 10. Tem perature dependence of the rate constant
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The O n sa g eh  m odel relating to the sta tic  relative perm ittiv ity  o f liquids was 
m odified by replacing the hom ogeneous dielectric in the On sa g er  model by a hetero
geneous dielectric. In  the new model the cav ity  is surrounded by a spherical shell o f 
relative p erm ittiv ity  £|oc, which is situated in a dielectric of relative perm ittiv ity  
e0 o f  infinite ex ten t. T he reactive field factor corresponding to this new m odel was 
determ ined, and a stu dy  was made of what effect the im m ediate environm ent o f the  
ca v ity  has on the reactive  field factor.

B e v e r i d g e  an d  S c h n u e l l e  [1] in v e s tig a te d  th e  free energy  o f an  
a rb itra ry  charge d is tr ib u tio n  in  a spherical c a v ity , w hen th e  c a v ity  is su r
ro u n d ed  b y  a sp h erica l shell of re la tiv e  p e rm itt iv i ty  eioc w hich, in  tu r n ,  is 
s itu a te d  in  a d ie lec tric  o f  re la tiv e  p e rm ittiv ity  e0 o f in f in ite  e x te n t. T he m odel 
regards th ese  d ie lec trics as s truc tu re less c o n tin u a .

W e shall u tilize  th e  resu lts  of B e v e r id g e  a n d  Sc h n u e l l e  to  ex am in e  
how  th e  reac tio n  fie ld  fa c to r  is affected  by rep lac in g  th e  hom ogeneous d ie lec tric  
in  th e  O n s a g e r  th e o ry  [2] b y  a sp h e rica lly -sy m m etrica lly  layered  h e te ro 
geneous d ie lectric .

The Onsager reaction field factor

T he O n s a g e r  th e o ry  re la tin g  to  th e  s ta t ic  re la tiv e  p e rm itt iv i ty  o f 
liquids [2] m odels a m olecule possessing a p e rm a n e n t d ipole m o m en t as a 
po in t-like  d ipole s itu a te d  in  a spherical c a v ity . T he su b stan ce  su rro u n d in g  
th e  c a v ity  is reg a rd ed  as a hom ogeneous c o n tin u u m , w hich is po larized  b y  
th e  inhom ogeneous e lec tric  field  of th e  p e rm a n e n t dipole. T he e n v iro n m e n t 
po larized  b y  th e  d ipole gives rise to  th e  reac tio n  fie ld , w hich, to g e th e r w ith  
th e  c a v ity  fie ld , c rea te s  th e  local electric fie ld  a c tin g  on th e  dipole.

T he reac tio n  fie ld  s tre n g th  R  is p ro p o rtio n a l to  th e  dipole m o m en t ц  
g iving rise to  it:

R = f v  ( i )
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w h ere  f  is th e  reac tio n  fie ld  fac to r . T he e q u a tio n  refers to  a n o n -p o la rizab le  
d ip o le . I n  th e  p resen t p a p e r we follow  th e  o rig in a l O n sag er  th e o ry  a n d  deal 
w ith  n o n -p o la rizab le  d ipoles, b u t  o u r re su lts  a re  also d irec tly  ap p licab le  to  
p o la r iz a b le  dipoles [3].

I n  a reac tio n  fie ld  o f s tre n g th  R , th e  free  en erg y  F  of th e  n o n -p o la rizab le  
d ipo le  [3] is

F ^  ( 2)

F or t h e  O n s a g e r  m odel:

2e +  1 a3
( 3 )

w h ere  e is th e  s ta tic  re la tiv e  p e rm itt iv i ty  o f th e  hom ogeneous d ielec tric  
s u rro u n d in g  th e  cav ity . F ro m  E q s (2) a n d  (3) th e  On s a g e r  re a c tio n  fie ld  
f a c to r  is

/  —  / o N S
2(* -  1)

(2£ +  1) a3
(4)

The reaction field factor in a spherieally-symmetrieally layered dielectric

L e t th e re  he tw o charges c re a tin g  a d ipo le in  th e  in te r io r  o f a sphere 
o f  ra d iu s  a an d  of re la tiv e  p e rm itt iv i ty  e, =  1. L e t th e  sphere be su rro u n d ed  
b y  a  sp h erica l shell o f e x te rn a l rad iu s  b (i . e. o f th ickness b - a) a n d  o f re la tiv e  
p e r m it t iv i ty  eioc, w hich is s itu a te d  in  a d ielec tric  o f re la tiv e  p e rm itt iv i ty
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f 0  of in fin ite  e x te n t  (Fig. 1). I f  d ielectrics a re  reg a rd ed  as s tru c tu re le ss  con
tin u e , th e n  from  [1] the  free energy  o f th e  d ipo le  is

F  =
1 2(1 4 ) . + 2 , 2(1 -  eb) 1 _  _ 1 ~ e° t^_
2 24  +  1 a3 2e„ +  1 24  +  1 b3

w here

1 +

E b  —  e o^e lo :

2(1 —  £0)(1 —  fif t)  

2£í, +  1

a■'

b3

(5)

(6) 

(?)

ea =  «юс/е,- (8)

and  th e  o th e r n o ta tio n s  are th e  sam e as p rev io u sly . F rom  a co m p ariso n  of 
E qs (2) and  (5),  th e  reaction  fie ld  fac to r f  o f  th e  new  m odel is

f  2(бд — I )  . 2(eb — 1) Г

( 2 4 + l ) « a (2e6 H-1)í>4
1 - 4  -

2 4 + 4

w here e'a is d e te rm in ed  by  E q . (7).
The f irs t te rm  o f E q. (9):

=  (2 4  -  1) 
Jx 2 ( 4 + 1  )a3

(9)

( 10 )

depends p r im a rily  on th e  in te ra c tio n  o f th e  d ipo le  and  the  d ielectric  in  th e  
spherical shell, w hereas th e  second te rm :

2(eb -  1)

(2f, +  1 )b3

is de te rm ined  p r im a rily  by th e  in te ra c tio n  o f  th e  d ipole and  th e  d ie lec tric  
o u tside  th e  sp h erica l shell. I f  eioc =  f 0, th e n  eb =  1, 4  =  ®o an d F>4- (9)
sin plifies to  th e  O n sag er  eq u a tio n  (4). I f  f |0C =  1, th e n  ea =  1, eb — e0 an d  
E q . (9) is tra n sfo rm e d  to  th e  O nsag e r  e q u a tio n  re la tin g  to  a sp h ere  o f 
rad iu s  b.

E q. (9) th e re fo re  de te rm ines th e  reac tio n  fie ld  fac to r in  th e  case w h en  
th e  re la tiv e  p e rm itt iv i ty  in th e  im m ed ia te  e n v iro n m e n t of th e  dipole m olecu le  
is d ifferen t from  t h a t in th e  in te r io r  o f th e  p h ase .

1 - i - 4  

2 4 + 1
( 11)
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A pplication  of the  new  m odel

T h e  B e v e r i d g e  — S c h n u e l l e  m odel co n sis tin g  of a d o u b le -layer sp h er- 
ic a lly -sy m m e tr ic  d ielectric  can  be reg a rd ed  as a refin em en t of th e  O n s a g e r  

m o d el. I t  is know n th a t ,  on th e  d irec ting  a c tio n  of th e  electric  fie ld  o f  th e  
io n s, th e  s ta t ic  re la tiv e  p e rm itt iv i ty  is g en era lly  sm aller in  th e  so lv a te  s h e a th  
th a n  in  th e  m ain  b u lk  o f th e  so lu tion  [4]. A sim ilar, h u t n a tu ra lly  sm alle r 
d ire c tin g  ac tio n  can also be conceived in  th e  case of dipole m olecules. A cco rd 
in g ly , i t  is w orthw hile ex am in in g  w h a t effec ts  th e  th ickness an d  re la tiv e  
p e r m it t iv i ty  of th e  spherica l shell have on th e  reaction  field  fa c to r . W ith  
th e  a id  o f  som e n u m erica l exam ples, we sh a ll discuss in  w h a t cases i t  is 
ju s t i f ie d  to  ca lcu late  th e  reac tio n  fie ld  fa c to r  w ith  E q . (9), an d  w hen  th e  
o rig in a l O n s a g e r  th e o ry  gives a good a p p ro x im a tio n .

A s a consequence of th e  d irec ting  a c tio n , th e  re la tive  p e rm it t iv i ty  of 
th e  sp h e ric a l shell can  be ex p ec ted  to  be sm alle r th a n  the  re la tiv e  p e rm it t iv i ty  
o f th e  m a in  bu lk  of th e  liq u id , and  in  o u r ca lcu la tions, th e re fo re , f |oc e0. 
T h e  s ta t ic  re la tiv e  p e rm itt iv i ty  of apo lar liq u id s  generally  has a v a lu e  a ro u n d  
2, a n d  th u s  th e  case eioc 2 has n o t been  exam ined . (R eference w as m ade 
e a r lie r  to  th e  lim iting  case eioc = 1 . )  T ak in g  in to  accoun t th e  s ta t ic  re la tiv e  
p e rm itt iv i t ie s  cu s to m ary  for organic liq u id s , we carried  ou t or ca lcu la tio n s  
w ith  e 0 =  100, 20 and  5.

0.8 0.6 0.4 0.2
£ |O C  /  £<3

Fig. 2
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Fig. 3

T urn in g  to  a m o lecu la r v iew poin t, th e  d ie lec tric  in  th e  spherica l shell 
can  be iden tified  w ith  th e  neighbours of th e  m olecule ta k e n  to  he s itu a ted  
c en tra lly . O ur ca lcu la tio n s  w ere there fo re  m ade w ith  tw o  d iffe ren t spherical 
shell th icknesses.

(1) b =  3a. T h is m a y  correspond  to  th e  case in  w hich th e  liqu id  phase 
co n sis ts  of spherica l m olecules of th e  sam e size, an d  th e  d ielec tric  in  th e  
sp h erica l shell is co m p rised  o f th e  n ea rest ne ig h b o u rs  o f th e  m olecule regarded  
as th e  cen tra l one.

(2) b =  1.2 a. T h is m a y  be th e  case in w hich  re la tiv e ly  large  dipole 
m olecules are su rro u n d e d  b y  re la tiv e ly  sm all so lv en t m olecules.

In  Fig. 2, th e  q u o tie n t o f / 2, ca lcu la ted  from  E q . (11), and  f v  ca lcu la ted  
from  E q . (10), is d ep ic ted  as a function  o f £|oc'e 0. T he sm aller th e  effect of 
th e  e x te rn a l d ie lec tric  co m p ared  to  th a t  o f th e  d ie lec tric  in th e  spherical 
shell, th e  sm aller th e  q u o tie n t f , f y. T he F igu re  reveals  th a t  for m olecules 
o f th e  sam e size (if b =  3a) th e  effect o f th e  e x te rn a l d ie lec tric  is p rac tica lly  
neglig ib le, and th e  re a c tio n  fie ld  fac to r  is d e te rm in ed  b y  th e  d ie lec tric  in 
th e  spherica l shell. I f  b =  1.2 a, i.e. if  re la tiv e ly  large  d ipole m olecules are 
su rro u n d ed  by sm all so lv en t m olecules, th e n  th e  effect o f th e  e x te rn a l d ielectric  
m ay  also be ap p rec iab le ; in d eed , in som e cases it  is even  conceivab le  th a t  th e  
la t te r  effect becom es th e  d e te rm in in g  one.
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In  F ig . 3 /  is th e  re a c tio n  fie ld  fac to r  co rrespond ing  to  th e  new  m odel, 
an d  fo u s  is  th e  O n s a g e r  re a c tio n  fie ld  fac to r  fo r th e  case w hen  th e  c a v ity  
is su rro u n d e d  by a hom ogeneous d ielec tric  of re la tiv e  p e rm itt iv i ty  e0. The 
d ie le c tr ic  in  th e  spherica l shell has a double effect.

(1) I t  keeps th e  e x te rn a l d ie lec tric  o f re la tiv e  p e rm itt iv i ty  e0 aw ay 
from  th e  cav ity  of ra d iu s  a. T he  th ic k e r  th e  spherica l shell, th e  s tro n g e r th is

e ffec t. T he curves re la tin g  to  th e  case b =  3a lie below  th e  cu rves re la tin g  
to  th e  case b =  1.2 a.

(2) The p e rm a n e n t d ipo le  also polarizes th e  d ie lec tric  in  th e  spherica l 
shell, a n d  th is  p o la riza tio n , to o , p a r tic ip a te s  in  th e  dev e lo p m en t o f th e  reac tio n  
fie ld  fa c to r . The la rg e r r\oc, th e  closer f  app ro ach es / o n s - T his can  be seen 
in  th e  F igure  from  th e  fa c ts  th a t  th e  curves co rrespond ing  to  fi|oc =  5 are 
fo u n d  above th e se  co rresp o n d in g  to  fioc =  2, an d  th a t  i f  eioc —► e0, th en  
/  —  / o n s -

In  Fig. 4 /  is th e  re a c tio n  fie ld  fac to r co rrespond ing  to  th e  new  m odel, 
a n d  / ol is the  O n s a g e r  re a c tio n  fie ld  fac to r  in  th e  case w hen  th e  cav ity  
is su rro u n d e d  by  a c o n tin u o u s  d ielec tric  of re la tiv e  p e rm itt iv i ty  eioc. The 
d o u b le  effect of th e  d ie lec tric  in  th e  spherica l shell can  be observed  in  th is  
F ig u re  too .
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(1) T he th ic k e r  th e  spherical shell, th e  less f f o t  differs fro m  u n ity . 
T he curves re la tin g  to  th e  case b =  3a are  to  be found below th e  curves 
re la tin g  to  th e  case b =  1.2 a.

(2) T he la rg e r th e  re la tiv e  p e rm ittiv ity  o f th e  spherical shell, th e  closer 
/  app ro ach es / ol- In  th e  lim iting  case, i f  e0 —► f|0C, th e n  /  —>■ J'o l -

To su m m arize , i t  m ay  be s ta te d  th a t  th e  im m edia te  e n v iro n m e n t of 
th e  dipole m olecule m ay  have a considerab le  e ffec t on th e  reaction  fie ld  fac to r. 
T he th ic k e r  th e  sp h erica l shell in th e  hete ro g en eo u s m odel, an d  th e  closer 
Floe app ro ach es e0, th e  m ore th e  reac ti n  f ie ld  fac to r  is d e te rm in ed  b y  th e  
d ielectric  in  th e  sp h erica l shell. I f  th e  th ic k n e ss  o f th e  spherical shell is th e  
sam e as or g re a te r  th a n  th e  rad iu s  of th e  c a v ity , th e n  th e  d ie lec tric  o u ts id e  
th e  spherica l shell has p rac tica lly  no effect on th e  reaction  field fa c to r . F rom  
a m olecu lar v iew p o in t, th is  re su lt m ay be described  in th a t ,  for m olecules 
of th e  sam e size, on ly  th e  closest ne ig h b o u rs  o f th e  m olecules p a r t ic ip a te  
in  th e  d ev e lo p m en t o f th e  reaction  fie ld  fa c to r . I f  re la tiv e ly  la rg e  d ipole 
m olecules are  su rro u n d e d  b y  re la tiv e ly  sm all so lven t m olecules, th e n  th e  
reac tio n  fie ld  fa c to r  is affec ted  by  o th e r m olecules too. besides th e  closest 
ne ighbours. T he effect o f  these  is th e  g re a te r , th e  sm aller th e  so lv en t m ole
cules co m p ared  to  th e  dipole m olecules.
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SORPTION OF SOLVENT NON-SOLVENT MIXTURES ON 
PHENOL RESTTŐL GELS

E . W o l f r a m , J .  G y ö r g y i - E d e l é n y i  and M. N a g y

(Departm ent o f Colloid Chem istry, Eötvös L. University, B udapest)  

R eceived April 1, 1976

The degree of swelling, on a w eight-per-w eight basis, o f resin p la te lets obtained  
from film s by drying, in binary liquid m ixtures containing various am ounts o f  a sol
ven t com ponent (acetone, 1,4-dioxane, m ethanol or n-propanol) and a non-solvent one 
(w ater or n-heptane) was determ ined at sw elling equilibrium. From  th e  data, both  the 
am ount of solvent bound by the resin phase and the sorption param eter were calcu
lated over the total range of com position.

As a rule, the non-solvent dim inished the uptake of so lvent b y  the polym er, 
except for aqueous m ixtures o f both  acetone and dioxane, where a synergetic effect 
was observed. It was found that reverse sorption, i.e. the relative enrichm ent of the 
non-solvent in the sorption layer, as shown by negative values o f the sorption param 
eter, occurred in system s in which the interaction of the two so lven t com ponents 
was not too weak.

T he re su lts  were fo u n d  to  be  in  ag reem en t w ith  our earlie r d a ta  fo r p o ly  (v inyl 
alcohol), an d  could  be ex p la in ed  in acco rd an ce  w ith  PouCHL'i’s th e o re tic a l in te rp re 
ta tio n .

In tro d u c tio n

M olecular in te rac tio n s  o f po ly m ers  an d  b in a ry  liqu id  m ix tu re s  are 
m an ife s ted  in  so lvation  in  th e  case o f d issolved polym ers, a n d  in  so rp tio n  
(acco m p an ied  b y  m acroscopic sw elling) on po lym er netw orks. As a re su lt of 
th e se  tw o  processes (w idely te rm e d  co llec tive ly  as so rp tion  in  th e  l i te ra tu re ) , 
th e  b in d in g  b y  th e  po lym er o f th a t  co m p o n en t of th e  m ix tu re  w hich  is a 
th e rm o d y n a m ic a lly  good so lven t fo r th e  p o lym er is genera lly  fa v o u re d  in 
com parison  to  th e  b ind ing  o f th e  o th e r  co m ponen t. T h a t is, th e  so lv a tio n -  
so rp tio n  lay e r becom es rich e r in  th e  fo rm er com ponen t co m p ared  to  th e  
in itia l com position  of th e  m ix tu re , an d  p o o re r in  th e  la t te r  c o m p o n en t. T h u s , 
th e  in te ra c tio n  w ith  th e  p o lym er re su lts  in  a d isp lacem en t, s im ila rly  to  th e  
a d so rp tio n  o f liqu id  m ix tu res  on usal a d so rb en ts , and  in  a d d itio n  to  th e  
v a lu e  o f th e  to ta l  so rp tion , i t  is also n ecessary  to  know  th e  e x te n t  o f  th e  
e n rich m en t, th e  p re fe ren tia l (or selective) so rp tio n , in  o rd er to  be ab le  to  
describe  th e  process. The la t te r  fa c to r  is m o stly  given in  th e  l i te r a tu r e  by 
y , th e  so rp tio n  p a ram e te r; th is  is defined  as th e  excess a m o u n t o f  th e  so lven t 
co m p o n en t re ferred  to  u n it a m o u n t o f th e  po lym er, b o th  q u a n tit ie s  being  
exp ressed  in  e ith e r  volum es or m asses. T he so rp tio n  p a ra m e te r  is th e re fo re  
a c a lcu la tio n  value analogous to  th e  G ibbs ad so rp tio n  excess: у  0 m eans
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an  en rich m en t, an d  у <  0 an  im p o v erish m en t, w hile у  =  0 co rresponds to  
th e  so rp tio n  azeo trope .

F o rm er in v e s tig a tio n s , m ain ly  re la tin g  to  d isso lved  polym ers, in d ic a te  
t h a t  in  general th e  f i r s t  case occurs in  n o n -p o la r p o ly m e r-so lv e n t-n o n -so lv e n t 
sy s tem s , over th e  to ta l  ra n g e  o f m ix tu re  com positio n s [ 1 3 ] .  Z i v n y  et al. [4] 
f i r s t  observed  th e  second  effect, w hich th e y  te rm e d  inverse  so rp tion , in  th e  
p o ly (m e th y l m e th a c ry la te )-b e n z e n e -m e th a n o l sy s tem . In  investig a tio n s over 
th e  e n tire  c o n c e n tra tio n  ran g e , a change in  sign o f  th e  so rp tion  p a ra m e te r  
a t  a c e r ta in  c o n c e n tra tio n  h as  been described fo r a n u m b e r of system s [5 — 8].

I t  was obvious to  ascribe  th e  p h enom enon  q u a lita tiv e ly  to  th e  co m 
p e tit iv e  n a tu re  of th e  in te ra c tio n s , and to  in te rc o n n e c t th e  change in  selec
t iv i ty  w ith  th e  a sso c ia tio n  o f  th e  m ix tu re  co m p o n en ts  [5, 6] or th e  so lu b ility  
o f th e  po lym er [7]. T h is  connec tion  was f ir s t  ex p ressed  in  an  ex ac t form  b y  
P o u c h l y  et al. [9]; on  th e  basis o f th e ir  fo rm u la , b o th  th e  to ta l  an d  th e  
se lec tiv e  so rp tion  can  be ca lcu la ted  in sy stem s e ith e r  d ilu te  or c o n c e n tra ted  
as re g a rd s  th e  p o ly m er. I t  w as also po in ted  o u t t h a t  th e  change in  c h a ra c te r  
re su lts  p rim arily  fro m  th e  association  o f th e  m ix tu re  com ponents. I f  se lf
a sso c ia tio n  of one o f th e  com ponen ts is p re d o m in a n t th e  azeotrope occurs 
in  th e  v ic in ity  of t h a t  m ix tu re  com position  w h ich  co rresp o n d  to  th e  m ax im u m  
o f th e  to ta l  so rp tio n , w hile i f  n te rasso c ia tio n  is th e  p red o m in an t in te ra c tio n , 
th e n  у  changes in  sign  a t  th e  m inim um .

Selective so rp tio n  on po lym er n e tw o rk s (gels) has scarcely been  d e a lt 
w ith , a n d  even th e n  i t  h as  p rim arily  been used  as a m eth o d  of d e te rm in in g  
in te ra c tio n  co n stan ts  [10, 11].

W e earlier [12 — 14] m ad e  a d e ta iled  s tu d y  o f  th e  so rp tion  o f v a rio u s 
a lip h a tic  alcohol—w a te r  m ix tu re s  on po ly (v in y l alcohol) gels. I t  w as found  
t h a t  th e  у  vs. caicoho] cu rv es  ex h ib ited  several loca l ex trem es, w hich could  be 
c o rre la ted  w ith  th e  c h a ra c te r is tic  v iscosity  ch an g es o f th e  po ly (v iny l alcohol) 
so lu tio n s p rep ared  w ith  th e  above m ix tu res  [15], a n d  th u s  w ith  th e  m ix tu re  
s tru c tu re . As a re su lt o f th e se  in v estig a tio n s, we w ere th e  f irs t to  p o in t o u t 
t h a t  w h a t was fo u n d  be tru e  for th e  so rp tio n  on dissolved polym ers is also 
v a lid  fo r th e  so rp tio n  on gels o f th e  sam e p o ly m ers  w ith  low cross-link ing  
degrees. This fin d in g  w as la te r  confirm ed b y  s tu d ie s  of d ifferent a u th o rs  on 
o th e r  system s [16].

A n accoun t w as g iven  b y  us earlier [17] o f  th e  so rp tion  from  w a te r -  
a lcoho l m ix tu res on p h en o l—form aldehyde gels in  th e  resito l s ta te ;  th is  w as 
s tu d ie d  as one p o ss ib ility  o f  charac teriz ing  m a tric e s  p rep ared  for GPC p u r 
poses. Since th e  у  vs. c cu rv e  shapes also in d ic a te d  th e  p red o m in an t role of 
th e  m ix tu re  s tru c tu re  in  th e  case of these gels, w ith  th e ir  com plicated  chem ical 
com positions and to p o g ra p h ie s  [18], it  a p p e a re d  ju s tif ie d  to  exam ine th e  
q u e s tio n  m ore closely. In  th e  p resen t w ork, so rp tio n  on these  gels w as d e te r 
m in ed  from  so lv en t—n o n -so lv en t m ix tu res in  w hich  th e  non-so lvent was w a te r
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or и-h ep tan e , an d  the  so lv en t w as m e th an o l, n -p ro p an o l, acetone o r 1 ,4-di- 
oxane. T he reaso n s for th e se  choices w ere t h a t  b o th  th e  po lar w a te r  an d  th e  
non-polar h e p ta n e  p re c ip ita te  th e  resin , b u t  i t  is on ly  w a te r th a t  in te ra c ts  
w ith  the  so lv e n t com ponen ts o f th e  m ix tu re , h e p ta n e  ex h ib its  p ra c tic a lly  
no in te ra c tio n . I t  is th e re fo re  to  be hoped  t h a t  fu r th e r  in fo rm atio n  m a y  be 
ob tained  on th e  role of th e  m ix tu re  s tru c tu re  in  th e  co m p etitiv e  in te ra c tio n s .

E xperim en ta l

Preparation of gels

In order to atta in  as uniform  a network density as possible, and to avoid the uncer
ta inty  arising from  the fact that for gel pearls the degree o f sw elling can he given only in rela
tion to standard centrifugation conditions, for the purposes o f the present investigations the  
gels were prepared in platelet form  in  the following m anner.

A solution w ith  a resin concentration of 46 g/100 cm 3 was prepared from an unfraction
ated novolak-state resin (Mn ^  1200) w ith an 18 : 82 v /v  w ater -  ethanol m ixture, and 56 m g  
paraformaldehyde and 1 mg sodium  hydroxide were added per 1 g resin to yield the resitol 
state. Material ‘precondensed’ on a glycerine hath was pured out onto a siliconized glas plate  
possessing a rim, and further condensed in a drying oven, the tem perature being progressively  
increased up to 90°C. On the com pletion of condensation, the gel was divided up while still 
hot, and extracted w ith  the appropriate solvent com ponent o f the sorption studies. D epending  
on the degree o f  cross-linking of the gel, which m ay be regulated via  the rate o f increase of  
temperature, the q u an tity  of the fraction leached out varied betw een 25 and 60% . The p late
lets used for the sorption  studies had been extracted and then dried to a constant w eight in air. 
in order to avoid th e  error arising w ith  samples swollen in  so lvents o f relatively high vapour  
pressure. The am ount of the pure so lv en t bound by the air-dried sam ples was large enough  
for the swelling to be reversible. The decrease in swelling brought about by the drying was less 
than 10% (only 4%  for dioxane and n-propanol). Two typ es o f gel (I and II) were prepared, 
w ith different cross-linking degrees. T able I gives the degrees o f swelling Sr and the polym er  
contents cp of the gels at equilibrium in the solvents used.

Table I

Degree of sw elling Sr and polym er concentration Cp o f  gels in  the examined solvents

Solvent
S,

g solvent/g dry gel . fPw eight %

I It I I I

1,4-dioxane 8.3 3.8 10.8 20.8

n-propanol 7.7 2.9 11.5 25.4

A cetone 7.4 2.4 11.9 29.8

M ethanol 6.3 1.7 13.8 37.1

Determ ination of sw elling and sorption characteristics

About 0.1 g o f the air-dried gels were measured w ith analytical accuracy into ground- 
glass stoppered test-tu b es , and liquid m ixtures of known com position  were added in am ounts 
corresponding to a dry gel : liquid ratio o f  1 : 10 or 1 : 30, depending on the degree of swelling  
o f the sample. The paraffin-sealed test tubes were kept at room  tem perature for one week  
during which they were shaken several tim es daily. Prelim inary m easurem ents had indicated
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th a t this t im e  was sufficient for equilibrium  to  be established, while the lack o f an y  special 
th erm ostatin g  did not affect the results to an ex ten t in  excess o f the lim its o f  error. D epending  
on th e  d ifference between the refractive indices o f the com ponents, the m ixture com positions 
were determ ined at 25.0 +  0.1° C, w ith  a m axim um  error of 1.0% , using either an ITR-2 
in terferom eter or a Zeiss refractom eter.

For determ ination of the to ta l sorption, th a t is the degree of sw elling Sr corresponding  
to the sw elling equilibrium, the liquid adhering to  the surface of the gel sam ple w as rem oved  
w ith  filter  paper and the w eights o f the sam ple were m easured in this sta te  and after drying 
to a co n sta n t w eight in vacuum  at 60° C. The relative error in the determ ination o f Sr calcu
lated  from  th e  weight difference is less than 5% .

In  th e  knowledge of the m asses mp and m0 of the air-dried gel and the in itia l m ixture, 
resp ectively , o f Sr, and of the in itial and equilibrium  w eight fractions of the so lvent, m i ,  and we 
resp ectiv e ly , in  the m ixture, i t  is possible to calculate the quantity of so lvent actually  bound:

m0Wi — (m 0 — mpSr)we 
mp

and also th e  sorption parameter:

( m i ,- —  w e) m 0

R esu lts

Som e p a ram e te rs  of th e  so lv en t an d  non-so lven t co m p o n en ts  o f th e  
m ix tu re s  exam ined  are  lis te d  in  T ab le  I I ,  m a in ly  to  i l lu s tra te  w h y  these  
c o m p o n e n ts  were selected . I t  can  be seen th a t  th e  value o f th e  so lub ility

Table II

Some characteristic data on the m ixture components at 25°

d: H ildebrand solubility  param eter (<5gei 10)* 
e : dielectric constant (egei «a 6)**

Component Sym bol . Ő

Solvents

1,4-dioxane D 2.2 10.0

acetone A 21.4 10.0

methanol M 33.7 14.9

n-propanol P 22.2 11.9

Non-solvents
water w 78.5 24.2

n-heptane II 1.9 7.5

* Fom  sw elling-m easurem ent data
** J. H. F e r r y  (Ed.): Chemical Engineers’ Handbook, Me G raw -H ill, New Y oik

1941. p. 2644
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p a ra m e te r  o f th e  gel w as a decid ing  fa c to r: th e  so lub ility  p a ra m e te rs  o f d ioxane 
an d  acetone are th e  sam e as th a t  o f th e  po lym er, w hile th o se  o f  th e  alcohols 
are  la rger, th a t  o f w a te r  su b s ta n tia lly  la rg e r, an d  th a t  o f th e  h e p ta n e  sm aller 
th a n  th a t  o f th e  resin . S im ilar re la tio n s also ex is t w ith  reg a rd  to  th e  dielectric  
c o n s ta n ts : while th o se  o f  d ioxane  an d  h e p ta n e  are  sm aller th a n  th a t  of th e  
gel, th o se  of th e  o th e r  com pounds are  la rg e r, th a t  o f w a te r  b y  m ore  th a n  
an  o rd er of m ag n itu d e . Since one o f th e  n o n -so lv en t co m p o n en ts  is ap p rec iab ly  
p o la r, while th e  o th e r  is n o n -p o la r, n u m ero u s  co m b in a tio n  po ssib ilities  were 
ava ilab le .

D ep en dence o f  th e to ta l sorption  (d egree o f  sw ellin g ) and so lven t-b in d in g
on th e m ixtu re com p osition

M ixtures over th e  w hole c o n c e n tra tio n  range can  be p re p a re d  o f the  
fo u r so lven t an d  tw o  n o n -so lv en t com p o n en ts  in  th e  fo llow ing six  co m b in a
tio n s : D W , A — W , D — H , A H , M W  an d  P  — W . Such S r vs. we, sui ent 
cu rves are show n in F ig . 1. T he p o ssib ility  o f a c lassifica tion  in to  th re e  groups 
is im m ed ia te ly  a p p a re n t:

(a) a m ax im um  occurs fo r th e  A—W  an d  D —W  system s;
(b) in  th e  D -H , A—H  an d  M -W  cases th e  slopes o f th e  cu rves p rogressi

v e ly  increase;
(c) th e  P —W m ix tu re  y ields an  S -sh ap ed  curve.
I t  is a com m on fe a tu re  o f all th re e  ty p e s  th a t  u p  to  a c e r ta in  m ix tu re  

com position  (we a t  le a s t 0.4) th e  sw elling increases on ly  s lig h tly  w ith  the  
so lv en t co n cen tra tio n , i ts  v a lue  b a re ly  exceed ing  1 g liqu id /1  g gel; a re la 
tiv e ly  sudden  rise th e n  follow s. I t  is n o te w o rth y  th a t  th e  slopes o f th e  steep ly- 
ris in g  sections, w hich to  a f ir s t  a p p ro x im a tio n  m ay  be re g a rd ed  as lin ear 
are a lm o st id en tica l fo r ty p e s  (a) and  (c) an d  fo r th e  D -H  sy s tem  of ty p e

Fig. 1. Dependence o f degree o f swelling on the m ixture com position

- . . . Ъ.
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(b ); as re g a rd s  th e  o th e r ty p e  (b) system s, th e  slope fo r th e  M -W  system  is 
sm a lle r  th a n  th is , and  t h a t  fo r  th e  А- H  sy s tem  su b s ta n tia lly  la rg e r. T he 
v a lu e s  co rrespond ing  to  som e ch a rac te ris tic  p o in ts  o f  th e  curves are  g iven 
in  T a b le  I I I .

Table III

Some characteristic data on the Sr vs. we curves fo r  gel I

Curve type* M ixture W2 dSf/dw g S***r, 1 ■Sr, max s r(«V =  1)

a A - W 0.45 0.78 33 1.0 9.9 7.4

a D - W 0.58 0.87 35 1.3 10.00 8.3

b D - H 0.84 — 35 2.5 — 8.3

b A - I I 0.95 — 1 2.8 — 7.4

b M - W 0.75 - 23 0.7 - 6.3

C P - W 0.56 - 30 1.9 - 7.7

* a: m aximum; b: co n v ex  to  we axis; c: S-shaped  
** u>1: value of ive a t beginn ing of steep section; w2: value of we at Sr max (only for

ty p e  a)
*** Sr j: value of Sr a t  beginn ing of steep section

F ro m  th e  shape o f  th e  cu rv es  and  th e  d a ta  in  T ab le  I I I ,  it  is c lear th a t  
th e  com position  d ependence  o f  th e  to ta l so rp tio n  is d e te rm in ed  p r im a rily  
b y  th e  n a tu re  of th e  n o n -so lv e n t com ponen t o f  th e  m ix tu re . T his is p a r t ic 
u la r ly  s trik in g  on co m p ariso n  o f  th e  A—W  an d  A—H , an d  th e  D -W  a n d  D -H  
m ix tu re  pairs: no m a tte r  w h e th e r  th e  so lven t co m p o n en t is acetone or d ioxane, 
i f  i t  is com bined  w ith  w a te r  in s te a d  of h e p ta n e , a sy n erg e tic  effect is observed .

Fig. 2. Dependence o f th e  so lvent binding on the m ixture com position for gel I
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T h e  e x te n t o f th is  is a little  la rg e r  in  th e  case of acetone th a n  fo r d ioxane 
(a n d  a t  th e  sam e tim e  th e  m ax im u m  occurs a t  a low er c o n c e n tra tio n  for 
ace to n e), b u t th e  m ax im um  degree  o f  sw elling is a p p ro x im a te ly  th e  sam e 
fo r th e  tw o sy stem s.

I f  th e  degree o f  sw elling cu rv es a re  co m p ared  w ith  th e  so lv e n t so rp tio n  
vs. com position  cu rv es  to  be seen in  F ig . 2, i t  is found  th a t  fo r th e  h ep tan e  
sy s tem s co n ta in in g  acetone or d io x an e  as so lven t (unlike to  th e  aqueous 
sy s tem s co n ta in in g  th é  sam e so lven ts) th e  S r an d  A  cu rves a lm o s t overlap  
each  o th e r; t h a t  is, over th e  e n tire  com p o sitio n  range i t  is p ra c tic a lly  only 
th e  so lv en t th a t  is th e  ac tiv e  sw elling  co m p o n en t. A sim ilar f in d in g  can  be 
m ad e  fo r m ix tu re s  o f  alcohols a n d  w a te r  too .

D ependence o f  th e  sorption p aram eter on the m ixture com p osition

M ore in fo rm a tio n  can be o b ta in e d  from  th e  curves o f F igs 3 a n d  4, 
w h ich  show  th e  chan g es in  у  w ith  com p o sitio n . H ere, tw o  ty p e s  can  be 
d is tin g u ish ed :

(a) у  is p o s itiv e  over th e  e n tire  com position  range (A—H , D —H  and
P - W  system s, see F ig . 3);

(b) у  is zero an d  changes in  sign a t  g iven  m ix tu re  co m p o sitio n s, i.e. 
a t  le a s t  one so rp tio n  azeo trope  an d  in v e rse  so rp tio n  are e x h ib ite d .

O therw ise, th e  tw o  ty p es  o f cu rv es  pass th ro u g h  a t  le a s t one local 
e x tre m e . The c h a ra c te ris tic  d a ta  on th e  cu rv es are to  be found  in  T ab le  IV.

Fig. 3. Dependence of the sorption parameter on th e  m ixture com position for gel I in the
case o f non-inverse sorption
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Fig. 4. D ependence of the sorption param eter on the m ixture com position for gel I in  the
case of inverse sorption

Table TV

Some characteristic data on the у  vs. we curves fo r  gel I

w e values relating to the indicated  у

Curve type M ixture Мах. 1 Azeotrope 1 Min. 1 A zeotrope 2 Max. 2 Azeotrope 3 Min. 2

a* P w 0.4 — 0.5 — 0.75 — —

a A —H 0.5 — — — — - —
a D -  H 0.8 - — — - - —

b** D - W — 0.38 — — 0.6 0.85 0.9

b M - W 0.35 0.42 0.6 0.73 0.9 — —

b A W 0.25 0.33 0.5 0.6 0.7 0.84 0.9

* а: у  >  0 in  the entire series of m ixtures 
** b: presence o f  sorption azeotropes and inverse sorption

R ole of th e  cross-link ing  degree o f th e  gei

As exam ples, F igs 5 7 show in tu rn  th e  com position  d ependence  of 
th e  degree of sw elling , th e  so lven t b in d in g  a n d  th e  so rp tion  p a ra m e te r  for 
th e  d io x a n e -w a te r  a n d  d io x a n e -h e p ta n e  m ix tu re  system s, in  th e  case o f 
tw o  resins w ith  d iffe ren t cross-link ing  degrees. I n  accordance  w ith  e x p e c ta tio n , 
th e  a b so lu te  v a lues o f th e  to ta l  so rp tion , th e  se lec tive  b ind ing  of th e  so lv en t, 
a n d  th e  so rp tio n  p a ra m e te r  decrease w ith  an  in crease  o f th e  n e tw o rk  d e n s ity ,
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Fig. 5. Dependence o f the degree o f swelling on the m ixture com position on gels w ith different
cross-linking degrees

Fig. 6. Dependence o f  the so lvent binding on the m ixture com position on gels w ith  different
cross-linking degrees

Fig. 7. Dependence o f the sorption parameter on the m ixture com position on gels with
different cross-linking degrees
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b u t w i th o u t  th e re  being e ith e r  a change in  th e  n a tu re  o f th e  curves or an  
a p p re c ia b le  sh ift in  th e  co m p o s itio n  correspond ing  to  each  specific p o in t. 
I t  m u s t  also  be no ted  t h a t  fo r  d io x a n e -h e p ta n e  m ix tu re s  th e  effect o f  th e  
n e tw o rk  d e n s ity  exceeds th e  lim its  of erro r o n ly  a t  m ix tu re  com positions 
close to  th e  pu re  n o n -so lv en t, a n d  a t  so lvent m ole fra c tio n s  less th a n  0.9 th e  
e ffec t c a n  b a re ly  be observ ed . O n th is  basis, th e re fo re , i t  m ay  be s ta te d  th a t  
a c h a n g e  in  th e  cross-link ing  d eg ree  (a t least w ith in  th e  lim its  selected) does 
n o t  a f fe c t th e  in te ra c tio n  q u a lita tiv e ly , nor q u a n ti ta t iv e ly  e ith e r ex cep t if  
th e  o v e ra ll so lvating  effect o f  th e  liqu id  m ix tu re  is n o t too  sm all.

D iscussion

A n a ly sis  of th e  e x p e r im e n ta l d a ta  c learly  rev ea ls  th a t  th e  so rp tio n  
on  th e  re sin  gels of v a rio u s  m ix tu re s  w hich e x h ib it  ap p rec iab le  q u a n t i ta 
tiv e  a n d  q u a lita tiv e  d iffe ren ces, is p rim arily  in flu en ced  b y  th e  in te ra c tio n  
b e tw e e n  th e  com ponen ts o f  th e  m ix tu re . This is d e m o n s tra te d  m o st m a rk 
e d ly  b y  th e  results o b ta in e d  fo r m ix tu res  c o n ta in in g  acetone  or d io x an e  as 
s o lv e n t. T he so lub ility  p a ra m e te rs  of the  tw o re s in  so lven ts agree w ith  one 
a n o th e r  a n d  w ith  th a t  o f th e  re sin . I f  th e  n o n -so lv en t com ponen t is w a te r , 
w h ich  associates s tro n g ly  w ith  b o th  of th e  ab o v e  so lven ts (as p ro v ed  by  
th e  m a x im u m  in th e  v isco s itie s  o f  th e  m ix tu re s  ap p e a rin g  a t  a g iven  com 
p o s itio n ) , th e n  a p ro n o u n ced  synergetic  effect occurs in  th e  so lv a tio n , th e  
s o rp tio n  p a ram e te r an d  v isc o s ity  m ax im a being  o b serv ed  a t  p ra c tic a lly  th e  
sam e  m ix tu re  com position . H ow ever, i f  th e  m ix tu re  co n ta in s re-heptane as 
n o n -so lv e n t, th e  in te ra c tio n  o f  th is  w ith  th e  so lv en t co m p o n en t being  v ir tu a lly  
n eg lig ib le , th en  th e  re-hep tane  on ly  d ilu tes th e  so lv en t (the  com position  
c u rv e  o f  th e  v iscosity  is m o n o to n o u s), and  th u s  th e  so rp tio n  decreases even 
a t  h ig h  so lven t c o n c e n tra tio n . T h is can also be seen  from  th e  shapes o f th e  
A  vs. w e curves.

S u p p o rtin g  ev idence is p ro v id ed  by  th e  e x p e rim e n ta l fin d in g  th a t  th e  
s o rp tio n  p a ram ete r v a rie s  accord ing  to  a m a x im u m -m in im u m  cu rv e  for 
m ix tu re s  in  w hich a sso c ia tio n  occurs, while i ts  ch an g e  in  sign lies a t  th e  
m a x im u m  of th e  co m p o sitio n  cu rve  of th e  to ta l  so rp tio n , an d  hence  a t  th e  
co m p o s itio n  giving th e  g re a te s t  e x te n t o f synerg ism . A t th e  sam e tim e , th is  
r e s u l t  is in  ag reem ent w ith  b o th  earlier e x p e rim e n ta l resu lts  (re la tin g  to  
d if fe re n t system s), a n d  th e  above-m en tioned  q u a n ti ta t iv e  conclusions of 
P o u c h l y : th e  m ax im u m  v a lu e  o f th e  so rp tio n  p a ra m e te r  is to  be ex p ec ted  
w h e re  th e  m u tu a l a sso c ia tio n  o f  th e  m ix tu re  co m p o n en ts  is th e  p re d o m in a n t 
in te ra c tio n , th a t  is on th e  s te e p  section  of th e  co m p o sitio n  curve o f th e  degree 
o f  sw elling , a t a c o m p o sitio n  p receding  th e  loca l m ax im u m  in  th is  cu rve .
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I t  can  be seen t h a t  th e  ex p erim en ta l re su lts  correspond q u a lita tiv e ly  
to  th e  classical L u n d e l i u s  ru le [19] re g a rd in g  th e  co rrelation  b e tw e e n  th e  
e x te n t to  w hich su b stan ces  dissolved in  v a r io u s  so lven ts are a d so rb e d  on 
non-sw elling  ad so rb e n ts , such  as ac tive  c a rb o n , a n d  th e  solubilities o f  th e se  
su b stan ces in  th e  so lv en ts  in  question : th e  h ig h e r th e  so lub ility  ( i .e . th e  
in te ra c tio n  o f  th e  so lu tio n  com ponents), th e  less ex tensive  th e  a d so rp tio n  
u n d er o therw ise  id e n tic a l conditions.

T he co n d itio n s are som ew hat d iffe ren t in  th e  case of th e  alcohol—w a te r 
m ix tu re s , in  w hich  th e  H ild eb ran d  p a ra m e te r  o f  th e  solvent c o m p o n en t 
differs ap p rec iab ly  from  th a t  o f th e  p o ly m er, b u t  th e  m ix tu res a re  k n o w n  
to  be s tro n g ly  s tru c tu re d , th e  in te rac tio n  o f  m e th a n o l w ith  w a te r  b e ing  
g rea te r  th a n  th a t  o f  p ro p an o l. In  accordance w ith  th is , in  th e  case o f  p ro p a n o l 
th e  su d d en  increase  in  th e  degree of sw elling occurs a t  a m uch low er alcohol 
c o n cen tra tio n  (we =  0.53) th a n  for m e th an o l (w e =  0.77). I t  m ust be p o in te d  
o u t th a t  a t  th e se  tw o  m ix tu re  com positions th e  d ielec tric  c o n s ta n ts  o f  th e  
tw o  ty p e s  o f m ix tu re  are  th e  sam e (e =  47); in  a d d itio n  to  th e  s tru c tu r in g , 
th is  em phasizes th e  im p o rtan ce  of th e  p o la r ity  to o .

O f course, in  con n ec tio n  w ith  th e  g iven in te rp re ta t io n  i t  m u st be  b o rn e  
in  m ind  th a t  th e  c o n c e n tra tio n  of th e  p o ly m er com ponen t of th e  te rn a ry  
system  also varies  in  p a ra lle l w ith  th e  co m p o sitio n  change of th e  so rp tio n ; 
u n d er th e  co n d itio n s ap p lied  i t  fell from  a v a lu e  o f  m ore th a n  50%  to  v a lu es  
below  10%  w ith  th e  in crease  o f th e  overall so rp tio n . T h u s, the  re la tiv e  w e ig h t 
of th e  co m p e titiv e  effects also changes w ith  th e  m ix tu re  com position , in  th e  
sense t h a t  th e  h ig h er th e  po lym er co n ten t o f  th e  sy s tem , th e  m ore p ro m in e n t 
th e  role o f  th e  s tru c tu re  o f th e  m edium , w hile in  th e  s tro n g ly  swollen sy s tem s 
(w ith  c o m p a ra tiv e ly  low  con cen tra tio n s as re g a rd s  th e  polym er) ro les are  
p layed  b y  th e  in te ra c tio n s  o f  th e  m ix tu re  c o m p o n e n ts , b o th  w ith each  o th e r  
an d  w ith  th e  po ly m er.
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PROPERTIES OF ALCOHOL AMINE MIXTURES, XII
ELEC T R IC  CONDUCTANCE OF T R I(n-B U T IL )A M IN E -A L C O H O L  M IX T U R E S  

F . R a TKOVICS and M . LÁSZLÓ

(E lectrochem istry Departm ent Research Group o f  the H ungarian Academ y o f Sciences, 
Departm ent o f Physical Chemistry, U n iversity  o f  Chemical Industries,

Veszprém )

R eceived April 29, 1976

A stu d y  was made of the specific conductance in m ixtures o f tri(n -butyl)am ine  
w ith  m ethanol, ethanol, 1-propanol or 1-butanol over the entire concentration  range 
at 20 and 45° . The results were interpreted on the basis of a model assum ing electrolytic  
dissociation  o f associates of the m ixed ty p e  A jB ,  consisting of one am ine and several 
alcohol m olecules. I t  was found th a t at a given  am ine concentration the concentration  
of the m ixed  associate is practically independent of the alcohol com ponent in  the 
m ixture, and, in  agreem ent w ith  the Bjerrum  ion-association theory, th e  m axim um  
value o f the specific conductance depends on the dielectric factor of the alcohol used as 
solvent. The num ber of alcohol m olecules in the dissociated m ixed associates was 
calculated , and from the tem perature dependence of this conclusions w ere drawn 
regarding the cyclic or chain nature of the pure alcohol associates. I t  was foun d  that 
in  the tem perature range exam ined m ethanol is characterized by chain association , and 
the higher hom ologues by increasing cyclic association. These results are in  agreem ent 
w ith  those of our earlier investigations.

In  th e  s tu d y  o f th e  electric  co n d u c tan ce  of a lcoho l-am ine  m ix tu re s  
we h av e  show n th a t  th e  p henom ena co n n ec ted  w ith  th e  e le c tro ly tic  d is
sociation  o f m ix ed  m olecular associates c o n ta in in g  alcohol an d  a m in e  can 
be d iscussed  on th e  basis o f a m odel in  w h ich  associates of ty p e  A tB  are 
assum ed, c o n ta in in g  a single am ine an d  sev era l alcohol m olecules [1]. T he 
question  a rises as to  w h e th e r th is  a ssu m p tio n  h as  a rea listic  basis, o r w h e th e r  
th e  m odel w as sim p ly  fo r tu n a te ly  se lec ted , b u t  fo rm atio n  of m ixed asso c ia tes  
of ty p e  A , B  m u s t be regarded  as an  a ssu m p tio n  w ith o u t any  p h y s ic a l basis. 
In  th e  p re se n t w ork  i t  w as a tte m p te d  to  an sw er th is  question  and  in  a d d itio n  
to  o b ta in  fu r th e r  in fo rm atio n  re la tin g  to  th e  association  of a lco h o l—am ine 
m ix tu res.

E xp erim en ta l

The m ethod reported earlier [1,2] w as used to stu dy  the conductance of tr i(n -buty l)  
amine—alcohol m ixtures over the entire concentration range at 20 +  0.1 and 4 5 +  0 .1° . The 
alcohols used were m ethanol, ethanol, 1-propanol and 1-butanol. These were R eanal products 
of analytically  purest quality , while the amine was a F luka product o f analytically pure quality . 
Prior to use the am ine was carefully freed from water. M easurements were made w ith  a R adel- 
kis O K -I02/I conductom eter. The results are given in Tables I -  IV.
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Table I

S p e c ific  and molar specific  conductances o f  m ethanol—tri(n -b u ty lJa m in e  m ixtures

camine
mole • dm -3

Specific conductance 
x, /xS • cm -1

M olar specific conductance 
103 Л, • cm2

20° 45° 20° 45°

0 2.02 11.34

0.168 43.56 65.16 259.28 387.86
0.336 53.28 67.50 158.57 200.89
0.504 55.80 76.86 110.71 152.50
0.672 57.96 77.40 86.25 115.18
0.840 50.40 81.00 60.00 96.43
1.176 45.50 66.42 38.42 56.48

1.680 37.08 56.16 22.07 33.43
2.016 32.94 44.10 16.34 21.87
2.520 16.92 23.04 6.71 9.14
2.856 7.38 10.44 2.58 3.65
3.360 0.94 1.242 0.28 0.37
4.197 0 0.014 0 0

Table I I

Specific  and molar specific  conductances o f  e lh a n o l-tr i(n -b u ty l)a m in e  m ixtures

camiue
mole • dm -3

Specific conductance 
x , /xS • cm -1

M olar specific conductance 
103 Л, Í2-1 • cmv

20° 45° 20° 45°

0 1.35 1.49
0.168 5.81 7.61 34.58 45.33
0.336 7.16 8.15 21.31 24.27
0.504 7.33 9.36 14.54 18.57
0.672 8.80 9.54 13.09 14.20
0.840 8.70 9.36 10.36 11.14
1.176 7.33 8.26 6.23 7.02
1.680 5.47 5.42 3.25 3.22
2.016 3.55 3.42 1.76 1.70
2.520 1.39 1.22 0.55 0.48
2.856 0.50 0.46 0.17 0.16
3.360 0.05 0.05 0.02 0.01
4.197 0 0.02 0 0
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Table I I I

Specific  and molar specific  conductances o f  l-p ro p a n o l-tr i(n -b u ty l)a m in e  m ix tures

camine
mole • d m -3

Specific conductance
x, ju.S • cm -1

Molar specific conductance 
103 A, £2' cm2

20° 45° 20° 45°

0 0.76 1.03

0.168 2.38 2.88 14.17 17.14
0.336 2.75 3.22 8.18 9.59
0.504 2.77 3.51 5.50 6.96
0.672 2.92 3.29 4.34 4.90
0.840 2.63 3.11 3.13 3.70
1.176 2.14 2.47 1.82 2.10
1.680 1.28 1.33 0.76 0.79
2.016 0.75 0.75 0.37 0.37
2.520 0.22 0.23 0.09 0.09
2.856 0.08 0.08 0.03 0.03
3.360 0 0.02 0 0.01
4.197 0 0.01 0 0

Table IV

Specific  and molar specific  conductances o f  l-b u ta n o l-tr i(n -b u ty l)a m in e  m ixtures

camine
mole • d m -3

Specific conductance 
x ,  /J.S ■ cm -1

Molar specific 
103 A, £2~

conductance 
• cm2

20° 45° 20° 45°

0 0.31 0.41
0.168 0.70 0.95 4.17 5.68
0.336 0.79 1.03 2.35 3.05
0.504 0.82 1.03 1.63 2.04
0.672 0.78 0.97 1.16 1.45
0.840 0.70 0.86 0.83 1.03
1.176 0.53 0.83 0.45 0.70
1.680 0.26 0.42 0.15 0.25
2.016 0.13 0.24 0.07 0.12
2.520 0.05 0.06 0.02 0.03
2.856 0 0.03 0 0.01
3.360 0 0 0 0
4.197 0 0 0 0
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Discussion

In te rp re ta t io n  o f  th e  p henom ena co n n ec ted  w ith  associa tion  o f  th e  
te r t .-a m in e -a lc o h o l m ix tu re s  is fa c ilita te d  co n sid e rab ly  b y  th e  fa c t t h a t  only 
a single am in e  m olecule can  ta k e  p a r t  in  th e  m ix ed  association . V ia  th e  free 
e le c tro n  p a ir  on its  n itro g en  a to m , th e  am in e  m a y  be linked  b y  a single 
h y d ro g e n  b o n d  to  e ith e r  one free m onom eric  a lcoho l m olecule, o r th e  c h a in 
en d in g  o f  a chain  asso c ia tio n  of alcohol m olecules. The m ixed  associa tes 
th u s  fo rm e d  m ay  th e re fo re  only  be of A t B  ty p e  (w here A  deno tes th e  alcohol, 
a n d  В  th e  te r t .-a m in e  m olecule). Since an  a sso c ia tio n  of ty p e  A,-B w as assum ed  
in  a m o d e l earlier [1 ] to  in te rp re t th e  e lec tric  co n d u c tan ce  of a lco h o l-n -b u ty l-  
am in e  m ix tu re s , th is  m odel was also u sed  in  an  a tte m p t to  in te rp re t  our 
e x p e r im e n ta l d a ta  fo r th e  tr i(n -b u ty l)a m in e —alcoho l m ix tu res . As an  exam ple , 
F ig . 1 show s th e  specific  co n d u c tan ce  o f  th e  m e th a n o l- tr i(n -b u ty l)am in e  
sy s te m  as a fu n c tio n  of th e  am ine c o n c e n tra tio n . In  Fig. 2, log (Á2 ■ cam) 
is p lo t te d  as a fu n c tio n  of log  cajc fo r th e  sam e sy stem . The la t te r  p lo t perm its  
c a lc u la tio n  o f th e  n u m b e r n  of alcohol m olecules p resen t in  th e  e lec tro ly t- 
ic a lly  d isso c ia ted  associa tions, assum ed  in  th e  m odel to  h av e  an  average  
co m p o sitio n  A r B ,  from  th e  slope of th e  s tr a ig h t  line (slope =  — n ). A cco rd 
in g ly , th is  w as d e te rm in ed  for every  m ix tu re  exam in ed , from  th e  d a ta  m eas
u re d  a t  b o th  20 a n d  45°. B efore tu rn in g  to  a q u a n tita tiv e  e v a lu a tio n  on th e  
b as is  o f  th e  m odel, i t  is to  a d v a n ta g e  to  con sid er th e  resu lts  q u a lita tiv e ly .

I t  can  be seen from  th e  exam ple p re se n te d  th a t  th e  specific co n d u c tan ce  
e x h ib its  a m ax im u m  a t  an  am ine c o n c e n tra tio n  of ab o u t 0.5 m ole • d m -3 . 
T h e  ta b u la te d  d a ta  rev ea l th a t  n e ith e r  th e  v a r ia tio n  of th e  te m p e ra tu re  nor 
a c h an g e  in  th e  alcohol com ponen t leads to  a su b s ta n tia l a lte ra tio n  in  th e  
p o s itio n  o f th e  m a x im u m , w hich is p ra c tic a lly  c o n s ta n t in  th e  sy stem s u n d er 
co n sid e ra tio n .

I t  m a y  also b e  s ta te d  th a t  th e  specific  conductance  increases on the  
e le v a tio n  of th e  te m p e ra tu re  in  ev e ry  m ix tu re , over th e  en tire  co n c e n tra tio n  
in te rv a l .  This is in  c o n tra s t  w ith  w h a t w as o bserved  for p rim a ry  am in e—alcohol 
m ix tu re s , w here th e  te m p e ra tu re  coeffic ien t o f  th e  specific co n d u c tan ce  of 
m ix tu re s  c o n ta in in g  severa l am ine m olecu les tu rn e d  ou t to  be n eg a tiv e . 
T h e  m a g n itu d e  o f th e  specific co n d u c tan ce  a t  th e  co n cen tra tio n  co rrespond ing  
to  th e  m ax im u m  co n d u c tan ce  is c h a ra c te r is tic  for th e  alcohol co m p o n en t; 
i t  decreases m o n o to n o u sly  from  m e th a n o l to  1 -butanol. T his is i llu s tra te d  
in  F ig . 3, w here th e  lo g arith m  of th e  m ax im u m  specific co n d u c tan ce  (log 
Zmax) is p lo tte d  as a fu n c tio n  o f th e  rec ip ro ca l d ielectric  fac to r  o f th e  alcohol 
c o m p o n e n t. I t  m a y  be concluded  from  th e  F ig u re  th a t  th e  decrease in  th e  
c o n d u c ta n c e  w ith  th e  change in  th e  d ie lec tric  fac to r  of th e  alcohol m ay  be 
s im p ly  ex p la ined  b y  th e  decrease in  th e  e lec tro ly tic  d issocia tion  c o n s ta n t,
i.e. in  th e  n u m b er of ions p a r tic ip a tin g  in  th e  conductance.
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In  th e  sense of th e  B je rru m  ion  assoc ia tion  th eo ry , u n d e r  com parab le  
con d itio n s th e  ion  association  is th e  m ore  ex tensive , th e  sm alle r th e  d ielectric  
fa c to r  o f th e  so lven t. I t  m ay  be ded u ced  from  th e  th eo ry  how  th e  equ ilib rium  
c o n s ta n t o f  th e  ion  association , w hich  is th e  reciprocal eq u ilib riu m  c o n s tan t 
o f  th e  ion  d issociation , varies as a fu n c tio n  of th e  d ielectric  f a c to r  o f the 
so lv en t. In K d is an  ap p ro x im a te ly  lin e a r  fu n c tio n  of 1/e, w h ere  K d is the 
ion  d isso c ia tio n  equ ilib rium  c o n s ta n t, a n d  e is th e  d ielectric f a c to r  [3].

Fig. 1. Specific conductances o f m ethanol—tri(re-butyl)amine m ixtures a t 20 and 45°

Since i t  m a y  reaso n ab ly  be assu m ed  in  th e  p resen t case  t h a t  th e  
m ixed  associa tes are w eak e lec tro ly tes  a n d  th a t  th e ir  degree o f  e lec tro ly tic  
d isso c ia tio n  m a y  be expressed  using  th e  m o la r  specific co n d u c tan ce , i t  follows 
th a t ,  in  th e  e v e n t of th e  v a lid ity  o f th e  co rre la tio n  based  on th e  B je rru m  
th e o ry , th e  lo g arith m  of th e  m o lar specific  co n d u c tan ce  is also a lin e a r  fu n c tio n  
of 1/e. I t  has also been seen th a t  th e  m ax im u m  in  th e  specific co n d u c ta n c e  
lies a t  th e  sam e am ine co n c e n tra tio n  in  ev e ry  m ix tu re  e x a m in e d ; th u s , 
In *max m ay  be p lo tte d  in s tead  o f log A i f  a f ix e d  m ixed associate c o n c e n tra tio n  
re la te s  to  a g iven am ine c o n c e n tra tio n . R eversing  th is  sequence o f  id eas , 
i t  follow s th a t  a p lo t of log Kmax vs. 1 e w ill y ield  a s tra ig h t lin e  if  th e  
c o n c e n tra tio n  o f m ixed associates cap ab le  o f  d issociation  is id e n tic a l in  ev ery  
system  ex am in ed  a t  th e  am ine c o n c e n tra tio n  corresponding  to  th e  m a x in .urn 
c o n d u c tiv ity . I t  can  be seen from  th e  F ig u re  th a t ,  to  a good a p p ro x im a tio n ,

X
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our re su lts  d e te rm in e  a s tr a ig h t  line. This a d d itio n a lly  m eans th a t  a t  a g iven  
c o n c e n tra tio n  th e re  a re  a p p ro x im a te ly  th e  sam e n u m b e rs  of m ixed assoc ia tes 
in  ev e ry  system  co n sid e red . This conclusion is w ell com patib le  w ith  th e  
e x p e rim e n ta l f in d in g  t h a t  th e  hea ts  of m ix in g  o f  tri(re-buty l)am ine w ith  
th e  alcohols in  q u e s tio n  scarce ly  differ from  one a n o th e r  a t  th is  c o n c e n tra 
tio n  [4].

T he a p p licab ility  o f  th e  m odel derived w ith  th e  a ssum ption  of a ssoc ia tion  
o f ty p e  A tB , i.e. th e  fa c t  t h a t  th e  lin eariza tio n  d e r iv e d  from  th e  m odel p ro v ed  
successfu l, is show n b y  th e  exam ple  p resen ted  in  F ig . 2. The n va lues d e te r-

F ig . 2. Plot of — log (Л2 • cam) vs. log ca|c for m ethanol—tri(n-butyl)am ine m ixtures

m ined  from  th e  e x p e rim e n ta l d a ta , i.e. th e  av e rag e  n u m b ers  of alcohol m onom ers 
in  th e  e lec tro ly tica lly  d issocia ted  m ixed a sso c ia te s , are given in  T ab le  У  for 
ev e ry  system  e x a m in e d , a n d  for b o th  te m p e ra tu re s .

T he d a ta  in  T a b le  V lead  to  th e  follow ing f in d in g s . A t bo th  te m p e ra tu re s  
th e  v a lu e  of n in c rea se s  on proceeding from  m e th a n o l tow ards b u ta n o l. A t

Table V

Average number n  o f  alcohol monomers in  electrolytically-dissocialed mixed associations in
tr i(n -b u ty l)a m in e  m ix tu res

Alcohol component
n

20° 45°

M ethanol 5.5 5.1

E thanol 7.1 7.1

1-propanol 7.6 8.5

1-butanol 9.4 10.1
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th e  h ig h er te m p e ra tu re , n decreases fo r m e th a n o l, is th e  sam e fo r e th an o l, 
an d  increases fo r 1 -p ropano l and  1 -b u ta n o l.

B efore a n y  fu r th e r  discussion o f o u r re su lts , we w ish to  p o in t o u t th e  
earlie r m en tio n ed  c ircum stance  th a t  th e  av e rag e  association  degree o f  th e  
alcohol co m p o n en t an d  th e  d e te rm in ed  v a lu e  o f  re m ay  be s ig n ifican tly  d iffe ren t. 
T h is is ex p la in ed  in  th a t  th e  m ixed  asso c ia tes  co n ta in in g  severa l alcohol 
m olecules o f  n ecess ity  d issociate  to  ions m o re  easily  th a n  th o se  in  w hich 
th e re  are  few  alcoho l m olecules, and  th u s  re is  n o t th e  sam e as th e  av erag e  
i v a lue  fo r m ix ed  associa tes o f th e  ty p e  A j B  p re se n t in  th e  sy stem ; fu r th e r ,

£
F ig. 3. M axim um  specific conductance of alcohol—am ine m ixtures as a function o f the  

dielectric factor of the alcohol com ponent at 20°

i t  c an  n o t be  exc luded  th a t  th e  average a sso c ia tio n  degree in  th e  ^4; -ty p e  
associations o f a lcohol m olecules is d iffe ren t from  th a t  in  th e  m ixed  
associates.

I f  all th ese  fac to rs  a re  ta k e n  in to  a c c o u n t, fa r-reach in g  conclusions 
can n o t be d raw n  from  th e  va lu e  o f n , w ith  re g a rd  to  e ith e r  th e  av erag e  
assoc ia tion  degree o f  th e  p u re  alcohol, or t h a t  o f  th e  m ixed  asso c ia tion . 
N everthe less, in fo rm a tio n  on th e  associa tion  co n d itio n s in  th e  p u re  alcohols 
is p ro v id ed  b y  th e  v a r ia tio n  in  th e  value  o f  re as a fu n c tio n  of te m p e ra tu re . 
T his can  he in te rp re te d  via  th e  follow ing sequence  o f ideas.

(a) I f  chain  associa tes are  p re sen t to  a p re d o m in a n t e x te n t in  th e  p u re  
alcohol, th a n  a t  a ll ev en ts  an  increase  in  th e  te m p e ra tu re  is accom pan ied  
by  a decrease in  th e  average  association  degree. I t  follows from  th is  th a t  
as th e  te m p e ra tu re  o f  th e  m ix tu re  rises, o f  n ecess ity  th e  average associa tion  
degree o f  th e  m ix ed  associates also decreases, a n d  to g e th e r  w ith  i t  th e  v a lu e  
o f re fo r th e  io n ica lly  d issocia ting  associates. T he m e th a n o l—tri(re-bu ty l)am ine  
system  w as found  to  b eh av e  in  th is  w ay.
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(b) I f  cyclic associates co n sis tin g  o f a few m olecules p re d o m in a te  in  
th e  p u re  alcohols, th e n  as th e  te m p e ra tu re  rises th e  average  a sso c ia tio n  
degree m a y  increase, fo r as th e  h y d ro g en  b o n d s ho ld ing  th e  rings to g e th e r  
b re a k , a n  increasing  n u m b e r o f  chain  associa tes are form ed, w hich m a y  lin k  
to g e th e r  to  y ield  long chains. H ence, in  th e  ce rta in  te m p e ra tu re  in te rv a l  
w here  th e  rings are p ro g ressiv e ly  c o n v e rted  to  chains, th e  average  asso c ia tio n  
deg ree  o f  th e  pure alcohol m a y  increase  w ith  th e  rise of te m p e ra tu re . This 
p h e n o m e n o n  m ay  lead  to  th e  re su lt  t h a t  b o th  th e  n u m b er o f alcohol m olecules

big. 4. Temperature dependence of the v iscosities o f  som e pure alcohols, in the plotting
log rj vs. 1 /Т

iu  th e  m ix ed  associates an d  th e  v a lu e  o f n  m a y  increase  w ith  ris in g  te m p e r
a tu re  in  alcohol—am ine  m ix tu re s . T h is w as observed  for th e  m ix tu re s  of 
tr i(n -b u ty l)a m in e  w ith  1 -p ropano l or 1 -b u tan o l.

I t  m u st be n o te d  t h a t  th e  fa c t o f an  increasing  average  associa tion  
d eg ree  w ith  e lev a tio n  o f th e  te m p e ra tu re  in  p u re  alcohols is p ro v e d  b y  th e  
p h en o m e n o n  th a t  th e  a c tiv a tio n  en th a lp ie s  of viscous flow  for th e  alcohols 
(to  a good ap p ro x im a tio n  a m esure o f th e  av erag e  m olar m ass of th e  associates) 
b e g in  to  increase on p roceed ing  to  h ig h er te m p e ra tu re s  in  ju s t  th e  te m p e r
a tu re  ran g e  u n d er co n sid e ra tio n . T h is is show n in  Fig. 4, based  on li te ra tu re  
d a ta  [5].

T h e  p lo tted  d a ta  in c lu d e  th o se  for e th a n o l, and  i t  can  be seen th a t  th e  
lo g  r] vs. 1/T  curve is in d ic a tiv e  o f th e  ru p tu re  o f th e  cyclic associa tes a t  h igher
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te m p e ra tu re  fo r th is  alcohol to o . A t th e  sam e tim e , th e  v a lu e  o f n  c a lcu la ted  
from  th e  e lec tric  co n d u c tan ce  w as found  to  be c o n s ta n t. T h is can  p ro b a b ly  
be ex p la in ed  in  th a t  th e  co n d u c tan ce  w as ex am in ed  over on ly  a re la tiv e ly  
n arro w  te m p e ra tu re  ran g e , an d  th is  w as n o t su ffic ien t to  d e m o n s tra te  th e  
change in  th e  n  va lu e  in  th is  case.

R eference shou ld  be m ade here to  th e  fa c t t h a t  w hen  th e  p ro p e rtie s  
o f  a lco h o l-h y d ro ca rb o n  m ix tu re s  were in v e s tig a te d , p r im a rily  cyclic associa tes 
w ere found  to  form  in  th e  cases o f  1 -pen tano l an d  1 -h ep tan o l [6 ]. T h is re su lt 
is in  ag reem en t w ith  th e  conclusion  th a t  m ay  be d raw n  from  th e  te m p e ra tu re  
-dependence o f  th e  n va lues. I t  m ay  be seen t h a t  for th e  m ost p a r t  m e th a n o l 
in  th e  pu re  s ta te  fo rm s chain  associates, w hereas th e  h ig h er hom ologues 
te n d  in creasin g ly  to  form  cyclic associa tion  po ly m ers  as th e  m olecular w eigh t 
increases. T h is re su lt also exp la in s th e  p rev io u sly  u n in te rp re te d  phenom enon  
th a t  w ith  ev e ry  p r im a ry , secondary  or te r t ia ry  am ine  ex am in ed  m e th an o l 
gives a co n sid e rab ly  la rg e r exo th erm ic  h e a t o f m ix in g  th a n  th e  o th e r alcohol 
hom ologues, since in  m e th an o l th e re  is no need  fo r th e  energy -consum ing  
sp littin g  o f th e  rings o f  th e  alcohol associa tes as th e  m ixed  associates are 
b e ing  form ed [7 9].
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AM INES W IT H  ALCOHOLS

F . R aTKOVICS and M. LÁSZLÓ

(Electrochemistry Departm ent Research Group o f the 
H ungarian  Academ y of Sciences, D epartm ent o f  Physical Chemistry , 

University o f Chemical Industries Veszprém)

Received M ay 20, 1976

A stu dy  was made of the electric conductances o f n-butylam ine — alcohol and 
di(n-butyl)am ine — alcohol m ixtures at 0, 20 and 45° . The results were eva lu ated  with  
the aid o f a m odel based on the assum ption of the elctrolytic dissociation of m ixed  
associates o f the typ e  A nB. The results reveal th at di(n-butyl)am ine prim arily forms 
m ixed associates o f  type A nB , and to a lesser  ex ten t those of type A jB j. In  n-butyl- 
am ine-alcohol m ixtures it  is necessary to  consider association not only  o f  ty p e  A nB , 
but also o f ty p e  A jB j, especially in the range o f m edium  alcohol concentrations. In
vestigation  o f th e  temperature dependence o f the number of alcohol m olecules found  
in the m ixed associates confirmed the conclusion drawn previously from  other results, 
that the cyclic  structure is increasingly m ore characteristic for the self-association of 
the pure alcohols on proceeding from m ethanol towards 1-butanol.

I t  w as e a r lie r  show n [1] th a t  s tu d y  o f th e  electric  co n d u c ta n c e  of 
te r t ia ry  am ine—alcoho l m ix tu res  gives a p o ss ib ility  for th e  d e te rm in a tio n  of 
som e of th e  alcoho l—am ine associates. B y  m ean s  o f  ex am in a tio n s o f  th e  effect 
o f te m p e ra tu re  ch an g es, conclusions cou ld  he d raw n w ith  re g a rd  to  th e  
association  co n d itio n s  in  th e  pure  alcohols to o ;  i t  w as found  th a t  on p ro ceed in g  
from  m eth an o l to w a rd s  th e  h igher hom ologues, th e  pu re  alcohols consist 
in c reasing ly  o f cyclic  associates. I t  w as also  fo u n d  th a t  th e  e lec tric  c o n d u c 
tan ce  o f te r t ia ry  am in e—alcohol m ix tu res  co u ld  be a t tr ib u te d  to  th e  e le c tro ly tic  
d issocia tion  o f m ix ed  associates o f th e  ty p e  A tB .  The average  n u m b e rs  of 
alcohol m olecules in  th e  e lec tro ly tica lly  d isso c ia tin g  m ixed  associa tes w ere 
d e te rm in ed  a t  20 a n d  45°.

The p re se n t p a p e r  deals w ith  th e  e lec tr ic  co n d u c tan ce  of p r im a ry  and 
secondary  am ine—alcoho l m ix tu res . E x a m in a tio n s  w ere m ade b y  th e  m e th o d  
re p o rte d  earlier [2]. T h e  alcohols w ere R e a n a l p ro d u c ts  of a n a ly tica lly  p u re s t 
q u a lity , w hile n -b u ty la m in e  and  d i(re-bu ty l)am ine  were F lu k a  p ro d u c ts  of 
an a ly tica lly  p u re  q u a lity . Before use, all com pounds were ca re fu lly  freed  
from  w ater. T he e x p e rim e n ta l resu lts  a re  g iv en  in  Tables I  V III .

D a ta  m easu red  a t  0 and  20° on th e  co n d u c ta n c e  of n -b u ty la m in e -a lc o h o l 
m ix tu res  were p u b lish ed  prev iously  [3].
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T a b le  I

S pecific  and molar specific conductances o f m ethan ol-d i(n-bu tyl) amine mixtures

camine
mole • d m -3

Specific conductance 
x ,  |U.S • cm -1

M olar specific conductance 
103 Я, • cm2

20° 45° 20° 45°

0 2.02 11.34

0.235 101.52 111.60 432.00 474.89

0.470 119.16 126.00 253.53 268.08

0.705 119.88 124.20 170.04 176.17

0.940 110.34 131.40 117.38 139.79

1.175 101.34 126.00 86.25 107.23

1.644 76.50 95.40 46.53 58.03

2.349 38.88 67.14 16.55 28.58

2.818 24.12 43.92 8.56 15.58

3.523 9.54 6.21 2.71 1.76

3.993 3.42 5.92 0.86 1.48

4.698 0.35 0.63 0.08 0.13

5.872 0 0.02 0 0.01

T a b le  II

Specific  and molar specific conductances o f  e lh anol-d i(n -bu tyl) amine mixtures

Specific conductance Molar specific conductance
camine ^ x ,  /J.S ■ cm -1 103 Л, ß - 1 • cm2

20° I  45° 20° 45°

0 1.35 1.89
0.235 7.88 18.36 33.55 58.98

0.470 11.16 14.22 23.74 30.25

0.705 10.80 15.84 15.32 22.47

0.940 9.36 13.14 9.96 13.98

1.175 9.00 11.88 7.66 10.11

1.644 7.02 9.36 4.38 5.69

2.349 3.60 5.00 1.53 2.13

2.818 2.16 2.84 0.77 .101

3.523 0.66 0.94 0.19 0.26

3.993 0.24 0.37 0.06 0.09

4.698 0 0.07 0 0.01

5.872 0 0.01 0 0
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T a b le  III

Specific and molar specific conductances o f  l-p ro pan o l-d i(n -bu ty l)am in e  m ixtures

cainine
mole • d m -3

Specific conductance 
x , /J.S • cm -1

Molar specific conductance 
103 A, i i ~ l • cm2

20° 45° 20° 45°

0 2.76 1.03

0.235 2.79 4.66 11.87 19.84
0.470 2.68 3.87 5.70 8.23
0.705 2.56 3.74 3.63 5.31
0.940 2.29 3.33 2.44 3.54
1.175 2.07 2.95 1.76 2.51
1.644 1.37 2.05 0.83 1.25
2.349 0.69 0.94 0.29 0.40
2.818 0.37 0.48 0.13 0.17
3.523 0.11 0.12 0.03 0.04
3.993 0 0 0 0
4.698 0 0 0 0
5.872 0 0 0 0

T a b le  IV

Specific and molar specific conductances o f \-bu tan o l-d i(n -bu tyl)am in e  mixtures

camine
mole • dm 3

Specific conductance 
x ,  p S  • cm -1

Molar specific conductance 
10s A, i i ~ x cm2

20° s 45° 20° 45°

0 0.31 0.40

0.235 0.90 1.15 3.83 4.90
0.470 0.81 1.12 1.72 2.39
0.705 0.70 0.97 0.99 1.38

0.940 0.66 0.85 0.70 0.91
1.175 0.57 0.80 0.48 0.68
1.644 0.36 0.49 0.22 0.30

2.349 0.16 0.20 0.07 0.09
2.818 0.10 0.10 0.03 0.03
3.523 0.01 0.03 0 0.01
3.993 0 0 0 0
4.698 0 0 0 0
5.872 0 0 0 0
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Table V

Specific and molar specific  conductances o f m ethanol-n-butylam ine mixtures at 45°

camine 
m ole • d m -8

Specific 
conductance 
x, [xS • cm “ 1

M olar specific 
conductance 

103 A, i ) ' 1 • cm2

0 11.34

0.404 149.40 369.80

0.808 181.80 225.00

1.212 192.60 158.91

1.616 196.20 121.41

2.021 183.60 90.85

2.829 131.40 46.45

4.042 93.60 23.16

4.850 65.16 13.43

6.062 29.70 4.90

6.871 18.18 2.64

8.083 4.19 0.52

10.104 0.03 0.01

Table V I

Specific and molar specific  conductances o f  ethanol-n-butylam ine mixtures at 45°

camine
mole • d m -3

Specific 
conductance 

x, |US • cm -1

Molar specific 
conductance 

103 A, ß “ 1 • cm2

0 1.89

0.404 17.64 43.66

0.808 19.62 24.28

1.212 21.96 18.12

1.616 21.96 13.59

2.021 19.80 9.80

2.829 17.64 6.23

4.042 14.22 3.52

4.850 11.16 2.30

6.062 6.48 1.07

6.871 3.53 0.51

8.083 0.95 0.12

10.104 0.03 0.01
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T a b le  V I I

Specific and molar specific conductances o f 1-propanol-n-butylam ine mixtures at 45°

caraine
mole • dm-3

Specific 
conductance 
x, /US • cm-1

Molar specific 
conductance 

10s А, Д -*  • cm3

0 1.03

0.404 4.69 11.61

0.808 6.05 7.48

1.212 6.43 5.30

1.616 6.77 4.19

2.021 6.08 3.01

2.829 5.00 1.77

4.042 2.97 0.73

4.850 2.12 0.44

6.062 1.03 0.17

6.871 0.52 0.08

8.083 0.17 0.02

10.104 0.02 0

T a b le  V I II

Specific and molar specific conductances o f  1-butanol-n-butylamine mixtures at 45 1

camine 
mole • d m -3

Specific 
conductance 
x, juS • cm -1

M olar specific 
conductance 
103 A, Ű " 1 cm

0 0.41

0.404 1.96 4.86

0.808 2.21 2.74

1.212 2.83 2.33

1.616 3.28 2.03

2.021 2.90 1.43

2.829 2.05 0.72

4.042 1.76 0.44

4.850 1.33 0.27

6.062 0.72 0.12

6.871 0 0

8.083 0 0

10.104 0 0
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D iscussion

Since th e  p ro p e rtie s  o f th e  te r tia ry  a m in e -a lc o h o l m ix tu res  (the  s im p lest 
sy stem s as regards a sso c ia tio n ) are a lread y  k n o w n  [1 ], i t  is reaso n ab le  to  
d iscuss th e  p resen t r e s u lts  in  com parison  w ith  th e s e  earlie r ones. T he sy stem s 
c o n ta in in g  th e  se c o n d a ry  am ine  will f irs t be  d iscussed  in  sequence: th e  
se c o n d a ry  am ine m ay  fo rm  on ly  tw o h y d ro g en  b o n d s  to  one alcohol or one 
o th e r am in e  m olecule, i t s  self-association  is  n o t  ex tensive , and  d ie lec tric  
s tu d ies  show  th a t  i t  fo rm s chain-like a sso c ia tio n  polym ers in  th e  p u re  
s ta te  [4].

D i(n -b u ty l)a m in e -a lc o h o l m ix tu res

L e t us f irs t  e x a m in e  th e  specific co n d u c ta n c e  in  th e  d i(re-buty l)am ine— 
—alcoho l m ix tu res  as fu n c tio n s  of te m p e ra tu re  a n d  co n cen tra tion . F ig u re  1 
i l lu s tra te s  th e  re su lts  fo r th e  m ix tu re  w ith  m e th a n o l. The shapes of th e  cu rves 
are s im ila r  for th e  m ix tu re s  w ith  th e  o ther a lcoho ls, b u t on proceed ing  from  
m e th a n o l to  b u tan o l th e  c o n cen tra tio n  re la tin g  to  th e  m ax im um  co n d u c tan ce  
is sh if te d  from  0.5 to  0 .25 m ole. • d m “ 3. O n e le v a tio n  of th e  te m p e ra tu re , th e  
specific  conduc tance  in c re a se d  in  every  se c o n d a ry  am ine-a lcoho l m ix tu re  
ex am in ed .

T h e  com positions o f  th e  m ixed associa tes p a r tic ip a tin g  in  e lec tro ly tic  
d isso c ia tio n  were d e te rm in e d  on the  basis o f th e  m e th o d  developed ea rlie r [2 ]. 
A cco rd in g  to  th e  m o d el, a p lo t of log ( A 2 • eam) m u s t  be linear. T his is show n 
in  F ig . 2 on th e  d a ta  fo r  th e  d i(n -b u ty l)am in e—m eth an o l system . I t  can  be

Fig. 1. Specific conductances o f m ethanol-d i(n-butyl)am ine mixtures at 20 and 45°
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seen th a t ,  in  acco rd an ce  w ith  ex p ec ta tio n s, th e  re su lts  y ield  s tr a ig h t  lines. 
The slopes of th ese  g ive th e  n u m b er n o f alcohol m olecules in  th e  e lec tro ly t- 
ica lly  d issoc ia ting  m ixed  associates of average  com position  A nB .  T hese  resu lts 
are lis ted  in  T ab le  IX  fo r ev e ry  secondary  am in e-a lco h o l m ix tu re  ex am ined , 
a t 20 an d  45°.

Fig. 2.

0 7  0.8 0.9 1.0 1.1 1.2 1.3 1.4
'9 c0ic

Linearization o f m olar specific conductances o f m ethanol-d i(n-butyl)am ine m ixtures
at 20 and 45°

T ab le  IX

Average number n o f  alcohol molecules in the electrolytically-dissociating m ixed associates

M ixture
20° 45°

di(fi-butyl)am ine-m ethanol 8.75 (5.5)* 8.00 (5.1)

di(n-butyl)am ine-ethanol 9.0 (7.1) 9.00 (7.1)

di(n-butyl)am ine-l-propanol 10.20 (7.6) 10.80 (8.5)

d i(n-butyl)am ine-l-butanol 10.75 (9.4) 11.75 (10.4)

* For comparison, the data relating to the corresponding tri(n-butyl)am ine m ixtures 
are given  in  brackets

I t  follows from  th e  s tru c tu re  of th e  d i(re-buty l)air.ine m olecule  th a t  i t  
m ay  form  tw o ty p e s  o f m ix ed  associate.

(a) Via  one h y d ro g en  bond  i t  m ay  be lin k ed  to  a ch a in -lik e  alcohol 
associa te :

R

O - H . . .
. I 
R

O - H
I
R

. . . O - H  . . N - H
I I

, R R
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A nB  w here п  =  j  2

Н О.
I
R

Н - 0
I

R/

R
I

Н - О .  . . Н  — N

R R

b u t  as  reg a rd s  these tw o  s tru c tu re s  e lec tro ly tic  d isso c ia tio n  is p ro b ab le  only  
in  th e  fo rm er case, w hen  H 2N R 2f an d  (R O H )y+1R O — m a y  be fo rm ed .

(b ) Via  tw o h y d ro g en  b o n d s  i t  m ay  be lin k e d  to  tw o chain -like  alcohol 
a s so c ia te s :

R

0 - H . . .

R

f O - H
1

Я1O
'- . N - H .

1
, 0 - H .  . .

1 -O
! Я

R j
1

R R R
1

R

. 0
I

R

H

F ro m  th is  m ixed asso c ia tio n , w hich  is s im ila rly  o f  ty p e  A nB ,  w here n =  j  -\- 
+  2 - | - i - ) - 2 ~ 2  ( j  -f- 2 ), io n s  m ay  be fo rm ed  w ith o u t an y  d iff icu lty : 
( R 0 H ) y+ 1R 0 -  and ( R 0 H ) ,+ 1R 0  • H ,N R 2+ .

T h e  sam e re su lt is re a c h e d  if  i t  is assu m ed  th a t  R ,N H ^  fo rm s an 
a sso c ia te  w ith  a chain -like  alcoho l associate.

O f th e  possib ilities g iv en  here, only  th e  f i r s t  is analogous w ith  th e  
a s so c ia tio n  process possib le  in  tr i(n -b u ty l)a m in e  m ix tu re s , an d  th u s  an  
e x p la n a tio n  m ust be so u g h t fo r  w hy th e  n o b se rv ed  for th e  seco n d ary  am ine 
a re  la rg e r  th a n  th e  v a lu e s  m easu red  for th e  te r t ia r y  am ine. T he reaso n  is 
t h a t  th e  association  process v a r ia n t  (b) also occurs. T his process is p a r tic u la r ly  
im p o r ta n t  in  m e thano l, w h e re  chain  fo rm atio n  h a s  been  show n to  be c h a ra c 
te r is t ic  o f  th e  associate o f  th e  p u re  alcohol. T he n v a lu es  for th e  h ig h er alcohol 
a n a lo g u e s  con tain ing  few  c h a in  associates are  sca rce ly  la rg e r th a n  th e  values 
d e te rm in e d  w ith  th e  t e r t i a r y  am ine, and  hence th e  g rea t m a jo r ity  of th e  
m ix e d  associates are fo rm e d  as in  v a r ia n t (a).

T h e  te m p e ra tu re  d ep en d en ce  of n  is th e  sam e as th a t  o bserved  for 
t e r t i a r y  am ines, an d  th u s  su p p o rts  th e  conclusion  [1 ] th a t  p u re  m e th an o l 
c o n s is ts  fo r th e  m ost p a r t  o f  chain  associates, a n d  th e  h igher hom ologues to  
a n  e v e r  increasing  e x te n t  o f  cyclic associates.

T h e  self-association  o f  d i(n -b u ty l)am in e  w as n o t ta k e n  in to  accoun t 
in  th e  ev a lu a tio n , for in  th e  p u re  s ta te  th is  is q u ite  low  (the  average  associa tion  
d e g re e  a  =  1.26), an d  i t  m a y  be p resum ed  th a t  i t  is even less im p o r ta n t  in 
th e  p resence  of alcohol [5].

n -B u ty lam in e -a lco lio l m ix tu res

F ro m  a q u a lita tiv e  a sp e c t th e  re su lts  here  differ from  th o se  rep o rted  
a b o v e  on ly  insofar as th e  specific  co n d u c tan ce  o f th e  n -b u ty la m in e -m e th a n c l 
m ix tu re  exh ib its a s lig h t decrease  on e lev a tio n  o f  th e  te m p e ra tu re .
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Fig. 3. Specific conductances o f m ethanol—n-butylam ine m ixtures at 0, 20 and 45°

Fig. 4. L inearizationjof molar specific conductances o f m ethanol-n-butylam ine m ixtures
at 20 and 45°

Fig. 5. Specific conductances o f propanol-n-butylam ine m ixtures a t 0, 20 and 45°
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In  these  system s to o  lin ea riza tio n  b ased  on th e  a sso c ia tio n  m odel is 
su ccessfu l, b u t i t  is s tr ik in g  t h a t  in  th e  m e th an o l-co n ta in in g  sy s tem  a steeper 
l in e a r  sec tion  was o b serv ed  a t  log caic >  1.15 th a n  a t  low er alcoho l concen
t r a t io n s .  The d ifferences a re  i llu s tra te d  in  Figs 3 6 .

T h e  resu lts o b ta in e d  from  th e  slopes of th e  s tra ig h t lines regard ing  
th e  n u m b ers  of alcohol m olecules in  th e  e lec tro ly tica lly  d isso c ia tin g  m ixed 
a sso c ia te s  are given in  T a b le  X .

T able X

Num ber n o f alcohol molecules in  the electrolytically-dissociating m ixed associations

M ixture
n*

0° 20° 45°

/i-butylam ine-m ethanol (7.85) 5.25 (7.85) 5.25 (7.6) 6.25

fi-butylam ine-ethanol 6.62 5.60 5.40

n-butylam ine-1  -propanol 4.54 5.34 6.72

fi-butylam ine-l-butanol 4.43 5.10 5.37

* The values in brackets relate to the in itia l high alcohol concentration . The results 
a t 0 and 20° were obtained earlier [3]

T h e ta b u la te d  d a ta  show  th a t  in  ev e ry  m ix tu re  th e  v a lu e  o f  n is m uch 
lo w e r th a n  in m ix tu re s  o f  th e  sam e alcohol w ith  te r t ia ry  am ines. I t  follows 
t h a t  associates of th e  ty p e  A {Bj  m u st also be p resen t in  s ig n if ic a n t am ounts, 
fo r  o n ly  in  th is w ay  are  th e re  so few  alcohol m olecules p er one am in e  m olecule 
as assu m ed  in th e  m odel.

T he in itia l s teep  sec tio n  observed  fo r m eth an o l show s t h a t  p rim arily  
a sso c ia te  of ty p e  A, В  occurs a t  h igh alcohol co n c e n tra tio n s , p a rticu la rly  
in  m e th a n o l, w here th e re  is a fav o u rab le  possib ility  fo r th is  because  of th e  
c h a in  n a tu re  of th e  se lf-assoc ia tion  of th e  alcohol.

A s already  re fe rred  to ,  th e  fin d in g  th a t  th e  d iffe ren tia l d n / d T  is positive 
m e a n s  th a t  th e  cy c lica lly  assoc ia ted  s tru c tu re  of th e  alcoho l changes w ith 
in c re a s in g  te m p e ra tu re : ev e ry  m ore an d  longer chain  po ly m ers  are  form ed. 
T h ese  chain  associates n e x t  in te ra c t w ith  th e  am ine p re se n t to  form  m ixed 
a sso c ia tes  capable o f d isso c ia tio n . This can  be seen in  co m p ariso n  w ith  our 
e a r lie r  resu lts in  th e  cases of 1 -p ro p an o l and  1 -b u ta n o l to o , b u t  in  these 
sy s te m s  the  increase in  th e  value o f n  m a y  also re su lt from  th e  self-association  
o f  th e  p rim ary  am ine  d ecreasing , an d  th e  m ixed asso c ia te , com plexes of 
ty p e  A (Bj  being c o n v e rte d  to  be of ty p e  A tB .

T his phenom enon  m a y  be held  responsib le  for th e  fa c t t h a t  in  th e  case 
o f  m e th an o l, w here d n  d T  w as alw ays n eg a tiv e  in  m ix tu re s  c o n ta in in g  second
a ry  o r te r tia ry  am ines a n d  i t  w as th u s  concluded  th a t  th e  ch a in  association
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o f m e th an o l p lays a d o m in a n t role, dra/dT is n o t c learly  n e g a tiv e  here. I t  
ap p e a rs  p robable  t h a t  w hereas th e  decrease o f th e  chain  len g th  o f  th e  alcohol 
a ssoc ia tes w ith  th e  rise  o f te m p e ra tu re  m eans a n eg a tiv e  c o n tr ib u tio n  to 
dre/dT, i f  th e  m ixed asso c ia tes  o f ty p e  A /В;  co n ta in in g  severa l am in e  mole
cules are  tran sfo rm ed  to  be o f ty p e  A tB  th e n  th e  v alue  o f n is in c rea sed . This 
co n cep tio n  is also su p p o rte d  b y  th e  fac t th a t  a t  h igh m e th an o l co n cen tra tio n s , 
w here  th e  A tB -ty p e  assoc ia te  has been seen to  p red o m in a te , th e  expected  
decrease occurs b e tw een  20 an d  45° (from  7.85 to  7.60). A t lo w er alcohol 
co n cen tra tio n s , w here th e  associa tion  is p re su m ab ly  o f ty p e  A j B j , in  ag reem en t 
w ith  w h a t has been sa id  an  increase in  th e  v a lu e  o f  n was o b se rv ed .

' 9 CQlC
Fig. 6. Linearization o f m olar specific conductances o f propanol re-butylamine m ixtures

at 0, 20 and 45°

One sign of th e  in a d e q u a c y  of th e  m odel is th a t  th e  e rro r in  th e  d e te r
m in a tio n  o f th e  n va lu es  depends on th e  co n c e n tra tio n  in te rv a l o v e r w hich 
th e  m easu rem en ts  e x te n d . In  th e  range we em ployed  th e  m ean  e r ro r  was 
f  2 d  =  0 .1 ; to g e th e r w ith  th e  m ag n itu d e  o f th e  observed  effects com pared  
to  one a n o th e r, th is  does n o t p e rm it fu r th e r  ca lcu la tio n s  to  be c a rr ie d  out 
from  o u r resu lts  w ith  th e  n ecessary  c e rta in ty , b u t  in  our view  th e re  can  be 
no d o u b t as to  th e  re lia b ility  o f th e  q u a lita tiv e  conclusions.
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Most geom etrical variations in tetrahedral and related system s are in agreement 
w ith  the predictions o f the Y .S .E .P .R . model as is dem onstrated by recent experim ental 
data. It is not generally valid , however, that the bond angles decrease as the number of 
lone electron pairs increases. Л sim ple point-charges-on-tlie-sphere m odel is not capable 
to predict the relationship of bond angles in m olecule pairs of A X 3E and A X 2E 2.

T he valence shell e lec tron  p a ir repu lsion  (V. S. E . P . R .) m odel [2] is 
successfully  used fo r acco u n tin g  fo r and  ex p la in in g  v a ria tio n s  o f  m olecular 
geom etries in  ex ten siv e  classes o f inorgan ic  com pounds. T his m o d e l fin d s as 
well its  app lica tion  for te tra h e d ra l  and  re la te d  molecvdes, such  as A X 4, A X 3E 
an d  A X 2E 2, w here A is th e  cen tra l a to m . X  is th e  ligand  and  E  is th e  lone 
e lec tro n  pair.

E ach  pa ir o f m olecules such as N X 3, O X 2, P X 3, SX 2, o r S O X 2, S 0 2X 2 

w ith  X  =  Cl and F  lig an d s s tr ic tly  follow th e  em pirica l ru les o f  th e  У . S. E. 
P . R . m odel. This has been  re p ea ted ly  d e m o n s tra te d  and  re c e n t ex p e rim en ta l 
d a ta  lend  fu rth e r  s u p p o r t to  th is  o b se rv a tio n  (cf .  T ab les I  a n d  I I ) .

F u r th e r  exam ples are  p rov ided  b y  th e  geom etrica l p a ra m e te rs  of a 
series o f X S 0 2Y  m olecules, o f w hich on ly  th e  b o n d  angles a re  p re se n te d  in 
T ab le  I I I  to  illu s tra te  th e ir  re la tio n sh ip .

<£ X  S Y  <  <£ 0 = S  X , <  0 = S  Y  <  <£ 0 = S = 0

N ote  th a t  older d a ta  p re sen ted  for a sim ilar series in  Ref. 2 + w ere  less con
clusive fo r th e  re la tio n sh ip  betw een  th e  X - S - X  an d  0  =  S X  b o n d  angles.

T he d a ta  in  T ab les I  an d  I I  p rov ide also a d iffe ren t k in d  o f  com parison , 
viz. th e  v a ria tio n s  in  th e  bo n d  angles w hen  b ond ing  pairs are  rep laced  by 
lone pairs o f e lectrons. G il l e s p ie  n o ted  [2] in  his book  (p. 40) t h a t  “ . . . i n  
th e  series CH4, N H 3 an d  H 20  th e  bond angle decreases from  109.5° to  107.3° 
an d  to  104.5° as th e  n u m b e r  o f n o n -bond ing  p a irs  increases.”

Acta Chimica Academ iae Scientiarum  Hungaricae, Tomus 93 ( 3 —4 ) , p p .  279  — 288 (1977)

* Reported to the Second European Crystallographic M eeting, K eszthely , 1974 [1]. 
+ p. 155, Table 7. 11 [2].
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Table I

X  — A — X  bond angles in AX^E and A X 2E 2 molecules*

AX,E X—A- X  П ax2e2 X—A- x  (°)

NH3 108.2 13] o h 2 107.2 [9]
NC13 107.1 [4] 0C12 111.2 [10]

NF3 102.4 [5] o f 2 103.2 [И ]
PH3 93.5 [6] s h 2 92.2 [12]

PC13 100.3 [7] SC12 103.0 [13]

PF3 97.8 [8] SF
"

98.2 [14]

* All d a ta  refer to vapour phase

Table II

H alogen-sulphur-halogen bond angles in  some sim ple  molecules*

s o 2x 2 X —S—X  (°) SO X 2 X —S—X  (°) s x 2 X —S—X  i°)

S 0 2C12 100.0 [15] SOCl2 96.1 [15] sc i2 103.0 [131

s o 2f 2 96.1 [16] SO F 2 92.2 [17] s f 2 98.2 1141

X  =  Cl or F

* A ll data refer to vapour phase

Table III

Rond angles in  some simple sulphone molecules*

x s o 2y X - S - Y  ( •) 0=S=0 (°) X —s = o  (°) 0=S—Y (°) References

f s o 2f 96.1 124.0 108.3 [16]

C1SOX1 100.0 123.5 107.7 [15]
c h 3s o 2f 98.2 123.1 110.0 106.2 [18]
c h 3s o 2ci 101.0 120.8 109.5 107.1 119]
c h 3s o 2c h 3 102.6 119.7 108.2 120 1
(CH 3)2N S 0 2C1 103.0 122.7 108.8 105.8 [21)
c6h 5s o 2ci 100.9 122.5 110.0 105.5 [221

* All data refer to vapou r phase
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HARGITTAI, BARANYI: TH E APPLICABILITY OF THE V.S.E.P.R. MODEL 281

Going from  th e  four lig a n d  case to  th e  th ree  ligand  p lu s  one lone 
e lec tro n  p a ir  case is sim ple. T h e  ligand  b o n d in g  p a ir is rep laced  b y  a lone 
p a ir  w ith  la rg e r space req u irem en ts  a ro u n d  th e  cen tra l a to m  an d  th u s 
exercising  m ore repulsion  to w a rd  th e  o th e r  bond ing  e lec tron  p a irs . Con
seq u en tly , th e  b o n d  angles d ecrease. T he d a ta  o f  Table I  as i l lu s tra te d  also 
b y  F ig . 1 show  com plete  ag reem en t w ith  th e  above s ta te m e n t.

F ig. 1. Variations in  the bond angles in  tetrahedral system s w ith  no, one, and tw o  lone 
pairs o f electrons (n) in  the valence shell o f the central atom

Fig. 2. Variations in the bond angles in  S 0 2X 2, SO X 2E , and S X 2E, (X  — F  or Cl) system s  
(n number o f lone pairs of electrons in the valence shell o f the sulphur a tom )

As a second ligand  of A X 3E  is rep laced  b y  an  o th e r lone p a ir, a fu r th e r  
decrease o f th e  X - A - X  bond  angle w ould  be ex p ec ted  according to  G i l l e s p i e ’s 

orig inal s ta te m e n t. T his is observed , how ever, fo r N H 3, H 20  an d  P H 3, S H 2 

p airs  on ly , while fo r o th e r  com pound  p a irs  w ith  chlorine or f lu o rin e  lig an d s 
th e  opposite  tre n d  is realized, as seen in  T ab le  I  and  Fig. 1.

F o r system s w ith  double b o n d s, th e  ap p lic a tio n  of th e  V. S. E . P . R . 
m odel is m ore d ifficu lt for sim ilar com parisons, since th is  m odel does no t 
decide w h e th e r or n o t a lone pa ir w ill be la rg e r th a n  a double b o n d . T h e  d a ta  
for S 0 2X 2 and  SO X 2 (Table II)  m ay  in d ica te  t h a t  in  case of su lp h u r as c e n tra l  
a to m  th e  lone p a ir  is la rger th a n  th e  double  bond .

5* Acta Chim. ( Budapest) 93, 1977
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F o llo w in g  th e  decrease in  th e  bond angle as  one of th e  oxygen  a to m s 
is s u b s t i tu te d  b y  a lone p a ir , a fu rth e r  decrease o f  th e  X —S—X  b o n d  angle 
could b e  ex p ec ted  as th e  re m a in in g  oxygen o f  S O X 2 is rep laced  b y  an  o th e r  
lone p a ir .  H ow ever, th e  o p p o site  is observed (T ab le  I I ,  Fig. 2).

T h e  in te rp re ta tio n  o f  th e  changes of th e  b o n d  an g les  as going from  th e  th re e  
lig an d  p lu s  one lone p a ir  case to  th e  tw o lig a n d  p lu s  tw o lone p a ir  case is 
r a th e r  co m p lica ted  since in  a d d itio n  to  th e  b o n d in g  pa ir b o n d in g  p a ir  
an d  b o n d in g  p a ir lone p a ir  repulsions, th e re  a re  also lone p a ir lone p a ir  
rep u ls io n s  p resen t. T he re su ltin g  configura tion  d ep en d s , in  th e  f in a l acco u n t, 
on th e  re la tiv e  m ag n itu d es  o f  th e  th ree  d iffe re n t ty p e s  of in te rac tio n s .

T o  exam ine fu r th e r  th e  above changes, a sim p le  po in t-ch arg es-o n -th e- 
-sp h ere  m odel was c o n s tru c te d  in  w hich b o n d in g  electron  p a irs  a n d  lone

F ig. 3. Variations in  the bond angles © and 2ß for the A X 3E  and A X 2E2 system s, resp ., plotted  
a g a in st th e  ratio of the charges </x A/E as calculated for different values o f the repulsion

exponent p

e le c tro n  pairs are re p re se n te d  b y  a sm aller ch a rg e  (<jfX) and  a la rg e r charge 
(<7e )? re sp ec tiv e ly . T he co n fig u ra tio n  is th e n  d e te rm in ed  in  w hich  o n ly  rad ia l 
fo rces  m a y  ac t on th e  ch a rg es  (see A p p e n d ix ).A t th e  same tim e  i t  is s tro n g ly  
e m p h as ized  th a t  u sing  th e  charges qx  a n d  q̂ _ im plies by  no m eans t h a t  th e  
o rig in  o f  repulsions is s im p ly  e lec tro sta tic .

T h e  resu lts  o f th e  calcu la tions are  d e m o n s tra te d  b y  F ig . 3. show ing 
th e  v a r ia tio n s  o f th e  b o n d  angles in  th e  A X 3E  (0 ) and A X ,E , (2 ß) system s
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vs. th e  ra tio  o f  th e  tw o  d ifferen t charges. T h e  calcu lations w ere p e rfo rm ed  
fo r d ifferen t v a lu es  o f  th e  repulsion  e x p o n e n t p .  I t  is seen th a t  0  is alw ays 
sm aller th a n  109°28 ', w hile 2 ß  m ay  he la rg e r  o r sm aller th a n  0  d ep en d in g  
on th e  values o f  p .  T h u s , th e  changes in  b o n d  angles as going  fro m  A X 4 

to  A X 3E are  g en era lly  well understood*  a n d  a re  in v a ria n t to  th e  choice of 
th e  repu lsion  ex p o n e n t. On th e  o th e r h a n d , th e  re la tionsh ip  b e tw e e n  th e  
bo n d  angles o f m olecule  pairs A X 3E a n d  A X 2E 2 s trong ly  d ep en d s on th e  
choice o f th e  rep u ls io n  ex p onen ts an d , a cco rd in g ly , th e  sim ple m o d e l loses 
its  p red ic tiv e  p o w er fo r th ese  s tru c tu ra l changes.

S um m ariz ing , a lth o u g h  m an y  s tru c tu ra l  v a ria tio n s  in  te t r a h e d ra l  and  
re la ted  m olecules a re  in  ag reem en t w ith  th e  p red ic tio n s of th e  Y. S. E . P  .R . 
m odel, i t  is n o t  g en era lly  valid  th a t  th e  b o n d  angles decrease as th e  n u m b e r 
of lone e lec tron  p a irs  increases. In  th is  re sp e c t th e  m olecules w ith  h y d ro g en  
tu rn  o u t to  be r a th e r  th e  exceptions. I t  w ou ld  be te m p tin g  to  sp e c u la te  on 
possibile e x p la n a tio n s  concern ing  th is  an o m a ly . T h e  m odel, how ever, ignores 
too  m a n y  im p o r ta n t  fac to rs  to  m ake such  sp ecu la tio n s ju s tif ied .

*

Useful discussions on the subject w ith num erous colleagues are acknowledged.

A ppendix

In  th is  sec tion  th e  re la tio n sh ip  be tw een  th e  charge ra tio  qxlqE a n d  th e  
angles ch a rac te riz in g  th e  con figu ra tions o f  th e  A X 3E  and  A X 2E 2 sy stem s 
will be derived  assu m in g  a p o in ts-o n -th e -sp h ere  m odel.

A C artesian  co -o rd in a te  system  w ith  i ,  j  a n d  к  u n it v ec to rs  w ill be 
considered. T he p o in t  charges are loca ted  on th e  surface o f a sp h ere  w ith  
u n ity  rad ius.

The A X 3E  case

A ccording to  F ig . A l ,  <£ E -A -X  =  90° -f- <p an d  <£ X -A -X  is lab e lled  
b y  0 .  E ith e r  o f th e se  angles determ ines th e  co n fig u ra tio n  of th e  sy s tem  
w ith  C3c sy m m etry ;

cos 0  =  1 — — cos2 <p . ( 1 )

* The larger than tetrahedral angle in 0C12 m ay be a consequence of the rela tiv e ly  
large size o f the ligands.
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Fig. A l .  Geom etrical m odel for the A X 3E  system

T h e  p o s itio n  vecto rs o f th e  p o in ts  are 

rE =  к

i x i  =  cos cp i — sin (p к

1 , . Уз , . г
r X 2  = ------ cos (p I -\--------- cos <p]  -  sin <p к

2 2

1 - Уз . . т
гХз = ------ cos ( p i ---------- cos (p j  — sin (p к

( 2)

T h e  fo rce  betw een th e  charges q1 an d  q., w ith  positio n  vectors a n d  r2, re 
sp e c tiv e ly , is expressed  as follow s:

í l # 2  ’

T h u s  th e  re su lta n t force ac tin g  on th e  c h a rg e  X x

x i X I .  X 2 X I ,  X 3 +  F X I .  E

rXl rX2

'XI '  X 2  I

'XI

'XI ' X 3
T i ^

' X I

'XI rE |p + 1
9x9e
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з , уз т з - , 1з  7
—  c o s  w I   — c o s  w]  — COS9 9 1 + - — co s  да 7

f  2  2 2 ^ 2  2 a ,^ x i  = ------- 777z ------- ; ------- 9x H-----------тут:--------у  у ------ '  9x  +
(1 3 cos <p)p 1 

co s  ( p i  — (sin (p  +  1 ) к
— ----------------- p + i  4xqE

( У 3 cos 95)p  + 1

(I/ 2  +  2 sin 99 Y

3 CO S 99 l ,  CO S 9oi —  (s in 9 9 - |- l)fc
9x H----- Я х Че

( У З  cos <p Y t 1 (У 2  +  2  sin  99 Y  1

(3)

F o r  th e  p oin ts-on -th e-sp h ere m o d e l th e  force F x  1 has th e  o n ly  n on zero  co m 
p o n en t in th e  d irectio n  o f th e p o s it io n  v e c to r  rx i  =  cos 99 i  — sin  99 k ,  therefore  
th e  vectoria l p ro d u ct o f  F X 1 a n d  rx i  is zero:

F x i  x  rx i  =  0

A ccord in g ly , w e h a v e

35 5<
+ ? x ? e (sin 99 +  l ) q x q E

( y 3 c o s 99) ,) 1 (У 2  +  2  s in  99 ^  1 sin  9 9 ( ^ 2  +  2  sin  99 ) p 1

(4)

B y  rearranging th e  term s

?x 3 cos 99
p  + 1

q E 3 sin  99 I У 2  +  2  sin  <p 

E q s (1) and (5) characterize th e  A X 3E  con figu ra tion .

(5)

T h e  AX.yE. ,  c a s e

A ccording to  F ig . A2, th e  b o n d  an gle <£ X —A -X  =  2  ß  and  th e  an gle  
A  E -A —E =  2  x .  T h e  con figuration  has C2r sy m m etry .

T h e p osition  v ec to rs o f th e  p o in ts  are

?ei =  sin  a  i  +  cos x  j

Fe2 =  sin  x  i  +  cos a j
rXi =  co s  ß  j  8 in ß  к
rX 2  =  co s  ß  j  — Sin ß  к

(6)
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z

T he force a c tin g  on  th e  charge E l  can  be o b ta in e d  as

E l
2  s in  9C

9e +
2  sin  <x

p + i
( 2  s in  aCf 1 ( 2  +  2  cos a  cos ß) 2

2(cos DC 4- cos ß )
-  -p+i- l E i x J  

( 2  -f- 2  cos a  cos ß) 2

9 e 2 x i +

F rom  th e  co n d itio n  F e i * rEi =  0 ,

qE cos a

( 2  sin !x)/J 1

cos ß
P + 1

( 2  +  2  cos a  cos ß) 2

(7)

is o b ta in ed . As th e re  are  tw o  unknow ns in  (7), a n o th e r  re la tio n  is derived  
fo r th e  force a c tin g  on  th e  charge X I  as follow s

=  2  sin  ß к  ,  — sin a  i — (cos a  +  cos /1) / +  sin ß к
-c X i  = ------------------ H------------------------------------------------------------------- J T T  9 e 9 x  +

(2sin /3)p 1 ( 2  +  2  cos a  cos ß) 2

sin a  i — (cos a  +  cos /?)/' +  sin  ß  к
т у+т-------  9е9х

( 2  +  2  cos a  cos ß) 2
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U sing th e  co n d itio n  F Xi x  rx i  =  0 ,

qx  co sß  _  _________costx
, p + 1 (°)

9e (2 s in ß )p 1 ( 2  +  2  cos a  cos ß)~~*~

F ro m  th e  eq u a tio n s  (7) and  (8 ) th e  angles « a n d  ß  can  be c a lc u la ted . M u lti
p ly in g  eq u a tio n s  (7) an d  (8 ),

2  sin a  sin ß  =  1  +  cos oc cos ß  , (9 )

is o b ta in ed  an d  d iv id in g  equ a tio n s (7) a n d  (8 ) we have

qx  cos a  

qE co sß

sin  ß

sin  «

p + l

F in a lly , b y  su b s titu tin g

we have

and

sin a  sin ß  =  и 

sin «
—----- =  v
sin ß

9)!  =  
9 e

1_ - v 

2v 1

p
vv~

4n v2 1и = --------------
3i>

. , 4v — v2 
sin- « = ------------

3

1

sin 2 ß  =

( 10)

(И)

( 12)

(13)

(14)

(15)

(16)

B y  using  E qs (13) (16) th e  ch a rac te ris tic  ang les ос and  ß  can now  b e  d e te r 
m ined  from  th e  charge  ra tio  (qx /qe ).

Note added in  p ro o f ( A ugust 2, 1977) : N ew  exp erim en ta l d a ta  on  X S 0 2Y  
su lphones fu lly  su p p o rt th e  observa tion  co n cern in g  th e  re la tio n sh ip  b e tw een  
th e  bo n d  angles a ro u n d  th e  su lp h u r a to m . T a b le  I I I  can  be su p p lem en ted  b y
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th e  fo llow ing  d a ta  (in  degrees, an d  co rrespond ing  to  th e  fo rm at of T ab le  I I I ) :

c h 3 o s o 2f 96.8 124.4 109.5 106.8 [23]
C H 3 0 S O X 1 1 0 2 . 8 1 2 2 . 2 108.7 106.4 [24]
C H 2 = C H S 0 ,C 1 1 0 0 . 2 1 2 2 . 0 109.8 106.4 [25]
0 C N S 0 2C1 98.0 1 2 2 . 8 108.3 107.8 [26]
CC13S 0 2C1 97.8 121.5 108.3 109.2 [27]

A b in itio  m olecu lar o rb ita l ca lcu la tions w ere c a rr ie d  o u t [28] in  o rd e r to  ga in  
m ore  in s ig h t in to  th e  s tru c tu ra l  v a ria tio n s  d iscu ssed  in  th is  p ap er. T h e  ex 
p e r im e n ta l bond  angle v a r ia tio n s  have been  re m a rk a b ly  well rep ro d u ced  an d  
se v e ra l in te re s tin g  o b se rv a tio n s  could be m ade . H ow ever, no in te rp re ta t io n  of 
th e  b o n d  angle v a r ia tio n s  cou ld  be p ro v id ed .
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For a metallic P t ca ta ly st it  has been show n that:
(1) In  accordance w ith L angm uir's earlier stu dy , th e  reaction

(H*)* ]
+  } +  (0 ) c -  H20 ;  t < ,  20 °C (1)
(H)e I

takes place already at room  tem perature, as verified experim entally.
((H 2)g is the gaseous, while (H )a is the chem isorbed hydrogen removable w ith  an inert 
gas stream  at room tem perature. ( 0 ) f is the chem isorbed oxygen not rem ovable with  
an inert gas stream at room  tem perature.)
(2) The three types (y, e, d) o f  chemisorbed hydrogen ((II),)) do not react w ith  either  
gaseous or chemisorbed oxygen^at room tem perature. T hat is,

( 0 2 ) g  }

+  } +  (H )c -K H jO ; t <; 20 °C (II)
(O )c  j

(3) A n y  reaction betw een chemisorbed oxygen and hydrogen occurs on ly  at tem 
peratures where the desorption of hydrogen also takes place. Accordingly, the follow ing  
reaction path  is suggested:

_ warming -fiOb
(H )c --------------- V [(H 2)s +  (H )a +  (H )r ] ------- G  H 20  +  (H )f, t >  tt (III)

where i/ is the lowest tem perature where the desorption of a particular type o f  ch em i
sorbed hydrogen (y,e, ó) already takes place at a fin ite  rate. Subscript c' refers to  chem i
sorbed hydrogen of the types y, e and <5.
(4) Chemisorbed oxygen is bonded more firm ly than  chemisorbed hydrogen (oxygen  
desorbs at a higher tem perature than does hydrogen, as established by T P D ). Conse
quently, since reaction (I) occurs at tem peratures where reaction (II) does not take  
place, and th is cannot be ascribed to therm odynam ic reasons, a kinetic hindrance should  
be supposed.

N am ely , the two possible pathw ays for reaction (I) are as follows:

(H2)g +  (0)c H20  (la)

(H)a +  (0 )c -  (OH)a ILO (lb)

P ath w ay  (la ) corresponds essentially to the so-called Rideal mechanism, w here
as path w ay ( lb )  implies the m obility  of Ha, which is supported by the rapid ity  o f  
H /D exchange between H2 and D 2 at room tem perature.
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For reaction (II ) , also tw o possible paths can be envisaged:

(0,)e -  (0)c

(H )c +  ( 0 2)g -  ( 0 2H )a -

(O H )a H 20  (I la )

(0 H )a ■ <H>*-» H 20
+ ( l ib )

(0 ) c (O H )a H 20

As described previously , if  the adsorbent is covered sim ultaneously w ith  chem i
sorbed hydrogen and oxygen , then the chem isorbed oxygen, w ithout any decrease in 
th e  am ount of (H )c, can be rem oved w ith gaseous hydrogen already at room  tem pera
ture. For this reason, i t  should be assumed th a t th e  second step of reaction path  (I la )  
as w ell as the first one o f ( l ib )  are kinetically hindered. For reaction path  ( I la )  a kinetic  
hindrance m ay, for in stan ce, result from the fa c t th a t the chemisorbed species ( 0 ) c and 
(H )c) are localized. W hen on ly  (H )c is considered to  be localized, a steric hindrance 
should  also be supposed. A  similar steric h indrance should be assum ed for reaction  
p a th  ( l ib ) . That is, the hydrogen is so ‘deeply’ in  th e  crystal lattice th a t reaction

(0)c +  (H )c -  (O H )a

and

( 0 2)g +  (H )c -  ( 0 2H )a

cannot take place.
(5 ) In view of the results described in the present paper, the usual interpretation  
o f  the results o f ‘oxygen-hyd rogen’ titrations [5, 6] in heterogeneous cata lysis — at 
lea st for Pt — becom es doubtful. This is supported b y  the following facts.

(5.1) As shown in  our previous paper [1], on ly  an adequate treatm ent procedure 
(H , pressure, tem perature, adsorption tim e) perm its unequivocal saturation  o f Pt 
ca ta ly st with hydrogen o f the same quantity. I f  th is procedure is not applied , the initial 
sta te  w ith respect to chem isorbed hydrogen rem ains ill-defined.

(5.2) As the chem isorbed hydrogens desorbing above room tem perature do not 
react %vith oxygen at room  tem perature, the o x y g en  consumption m ay n o t be considered  
as equal to the am ount o f oxygen consum ed for oxidation of chem isorbed hydrogen  
plus the amount of oxygen  chemisorbed. Therefore, the end-point o f titra tion  is also 
ill-defined.

(5.3) For exygen  chem isorption on a P t ca ta ly st, it has not been verified  whether  
a special procedure is required (as for hydrogen) to ensure saturation o f the catalyst 
w ith  oxygen of the sam e quantity. On account o f  th is, if  oxygen has been  chem isorbed  
on the catalyst, the in itia l state  also seems to be poorly defined.

(5.4) A lthough chem isorbed oxygen reacts w ith gaseous hydrogen already at 
room  temperature, i f  the unequivocality o f hydrogen chem isorption is  not ensured, 
th en  even the end-point o f such a titration is n o t well-defined.

In  our prev ious p a p e r  [1] th e  te m p e ra tu re  p ro g ram m ed  deso rp tion  
(T P D ) s tu d y  of th e  ch em iso rp tio n  of h y d ro g e n  on u n su p p o rted  P t  pow der 
h a s  b een  described in  d e ta il. I t  has been  show n  th a t  (i) in  c o n tra s t  to  l i te r 
a tu r e  d a ta  [2, 3], n o t  tw o  b u t  th ree  m a x im a  can  be observed  on  th e  T P D  
c u rv e  recorded  above room  te m p e ra tu re  a n d  (ii) the  c h em iso rp tio n  s ta te s  
o f  h y d ro g en  assigned to  th e se  m ax im a are  ob ta in ab le  on ly  u n d e r  ad eq u a te  
s o rp tio n  conditions ( te m p e ra tu re , H 2-p re ssu re , tim e, etc.). O n th e  basis of 
th e rm o d y n a m ic  co n sid e ra tio n s , th e  a d so rp tio n  sta te  of th e  h ig h e s t bond 
e n e rg y  ( th a t is th e  h y d ro g e n  species co rresp o n d in g  to  th e  m a x im u m  a t  h igher 
te m p e ra tu re s )  is e x p e c te d  to  be m ore s ta b le  th a n  those w ith  low er bond
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energies. The e x p e rim e n ta l re su lts , how ever, h av e  show n th e  estab lish m en t 
of equ ilib rium  b e tw een  th e  d ifferen t hydrogen  species to  be sub jec t to  
considerable k in e tic  h in d ran ce , th a t  is, th e  chem iso rbed  h y drogen  species 
o f low er bond energy  does n o t tran sfo rm  to  th e  m ore  s tab le  h y d rogen  species 
o f h igher bond  energy , even  on s tan d in g  for severa l day s a t  a m b ie n t te m p e r
a tu re . T herefore, o f p a r tic u la r  in te re s t is th e  q u es tio n  w h e th e r these  chem i
sorbed  hydrogens show  d iffe ren t reac tiv itie s , and  i f  so, w h e th e r th is  phenom 
enon m ay  be a t t r ib u te d  to  k in e tic  or th e rm o d y n am ic  fac to rs . L a n g m u ir  [4] 
f ir s t  observed th a t  chem isorbed  hydrogen  is m u ch  less reac tiv e  to w ard  
gaseous oxygen th a n  is chem isorbed  oxygen to w a rd  gaseous hydrogen . To 
o b ta in  fu rth e r  in sig h t in to  th is  p rob lem , th e  d iffe ren t chem isorbed  hydrogen  
species stab le  a t  room  te m p e ra tu re  w ere reac ted  w ith  oxygen .

I t  is know n th a t  th e  oxygen and /o r h y d ro g en  a d so rp tio n  cap ac ity  of 
a P t  c a ta ly s t can  be d e te rm in ed  by  ‘t i t r a t io n 1 o f th e  c a ta ly s t  w ith  hydrogen  
an d  oxygen, re sp ec tiv e ly . T h is w idespread  use o f th is  m e th o d  [5, 6 ] p rovides 
an  ad d itio n a l reason  fo r u n d e rta k in g  these  ex p erim en ts .

Since several p ro ced u res  have  been em ployed  in  th e  ex p erim en ts  and  
th e se  should  often  be re fe rred  to  in d iscussion on th e  re su lts , a b rie f  su m m ary  
o f  th e  m ost freq u en t p ro ced u res  and  o f th e  resu lts  w ill be g iven  in  n e x t section. 
F o r th e  sake of c la r ity , code n u m b ers  will be assigned  to  th e  procedures to  
be described , and  th e  p ro ced u res  as well as th e ir  re su lts  w ill be re ferred  to  
b y  these  code n u m b ers .

A ) B a sic  exp erim en ta l procedures and resu lts  

P u r ifica tio n  o f  the ca ta lyst su rface

T he ca ta ly s t w arm ed  up  to  500 °C is tre a te d  a lte rn a te ly  in  a stream  
o f H 2 and  0 2. A fter th e  la s t t re a tm e n t w ith  h y d ro g en , h y d ro g en  is rep laced  
w ith  an  in e rt gas (N 2 o r H e), an d  th e  c a ta ly s t is cooled dow n to  room  te m p e r
a tu re  in  a stream  o f N.. or H e. I t  is assum ed th a t  th e  c a ta ly s t  th u s  p re tre a ted  
does n o t con ta in  an y  chem isorbed  hydrogen  or oxy g en  [1]. T his c a ta ly s t 
w ill be regarded  as s ta r t in g  m a te ria l th ro u g h o u t th e  p ap e r.

1.1 The catalyst is treated with hydrogen at room tem perature fo r  1 — 2 m in

A ccording to  th e  re su lts  rep o rted  earlier [1 ], no  chem isorbed  hydrogen  
can  be de tec ted  b y  T P D  a f te r  th is  p re tre a tm e n t. I t  is, how ever, know n th a t  
P t  ca ta ly zes  H /D  exchange betw een  H 2 and  D 2 a lread y  a t  room  te m p e ra tu re . 
C onsequen tly , th e  fo rm a tio n  o f chem isorbed  H ato&is shou ld  also be supposed 
u n d e r  th e  circum stances g iven . T he ra te  of d e so rp tio n  o f h y d ro g en  th u s
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c h e m iso rb e d  is, how ever, h ig h  so t h a t  it  can  be rem o v ed  from  th e  surface 
w ith  in e r t  gases a lread y  a t  ro o m  te m p e ra tu re . As a re su lt o f th is  p rocedure, 
th e  c a ta ly s t  and  th e  su rro u n d in g  gas phase will co n ta in  th e  fo llow ing hydrogen  
species

(H 2)g +  (H )a (1.1)

w h e re  (H.,)g is m olecular h y d ro g e n  in  th e  gas p h ase  an d  (H ) 0 d eno tes the  
a to m ic  hydrogen  adso rbed .

1.2 S ta r tin g  from  a higher tem perature, the catalyst, according to an adequate 
program, is cooled to room temperature in  an atmosphere o f  H.,

I t  has been show n [1] t h a t  u n d er such co n d itions d iffe ren t chem i
s o rp tio n  s ta te s  of h y d ro g e n  can  be  observed  b y  T P D  above room  te m p e r
a tu r e .  O f course, th e  a m o u n ts  o f  th e  chem isorbed  h y d ro g en  species depend 
o n  th e  p rogram  app lied . I f  th e se  chem isorbed  h y drogens (hyd rogens of th e  
ty p e s  y , e and  d) are d e n o te d  b y  (H )c, th e  h y d rogen  species p re se n t in  th e  
s y s te m  are

(H ,)g +  (H )a +  (H )c (1.2)

2.1 The catalyst is treated w ith  0 2 at room tem perature fo r  1 — 2 m in

In  th is  case, in  c o n tra s t  to  th e  sim ilar tre a tm e n t w ith  h y d ro g en  (cf. 1.1), 
t h e  adso rbed  oxygen c a n n o t be rem oved  w ith  an  in e r t gas s tre a m  a t room  
te m p e ra tu re .  T hus, th e  sy s te m  co n ta in s  th e  follow ing oxygen  species

( < 4  +  (0 )c (2.1)

w h e re  (0 2)g is th e  oxygen  p re se n t in  th e  gas phase and  (0 )c is th e  chem isorbed 
o x y g e n  rem ovable  from  th e  c a ta ly s t  surface above room  te m p e ra tu re  only.

3.1 A fte r  the adsorption procedures outlined in  previous paragraphs, the catalyst 
is exposed to a stream  o f  an inert gas at room tem perature

B y th is p rocedure  (H )c an d  (0 )c can n o t be rem o v ed  b u t  b o th  th e  ad so rp 
t iv e  p re sen t in th e  gas p h a se  an d  th e  w eakly  b o nded  a d so rb a te  can  be rem oved 
[1, 7]. Thus, com bin ing  th is  p rocedure  w ith  P ro ced u re  1.1 or 1.2 or 2.1, th e  
re s u lt  is

(H 2)g -  (H )a and  or ( 0 2)? (3.1)
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3.2 A fter  the treatment described in  the previous paragraph, the catalyst is 
■warmed up  to 600 °C ( according to an adequate program )  in  an inert gas

stream  ( T P D  ru n )

U pon th is  h ea t t r e a tm e n t ,  b o th  chem isorbed h y drogen  (H )c an d  chem i
so rbed  oxygen  (O),. desorb from  th e  c a ta ly s t su rface , th a t  is, u p o n  p a r tia l 
deso rp tio n  o f  (H )f and (0 ) r, th e  tra n s ie n t system s [(H 2)„ -)- (H )a -f -  (H )(] and  
[ (0 2)g +  (0 )c], respective ly , a re  fo rm ed , from  w hich (H 2)„ an d  ( 0 2)„ are 
rem oved  w ith  th e  inert gas s tre a m . I f  th e  c a ta ly s t has o rig ina lly  co n ta in ed  
(H )c and  (0 )c, th e  result is

respective ly .

(H )c and  - ( 0 )£ (3.2)

B )  C om binations of the b a sic  procedures and th e in form ation  ob ta in ab le
fro m  the experim ents

Procedure a: (2 .1  -f- 3.1)

This co m b in a tio n  is acco m p lish ed  by  in jec tin g  a ce rta in  n u m b e r o f 0 2 

pulses in to  th e  in e r t gas s tre a m  befo re th e  c a ta ly s t and  m easu rin g  th e  a m o u n t 
o f effluen t oxy g en  in  the  gas s tre a m . T hus, from  th e  m ass b a lance  o f 0 2, 
th e  am o u n t o f  (0 )c denoted  b y  № { ( 0 )c} can be ca lcu la ted

Ж { 0 2 } = 1 г { ( 0 )£} (a  1 )

w here  /!№  {0 2} is th e  a m o u n t o f  0 2 re ta in e d  b y  th e  c a ta ly s t.

Procedure b: (1 .2  -f- 3.1)

On com bin ing  Procedures 1.2 and  3.1 , a c a ta ly s t  is o b ta in e d  w hich 
will co n ta in  f irm ly  chem isorbed  h y d ro g en  only . T he a m o u n t o f h y d ro g en  
is d ep en d en t o f  th e  program  em p lo y ed  in  Procedure 1.2 an d  is d en o ted  by

№ { (Н )Л  ( b - 1 )

Procedure c: ( b  -)- 3 .2)

T hus, a f te r  Procedure b a T P D  m easu rem en t is ca rried  o u t. T he p e a k  
a re a  is p ro p o rtio n a l to  the a m o u n t o f  hyd ro g en  desorbed , th e re fo re , its  a m o u n t,
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№  { H 2}, w ritte n  in  th e  fo rm

№ { H 2} = | n °{(H )c} (c —1)

can  be  o b ta in ed  by  c a lib ra tio n .

P roced u re d: ( b -j- 2.1 -j- 3 .1 )

T his p rocedure, w h ich  is analogous to  Procedure a, can  be perfo rm ed  
as fo llow s. Pulses o f 0 2 a re  in tro d u ced  o n to  a c a ta ly s t  t h a t  a lread y  co n ta in s 
ch em iso rb ed  hydrogen  (H )c. F o r oxygen p re se n t in  th e  gas p h ase , a com bina
t io n  o f  E q s (a—1) a n d  (b— 1) gives th e  fo llow ing m ass ba lan ce  (fo rm ation  
o f  w a te r  is also considered)

2lNd{ 0 3} =  l r i N °{(0 )c} + i - ( l  _ хл) № { (H )C.} 
2 4

a'j a n d  y, are defined  b y

* i — Nd{(H)c}/N°{(H)c}; 0 £  a*I <  1

=  Nrf((0 )f}/N °{(0)c}; 0 < 7 1 < 1

(d 1 )

(d 2 )

w h ere  /JN d{ 0 2} is th e  a m o u n t of 0 2 re ta in e d  b y  th e  c a ta ly s t from  th e  gas 
s tre a m , N d{(H)c} a n d  N d{ (0 )c} are th e  am o u n ts  o f chem isorbed  hydrogen  
a n d  oxygen , re sp ec tiv e ly , a f te r  th is  p ro ced u re .

P roced u re e: (a +  1.1 -|- 3 .1 )

T his c o m b in a tio n  is accom plished b y  in je c tin g  pulses o f H 2 on to  a 
c a ta ly s t  th a t  co n ta in s  (0 )f (Procedure a) a n d  is k e p t  in  an  in e r t gas s tream  
a t  room  te m p e ra tu re . O n considering th e  re su lt o f Procedure 1.1 and  th e  
possib le  fo rm atio n  o f  w a te r , th e  m ass b a lan ce  for h y d ro g en  can  be w ritte n  as

z l N J H J  =  ( 1 - у 2) № { ( 0 )Л (e l )

w here  y 0 is given b y

y 2 ^ N e{(0 )c}/N °{(0 )c}; 0 < y 2 < l  ( e - 2 )

h ere  zJNe{H2} is th e  a m o u n t of H., re ta in e d  b y  th e  c a ta ly s t an d  N^{(0),.} is 
th e  am o u n t of ch em iso rb ed  oxygen rem ain in g  on th e  c a ta ly s t.
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Procedure f: (d  -j- 1.1 -f- 3.1)

In  th is  case hyd ro g en  is a d m itte d  to  th e  c a ta ly s t-a d so rb a te  system  
(im p lem en ted  b y  Procedure d) a t  room  te m p e ra tu re , th e n  a t  th e  sam e te m p e r
a tu re  th e  h y d ro g en  is f lu sh ed  o u t w ith  an  in e r t  gas s tream . As in  th e  course 
of Procedure e, w a te r  m ay  be  form ed w ith o u t affecting  th e  a m o u n t o f  chem i
sorbed hyd ro g en .

C onsidering E q . (d — 2), th e  a m o u n t o f  w a te r fo rm ed , zHNj{H„0}, can 
be w ritten  as

^ { Н 20} =  (1 y 3)ri № {(0)J (f -1 )

y 3 being d efin ed  by

J 3 -  Щ ( 0 )с } 1 Щ ( 0 ) с} =  Щ ( 0 ) с}1У1№ { ( 0 ) е}; о < y 3 <£ 1 (f 2)

The a m o u n t o f chem isorbed  h y d ro g en  rem ains un ch an g ed , th u s ,

N /{(H )C} =  N d{(H)c} =  № { (H )C} (f  3)

w here Ny{(H)c} an d  N d( ( 0 ) c} are th e  a m o u n ts  of chem isorbed  h y drogen  
and  oxygen rem a in in g  on th e  c a ta ly s t su rface .

Procedure g: (d +  3.2)

A fter P ro ced u re  d a T P D  m easu rem en t is carried  o u t, w h ich  p e rm its  
to  de te rm ine  th e  am o u n t o f  desorbed  h y d ro g e n , Ng{H 2}. C onsidering  th e  
possible fo rm a tio n  o f w a te r, th e  m ass b a la n c e  for N„{H.,} can  be  o b ta in ed  
from  E qs (d 2) an d  (c—1)

N g{H2} =  ~  N d{(H)c} -  N d{(0 )c} № { (H )C} -  y x № { (0 )  J  (g -1)
é~J Zj

| Ж1№ { (Н )е} ^ У1 № { ( 0 ) c}

Procedure h : (f +  3.2)

In  th is  ex p e rim e n t th e  T P D  ru n  is p e rfo rm ed  a fte r Procedure f .  Con
sidering  E qs (f  - 2 ) ,  (f 3) an d  (c 1) as w ell as th e  possible fo rm a tio n  of 
w ate r, th e  m ass ba lan ce  for th e  am o u n t o f  d eso rb ed  hydrogen , N ft{H 2}, can
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be g iv e n  as

N „{H 2} = 1 К /{(Н )Л - N /{ (0 )c} — № { (H )C} — у гу 3 № { (0 )c} (h i ,
Z z

“ X 1 № { (H )C} ^  J j J g  № { (0 )с} 
z

T h e  so rp tio n  c h a ra c te ris tic s  to  be ex p ec ted  fo r each p rocedure  a re  
s u m m a riz e d  in  Table I.

Table I

Summary o f  the characteristics fo r  Procedures a-h

Procedure code
Before procedure A fter procedure

М ( Н ) Л N { (0 )+ N {(H )C> N { (0 )c>

(a) : 2.1 +  3.1 0 0 0 № { ( 0 ) c}
(b) : 1.2 +  3.1 0 0 № {(II )J 0
(c) : (b) +  3.2 № { (H )J 0 0 0

(d) : (6) +  2.1 +  3.1 № { (H )C} 0 N„{(H )C} N „ { (0 )J
(e) : (a) +  1.1 +  3.1 0 N ° { (0 )J 0 N «{(0 )c)
( / ) : ( < * )  +  1.1 + 3 .1 N„{(11),} N „ {(0 ),} N /{(111} N y{((»,}
(g) : (d)  +  3.2 N„{(11),} N „ { (0 )J 0 0
(h) : ( / )  +  3.2 N /{(H )C} N /{(0 ),} 0 0

(a)  d № { 0 2} =  ±  № { ( 0 ) J  (c) № {H 2} =  у  № {(H )C}

d N rf{ 0 2} =  y N „ { ( 0 ) c} + y № { ( H ) c} -  1V„{(H)c)

N„{(0),} =y,N°{(0)c}; O ^ y ^ l  
N „{(H )C} =  *, № {(H )C}; 0 <; <  1

d N e{H 2} =  № {(0 )c} -  N 4{ ( 0 ) c} 
N e{ ( 0 ) J  = y 2 № { ( 0 ) J ;  o < ; y 2 < ; i

( / )  [ Ш  =  Nd( (H )J
У.Уз N » { (0 )c}; 0 ^ y 3 ^ l  
-  r, № {(H )C}

(g) Ng{H 2} =  у  N „{(H )C} -  N ,{ (0 ) ,}  =  y Y ,  № { (H )C} -  y x № { (0 )c}

(h)  N a{H 2} =  у  Ny{(II)c} -  N; { (0 )c} =  у  * , N °{(H )C} — y ,y 3 № { ( 0 ) c}
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Table П а

Sorption characteristics and results o f  the different procedures

B efore  p roced u re A f te r  p ro c e d u re

P ro ced u re  code 10 6 m ol

N{(H)C> N{(OW N{(H)C} N{(0).}

(a) : 2.1 +  3.1 0 0 0 0.90 ZIN°{02} =  0 .4 5 x 1 0 -5
mol

(6) : 1.2 +  3.1 0 0 3.04 0 № {H 2} =  1.52 x lO “6
(c) : (b) +  3.2 3.04 0 0 0 mol

(d ) : ( b )  +  2.1 +  3.1 3.04 0 3.04 a. 0-90 y t ^ N „ {0 ,}  =  0 .4 5 X 1 0 -5 
mol

(d l )  : (b) +  2.1 +  3.1 3.04 0 3.04 0.90 x , =  y i =  1
(d l l ) : (b) +  2.1 +  3.1 3.04 0 3.04 x, 0.90 y , 0 ^ y ,  <  1;

=  0.41 +  0.59 y 1

( e )  : (a) +  1.1 +  3.1 0 0.90 0 0 /)N c{H 2} =  0 .9 0 x 1 0 -5  
mol; y 2 =  0

( f l )  : (d l ) +  1.1 +  3.1 
( f l l ) - . ( d l l )  +  1.1 +  3.1 O

J 
C

O

Ф
 о

H

0.90 
0.90 y,

3.04 
3.04 x i

0.90 y3 
0-90 y ,y 3

0 ^  y3 ^  1

( g l )  : (d l)  +  3.2 3.04 0.90 0 0 N„{H 2} =  0 .6 2 x 1 0 -5  
mol =  (1.52 -  0.90) X 
X 10_ 5 mol

( g l l )  : (d l l ) +  3.2 3.04 x l 0.90 y , 0 0 N {H 2} =  0 .6 2 x 1 0 -5  mol 
=  0.62 x , x 10 —5 mol 

0 < | y ,  <  1; x t =  0.41 +  
+  0.59 y L

Table l ib

Sorption characteristics and results fo r  Procedures d -h

B efo re  p ro ced u re A f te r  p ro c e d u re

P rocedure code io- • m ol

N { (H )C) N « 0 ) e> N{(H)„} N { ( 0 ) c} 1

( d l )  : (b) +  2.1 +  3.1 3.04 0 3.04 0.90 ^ N „ {0 2} =  0 .4 5 x 1 0 -5  
m ol; x , =  y l =  1

(e) : (a) +  1.1 +  3.1 0 0.90 0 0 J N ,{H 2} =  0 .9 0 x 1 0 -5  
mol; у 2 — 0

( f l )  : ( d l ) + 1 . 1  +  3.1 3.04 0.90 3.04 0.90 y3 О ^ У з ^ 1
( g l )  : ( d l )  +  3.2 3.04 0.90 0 0 n „{h 2} =  0 .6 2 x 1 0 -5  

mol

(h i)  : ( f l )  +  3.2 3.04 0.90 y 3 0 0 N „{H 2} =  1 .5 2 x 1 0 -5  m ol 
Уз =  0

( f l )  : (d l )  +  1.1 +  3.1 3.04 0.90 3.04 0

ФII£

(h i )  : ( f l )  +  3.2 3.04 0 0 0 N „{H 2} =  1 .5 2 x 1 0 -5  mol
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C) R esu lts  a n d  discussion

T h e  ex p e rim en ta l re su lts  c h a ra c te r is tic  o f th e  so rp tio n  p ro p e rtie s  of 
th e  c a ta ly s t  before an d  a fte r  Procedures a c are lis ted  in  T ab le  H a . I f  P ro
cedure d  is  perfo rm ed  on a c a ta ly s t  t h a t  has been p re tre a te d  b y  Procedure b 
(cf. T a b le  H a ) , th e n , w ith in  th e  lim its  o f  ex p erim en ta l e rro r, th e  va lu e  
л В Д О ) 2 =  0.45 x  10~ 5 m ol is o b ta in e d . T herefo re , using  th e  d a ta  in  
T ab le  I l a ,  th e  follow ing re la tio n sh ip  can  be deduced

0.45 (1 - y i ) =  0.76 (1 - ж,) (4)

T riv ia l so lu tio n s of E q . (4) are

* i  =  ! ;  j i  =  1 (5 Л )

T his m e a n s  th a t  u n d e r th e  e x p e rim e n ta l cond itions em ployed  o x ygen  does 
n o t r e a c t  w ith  hyd ro g en  («q =  1 ), a n d  th e  a m o u n t of oxygen  a d so rb ed  on a 
su rface  covered  w ith  h y d ro g en  H c is e q u a l to  th a t  o f oxygen  ad so rb ed  on 
a h y d ro g en -free  surface (y x =  1), since i t  follows from  E q s (d — 2) a n d  (5 — 1) 
th a t

N d{ (0 )c} =  № { ( 0 ) c} =  0.90 X 10~ 5 mol

N d{(H)c} =  № { (H ) t } =  3.40 X Ю- s  m ol (5.2)

I f  E q . (5.1) is n o t sa tis fied , t h a t  is , aq =  1 an d  y x — 1 are  n o t  a d e q u a te  
so lu tio n s  o f  E q . (4), th e n  from  E q . (4)

x 1 =  0.41 +  0.59 y i  (5.3)

T h a t  is , oxy g en  [ ( 0 2)? ( 0 ) c] re a c ts  on ly  w ith  a fra c tio n  o f  adso rbed
h y d ro g e n  ( 1  aq), and ch em iso rb ed  h y d ro g en  decreases th e  a d so rp tio n  of 
o x y g en  to  such an  e x te n t t h a t  E q . (4) should  be fu lfilled . T he tw o  subcases 
d iscu ssed  above are  d en o ted  b y  d l  an d  d l l ,  re sp ec tiv e ly  (cf. T ab le  I la ) .

W h en  th e  c a ta ly s t is p re tre a te d  b y  Procedure a an d  th e n  Procedure e 
is p e rfo rm e d  (the  d a ta  c h a ra c te r is tic  o f th e  ch em iso rp tio n  o f  th e  c a ta ly s t 
a re  sh o w n  in T able I la ) ,  one o b ta in s  w ith in  th e  lim its  o f e x p e rim e n ta l error

Z lN JH ,}  0.90 X 10 5 „m l (6 )

S u b s ti tu t io n  of th e  value o f  /ПЧе{Н 2} as w ell as th a t  of № { (0 )c} g iven  in  th e  
ta b le  in to  E qs (e — 1) an d  (e -  2) leads to

A cta  Chim . (Budapest) 93, 1977

y-i =  0
N J ( 0 ) c} =  0

(7.1)

(7.2)



MÓGER et «1.: REACTION OF HYDROGEN CHEMISORBED WITH OXYGEN 299

T h a t is, th e  reaction  o f  oxygen  w ith  h y d ro g e n  [(H 2)g -)- (H )a] goes to  com 
p le tio n .

O n perfo rm ing  Procedure f  on a c a ta ly s t  p re trea ted  b y  Procedure d , 
th e  so rp tio n  ch a rac te ris tic s  are  m od ified  as show n in T able  2a  (E q s  (f  1), 
( f—2) a n d  ( f—3) are also  ta k e n  in to  acco u n t) .

In  th e  case of Procedure g, a T P D  m easu rem en t is c a rr ie d  o u t on a 
c a ta ly s t  w hich  has been  p re tre a te d  b y  Procedure d. F rom  E q . (g  1)

N ,{ H 2} =  i -х , № { (H )r} -  *  № { (0 )c} -> 0 (8.1)

As tw o  subcases have b een  in tro d u ced  fo r Procedure d , th e  so rp tio n  c h a ra c 
te ris tic s  o b ta in e d  a fte r  Procedure g  shou ld  also  be subdiv ided  in to  tw o  classes 
{ g l  an d  g l l } .  U sing E q . (8.1), th e  re su lts  can  be given as show n in T a b le  I la .  
F o r th e  ex p erim en ts  o f th is  ty p e

Ng{H ,} =  0.62 x  IO “ 5 m ol (8.2)

As can  be  seen from  th e  T ab le , th is  re su lt p e rm its  one to  m ake a cho ice  b e tw een  
a lte rn a tiv e s  g l  and  g l l  (an d , o f course, b e tw een  d l  and  d l l ) .  T h e  v a lu e  of 
Ng{H 2} ( c f . E q . (8.2)) is co n sis ten t w ith  su b case  g l  ( d l )  only. F o r  th is  reason , 
subcases d l l  and  f l l  t h a t  c o n tra d ic t th e  e x p e rim e n ta l resu lts , c a n  be  ru led  
out. C onsequen tly ,

* i =  J i  =  1 (8 -3)

On ac c o u n t o f  th e  re su lts  o b ta in ed , som e o f  th e  d a ta  in  T able I l a  m a y  be 
o m itted . T h e  concrete  so rp tio n  ch a ra c te ris tic s  o f  th e  ca ta ly s t befo re  a n d  a fte r  
Procedures d  g  are again  lis ted  in  T ab le  l i b .

F o r Procedure h th e  va lu e  o f N ,,{H 2} o b ta in e d  ex p erim en ta lly  is

N „{H 2} =  1.52 X IO " 5 m ol (9.1)

S u b s titu tio n  o f  th e  values o f  x v  y x (cf. E q . (8.3)) and  the  c o rre sp o n d in g  
d a ta  in  T ab le  l i b  in to  E q . ( h — 1) gives

whence

1.52 =  — 3.04 — 0.90 y 3
2

Уз =  0 (9.2)

T h a t is, th e  reac tio n  of chem isorbed  oxygen  ( 0 ) c w ith  hydrogens (H 2)g an d  
(H )a, in  acco rd an ce  w ith  th e  ex p e rim en ta l re su lts  o f Procedure e, goes to
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co m p le tio n  d u rin g  Procedure f .  A ccordingly, th e  re su lts  o f Procedures f l  an d  
h i  a re  re p e a te d  in  T ab le  l i b .

C o n cern in g  th e  re a c tiv it ie s  of chem isorbed  h y d ro g en  and  oxygen , th e  
fo llow ing  conclusions h a v e  b een  draw n from  th e  ex p erim en ta l re su lts  o u t
lined  in  th is  section.

(i) C hem isorbed  h y d ro g e n  (H )c, w hich is s ta b le  even a t room  te m p e r 
a tu re , do es n o t re a c t w ith  e ith e r  gaseous or ch em iso rb ed  oxygen a t  room  
te m p e ra tu re  (c f. E q . (8.3), =  1):

[ (0 2)g +  (O )J  +  (H )c +  H 20  ( 1 0 .1 )

(T  — 290 K)

(ii) C hem isorbed o x y g en  (0 )c, w hich c a n n o t  be rem oved fro m  th e  
c a ta ly s t  su rface  w ith  an  in e r t  gas a t room  te m p e ra tu re ,  reac ts  w ith  h y d ro g e n  
(i.e . w ith  (H 2)„ an d  (H )Q) a lre a d y  a t room  te m p e ra tu re  (cf. E qs (7.1) and  
(9 ,2), y ,  =  y 3 =  0):

[(H 2)„ +  (H )a] +  (0 )c -  H .,0  (10.2)

(T ~  290 K)

(iii) C hem isorbed h y d ro g e n  (H )c an d  o x y g e n  ( 0 )c, w hich desorb  above 
ro o m  te m p e ra tu re  on ly , re a c t  w ith  each o th e r  u n d e r T PD  co n d itio n s  (cf. 
r e s u l t  o f  Procedure g l) .

D ) R eac tio n  of chem iso rbed  hydrogen species (y ,  e, 8 ) of d ifferen t bond  
s tre n g th s  w ith  chem isorbed  oxygen

Procedure g (d -f- 3.2) described in  th e  p re v io u s  section can  be acco m 
p lish e d  also  b y  in jec tin g  d iffe ren t num bers o f  o x y g en  pulses (in Procedure d) 
o n to  th e  c a ta ly s t s a tu ra te d  w ith  chem isorbed  h y d ro g e n  (zlN {0 2 } <  / 1№ { 0 2}). 
th e n  p e rfo rm in g  a T P D  m easu rem en t.

T h e  T P D  curves reco rd ed  a fte r in je c tio n  o f  various am o u n ts  o f  oxygen  
a re  sh o w n  in  Fig. 1.

I t  is to  be seen t h a t  u n d e r  T P D  c o n d itio n s  th e  th ree  ty p es o f  h y d ro g en  
(y , e, Ő) show7 co n sid e rab ly  d ifferen t re a c tiv it ie s  to w ard  adsorbed  h y d ro g en . 
I f  th e  eq u iv a len t a m o u n t o f chem isorbed o x y g e n  is less th a n  o r e q u a l to  
th e  a m o u n t o f chem iso rbed  hydrogen  o f ty p e  y , th e n  oxygen reac ts  p ra c tic a lly  
o n ly  w ith  th is  ty p e  o f  chem isorbed h y d ro g e n . C hem isorbed h y d ro g e n  of 
ty p e  e re ac ts  w ith  chem iso rbed  oxygen o n ly  if  th e  am ount of ch em iso rb ed  
o x y g e n  h as  exceeded  th e  eq u iva len t a m o u n t o f  chem isorbed h y d ro g e n  o f 
t y p e  y .
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Fig. 1. T P D  c u r v e s  o f  a P t  c a t a ly s t  s a tu r a te d  w i t h  c h e m is o r b e d  h y d r o g e n s  (y , e, 6) u p o n  
c h e m is o r p t io n  o f  v a r io u s  a m o u n t s  o f  o x y g e n

/IN „{0,} =  0; / IN .iO .j  <  /JNoOo <  /IN jjOo

T he chem isorbed  hydrogens, how ever, desorb  d u rin g  T P D , t h a t  is, 
d ep en d in g  on th e  te m p e ra tu re , th e  follow ing reac tio n s  shou ld  also he consid 
ered  :

(H )e ^  (H)„ —  (H 2), ; J Í  (11.1)

A ccord ingly , th re e  p a th s  can be g iven fo r th e  reac tio n  b e tw een  chem i
so rb ed  hydrogen  an d  oxygen , ta k in g  p lace u n d e r  T P D  co n d itions. These 
are  as follows:

[(H 2)g +  (H)a +  (H),.'] +  (O), J =

d  1
T P D ; (H )c +  ( 0 ) f -------- *----^ H 20  +  (H )c. (11.2)

j;'[ I
[(Н 2), +  (H )a 4- (H )f.] +  [ ( 0 2), +  (0 ) t,] J '  1

T he p a th  J ;! =  J 3 -f- J 3 can  be ex c luded  as a T P D  s tu d y  o f oxygen  [3] 
has show n th a t  oxy g en  desorbs a t  a m uch h ig h er te m p e ra tu re  th a n  hydrogen .

As described  p rev io u sly  (cf. E q . (10.1) in  Section  C), re a c tio n  J L does 
n o t ta k e  place a t  room  te m p e ra tu re . T his re su lt, how ever, does n o t e lim ina te  
th e  p o ss ib ilty  of J x u n d e r T P D  cond itions since, on h ea tin g , th e  ra te  o f th is  
re a c tio n  m ay  increase , p ro v id ed  th e  reac tio n  is su b je c t to  k in e tic  h in d ran ce  
only . O ccurrence o f  d eso rp tio n  (11.1) d u rin g  T P D  an d  th e  re su lt expressed  
by  E q . (10.2) s tro n g ly  su p p o rt th e  conclusion  th a t  p a th  J 2 =  Jo-p  J 2 is 
o p e ra tiv e  in  th e  system  u n d e r co n sidera tion .

In  o rder to  o b ta in  ad d itio n a l ev idence for p a th  J.„ th e  follow ing set 
o f m easu rem en ts  w as also perfo rm ed  w hich, how ever, does n o t e lim in a te  th e  
p o ssib ility  of J r  In  th ese  ex p erim en ts  we tr e a te d  w ith  oxygen  (1. 2 +  3.1)
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a c a ta ly s t  th a t  did n o t c o n ta in  chem isorbed  h y d ro g en  o f ty p e  У (cf-  F ig- 2)- 
(F o r d e ta ils  o f th e  p re p a ra tio n , see Ref. [1]). A fte r  t re a tm e n t w ith  oxygen  
a t  100 °C (h ere in after Procedure  2.2) th e  c a ta ly s t w as cooled to  room  te m p e r
a tu re  a n d  th e n  th e  oxygen  w as flu shed  o u t (Procedure 3.1). S u b seq u en tly , 
a T P D  cu rv e  was reco rd ed  (Procedure 3.2). T his w as done b o th  (a) a f te r  
t r e a tm e n t  o f th e  c a ta ly s t  w ith  H 2 a t  am b ien t te m p e ra tu re  (Procedure 1.1 -|- 
-f- 3.1) a n d  (b) w ith o u t H 2- tre a tm e n t (see Figs 3 an d  4).

Fig. 2. T PD  curve of a P t ca ta ly st not containing chem isorbed hydrogen o f type у

Fig. 3. T P D  curve of a P t ca ta ly st not containing chem isorbed hydrogen of typ e  y,  after 
pretreatm ent w ith  oxygen  at 100 °C and w ith  hydrogen at room  tem perature

F o r Procedure 1.2 +  3.1 (in itia l s ta te )  th e  a m o u n t o f h y d ro g en  ch em i
so rb ed  on th e  c a ta ly s t (N 0*{(H )C| )  can be ca lcu la ted  from  th e  T P D  curve  
in  F ig . 2:

1.2 - f  3.1:

N 0*{(H)c} = | n 0*{H2} (12.1)

w h ere  N *{H 21 is th e  a m o u n t o f desorbed  h y d ro g en  d e te rm in ed  from  th e  
T P D  cu rve  show n in F ig . 2.
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B y app ly ing  Procedures 2.2 and  3.1, one o b ta in s  a se t o f procedures 
t h a t  can  be reg ard ed  as analogous to  Procedure d described  in  Section B:

1.2 +  3.1 +  2.2 4- 3 .1 :

Nr{(H)f} =  f , N„*{(H)C} ; 0 <[ <[ 1 N,{(0),} =  N J{ (0 )J  (12.2)

w here N 1{ (0 )(.} and  N J { (0 )(.} are  th e  am o u n ts  o f oxygen  chem isorbed , and 
В Д Щ )  is th e  a m o u n t o f chem isorbed  h y d ro g en  rem ain in g  on th e  ca ta ly st.

Fig. 4. T PD  curve of a P t ca ta ly st not containing chem isorbed hydrogen o f type y,  after
pretreatm ent w ith  oxygen  at 100 °C

W hen th e  c a ta ly s t is t r e a te d  also w ith  h y d rogen  a t  ro o m  tem p e ra tu re  
(cf. F ig . 3), th e  re su ltin g  p ro ced u re  will be analogous to  Procedure f  in  Section 
B. A ccordingly ,

1.2 +  3.1 +  2.2 +  3.1 4- 1.1 +  3.1:

N *{(H )C} =  N ?{(H )C} =  f j  N 0*{(H )C} (13.1)

N *{(0 )f} =  r?N,*{(0)c} ;

w here N |{ (H )C} and  N * { (0 )c} are th e  am o u n ts  o f chem iso rbed  hydrogen  
and  oxygen  rem ain ing  on th e  c a ta ly s t  a f te r  th is  p rocedure .

I f  a T P D  m easu rem en t is th e n  carried  o u t (Procedure 3 .2), th e  mass 
balance  for th e  am o u n t of h y d ro g en  desorbed , N J{ H 2}, can  be w ritte n  by 
ana logy  o f E q . (h 1) (cf. Procedure h in Section  B ):

1.2 +  3.1 4 - 2.2 4 - 3.1 4 - 1.1 4 - 3.1 4 - 3.2:

N 3*{H2} =  | n *{(H),} N ? { (0 )J  =  ~ f 1 N *{(H )c} 4 l N J{ (0 )e} (13.2)
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Л c o m p a r iso n  of Figs 2 an d  3 show s th a t  th e  tw o  cu rv es are p ra c tic a lly  
id e n tic a l,  t h a t  is

N ? { H 2} =  N *{H 2} (13.3)

T h u s, f ro m  E qs 12.1, 13.2 a n d  13.3

£ 1  =  1 ; v  1 =  0 (13.4)

T h e  above re la tionsh ip  m e a n s  th a t  th e  ch em iso rb ed  h y d ro g en  o f ty p e  
s is n o t  c a p a b le , a t least w ith in  1 0  2 0  m in, to  re a c t w ith  th e  system  invo lv in g
( 0 2)? a n d  ( 0 ) c even a t 100 °C (ß1 =  1). I t  is also to  be seen  th a t  oxygen  chem i
so rb ed  a t  100 °C reacts w ith  th e  sy s tem  (H.,)? (H )c a lre a d y  a t room  te m p e r 
a tu re  (rj1 =  0 ).

H  o w ev er, a com parison  o f  F igs 2 and 4 show s t h a t  if  th e  chem iso rbed  
o x y g en  is n o t rem oved, th e n ,  u n d e r  T P D  cond itio n s, chem iso rbed  oxygen 
re a c ts  m a in ly  w ith chem iso rbed  hydrogen  of ty p e  f .

E )  E xperim ental

D eta iled  description of the T P D  m easurem ents is given in our previous paper [8].
T h e  P t catalyst (adsorbent) w as prepared by reduction of a 0.16 M  aqueous solution  

of H 2P tC l6 w ith  hydrogen. To ob ta in  an ion-free catalyst, the p latinum  powder was washed  
w ith  d e io n ized  water several tim es and , after drying, it  was pressed in to  tablets 0.8 1.0 mm
in th ick n ess . Since the specific surface area of the Pt catalyst decreases on therm al treatm ent 
the c a ta ly s t  samples, prior to the m éasurem ents, were calcined in  a stream  of H 2 of atm os
pheric pressure at 650 °C for 1 hr and  th en  kept at this tem perature in  a stream  of air o f a t
m ospheric pressure for 1 hr. The sp ec ific  surface area of the ca ta ly st thus pretreated was cca. 
0.1 m 2/g ,  as determined both electrocliem ically  and by krypton adsorption. The T PD  curves 
of th ese  ca ta ly sts were reproducible to  w ith in  a relative error of 3 — 5%.

F o r  purification, the hyd rogen  used in the m easurem ents was diffused throught a Pd 
m em b ran e warmed to 500 °C. To rem ove oxygen, N2 and He were passed through copper 
co n ta c ts  a t 200 °C, and then, for dry ing , through Linde 4A m olecule sieve cooled w ith dry 
ice -a ce to n e . 0 2 and air were pu rified  b y  passing through colum ns filled  w ith clinoptilolite m o
lecu lar sieve.

In  the TPD and pulse runs, th e  flow  rate and pressure of the inert gases were 16 cm 3/min 
and 1.05 atm , respectively. The reactor  was heated at a rate o f 15 °C/min. The am ount of the 
c a ta ly s t  em ployed was 3.3 g.

B y  the method described earlier [1], it can be achieved th at the P t should be covered 
m a x im a lly  w ith  chemisorbed h yd rogens stable above room tem peratu ie . A T PD  curve thus 
o b ta in ed  is shown in Fig. 5. The T P D  peak area corresponds to 1.55 X 10 ~5 mol of chemisorbed  
h yd ro g en , as determined by ca libration  o f the H2 detector.

T h e  amount of 0 2 (H 2) reta in ed  by the catalyst was determ ined by injecting 20/d 
pu lses o f  oxygen (hydrogen) in to  th e  inert gas stream before the ca ta lyst bed w ith a micro
syr inge  and monitoring the am o u n t o f effluent oxygen (hydrogen) at constant temperature. 
(R u n s w ith  oxygen were made in  a stream  of He, whereas those w ith  hydrogen were performed 
in a stream  of N2.) Two exam ples o f the results obtained by utilizing the pulse technique  
are sh o w n  in Figs 6 and 7.

In  order to check the v a lid ity  o f our results for the ca ta ly st prepared by reduction with  
h y d ro g en , the experiments were rep eated  on two com m ercial cata lysts o f different types as 
w ell as on  a catalyst prepared b y  red uction  of aqueous H2PtClf( w ith  form aldehyde. Apart from 
the d ifferences in the am ount an d  in  the ratio of the three typ es of chemisorbed hydrogen  
(y , e, i5). it  has been found th at th e  experim ental results can be interpreted sim ilarly as in the 
case o f  P t powder prepared by o u rse lves and studied in detail.
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. 5. T PD  curve of a P t ca ta lyst saturated m axim ally w ith  chem isorbed hydrogens stable
at room tem perature

No. of pulses

. 6. Am ount of oxygen retained by a Pt catalyst as determ ined at room tem perature
by a pulse technique

No. of pulses

Fig. 7. Am ount of hydrogen retained by a Pt catalyst containing adsorbed oxygen  as 
determ ined at room  tem perature by a pulse technique
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ALUMINIUM NICOTINE EXCHANGE EQUILIBRIA: 
PART III- ON KAOLINITE

J .  P .  S lN G H A L  and R .  P .  S l N G H ,

(Chemical Laboratories, Faculty o f  Engineering and Technology,
Aligarh M uslim  University,  Aligarh, India)

R eceived July 16, 1976

A therm odynam ic study  of the exchange equilibria between nicotine and Al- 
kaolinite yielded isotherm , separation factors, se lec tiv ity  coefficients and standard  
free energy changes which indicated a non-spontaneous reaction with a lower preference 
for nicotine. The reaction was exotherm ic. Its  non-spontaneity found confirm ation  
from entropy loss. A stronger binding of nicotine to  fixed  specific sites o f  kaolin ite  in 
the Stern layer was, however, revealed. The a c tiv ity  coefficients and the excess ther
m odynam ic functions were ind icative o f the reaction  behaving as a highly heterogeneous  
non-ideal system .

In tro d u c tio n

In  v iew  o f th e  encourag ing  resu lts  o b ta in e d  du ring  th e  course o f our 
ea rlie r w ork  ( S i n g h a l  et a l., 1975, 1976) on  th e  exch an g e  betw een a lu m in iu m  
and  n ico tine  on illitic  an d  m o n tm o rillo n itic  c lay s , i t  w as considered desirab le  
to  ex ten d  th e  w ork  to  k ao lin ite  in  its  a lu m in iu m  form . Clays e x h ib it  ion- 
exchange p ro p e rtie s . T hey  p rov ide  sites fo r c a tio n  exchange re a c tio n s  and  
form  clay  o rgan ic  com plexes. In  its  a lu m in iu m  sa tu ra te d  form  k ao lin ite  
behaves as a B rö n sted  acid  ( L l o y d  an d  C o n l e y , 1970) to  supp ly  p ro to n s  
to  n ico tine  in  aqueous m ed ium  y ie ld ing  th e  fo llow ing  exchange re a c tio n

r ^ Y c \  / ш
N— СНз + Al-kaolinite + 3 H20  

N

OH:

c
OH2

OH2

N —СНз Kao30 + А1(ОН)з

The above re a c tio n  was found  to  be rev ersib le  ( S i n g h a l  and S i n g h , 1970) 
in  th ese  lab o ra to rie s .

T he aim  o f th e  p resen t in v es tig a tio n  w as th e re fo re  to  o b ta in  fu r th e r  
in fo rm ations from  th e  th e rm o d y n am ic  ap p ro ach  o f  th e  earlier w orkers ( G a i n e s  

and T h o m a s , 1953; H o w e r y  and T h o m a s , 1965; S i n g h a l  and S i n g h , 1973)
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for th e  exchange reac tio n  be tw een  A l-kao lin ite  an d  nicotine. I t  w as co n sid 
e red  t h a t  such  a s tu d y  will p ro v e  useful in  fu r th e r  u n d e rs tan d in g  th e  n a tu re  
o f a d s o rp tio n  of com plex pestic ides such as n ico tin e  on clays an d  soils.

M ateria ls  and  m eth o d s

K a o lin ite  was a m onom ineralic A .P .I. sample from  B ath, South Carolina. A fter  suitable  
trea tm en t it s  <2^a fraction was converted (S in g h a l  et. a l ., 1975) into A l-kaolinite o f pH  4.5. 
The concen tration  of the suspension w as 22.18 g per litre. Its Al-CEC as determ ined by the 
m eth od  o f  F r in k  an P ee c h  (1963) w as found to be 8.4 m eq per 100 g kaolinite.

T he exchange was carried ou t by taking 10 m l sam ples of Al-kaolinite suspension in a 
num ber o f  glass stoppered tubes and adding different am ounts of standard 0 .1 5N  n icotine so
lu tion  and  adjusting the m ixture to 25 ml in each case w ith  distilled water. The m ixtures were 
sh aken  a t  30 +  0.1°C in the first set o f experim ents and 60 +  0.1 °C in the second set for 6 
hours in  each  case. The suspensions were then centrifuged and aluminium and n icotine deter
m ined in  th e  supernatant liquids (S in g h a l  et. al., 1975). The corresponding concentration  of 
alum in ium  in the kaolinite phase w as obtained by substracting its concentration in  the super
n atan t liq u ids from the Al-CEC and that for nicotine from  nicotine added m inus the nicotine  
in th e  supernatants.

R esu lts  and  discussion

T h e  exchange eq u ilib ria  betw een  A l-kao lin ite  and  n ico tin e  can  be 
d e sc r ib e d  b y  the  follow ing eq u a tio n

CA 1 +  Cnicotine ^  Cai +  Cnicotine (1), w here  b a rred  q u a n titie s  re p re se n t 
th e  e q u iv a le n t co n cen tra tio n s  in  th e  clay  p h ase  and u n b a rre d , th e  con-

Ф

( X nicotine)

Fig. 1. E xchange isotherm s for nicotinium -ion on alum inium  kaolinite a t 30° and 60 C

A c ta  C him . ( Budapest) 93, 1977



SINGHAL, SINGH: ALUMINIUM-NICOTINE EXCHANGE EQUILIBRIA: PART III 309

c e n tra tio n s  in  th e  so lu tio n . The ionic f ra c tio n s  o f  alum inium  and  n ic o tin e  
in  th e  solid and  so lu tio n  phases, th e  s e p a ra tio n  fac to rs  and  th e  s e le c tiv ity  
coeffic ien ts for v a rio u s  va lu es  of ionic f ra c tio n s  o f n icotine were c a lc u la te d  
b y  th e  usual m e th o d s  as m en tioned  earlie r ( E l - S a y e d , et al., 1970; H e l f - 
FERICH, 1962; S i n g h a l  et al., 1976). T he v a lu e s  are  given in  T ab le  I.

Tabic I

Values o f  equivalent ionic fractions o f  aluminium and nicotine and selectivity quotients at  30° 
and  60 °C fo r  the nicotine exchange with Al-kaolinite

30 °C

S. N . XAi x A. ^nicotine •̂ nicotine nicotine
aAl KC lo g  K C

l . 1.000 1 . 0 0 0 0 .0 0 0 0 . 0 0 0 0 . 0 0 0 0 .0 0 0 0 0 . 0 0 0 0

2. 0.920 0.710 0.080 0.290 0.212 0.0018 -2 .7 4 4 7
3. 0.851 0.626 0.149 0.374 0.089 0.0032 — 2.4949
4. 0.782 0.303 0.218 0.696 0.121 0.0119 1.9245
5. 0.691 0.266 0.309 0.734 0.162 0.0287 — 1.5421
6. 0.668 0.186 0.332 0.814 0.114 0.0189 - 1 .7 2 3 5
7. 0.525 0.171 0.475 0.829 0.187 0.0613 — 1.2125
8. 0.434 0.169 0.566 0.831 0.265 0.1320 - 0 .9 1 0 1
9. 0.377 0.167 0.623 0.833 0.331 0.1853 - 0 .7 3 2 1

10. 0.267 0.104 0.733 0.896 0.319 0.2133 0.6710
11. 0.220 0.102 0.780 0.898 0.403 0.3428 — 0.4650
12. 0.199 0.085 0.801 0.915 0.374 0.3200 -0 .4 9 4 9
13. 0.152 0.077 0.848 0.923 0.465 0.3928 — 0.4069

60 °C

1. 1.000 1.000 0.000 0.000 0.000 0.0000 0.0000
2. 0.920 0.710 0.080 0.290 0.213 0.0018 2.7447
3. 0.851 0.558 0.149 0.442 0.099 0.0046 - 2 .3 3 7 6
4. 0.782 0.304 0.218 0.696 0.112 0.0119 - 1 .9 2 4 5
5. 0.761 0.230 0.269 0.770 0.106 0.0129 1.8894
6. 0.686 0.190 0.314 0.810 0.107 0.0161 - 1 .7 9 3 2
7. 0.557 0.164 0.443 0.836 0.156 0.0440 - 1 .3 5 6 5
8. 0.459 0.166 0.541 0.834 0.235 0.0987 - 1 .0 0 5 7
9. 0.413 0.130 0.586 0.871 0.212 0.0962 - 1 .0 1 6 4

10. 0.281 0.105 0.719 0.895 0.300 0.1937 -  0.7329
11. 0.237 0.091 0.763 0.909 0.322 0.2270 0.6884
12. 0.195 0.089 0.805 0.911 0.403 0.3144 0.9011
13. 0.142 0.094 0.858 0.906 0.627 0.5622 - 0 0255
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F ro m  th e  v a lu es  o f e q u iv a len t ionic f ra c tio n s  a t  30Q and 60 °C, ex ch an g e  
is o th e rm s  w ere p lo tte d  a n d  given in  F ig . 1. T he curves s tro n g ly  d e v ia te d  
f ro m  th e  diagonal. T h u s  as com pared  to  n ic o tin e , alum inium  w as p re fe rred  
th ro u g h o u t  b y  k ao lin ite  a t  b o th  te m p e ra tu re s . This was in  acco rd an ce  w ith  
th e  se p a ra tio n  fa c to r  w hose values w ere lo w er th a n  u n ity  a t  b o th  te m p e r
a tu re s .  A n ex am in a tio n  o f th e  values o f  s e p a ra tio n  fac to r (T able I) fu r th e r  
in d ic a te d  th a t ,  in  genera l, th e  preference o f  n ico tine  increased  w ith  a rise 
in  i t s  co n cen tra tio n  w hile an  increase in  te m p e ra tu re  was w ith o u t any  
m a rk e d  effect.

 ̂X nicotine)

Fig. 2. N icotine-alum inium  se le c t iv ity  in kaolinite

U sing th e  tra p e z o id a l ru le, th e  p lo t o f  se lec tiv ity  coeffic ien ts (F ig . 2) 
w as  u sed  to  ca lcu la te  th e  th e rm o d y n am ic  e q u ilib riu m  co n stan t fo r th e  exch an g e  
re a c t io n  from  th e  re la tio n sh ip

In К  =  (ZA -  Z B) + J  In  K c d X nicotine (2)
0

A  s lig h tly  h igher v a lu e  o f К  a t  60° th a n  a t  30 °C ind ica ted  a so m ew h at g rea te r  
p re fe re n ce  b y  k ao lin ite  fo r n ico tine w ith  a rise  in  tem p era tu re .

T h e  values o f ZlG°, /Ш ° an d  AS0  w ere  ca lcu la ted  from  th e  fo llow ing 
w ell know n  equ a tio n s

AG° =  R T  In К (3)

( K Ts ZlH° 1 1

K Ti R t 7 " тГ
( 4 )
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an d  AG° =  /1H° T d S °  (5)

T he resu lts  are  g iven in  T able I I .

Table II

Thermodynamic values for the nicotine exchange with aluminium kaolinile at 30° and  60 °C

Thermodynamic
param eters

Values a t 30 °C Values a t 60 °C

к 0.135 0.155
/|G ° cal/mole 179.39 279.85

,1H° cal/mole -1 0 1 8 .2 1

,4S° cal/mole 4.02 4.02

The p ositive  values of s ta n d a rd  free en erg y  in d ica ted  t h a t  a t  b o th  
te m p e ra tu re s  th e  exchanges w ere n o n -sp o n tan eo u s  w ith  a low er p re fe ren ce  
fo r n ico tine. T he e n th a lp y  effect in d ic a te d  t h a t  th e  reac tio n  was te m p e ra tu re  
d ep en d en t an d  ex o th e rm ic  an d  t h a t  n ico tine  w as m ore s tro n g ly  h o u n d  on 
k ao lin ite  as co m p ared  to  a lu m in iu m . T he n o n -sp o n ta n e ity  o f ex c h a n g e  of 
n ico tin e  found co n firm a tio n  from  e n tro p y  loss d u ring  th e  re a c tio n . T he 
g re a te r  o rder in  th e  system  in  th e  fin a l s ta te  o f  exchange as in d ic a te d  by  
n eg a tiv e  values o f e n tro p y , how ever, ap p eared  to  he due to  b in d in g  o f  n ico tin e  
to  fixed  specific sites of kao lin ite  in  th e  S te rn  layer.

Table III

The surface phase activity  coefficient for different Al-nicotine compositions at the kaolinite
surface at 30° and  60 °C

S. N.

Values a t 30 °C Values at 60 °C

Y-''•nicotine fAI ^nicotine ^nicotine fA, ^nicotine

1. 0.080 1.0000 1.0000 0.080 1.0000 1.0000

2. 0.149 1.2713 1.2586 0.149 1.2586 1.2461

3. 0.218 2.1383 2.0751 0.218 2.0751 2.0138

4. 0.309 3.0957 2.9154 0.269 2.5857 2.5093

5. 0.332 3.2871 3.1582 0.314 3.0957 2.9154

6. 0.475 5.5290 4.8067 0.443 5.1039 4.6182

7. 0.566 7.6141 5.7546 0.541 7.2427 5.8124

8. 0.623 9.2999 6.1105 0.586 8.3311 6.6851

9. 0.733 12.1825 7.4633 0.719 13.4637 8.4149
10. 0.780 16.9400 7.6906 0.763 14.8797 8.9352

11. 0.801 16.9000 8.0849 0.805 20.0855 9.3933
12. 0.848 21.1153 8.6711 0.858 34.8133 9.4877
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T h e  s u r fa c e  p h a s e  a c t i v i t y  c o e f f ic ie n ts  o f  a l u m in iu m  a n d  n ic o t in e  w e re  
c a l c u l a t e d  f ro m  th e  f o l lo w in g  e x p re s s io n s  ( H o w e r y  a n d  T h o m a s , 1965; 
S i n g h a l  et al., 1975)

1

^nicotine (-^-nicotine l )  In K q “ ^-^-nicotine
-̂ -nicotine

(6 )

an d
--- n̂icotine ---

In f A1 — ^-nicotine K c ) 111 K c d X nicotine
0

(7)

T h e  v a lu e s  are given in  T a b le  I I I .  The v a lu e s  o b ta in ed  w ere g re a te r  th a n  
u n i ty  a n d  showed a c o n s is te n t rise w ith  an  in c rea se  in  th e  v alue  o f X njcotine- 
S u ch  h ig h  values in  so lid  s ta te  have been  o b se rv ed  b y  o th e r w orkers also 
( R o b i n s o n  and St o k e s , 1949; D e is t  and T a l i b u d e e n , 1967) and  rep re sen ted  
a v e ry  heterogeneous d iffu se  d is trib u tio n  o f  a lu m in iu m  and  n ico tin e  ions 
on  th e  kao lin ite  su rface .

T o  s tu d y  th e  d e v ia tio n  of th e  h e te ro g en eo u s system  from  id e a lity  th e  
excess th e rm o d y n am ic  fu n c tio n s  for th e  in te ra c tio n  were ca lcu la ted  from  
th e  e q u a tio n s  (G a s t  a n d  K l o b e , 1971; V a n s a n t  a n d  U y t t e r h o e v e n , 1972):

ZlH*

ZlGm — R T  £X njCOfjne 111 fnicotine 

Ó In f,

X ai In fA1]

R T 2 Y-^nicotine
n i c o t ine

<3T
X A1

d l n f Ai Г

<5T

a n d ZlGm ZIH„ T  AS*

( 8 )

(9)

( 10)

F ro m  the  p o sitiv e  a n d  rising values o f  AGm  (Table IV) i t  ap p ea red  
t h a t  th e  heterogeneous m ix tu re  of ions d u rin g  th e  exchange was less stab le  
as co m p ared  to  th e  p u re  form s and th e  s ta b il i ty  decreased w ith  a rise in 
n ic o tin e  co n cen tra tio n . A ch an g e  from  p o s itiv e  to  negative  in  th e  en th a lp ies  
o f  m ix in g  ind ica ted  an  in c rea se  in s tren g th  o f  b in d in g  of th e  m ix tu re  o f  ions 
w ith  an  increase in  th e  co n cen tra tio n  of n ic o tin e . N egative en tro p ies  were 
in d ic a tiv e  of a m ore o rd e re d  d is trib u tio n  o f  th e  m ix tu re  of a lu m in iu m  and 
n ic o tin iu m  ions on th e  he te ro io n ic  exchanger w ith  respect to  th e  p u re  ionic 
fo rm s. T h u s th e  d e p a rtu re  fro m  ideality  d u rin g  th e  exchange reac tio n  occurred  
in  th e  form  of a less s ta b le  th ough  m ore o rd e re d  m ix tu re  of ions on th e  
k a o lin ite  surface.
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Table TV

The excess free energies, enthalpies and  entropies o f  mixing, AGm, dIHm, ZlSm fo r  Al-nicoline
exchange on kaolinite at 30° and  60 °C

30 °C

S. N. ^uicxtlne dG* dH* dS*

l. 0.080 0.00 0.00 0.000
2 . 0.149 142.50 53.02 0.000

3. 0.218 446.07 194.39 0.845

4. 0.309 659.26 1219.37 1.880

5. 0.332 504.07 494.82 0.031

6. 0.475 977.47 477.14 1.679

7. 0.566 1109.01 74.22 -3.472

8. 0.623 1166.17 371.11 5.159

9. 0.733 1271.49 -7 5 9 .9 0 - 6 .8 1 7

10. 0.780 1313.42 633.86 6.602

11. 0.801 1328.01 1042.65 7.955

12. 0.848 1359.85 1060.32 -8 .121

60 °C

1. 0.080 0.00 0.00 0.000

2. 0.149 148.74 64.36 0.261

3. 0.218 462.79 228.38 0.726

4. 0.269 622.72 1498.83 2.576

5. 0.314 714.37 581.32 0.412

6. 0.443 1017.70 581.32 - 1 .3 5 1

7. 0.541 1198.51 101.73 - 0 .5 6 1

8. 0.586 1279.43 394.47 5.183

9. 0.719 1448.16 560.56 6.219

10. 0.763 1489.17 -  747.41 - 6 .9 2 4

11. 0.805 1531.98 1224.93 -8 .5 3 5

12. 0.858 1561.35 -1 2 0 4 .1 7 - 8 .5 6 3

*

The second author is indebted to  U .G .C. (India) for the grant o f a P ost D octoral F el
low ship .
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On the basis o f the vibrations o f the ring, 115 1 ,2 ,3 ,5-tetrasubstitu ted  benzene 
derivatives can be classified into three groups, depending on whether all four substituents 
are ‘ligh t’, or one or tw o of them  are ‘hea v y ’. The ring vibrations m ost c losely  resembling 
the 30 fundam ental vibrations of benzene were first considered, and the in ten sity  rela
tions and frequency ranges o f the relevant bands were given for each. In  the second 
part an exam ination w as made of the characters of the bands relating to  the inter
nal vibrations of the substituents. Particular atten tion  was paid to the O H , C =  0 ,  
N 0 2 and amide groups, for interm olecular and chelate structures in  th e  solid phase 
could be established from  the features o f  the bands related to these groups. The in ten
sities and frequencies were correlated w ith  the electron shifts w ith in  the m olecules.

In tro d u c tio n

W e earlier reported  and d iscussed  th e  infrared spectra o f  50  1,2,3,5-  
- te tra su b st itu ted  b en zen e d erivatives  [1, 2 ] .  T h e  sy stem atic  in v e s t ig a t io n  has  
n ow  been  ex ten d ed  to  m a n y  further d e r iv a t iv e s ,  perm itt ing a m ore  com p lete  
review  o f  th e  v ib ration a l properties o f  115 1 ,2 ,3 ,5 -te trasu b st itu ted  b en zene  
d er iva tives .

B e lo w  we list th e  com p oun ds s tu d ie d ,  includ ing  those rep or ted  prev i
ou sly ,  in  three main groups: ( A )  all four su b st itu en ts  are ‘l ig h t ’ [3, 4 ];  ( В )  

there is a h e a v y  halogen  in posit ion  1; ( C )  there  are h ea v y  h a lo g en s  in posi
t ions 1 and 3.

G r o u p  A :

Substituents in positions
1 2 3 5

1. CH3 CH3 CH., CH.
2. F F F F '
3. <11. c:„n, CH3 CH3
4. CH' C3H7 CH3 CH3
5. D l l OH OH CH.
6. D l l COOH OH OH
7. D l l OH OH COOH
8. D l l OH OH COOCH,
9. D l l OCH3 OH CH3 •

1 .2 .3 .5- tetram ethylbenze [5,6]
1.2 .3 .5- tetrafluorobenzene [7]
1 .3.5- trim ethyl-2-ethylbenzene [8]
1.3 .5- trim ethyl-2-n-propylbenzene [8]
3 .4 .5- trihydroxy toluene
2 .4 .6 - trihydroxy benzoic acid
3 .4 .5 - trihydroxybenzoic acid 
m eth yl 3 ,4 ,5-trihydroxybenzoate
3.5- dihydroxy-4-m ethoxy to luene
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1 0 . O H  O H O C H g C H O
1 1 . O H  C O O C H g O H O C H g
1 2 . O H  O C H 3 O H CO O C H g
13. O C H 3  O H O C H g CH g
14. O C H 3  O H O C H g C O O H
15 . O C H , O H O C H 3 CO O C H g
16 . O H  ‘  C O O C H 3 O C H g O C H g
17. O H  C O N H , O C H 3 O C H g
18. O C H g  O C H g O C H 3 C H O
19 . O C H 3  O C H 3 O C H g C O O H
2 0 . O C H g  O C H 3 O C H g C O O C H g
2 1 . O C H g  0 C H 3 O C H g c o n i i 2

2 2 . O C H g  O C 2 H 5 O C H g C O O H
23. O C H g  OC 3 H , O C H g C O O H
2 4 . O C H 3  O C 3 H 5 O C H g c o n h 2

25 . O C H g  O C 3 H 5 O C H g C N
26 . O C H g  O C O C H g O C H g C O O H
27. O H  CO C 2 H 5 O C O C H g O C O C H g
28 . O C H 3  O C O C H g O C O C H g CH g
29 . O C H g  O C O C H g O C O C H g C H O
30. C H ,  N H 2 C H 3 CH g
31. o h ' n o 2 .h 2o O H O H
3 2 . O C H g  O C H 3 O C H g n o 2

3 3 . C O O H  O H n o 2 n o 2

34 . n o 2  o h n o 2 C N
35 . n o 2  o h n o 2 O H
36 . n o 2  o c h 3 n o 2 C N
3 7 . N 0 2  O C H g n o 2 O H
38 . n o 2  o h n o 2 O CO C H g
39 . n o 2  o h n o 2 0 S 0 2 C H 3

4 0 . N 0 2  O C H g n o 2 O SO .,C H ,
4 1 . n o " n h c 2 h 5 n o 2 C N
4 2 . n o 2  N (C H 3 ) 2 n o 2 C N
4 3 . n o 2  N (C H 2)40 n o 2 C N
4 4 . n o 2  o h n o 2 NO .,

Group В :

45. Cl O H C H O CO O C H g

46. B r O H O H CO O C H g
47. I O H O H C H O
48. Cl O C H g C N CO O C H g

49. Cl O H O C H g C H O

50. Br CH g O H O C H g
51. Br O H O C H g C H O

52. I OH O C H g C H O
53. Cl O C H g O C H g C O O H
54. Cl O C H g O C H g c o n h 2

55. Br C O O H O C H g O C H g
56. Br C O N H 2 O C H g O C H g
57. Br C N O C H g O C H g
58. I O C H g O C H g c o n h 2

59. Cl OC 3 H , O C H g C O O H

60. Br O C gH 5 O C H g C O O H

61. Br O C gH 5 O C H g C O N IIg
62. Br CHg N H , O C H g

3,4-d ihydroxy-5-m ethoxybenzaldehyde  
m eth yl 2 ,6-d ihydroxy-4-m ethoxybenzoate  
m eth yl 3 ,5-d ibydroxy-4-m ethoxybenzoate
4-hydroxy-3 ,5-dim ethoxytoluene
4-hydroxy-3 ,5-dim ethoxybenzoic acid 
m eth yl 4-hydroxy-3 ,5-dim ethoxybenzoate  
m eth yl 2-hydroxy-4 ,6-dim ethocybenzoate
2-hydroxy-4 ,6-dim e thoxybenzam ide
3.4 .5- trim ethoxybenzaldehyde
3.4 .5- tr im ethoxybenzoic acid 
m eth y l 3 ,4 ,5-trim ethoxybenzoate
3.4.5- trim ethoxybenzam ide
3.5- d im ethoxy-4-ethoxybenzoic acid
3 .5- dim  ethoxy-4-n-propoxybenzoic acid
3.5- d im ethoxy-4-ally loxybenzam ide
3.5- d im ethoxy-4-ally loxybenzonitrile
3.5- d im ethoxy-4-acetoxybenzoic acid
2- propionyl-3,5-diacetoxyphenol
3- m eth oxy-4 ,5-d iacetoxytoluene
3- m eth oxy-4 ,5-d iacetoxybenzaldehyde
2.4 .6- trim ethylaniline [9]
2.4 .6- trihydroxynitrobenzene hydrate
3.4 .5- trim ethoxynitrobenzene
3.5- d in itrosalicylic  acid
2.6- din itro-4-cyanophenol
2.6- dinitrohydroquinone
2.6- din itro-4-cyanoanisole
4- m ethoxy-3,5-dm itrophenol
4-acetoxy-2,6-d initrophenol 
4-m esyloxy-2,6-dinitrophenol 
4-m esyloxy-2,6-dinitroanisole
2.6- d in itro-4-cyano-N -ethylan iline
2.6- d in itro-4-cyano-N ,N -dim ethylan iline  
4-N -m orpholm o-3,5-dinitrobenzom trile
2 .4.6- trin itrophenol

m eth y l 4-hydroxy-3-chloro-5-form ylben- 
zoate
m eth y l 3 ,4-dihydroxy-5-brom obenzoate
3.4- d ihydroxy-5-iodobenzaldehyde  
m eth y l 4-m ethoxy-3-chloro-5-cyanoben- 
zoate
4-hydroxy-3-m ethoxy-5-chlorobenzalde-
hyde
2- hydroxy-4-m ethoxy-6-brom otoluene  
4-hydroxy-3-m ethoxy-5-brom obenz alde
hyde
4-hydroxy-3-m ethoxy-5-iodobenzaldehyde
3.4- dim ethoxy-5-chlorobenzoic acid
3.4- dim ethoxy-5-chlorobenzam ide
2.4- dim ethoxy-6-brom obenzoic acid
2.4- dim ethoxy-6-brom obenzam ide
2.4- dim ethoxy-6-brom obenzonitrile
3.4- dim ethoxy-5-iodobenzam ide
3- m ethoxy-4-allyloxy-5-ch lorobenzoic  
acid
3-m ethoxy-4-allyloxy-5-brom obenzoic
acid
3- m ethoxy-4-allyloxy-5-hrom obenzam ide
4- m ethoxy-2-am ino-6-brom otoluene
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6 3 . Cl O H N 0 2 C N
6 4 . U r CHo n o 2 O H
6 5 . Hr O H N O , CN
6 6 . I O H n o 2 CN
6 7 . B r C H 3 n o 2 O C H 3

6 8 . B r O C H , n o 2 C N
6 9 . B r C H - 3 n o 2 n h 2

7 0 . B r C H 3 n o 2 n o 2

71 . Br C H 2O H n o 2 n o 2

72 . B r C O N H 2 n o 2 N O ,
73 . B r C N n o 2 n o "
7 4 . B r F n o 2 n o 2

7 5 . B r N H , n o 2 n o 2

Group C:

7 6 . Cl O H Cl C O O H
7 7 . Cl O H Cl C O O C H 3

7 8 . Cl O H Cl c o n h 2

7 9 . B r O H B r C O O H
8 0 . Br O H B r C O O C H 3

81 . B r O H B r C O N H ,
82 . B r O H B r C N
83 . I O H I CHg
84 . I O H I CN
85 . Cl O C H 3 Cl C H 2 N H 3  +

8 6 . Cl O C H , Cl C H O
8 7 . Cl O C H 3 Cl C O C H 3

8 8 . Cl O C H 3 Cl COC1
89 . Cl O C H 3 Cl C O O H
9 0 . Cl O C H 3 Cl c o n h 2

9 1 . Cl OCHg Cl C O N H O H

92 . Cl O C H 3 Cl C H N O H
9 3 . Cl OCHg Cl c n h n h 2

9 4 . Cl O C H 3 Cl C N H N H Ö H

9 5 . B r O C H 3 B r CO Cl
9 6 . B r OCH.. B r c o n h 2

9 7 . B r O C H 3 B r C O N H C H 3

98 . B r O C H 3 B r C N H N H 2

99 . B r O CH g B r C N H N H O H

1 0 0 . B r O C H 3 B r C N
lul. B r O C H 3 B r C S N H ,
1 0 2 . B r o c 2H5 B r C O O H
1 0 3 . B r OC 2 H 5 B r c o n h 2

104 . B r O C ,H , B r c o n h 2

1 0 5 . Cl OC 3 H , Cl C O O H
1 0 6 . Cl oc 3H5 Cl C O N H ,
1 0 7 . B r ОСз116 B r C O N H ,
1 0 8 . B r oc 3H6 B r C O N H C H 3

109 . I O C O C H 3 I C O O H
1 1 0 . Cl O SO „C H 4 Cl 0 S 0 2CHg
1 1 1 . Cl n h 2' ' Cl c o o c h :
1 1 2 . Cl O C H 3 Cl N H ,
113 . B r O C H , B r N H 2

114. B r o h  3 B r n o 2

115 . B r O C H 3 B r n o 2

2 -c h lo r o -6 - n itr o - 4 - c y a n o p h e n o l
4 -h y d r o x y - 2 - b r o m o - 6 - n i t r o  to lu e n e
2 -b r o m o - 6 -n it r o - 4 -c y a n o p h e n o l
2 - io d o - 6 - n i t r o - 4 -c y a n o p h e n o l
4 - m e t b o x y -2 - b r o m o -6 - n i t r o t o lu e n e
2 - b r o m o - 6 -n it r o -4 -c y a n o a n is o le
4 -a m in o - 2 -b r o m o -6 - n itr o to lu e n e
2 -b r o m o -4 ,6 -d in itr o  t o lu e n e
2 - b r o m o -4 ,6 -d in it r o b e n z y l  a lc o h o l
2 -b r o r n o -4 ,6 -d in itr o b e n z a m id e
2 - b r o m o - 4 ,6 -d in it r o b e n z o n itr i le
2 - b r o m o -4 ,6 -d in it r o f lu o r o b e n z e n e
2 -b r o m o -4 ,6 -d in it r o a n ilin e

4 - h y d r o x y - 3 ,5 - d ic h lo r o b e n z o ic  a c id  
m e t h y l  4 -h y d r o x y - 3 ,5 - d ic h lo r o b e n z o a te  
4 -h y d r o x y - 3 ,5 - d ic h lo r o b e n z a m id e  
4 -h y d r o x y - 3 ,5 - d ib r o m o b e n z o ic  ac id  
m e t h y l  4 -h y d r o x y - 3 ,5 - d ib r o m o b e n z o a t e  
4 - h y d r o x y - 3 ,5 - d ib r o m o b e n z a m id e
2 .6 -  d ib r o m o -4 -c y a n o p h e n o l  
4 - h y d r o x y - 3 ,5 - d i io d o t o lu e n e
2 .6 -  d i io d o -4 -c y a n o p h e n o l  
4 -m e t l io x y -3 ,.rj -d ic h lo r o b e n z y la in m o n iu in  
io n
4 - m e t h o x y -3 ,5 - d ic h lo r o b e n z a ld e h y d e
4 - m e t h o x y -3 ,5 - d ic h lo r o a c e t o p h e n o n e
4 - m e t h o x y -3 ,5 - d ic h lo r o b e n z o y l  ch lo r id e
4 - m e t h o x y -3 ,5 - d ic h lo r o b e n z o ic  a c id
4 -m e t h o x y -3 ,5 - d ic h lo r o b e n z a m id e
4 -m e t h o x y -3 ,5 - d ic h lo r o b e n z o h y d r o x a m ic
a c id
4 -m e t h o x y -3 ,5 - d ic h lo r o b e n z a ld o x im e
4 - m e t h o x y -3 ,5 - d ic h lo r o b e n z a m id in e
4 - m e t h o x y -3 ,5 - d ic h lo r o b e n z o h y d r o x y a m i-
d in e
4 - m e t h o x y -3 ,5 - d ib r o m o b e n z o y l  ch lo r id e  
4 -m e t h o x y -3 ,5 - d ib r o m o b e n z a m id e  
4 'n ie th o x y - 3 ,5 - d ib r o m o - N -m e t h y lb e n z a m -  
id e
4 - m e t h o x y -3 ,5 - d ib r o m o b e n z a m id in e
4 -m e th o x y -3 ,5 -d ib r o m o b e n z o h y d r o x y a m id -
in e
2 .6 -  d ib r o m o -4 -c y a n o a n is o le  
4 - m e t h o x y -3 ,5 - d ib r o m o t h io b e n z a in id e  
4 - e th o x y - 3 ,5 -d ib r o m o b e n z o ic  a c id  
4 -e th o x y - 3 ,5 -d ib r o m o b e n z a m id e  
4 -n -p r o p o x y - 3 ,5 -d ib r o m o b e n z a m id e  
4 -a l ly lo x y - 3 ,5 - d ic h lo r o b e n z o ic  a c id  
4 - a l ly lo x y - 3 ,5 - d ic h lo r o b e n z a m id e  
4 - a l ly lo x y - 3 ,5 - d ib r o m o b e n z a m id e  
4 -a l ly lo x y - 3 ,5 - d ib r o m o - N -m e t h y lb e n z -  
a m id e
4 - a c e t o x y -3 ,5 - d i io d o b e n z o ic  a c id
2 .6 -  d i c h lo r o - l ,4 - d im e s y lo x y  b e n z e n e  
m e th y l  4 - a m in o -3 ,5 -d ic h lo r o b e n z o a te  
4 -m c t h o x y -3 ,5 - d ic h lo r o a n i l in e  
4 - m e t h o x y -3 ,5 - d ib r o m o a n i l in e
2 .6 -  d ib r o m o -4 -n it r o p h e n o l
2 .6 -  d ib r o m o -4 -n it r o a n is o le
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B ands o r ig in a tin g  from ring v ib ration s

I n  th e  following, u sin g  th e  num bering  reco m m en d ed  b y  W il so n  [10],  
we s h a ll  a tte m p t in  sequence  to  id en tify  those  v ib ra tio n s  from  th e  sp ec tra , 
th e  sc h e m a tic  p ic tu re  o f w h ic h  resembles m ost c lose ly  th e  n o rm al v ib ra tio n  
o f b e n z e n e  as num bered  b y  W i l s o n . Figure 1 show s th e  ap p ro x im a te  co
o rd in a te s  o f 30 norm al v ib ra t io n s  o f  th e  ring , fo r co m p o u n d s  of g roup  A .

V ibra tion  1. In  th e  case  o f  to ta l  sy m m etry , th is  belongs to  species a v  
T h e  o r ig in a l frequency  in  b e n z e n e  is 992 cm “ 1, b u t  th e  m ass of th e  s u b s titu e n ts  
cause  th i s  to  decrease c o n s id e ra b ly . The v ib ra tio n  p ic tu re  depends on th e  
n a tu re  o f  th e  su b s titu e n ts , a n d  a separa te  t r e a tm e n t  is therefo re  adv isab le  
in  g ro u p s  A , В  and C o f th e  com pounds stu d ied .

I n  g roup  A  th e  b a n d  is in  general m o d e ra te ly  s tro n g  or w eak , b u t  i t  
m a y  a lso  be very  w eak. I t  is s tro n g  in  the  sp ec tra  o f  d im eric  carboxy lic  acids, 
a n d  a lso  in  th e  spectra  o f c o m p o u n d s  17 and 33. T h e  o v era ll freq u en cy  in te rv a l 
fo r th i s  b a n d  is 440 580 c m “ 1. In  th e  case o f s in g le -a to m  su b s titu e n ts  (no t
in c lu d in g  hydrogen  or h y d ro g e n s) i t  lies a t 5 7 3 — 580 c m “ 1; i f  th e  four 
s u b s t i tu e n ts  to g e th er com prise  5 8  a tom s (sim ilarly  n o t inc lu d in g  h ydrogens),
i t  is a t  523 — 550 cm “ 1; w hile w ith  bu lk ier s u b s ti tu e n ts  i t  is a t  485 505 c m “ 1

( th o u g h  w ith  o rth o -ace to x y  g ro u p s  it  is found  a t  525 o r 532 cm “ 1). T he 
n itro  g ro u p  reduces th e  f re q u e n c y , p robab ly  as a consequence of coupling  
w ith  t h e  ßas N 0 2 v ib ra tio n . I n  th e  spectra  of m o n o n itro  com pounds i t  lies 
a t  4 7 5 -  490 cm “ 1, an d  in  th o s e  o f d in itro  co m p o u n d s a t  4 4 0 — 497 c m “ 1. 
T h e  f re q u e n c y  is p a r tic u la r ly  low  in  com pounds w ith  th e  b u lk y  m esyloxy 
s u b s t i tu e n t .

I n  g roup  В  the  b an d  is g e n e ra lly  weak or v e ry  w eak . On m an y  occasions 
i t  c a n n o t  even  be id en tified . I t  is  s tro n g er in th e  s p e c tra  o f dim eric carboxy lic  
ac ids (see  above) or if  th e re  is a n  O H  group in p o sitio n  3. I ts  overall freq u en cy  
in te rv a l  is 410 565 cm “ 1. H e re  to o , a n itro  g ro u p  decreases th e  freq u en cy
s ig n if ic a n tly . I f  there  is n e i th e r  a n itro  nor a n itr ile  g roup  in th e  m olecule, 
th e n  th e  frequency  is 511 544 c m “ 1, and indeed , in  com p o u n d  62, in w hich
th e  + M  effect of th e  s u b s ti tu e n ts  is a m ax im um , i t  is 565 cm “ 1. In  n itrile s , 
in  th e  ab sen ce  of the  n itro  g ro u p  i t  is a t 499 -5 0 8  c m “ 1, in  m o n o n itro  com 
p o u n d s  a t  429 471 cm 1 ( th e  frequency  falls s lig h tly  in  th e  sequence Cl, 
B r, I :  e.g . 471, 467 and  464 c m “ 1 in  com pounds 63, 54 a n d  6 6 ), an d  in  d in itro  
c o m p o u n d s  a t  410 423 c m “ 1.

I n  g roup  C th e  b a n d  is o f  m edium  in te n s ity  or s tro n g . I t  is w eak , 
h o w e v e r , in  those cases w h ere  th e re  are s u b s ti tu e n ts  o f  id en tica l p o la r ity  
in p o s it io n s  2 and 5, e.g. in  co m p o u n d s  112 and  113 (O C H 3 and  N H 2). The 
in te n s i ty  is likewise d ecreased  w hen  there  is a m e th y la m m o n iu m , am id ine , 
n itr ile  o r  n itro  group in  p o s itio n  5. I ts  frequency  in te rv a l  is 441 553 c m “ 1.
T he fre q u e n c y  generally  d ec rea ses  b y  10 15 c m “ 1 in  th e  sequence Cl, B r, I.
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Fig. 1. Shcm atic picture o f ring vibrations of group A  compounds
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T h e  in d iv idua l freq u en c ies  or ranges: 5 -m e th y l d e riv a tiv e  (83) 559 cm - 1 ; 
a ld e h y d e  553 cm - 1 ; b enzy lam m onium  d e r iv a tiv e  (85) 540 c m - 1 ; acids (in
c lu d in g  I , B r and  Cl d e riv a tiv e s)  502 536 c m - 1 ; n itrile s , am ines, am ides, 
e s te rs  (w ith d iffe ren t ha logens) 477 515 c m - 1 ; am idines 488 502 cm - 1 ;
N -m eth y lam id es, n i t ro  d e riv a tiv e s  (only w ith  b rom ine) 483 485 c m - 1 ; ace to 
p h e n o n e  derivative  (87) (w ith  chlorine) 493 c m - 1 ; h y d ro x y am id in es  477 488
c m - 1 ; th iobenzam ide  (w ith  brom ine) 464 c m - 1 ; oxim e (w ith  chlorine) 478 
c m - 1 ; and  acid ch lo rid es  441 — 462 cm - 1 .

Vibration 2. T h is  re fe rs  to  in -phase s tre tc h in g  v ib ra tio n s  o f lig h t su b s tit
u e n ts  re la tive  to  th e  r in g . This ty p e  o f in te rn a l  m o tion  is n a tu ra l ly  accom 
p a n ie d  b y  th e  in te rn a l v ib ra tio n  of th e  sk e le to n  an d  b y  th e  in -p lan e  bend ing  
v ib ra t io n  of th e  h y d ro g e n s , b u t  th e  c h a ra c te r  o f  th e  v ib ra tio n  is given b y  th e  
v C -X  mode

In  group A  th e  b a n d  is generally  s tro n g , or even v e ry  s tro n g , b u t it  
m a y  som etim es, be  o v e rla p p e d  by  a s im ila rly  s tro n g  a d ja c e n t b a n d . T hus, 
i t  is covered in  th e  s p e c tru m  of com pound  27 b y  th e  vas OCC b a n d  of th e  
a c e to x y  group; in  th e  s p e c tra  of com pounds 31, 41, 42 an d  43 b y  th e  vsN 0 2; 
in  th e  spectrum  o f c o m p o u n d  7 b y  th e  b a n d  o f  v ib ra tio n  14 (w hich  is alw ays 
s tro n g  in  th e  case o f  p h e n o ls  because of th e  coup ling  w ith  th e  ß  O H ); and  b y  
th e  b a n d  of th e  ß  O H  v ib ra tio n  itse lf in  th e  sp ec tru m  of com p o u n d  12. I ts  
o v e ra ll frequency  ra n g e  is v e ry  b ro ad : 1159 1405 cm - 1 . I f  a t  le a s t th ree
s u b s titu e n ts  are m o n o a to m ic  (no t in c lu d in g  h ydrogens), th e  freq u en cy  is 
1313 1405 cm -1 . I f  th e  fo u r su b s titu e n ts  to g e th e r  com prise  5 8  atom s*
(in  th e  following th e  a s te r is k  alw ays m ean s t h a t  hyd rogens are  n o t included 
in  th e  num ber), i t  is 1210 1296 cm “ 1, w hile w ith  m ore com plex  su b s titu e n ts
i t  is 1200 1237 c m “ 1. T h e  frequencies o f  th e  1 ,3 -d in itro  d e riv a tiv e s  are
m a in ly  determ ined  b y  th e  m asses of th e  s u b s titu e n ts  in  p o sitio n s 2 an d  5; 
th e  n itro  groups p a r t ic ip a te  to  a m inor e x te n t  in  th e  v ib ra tio n . (The m ass 
e ffec t does no t p ro v e  t h a t  th e  po ly a to m ic  s u b s titu e n ts  are  rig id , b u t th a t  
in  th e se  cases th e  c o u p lin g  w ith  in te rn a l v ib ra tio n s  o f th e  su b s titu e n ts  
d ecreases  th e  re le v a n t f req u en cy  of th e  b en zen e  ring). In  th e  ev en t of a t 
m o s t 4 atom s* in  p o s itio n s  2 and  5, th e  f re q u e n c y  is 1255 1280 cm “ 1. In
3 ,5 -d in itro  com pounds th e  frequency  is s u b s ta n tia lly  low er, because  of coupling 
w ith  th e  tsN 0 2: In  c o m p o u n d  33 i t  is 1178 c m “ 1, an d  in  com pound  44 
1159 cm -1 .

In  group В  th e  b a n d  is o f m ed ium  or h igh  in te n s ity . H ow ever, in  
th e  sp ec tra  of pheno ls a n d  aniline d e riv a tiv e s  i t  m ay  be covered  b y  th e  band  
o f  v ib ra tio n  14, w h ich  is s tro n g  in  these  s p e c tra . The b a n d  is w eak  in d in itro  
o r n i tro  cyano d e r iv a tiv e s . I t s  overall f re q u e n c y  in te rv a l is 1186 1268 cm “ 1.
I t  is th e  ligh t s u b s ti tu e n ts  in  positions 2 an  5 t h a t  tak e  p a r t  p re d o m in a n tly  in 
th is  v ib ra tio n . I f  th e re  is n o  n itro  or cyano  g ro u p  in  th ese  po sitio n s, th e n  th e  
f re q u e n c y  is 1221 — 1269 c m “ 1; if  th ere  is , th e n  i t  is 1186 1233 c m “ 1.
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In  group C th e  b an d  is a lw ays s tro n g  or v e ry  strong . T he s u b s t i tu e n t  
in  position  2 v ib ra te s  w ith  th e  g re a te s t a m p litu d e . I ts  freq u en cy  ra n g e  is 
1204 1316 cm “ 1. V a ria tio n  o f th e  halogens does n o t influence th e  freq u en cy .
In  th e  case of an  O H  or N H 2 g roup  i t  is a t  1268 1316 cm “ " 1 ( it lies below
1300 c m "“ 1 on ly  if  th e re  is a n itro  or cyano  g roup  in  position  5, o r i f  th e re  
is no in te rm o lecu la r H -b o n d ). T he freq u en cy  is th e  low est for th e  m esy lo x y  
g roup : 1204 c m - 1  (110). F o r th e  o th e r s u b s ti tu e n ts  it is a t 1256 1285 c m -1 ,
b u t  a t  1297 c m - 1  in  th e  sp ec tru m  of th e  th io a m id e  (101) because o f  coup ling .

Vibration 3. This is th e  in -p h ase  in -p lan e  bending  v ib ra tio n  o f  th e  
su b s titu e n ts . T he b an d  is v e ry  w eak , an d  i ts  frequency  is v e ry  se n s itiv e  to  
th e  m ass of th e  su b s ti tu e n ts ;  i t  is d ifficu lt to  id en tify , all th e  m o re  so as it 
ap p ea rs  in  th e  fa r  in fra red  in  th e  e v en t of m ore com plex s u b s titu e n ts .

Vibration 4 . This is th e  p u ck erin g  v ib ra tio n  of th e  ring . C arbon  a to m s 1, 
3 an d  5 v ib ra te  w ith  h ig h er am p litu d e .

In  group A  th e  b a n d  ex h ib its  v e ry  v a ria b le  in tensities. I t  is m ark ed ly  
w eak  in  th e  sp e c tra  o f 5 -benzoa te  e s te rs , 1 ,3 -d in itro  com pounds a n d  5 -m eth y l 
d e riv a tiv e s , a n d  also in  th e  case o f  com p o u n d  7. In  th e  spectrum  o f co m p o u n d  
31 i t  is h idden  u n d e r th e  у  O H  b an d . In  th e  o th e r cases i t  is g en e ra lly  stro n g . 
I t s  overall freq u en cy  ran g e  is 674 739 c m " 1. In  carbony l c o m p o u n d s  i t  is
a t  6 8 8  739 c m -1 , an d  in  th e  o th ers  a t  674 709 cm -1 . In  th e  fo rm e r group
th e  frequency  is increased  b y  coupling  w ith  th e  у  CO.

In  group  В  th e  in te n s ity  o f th e  b a n d  is reduced  by  e le c tro n -a ttra c tin g  
su b s titu e n ts , w ith  th e  ex cep tio n  o f th e  c a rb o x y l (th is occurs o n ly  in  d im eric 
fo rm ) and  a ld eh y d e  g roups. I f  th e  c a rb o x y  group  form s a w eak  d im e r (55), 
th e  b a n d  is s im ila rly  w eak . I ts  overa ll freq u en cy  range is 672 743 c m - 1 .
In  th e  sp ec tra  o f  esters  an d  acids i t  is a t  673 714 c m " 1, an d  in  th o se  of
am ides a t 718 743 cm - 1 . In  b o th  cases, coupling  w ith  th e  у  CO b a n d  (see 
above) or th e  am ide VI b a n d  increases th e  frequency . In  th e  s p e c tra  of 
a ld eh y d es an d  m o n o n itro  d e riv a tiv e s  i t  is a t  6 7 2 —696 cm -1 , in  th o se  of 
d in itro  d e riv a tiv es  a t  702 709 cm - 1 , an d  in  th e  case of 5 -m e th o x y  d e riv 
a tiv e s  a t  700 726 c m - 1  (w ith o u t a c a rb o x y  or am ide g roup  a t  700 715
c m -1 ).

In  g roup  C th e  b a n d  is genera lly  o f  m ed ium  in ten sity ,' b u t  som etim es 
s tro n g . In  th e  sp ec tru m  o f com p o u n d  99 i t  is overlapped  by  th e  у  C --- N b an d . 
I t  m ay  also be w eak , how ever, i f  th e re  is a n  am ide, ace ty l, h y d ro x a m ic  acid, 
am id ine  or n itro  g roup  a t  position  5. I ts  freq u en cy  sim ilarly  d e p e n d s  on the  
n a tu re  of th e  5 -su b s titu e n t. I ts  overall ran g e  is 653 738 c m - 1 . A m ines,
am ides, th e  b en zy lam m o n iu m  d e riv a tiv e  (85), th e  h y d ro x am ic  ac id  and 
n itrile s  absorb  a t  710 738 c m -1 , esters  a t  682 703 c m -1 , ac id s , acid
chlorides, a ldehydes, N -m eth y lam id es, th e  th io am id e  (101), am id in es , h y d ro x y - 
am id ines, n itro  d e riv a tiv es  an d  th e  d im esy lo x y  deriv a tiv e  (110) a t  6 6 6  691
c m -1 , and  th e  oxim e (92) at. 653 c m - 1 . T he d ifferen t ranges d ev e lo p  as a
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consequence  of co u p lin g  w ith  various o u t-o f-p la n e  v ib ra tio n s  of th e  sub- 
s ti tu e n s .

Vibration 5. T h is is th e  trigonally  sy m m e tr ic  ou t-o f-p lane  v ib ra tio n  
o f  th e  su b stitu en ts  in  th e  fa r  in frared .

Vibration 6a. T h is  is a n  in-plane b en d in g  v ib ra tio n  of th e  ring . I f  h eav y  
h a lo g en s  are p resen t in  po sitio n s 1 and 3, th e r e  is s tro n g  coupling w ith  th e  
s tre tc h in g  v ib ra tio n  o f  th e  halongens, as a co n seq u en ce  o f w hich th e  v ib ra tio n  
m a y  be assigned to  a m u c h  h igher frequency  th a n  in  groups A  and  В  [3, 4].

In  group A  i t  a p p e a rs  as a m edium , w e a k  or even v e ry  w eak b a n d , 
in  g en era l below 400 c m - 1 . I t  is d ifficult to  id e n tify . T he b an d  is also w eak  
in  th e  spectra  of co m p o u n d s  of group B . I t  d isp lay s  a m odera te  in te n s ity  
in  th e  spectra  o f o rth o -n itro p h en o ls . I t s  u p p e r  frequency  lim it is 445 
cm  к

In  th e  sp ec tra  o f  g ro u p  C th e  b an d  is g en e ra lly  of m edium  in te n s ity ;  
m o re  ra re ly  it  is s tro n g , b u t  i t  m ay also be w eak . I t  som etim es ap p ea rs  as 
a sh o u ld e r of the  u m b re lla  v ib ra tio n  (v ib ra tio n  11). I t  is generally  w eak  in  
th e  case of m u ltip ly  b o n d e d  CN su b s titu e n ts  (am id ines, n itriles), an d  also 
w h e n  th e re  are e th o x y , p ro p o x y  or a lly loxy  s u b s titu e n ts  in  position  2. I ts  
f re q u e n c y  range is 865 997 c m -1 . In  th e  case o f  lig h t and  no t rig id ly  b o n d ed
s u b s ti tu e n ts  (N H 2, C H O ) in  position 5, th e  f re q u e n c y  is h igher: 925 952
c m - 1 . W ith  m onoatom ic*  su b s titu e n ts  in p o s itio n s  2 an d  5 (83) i t  is 997 c m -1 . 
I f  th e re  is a bu lk ier o r r ig id  (C = N ) s u b s ti tu e n t  in  position  5, to g e th e r  w ith  
O H  or N H 2 in p o sitio n  2, i t  is 880 917 cm ' 1. W ith  O CH 3 or OC3H 5 g roups
i t  is 881 907 cm - 1 , a n d  w ith  OC.,H5 or O C O C H 3 g roups 865 870 cm  к
A s th e  e th e r  side-chain  is len g th en ed , th e re fo re , th e  frequency  passes th ro u g h  
a m in im u m .

Vibration 6l>. T h is  is sim ilarly  a d e fo rm a tio n  v ib ra tio n  of th e  ring , 
w h ich  even  in th e  case o f  a single halogen is c o u p led  w ith  th e  C — H al s tre tc h in g  
v ib ra t io n , and  ap p ears  a t  a su b s ta n tia lly  h ig h e r f req u en cy  th a n  in  th e  sp ec tra  
o f  g ro u p  A  [5, 6 ].

In  th e  sp ec tra , o f  g ro u p  A  th e  b an d  is a t  b e s t o f m edium  s tre n g th , 
b u t  i t  is generally  w eak  or even  very  w eak , a n d  in  som e cases i t  c a n n o t be 
id e n tif ie d . In  th e  s p e c tra  o f  com pounds 6 , 7 a n d  8  i t  m erges in to  th e  side 
o f th e  у  O H  band , a n d  in  th e  spectra  of th e  tw o  m esyloxy  d e riv a tiv e s  it  
a p p e a rs  as a shoulder o f  th e  b a n d  of v ib ra tio n  1. I n  th e  sp ec tra  of com pounds 
15, 18, 23, 31, the  tw o  1 ,2 -d iace toxy  d e r iv a tiv e s  an d  com pound 33, i t  is 
c o v e red  p robab ly  b y  th e  b a n d  of v ib ra tion  16a, a n d  in  th e  spec trum  o f co m 
p o u n d  11 by  th e  b a n d  o f v ib ra tio n  16b. In  th e  sp ec tru m  of com p o u n d  19 
i t  c a n  be iden tified  as a sh o u ld e r of the  b a n d  o f  v ib ra tio n  16a. I ts  overa ll 
fre q u e n c y  range is 404 523 cm к  In  th e  case o f  m onoatom ic*  su b s titu e n ts
in  p o sitio n s  1 and  3 (see th e  norm al co -o rd in a te ) th e  frequency  is 491 523
c m - 1 ; w ith  a t m ost 6  a to m s*  in  positions 1, 2 a n d  3 i t  is 455 503 c m - 1 ;
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in  th e  sp ec tra  o f th e  o th e r  com pounds it  is 416 465 c m -1 , b u t  in  p icric acid
(44) i t  is 404 cm - 1 .

In  th e  sp ec tra  o f g roup  В  th e  h an d  is m o d e ra te ly  s tro n g  or strong . 
A t tim es , how ever, i t  m a y  be covered  b y  th e  b an d  o f th e  u m b re lla  v ib ra tio n . 
T he in te n s ity  is red u ced  b y  a 3 -n itro  group , if  th is  is n o t c h e la tin g ; in  ad d itio n , 
th e  in te n s ity  also decreases w ith  increasing  m ass o f th e  halogens. In  th e  
sp ec tra  o f  3 ,5 -d in itro  d e riv a tiv e s  th e  b an d  is again  s tro n g e r, w hich  shows 
th a t  ca rb o n  a to m  5 to o  h as  an  appreciab le  a m p litu d e . T he o v era ll frequency  
range  is 768 8 6 6  c m - 1 . In  th e  sp ec tra  o f n itro  d e riv a tiv e s  i t  is 768 797
cm x, in  tho se  o f a ld eh y d es 828 857 c m ” 1, th e  freq u en cy  in c reasin g  in th e
sequence I , B r, Cl, an d  in  th e  sp ec tra  of th e  o th e r  co m pounds 844 8 6 6

cm 1.
In  th e  sp ec tra  o f th e  com pounds of g roup  C th e  b a n d  is o f  m edium  

in te n s ity  or stro n g , an d  som etim es v e ry  stro n g . In  th e  sp ec tra  o f com pounds 
103 an d  104 i t  ap p ears  as a shou lder o f v ib ra tio n  12. I t  is w eak  in  th e  sp ec tra  
o f com pounds 83 an d  101. I ts  frequency  range  is 725 818 cm l . I t  depends
s tro n g ly  on th e  m ass o f th e  halogen. In  th e  sp ec tra  of chloro  d e riv a tiv e s  it 
is 805 818 c m 4 , b u t  in  th e  case o f a 2 -am ino-group  (111), w hich stiffens
th e  C—Cl bond , i t  is 794 c m ” 1.

Vibration 7a. T he c h a ra c te r  o f th is  v ib ra tio n  varies s tro n g ly , depend ing  
on th e  n u m b e r o f ha logens. W ith o u t halogen  or w ith  one halogen  a to m , it 
is p re d o m in a n tly  a s tre tc h in g  v ib ra tio n  of th e  lig h t s u b s ti tu e n ts  re la tiv e  to  
th e  rin g , b u t th e  freq u en cy  is h igher in g roup  B , p a r t ly  as a re su lt of th e  
changed  no rm al co -o rd in a te  com pared  w ith  g roup  A ,  and  p a r t ly  as a conse
quence o f  a w eak co u p ling  w ith  th e  С-H a l  s tre tc h in g  v ib ra tio n . W ith  tw o 
h eav y  halogens, i t  is th e  in -phase  C—H al s tre tc h in g  v ib ra tio n  th a t  m ost 
closely resem bles n o rm al co -o rd in a te  7a of benzene. T h is, how ever, has a very  
low frequency .

In  th e  sp ec tra  o f g ro u p  A  com pounds th e  b a n d  is o f  m ed ium  stren g th  
or s tro n g , and  som etim es v e ry  stro n g . In  th e  sp ec tru m  o f co m p o u n d  23 it 
is o v e rlap p ed  by  th e  b a n d  o f  v ib ra tio n  12, while in  th e  case o f com pounds 
6  and  7 i t  m erges in to  th e  у  O H  b an d . In  th e  sp ec tra  o f co m p o u n d s 22 and  
26 it  ap p ears  as a sh o u ld e r o f th e  b an d  of v ib ra tio n  12. I ts  o vera ll frequency  
range  is v e ry  b ro a d : 763 997 cm 4 . In  th e  case o f a t  le a s t 3 m onoatom ic*
s u b s titu e n ts  it  lies a t  90 5 - 932 c m 1” , b u t in  te tra flu o ro b e n ze n e  i t  is a t  997 
cm 1 [7]. In  all o th e r  cases it  is a t  763 833 c m 1, i.e. i t  is n ev er found
betw een  833 and  905 cm к

In  th e  com pounds o f  g roup  B, v ib ra tio n  7a is p re d o m in a n tly  a s tre tch in g  
v ib ra tio n  o f th e  lig h t su b s ti tu e n ts  w ith  resp ec t to  th e  rin g , w here th e  su b 
s ti tu e n ts  in  positions 2 and  5 v ib ra te  in  th e  sam e phase . T he b a n d  is generally  
of high or m edium  in te n s ity . H ow ever, in  th e  sp ec tru m  o f com pound  53 
it  is o v e rlap p ed  by  th e  u m b re lla  v ib ra tio n , an d  in  th e  sp ec tra  o f  th e  ally loxy
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d e r iv a tiv e s  b y  th e  b a n d  o f  th e  ou t-o f-p lane v ib ra tio n  o f th e  hy d ro g en s in  
th e  s id e -ch a in . The p resence  o f  an  iodine a tom  reduces th e  a m p litu d e  o f th e  
v ib ra t io n ,  and  hence th e  in te n s i ty  of th e  b an d . In  f iv e  com pounds (50, 62, 
64, 67 a n d  69) th ere  are  g ro u p s  o f  iden tica l p o la r ity  in  p o sitions 2 an d  5. 
H o w e v e r , th e  b and  is n o t w e a k  in  th e  sp ec tra  o f  th e se  e ith e r , i f  th e  m olecule 
c o n ta in s  an  OH or N H 2 g ro u p  (w hich  v ib ra te  w ith  h igh  am p litu d e ) in  position  
3 o r  5 (50, 62, 64 and  69). T h e  correspond ing  b a n d  o f co m p o u n d  67, on th e  
o th e r  h a n d , is w eak. T he o v e ra ll frequency  ran g e  is 900 992 cm - 1 , In  th e  
s p e c tr a  o f  d in itro  d e riv a tiv e s  a n d  n itro -n itrile s  i t  is 900 917 cm -1 , in  th e  
s p e c tra  o f  th e  four a ld eh y d es  9 6 6 —992 cm _1, w ith  th e  freq u en cy  increasing  
in  th e  sequence I, B r, Cl in  th e  m e th o x y  d e riv a tiv e s  (49, 51 an d  52), an d  in  
th e  o th e r  cases 920 — 970 c m ^ 1.

I n  th e  spectra  o f g ro u p  C th e  b a n d  is o f  m ed iu m  in te n s i ty  or w eak. 
I n  th e  sp ec tra  of th e  b ro m o  an d  iodo d e riv a tiv es  i t  m a y  be sh ifted  in to  th e  
fa r  in f ra re d , and is th e n  d if f ic u lt to  id en tify . T he b a n d  is v e ry  w eak  in  th e  
s p e c tra  o f  th e  a ldehyde a n d  benzophenone  d e riv a tiv e s  ( 8 6  an d  87). I t  is 
r e la t iv e ly  stronger i f  th e re  is a n  a lly loxy  or am ino  g roup  in  positio n  2. I ts  
f re q u e n c y  range is 215—415 c m - 1 , th e  freq u en cy  d ep en d in g  s tro n g ly  on th e  
m ass  o f  th e  halogen. T he fre q u e n c y  range for th e  ch loro  d e riv a tiv e s  is 362 415
c m - 1 , t h a t  for th e  b rom o  d e riv a tiv e s  270—354 c m - 1 , w hile th e  freq u en cy  
o f  th e  b a n d  to  be assigned  to  th is  v ib ra tio n  in  th e  R a m a n  sp ec tru m  o f 2,6- 
-d iio do -4 -cyanopheno l (84) is  215 cm “ 1. The 5-am ino  g roup  increases th e  
C—Cl fo rce  co nstan t an d  th e  f re q u e n c y  (415 cm -1 ). In  all o th e r  cases th e  b an d  
a p p e a rs  below  400 c m - 1 . A s reg a rd s  th e  brom o d e riv a tiv e s , th e  frequency  
is h ig h e r  i f  there  is a sm all s u b s ti tu e n t  (e.g. O H ) in  p o sitio n  2, i.e. betw een  
th e  tw o  b rom ine atom s. A t th e  sam e tim e , 5 -n itro  a n d  5 -cyano  g roups stro n g ly  
d e c re a se  th e  frequency  (270 c m - 1  in  com pound 82).

Vibration  7b. In  th e  p re sen ce  of h eav y  halogens th is  is p re d o m in a n tly  
a C—H a l  s tre tch in g  v ib ra tio n , w hile  in  general i t  is th e  o u t-o f-p h ase  s tre tch in g  
v ib r a t io n  of the  1 ,3 -su b s titu e n ts  w ith  respect to  th e  ring .

I n  th e  spectra  o f g ro u p  A  th e  b an d  is o f m ed iu m  s tre n g th , s tro n g  or 
v e ry  s tro n g . I t  is w eak  o n ly  i f  th e  in te n s ity  is decreased  b y  in te rm o lecu la r 
a s so c ia tio n , e.g. in co m p o u n d s  18, 19 and  31. I ts  o vera ll freq u en cy  range  is 
820 1050 cm - 1  (1050 cm  1 in  th e  spectrum  of te tra f lu o ro b e n ze n e  [7], while
in  th e  case of chelates fo rm e d  betw een  th e  2 -h y d ro x y  g roup  an d  groups 
o th e r  t h a n  n itro  it is 901 920 c m - 1 . In  th e  ev en t o f in te rm o lecu la r  association
b e tw e e n  2-O R groups an d  5 -ca rb o x y l or 5-acid am ide  (or vice versa) i t  is 
905 — 944 c m “ 1, b u t in  th e  sp e c tru m  of com pound  19 i t  is 968 c m “ 1, in  the  
s p e c tra  o f o,o’-d in itropheno ls i t  is 9 2 7 -  989 cm “ 1, in  th e  case o f o,o’-d in itro - 
a n ilin e s  i t  is 915 or 916 c m - 1 , w ith  one m onoatom ic* , an d  one diatom ic* 
s u b s t i tu e n t  in positions 1 a n d  3 i t  is 946 951 c m “ 1, a n d  in  all o th e r  cases
i t  is 820 — 902 cm “ 1.
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In  group В  th e  b a n d  is w eak in genera l, as a consequence o f  th e  low 
am p litu d e . T he freq u en cy  range  for chloro d e riv a tiv e s  is 385—445 cm “ 1, 
while w ith in  th is  i t  is 387 418 cm “ 1 in  th e  sp e c tra  o f th e  3 -m eth o x y  d e riv 
a tiv e s ; for th e  b rom o d e riv a tiv e s  i t  is 275 346 c m “ 1, and  for 2 -iodo-6-n itro-
-4-cyanopheno l (6 6 ) i t  is 245 cm 1 (R am an  v a lu e ). W ith in  th e  in d iv id u a l 
in te rv a ls  th e  n itro  g roup  decreases th e  freq u en cy .

In  group C th e  ou t-o f-phase  С-H a l  s tre tc h in g  v ib ra tio n  p lay s th e  
decisive role. T he b an d  is alw ays w eak, an d  can  fre q u e n tly  n o t he id en tified . 
I ts  overa ll freq u en cy  ra n g e  is 275 522 c m “ 1, d epend ing  on th e  halogens.
F o r th e  chloro d e riv a tiv e s  i t  is 499 522 cm  1 (as in  th e  case o f v ib ra tio n
7a, th e  m ax im um  freq u en cy  is observed in  th e  p resence  of th e  5-am ino g roup); 
for th e  brom o d e riv a tiv e s  i t  is 315 389 c m “ 1; w hile as regards th e  iodo 
d e riv a tiv es  th e  b a n d  is to  be found  a t  275 c m “ 1 in  th e  R am an  sp ec tru m  
o f com pound 84.

Vibration 8a. A sk e le ta l s tre tch in g  v ib ra tio n  ch a rac te ris tic  o f  benzene 
d e riv a tiv es . In  g roup  A  th e  b an d  is alw ays s tro n g  or v e ry  s tro n g . In  th e  
sp ec tru m  of com p o u n d  31 i t  is covered b y  th e  ß  O H  b an d  of w a te r , while 
in  th e  sp ec tru m  o f c o m p o u n d  37 i t  m erges in to  th e  side of th e  rasN O , b an d . 
I t  ap p ears  as a sh o u ld er in  tw o cases: on th e  side o f th e  ß  N H  b a n d  in th e  
case o f  com pound  41, an d  on th e  side of th e  v C -  О h an d  in  th e  sp ec tru m  
of com pound  6 . I ts  overa ll frequency  ran g e  is 1577 1654 cm x. In  th e  case
of only  m onoatom ic*  s u b s titu e n ts  it  is a t  1605 1631 cm x, in  th e  case of
esters an d  am ides a t  1577 1601 cm “ 1, in  th e  sp e c tra  of a ldehydes an d  acids
(b u t w ith o u t e th o x y  or a lly lo x y  groups in  p o s itio n  2) a t  1593 1622 c m “ 1,
w ith  e th o x y  an d  a lly lo x y  g roups a t 1580 1587 c m “ 1, in  th e  sp e c tra  of 
n itro  d e riv a tiv es  a t  1606 1654 cm “ 1, an d  in  o th e r  cases a t  1601 1616 
c m “ 1.

In  th e  sp ec tra  o f  g ro u p  В  th e  b an d  is a lm o s t alw ays v e ry  s tro n g , and  
is in  general s tro n g e r th a n  v ib ra tio n  8 b, w hich  a p p e a rs  a t a so m ew h at low er 
frequency . E x cep tio n s  a re  th e  5-am ides, th e  2 ,3 -d ih y d ro x y  ch e la tes  and 
com pound  73, in  w hich  all o f th e  lig h t s u b s ti tu e n ts  are  nega tive  in  c h a ra c te r  
an d  give rise to  a un ifo rm  charge in  th e  ring . I t s  overa ll freq u en cy  ran g e  is 
1582 1623 c m “ 1. In  th e  p resence of n itro  an d  am ino  groups i t  is a t  1595
1623 cm  x, an d  in  th e ir  absence a t 1582 1607 c m “ 1.

In  th e  sp ec tra  o f g roup  C th e  b an d  is n o t  a lw ays as s tro n g  as in  th e  
p rev ious tw o g roups. In  th e  case o f am ides an d  com p o u n d  85 i t  m a y  be cov
ered  b y  th e  bend in g  b a n d  o f  th e  am ino g roup . In  ad d itio n , th e  b a n d  is w eak 
in  th e  sp ec tra  o f co m p o u n d s 83, 91, 101, th e  n itr ile s  an d  n itro  derivatives*  
b u t in  th e  la t te r  tw o  cases only  if  th ere  is a m e th o x y  and  no t a h y d ro x y  
group  in  position  2. I ts  overa ll frequency  range  is 1575 1637 cm “ 1. E lec tro n -
-repelling  groups in  po sitio n s 2 and  5 increase th e  force c o n s tan t o f th e  v ib ra 
tio n  an d  th e  freq u en cy  (1598 and  1613 c m “ 1 in  th e  sp ec tra  of co m p o u n d s
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112 a n d  113, and  ev en  1637 cm - 1  for co m p o u n d  83). In  all th e  o th e r  cases 
th e  freq u en cy  rem ains in  th e  in te rv a l 1 5 7 5 -  1600 cm “ 1.

Vibration 8b. T h is is s im ila rly  a sk e le ta l s tre tch in g  v ib ra tio n . In  th e  
s p e c tra  o f group A  th e  b a n d  is ra re ly  s tro n g ; i t  freq u en tly  m erges in to  th e  
b a n d  o f  v ib ra tio n  8a, an d  c a n n o t be id en tified  a t  all in  some cases. T he b an d  
is s tro n g  and  stro n g ly  se p a ra te d  from  b a n d  8a  i f  th e re  is an am ino  or su b 
s t i tu te d  am ino group in  p o sitio n  2  or if  a 2 -h y d ro x y  group fo rm s an  in te r- 
m o le c u la r  linkage w ith  an  e s te r  or n itro  g roup  in  position  5. T h e  b a n d  is 
lik ew ise  strong  and  s e p a ra te d  in  th e  sp ec tra  o f  1 ,2 ,3 -trihyd ro  d e riv a tiv e s . 
S o m e tim es , in  th e  case o f  th e  d in itro  d e riv a tiv e s , i t  appears as a shou lder 
o f  th e  pqsN 0 2 band . I t s  o v e ra ll frequency  ran g e  is 1536 1614 c m - 1 . In  th e
s p e c tra  o f po lyalk y lb en zen es [8 ] i t  is a t  1579 1581 c m -1 , an d  in  th e  case
o f n i t r o  com pounds a t  1566 — 1601 cm 1 (excep t fo r th e  sp ec tra  o f  com pounds 
43 a n d  44, w here i t  lies a t  1552 and  1614 c m - 1 , re sp ec tiv e ly ).

In  th e  spectra  o f  g ro u p  В  i t  genera lly  show s up as a s tro n g  b a n d , b u t 
a t  t im e s  i t  m erges in to  th e  b a n d  o f v ib ra tio n  8a  (49, 51, 70) o r  in to  th e  rasNO„ 
b a n d  (63, 6 8 ). The b a n d  is w eak  in  th e  sp e c tra  o f com pounds 64 an d  69, in 
w h ich  h igh-am plitude , c a rb o n  a to m s 2 an d  5 h a v e  s u b s titu e n ts  o f  sim ilar 
m ass  a n d  sim ilar c h a ra c te r . I ts  freq u en cy  in te rv a l  is 1553 1593 c m 1. The
fre q u e n c y  depends s lig h tly  on  th e  m ass of th e  ha logen  and  of th e  2 -su b s ti tu e n t 
(in  2 -O H  derivatives i t  is 1582 — 1593 c m -1 , b u t  in  th e  iodo com pounds 
a t  1570 -1576 cm J). T h e  p resence  of a n itro  g roup  decreases th e  freq u en cy  
(1558 —1577 c m ^ 1), b u t  a second  n itro  g roup  com pensa tes th is  e ffec t (1565 — 
—1593 cm -“1), p re su m a b ly  as a consequence o f  coupling w ith  th e  rasN 0 2 

v ib ra t io n .
I n  group C th e  v ib ra t io n  is a lm ost a lw ays in d ica ted  b y  a s tro n g  b an d . 

E x c e p tio n s  are com p o u n d  83 an d  p a r tic u la r ly  com pound  110, in  th e  sp ec tra  
o f  w h ich  th e  b and  is sca rce ly  id en tifiab le . I t s  overall freq u en cy  ran g e  is 
1528 — 1576 cm “ 1. T he fre q u e n c y  falls b y  10 15 an d  20 cm 1 in  th e  sequence
Cl, B r , I .  The m in im um  fre q u e n c y  for phenols is 1549 c m 1; th e  n itro  group 
a n d  r e s u lta n t  coupling s lig h tly  increase th e  freq u en cy . In  th e  e v e n t o f o th e r 
2 -O R  groups, th e  n itro  d e r iv a tiv e  has th e  m ax im u m  freq u en cy  (1573 cm 1 

in  th e  sp ec tru m  of c o m p o u n d  115), while fo r am ines, acids, e s te rs , a ld eh y d es, 
N -m e th y lam id es , and  co m p o u n d s 85 an d  87 i t  is 1551 1565 cm 1 (ab o u t
1551 c m “ 1 for b rom o, a n d  a b o u t 1565 cm 1 fo r chloro d e riv a tiv e s), fo r acid 
ch lo rid e s , am ides, n itr ile s , h y d ro x y am id in es  an d  com pounds 91, 92 an d  101 
i t  is 1534 —1555 c m - 1  (d ep en d in g  on th e  m ass o f th e  halogen), a n d  f in a lly  
fo r  am id in es  i t  is 1528 1529 cm >.

Vibrations 9a, 9b, 10a  a n d  10b. These are  tw o  in -p lane  and  tw o  o u t-o f  p lane 
b e n d in g  v ib ra tions o f  th e  su b s titu e n ts , in  th e  fa r  in frared . T h e  freq u en cy  
o f  v ib ra t io n  9a is 170 cm  _1 in  th e  R am an  sp ec tru m  of com p o u n d  82, and  
135 c m “ 1 in th a t  of co m p o u n d  84. V ib ra tio n  9b could be id e n tif ie d  on ly  in
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th e  R am an  sp e c tru m  o f com pound  82, a t  275 c m " 1. F in a lly , th e  R am an  
freq u en cy  of v ib ra tio n  10b is 2 1 0  cm " 1 in  th e  case o f th e  d ib rom o d e riv a tiv e  
82, an d  200 cm " 1 in  th e  diiodo d e riv a tiv e  84.

Vibration 11. T h is is th e  um bre lla  v ib ra tio n . In  g roup  A  i t  is genera lly  
a s tro n g  b an d , b u t  in  th e  sp ec tra  o f 5 -cyano an d  5 -n itro  com pounds i t  m ay  
be w eak , or even v e ry  w eak . In  th e  sp ec tra  o f  g roup  В  th e  b a n d  is less s tro n g ; 
indeed , i t  is g en era lly  w eak  if  th e re  is a n e g a tiv e  su b s titu e n t in  p o sitio n  3 . 
In  th is  case to o , h o w ev er, th e  b an d  is s tro n g  in  th e  sp ec tra  of n itro p h en o ls

Fig. 2. Calculated and experim ental frequencies o f the um brella vibration for 1,2,3,5-tetra- 
su bstitu ted  benzene derivatives. 1. tetram ethylbenzene; 2. tetrafluorobenzene; 3. 2,4,6-tri- 
hydroxybenzoic acid; 11. m ethyl 2,6-d ihydroxy-4-m ethoxybenzoate; 16. m ethyl 2-hydroxy- 
-4,6-dim ethylbenzoate; 17. 2-hydroxy-4,6-dim ethoxybenzam ide; 28. 3-m ethoxy-4,6-d iacet- 
oxytoluene; 31. 2,4 ,6-trihydroxynitrobenzene hydrate; 63. 2-chloro-6-nitro-4-cyanophenol;

69. 4-am ino-2-brom o-6-nitrotoluene; 71. 2-brom o-4,5-dinitrobenzyl alcohol

an d  n itro an ilin es . I n  g roup  C th e  h a n d  is o f  s tre n g th  m ed ium  or low  in 
th e  sp ec tra  of ac ids, am ides an d  th io am id e , a n d  s tro n g  in  th e  o th e r cases. 
In  th e  sp ec tra  o f som e acids i t  m ay  be o v e rlap p ed  b y  th e  b an d  of v ib ra 
tio n  6a.

T he fo rm ula  to  be  found  in  R ef. [1] can  be app lied  to  th e  freq u en cy  
o f th is  v ib ra tio n . F ig u re  2 shows th e  frequenc ies of v ib ra tio n  11. T he v e rtic a l 
axis gives th e  e x p e rim e n ta l, and  th e  h o riz o n ta l axis th e  ca lcu la ted  values. 
A d ev ia tio n  g re a te r  th a n  10 cm " 1 in  th e  p o sitiv e  d irec tio n  w as found  for 
com pounds 1, 3, 28, 43 , 62, 83 and  84, th e  3 ,5 -m o n o n itro -n itriles , 3 ,5 -d ihy 
d ro x y , 3 ,5 -h y d ro x y -m e th o x y  and  3,5-dim  e th o x y  de riv a tiv es . T he p ro b ab le  
cause o f th is  is t h a t  th e  n itro  an d  cyano  g ro u p s do n o t reduce  one a n o th e r’s 
e le c tro n -a ttra c tin g  e ffec t, while in  a 1 ,3 ,5 -com pound  th e  th ird  -f-M su b s titu e n t 
p lay s a sm aller ro le  in  th e  deve lopm en t o f  th e  a lte rn a tin g  charges th a n
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p re d ic te d  b y  th e  form ula. T h e  d ifference o f 35 cm  1 for com pound  31 can n o t 
be e x p la in e d  in th is w ay. H o w ev er, th e  fo rm u la  does n o t ta k e  in to  c o n s id e ra 
t io n  th e  su b s titu e n ts  h av in g  no  h y d ro g en  a to m  in  th e  o rth o  or p a ra  positio n . 
T h u s , in  com pound 31 i t  n eg lec ts  th e  n itro  g roup , w hich  o therw ise  h as  th e  
h ig h e s t n eg a tiv e  spectroscop ic  m o m en t an d  hence th e  s tro n g est freq u en cy - 
- in c re a s in g  effect.

A  d ev ia tio n  g rea te r th a n  10 cm 1 in  th e  n eg a tiv e  d irec tio n  can  be 
o b se rv e d  fo r  com pounds 2, 12, 32, 45, 67 an d  69 an d  d in itro  com p o u n d s. 
T h e  d iffe ren ce  is p a r tic u la rly  h ig h  for th e  m -n itroan iline  d e riv a tiv e  [69], w hich  
show s t h a t  th e  n itro  g roup  e x e rts  a su b s ta n tia lly  low er effect on th e  ring  
e le c tro n s  here.

V ibra tion  12. This is a sk e le ta l v ib ra tio n  in  th e  ra d ia l d irec tio n , th e  
a m p li tu d e s  lying close to  tr ig o n a l sy m m etry .

I n  g ro u p  A  th e  b a n d  is g en era lly  of m ed ium  in te n s ity  or s tro n g . I t  is 
w eak  in  th e  case of 2 -a lly lo x y  d e riv a tiv e s , d in itro  com pounds an d  5 -m eth o x y  
d e r iv a tiv e s . In  the sp ec tru m  o f  com pound  31 i t  is covered  b y  th e  v e ry  s tro n g  
у  O H  b a n d ,  sim ilarly as in  th e  sp ec tru m  o f com pound  11. In  th e  sp ec tru m  
o f c o m p o u n d  13 it  is covered  b y  th e  v e ry  low freq u en cy  um b re lla  v ib ra tio n , 
a n d  in  th e  case of com pound 33 b y  th e  у  С — О b an d . In  th e  sp ec tru m  o f p icric  
ac id  (44) i t  appears as a sh o u ld e r  on th e  b a n d  of v ib ra tio n  4. I ts  overa ll 
f re q u e n c y  range is 642 801 c m “ 1, w hich is a v e ry  b ro ad  in te rv a l. I n  th e
s p e c tru m  o f te tra flu o ro b en zen e  (2) its  freq u en cy  is 786 cm “ 1, and  w ith  th e  
e x c e p tio n s  o f alkylbenzenes [5, 6 , 8 ] an d  n itro  com pounds is 732 780 cm 1

in  a ll o th e r  cases. For co m p o u n d  1 i t  is a t  734 cm -1 , fo r th e  o th e r a lky lbenzenes 
a t  710 721 cm 1 and  fo r th e  d in itro  com pounds a t  642 — 664 c m “ 1, b u t  
fo r th e  2 -an iline d e riv a tiv es  i t  is 670 674 cm 1 an d  for p icric  ac id  (44) 
685 cm  г. T he frequency  o f th e  v ib ra tio n  is ano m alo u sly  high in  th e  sp ec tru m  
o f c o m p o u n d  6 : 801 cm “ 1.

I n  g roup  В  the  b a n d  is o f  m ed ium  s tre n g th , an d  occasionally  s tro n g . 
As in  th e  case of v ib ra tio n  6b, a 3 -n itro  g roup  decreases th e  in te n s i ty  i f  it  
is n o t  c h e la te d  (the b an d  m erges in to  th e  ysN O , b a n d  in  th e  sp e c tru m  of 
c o m p o u n d  6 6 ), w hereas in  th e  case o f 3 ,5 -d in itro  d e riv a tiv es  th e  b a n d  is 
a g a in  s tro n g e r . At th e  sam e t im e , 3 ,5 -m eth o x y  g roups decrease th e  in te n s ity . 
T h is s u p p o r ts  the  tr ig o n a l c h a ra c te r  o f th e  v ib ra tio n . I t s  overall freq u en cy  
ra n g e  is 658 808 c m “ 1, a g a in  v e ry  b ro ad . T he n itro  group reduces th e
fre q u e n c y , b u t  m ainly  in  p o s itio n  5. O therw ise, th e  3-n itro  group  h as  only  
a s l ig h t  e ffec t on th e  fre q u e n c y . T he freq u en cy  for a ldehydes is 788 808
c m - 1  ( increasing  in  th e  seq u en ce  I , B r, Cl), for es te rs  an d  acids 766 — 772 
c m “ 1, fo r  am ides 770 — 789 cm  “1, an d  for th e  o th e r  n o n -n itro  d e riv a tiv e s  
790 808 c m -1 . F or 3 ,5 -d in itro  d e riv a tiv e s  i t  is 658 695 cm 4

I n  th e  spectra  of g roup  C i t  genera lly  ap p ears  as a s tro n g  b a n d . In  th e  
sp e c tru m  o f com pound 98 i t  m erges in to  th e  b en d in g  b an d  of th e  am ino
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g roup . I ts  overall freq u en cy  in te rv a l is 670 786 cm “ 1. T he n itro  g roup
decreases th e  frequency  s tro n g ly : below  700 c m “ 1 only th e  b a n d s  o f  n itro  
d e riv a tiv e s  are to  be fo und . T he freq u en cy  is also in fluenced  b y  th e  m ass 
o f th e  halogens: th e re  is a d ifference o f a b o u t 2 0  cm  1 betw een  th e  po sitio n s 
fo r th e  chloro an d  brom o d e riv a tiv e s . A p a r t  from  th e  n itro  d e r iv a tiv e s , 
re la tiv e ly  low frequencies a re  also observed  fo r a ldehyde 8 6  an d  h y d ro x a m ic  
acid  91: 743 an d  746 c m “ 1, resp ec tiv e ly .

Vibration 13. T his is a s tre tc h in g  v ib ra tio n  of tr ig o n a l sy m m e try , 
p re d o m in a n tly  of lig h t su b s ti tu e n ts , w ith  th e  ring .

In  th e  sp ec tra  of g roup  A  th e  b a n d  is genera lly  s tro n g  or v e ry  s tro n g . 
E x cep tio n s  are d in itro  com pounds n o t c o n ta in in g  a cyano g roup . A t tim es 
th e  b a n d  m ay  be p a r tia lly  or co m p le te ly  covered  b y  th e  ß  O H  b a n d  (6 , 7, 8  

an d  12). T he overall freq u en cy  ran g e  is 1090 1195 cm “ 1. W ith  m ono ato m ic*
s u b s titu e n ts  in  positions 1, 2 an d  3 i t  is 1142 1195 cm “ 1, an d  in  th e  o th e r
cases, w ith  th e  excep tion  o f th e  n itro  d e riv a tiv e s , i t  is 1110 1148 c m “ 1;
in  th e  n itro  de riv a tiv es  i t  is 1109 1126 c m “ 1, b u t  in  com p o u n d  33 and
p icric  acid (44) i t  is 1090 and  1093 cm l .

In  g roup  В  i t  genera lly  ap p ears  as a s tro n g  b an d . I t  is so m ew h at w eaker 
in  th e  sp ec tra  o f 2-O H  che la tes. I ts  freq u en cy  range is 1062 1187 c m “ 1.
T he n itro  group  reduces th e  freq u en cy  s tro n g ly . As regards th e  n o n -n itro  
d e riv a tiv e s , th e  freq u en cy  in te rv a l for acids an d  aldehydes is 1158 1187
cm 1, fo r am ides 1126 1134 c m “ 1, an d  fo r th e  o thers 1144 1168 c m “ 1. 
T he freq u en cy  range  for n itro  com pounds is 1062 — 1110 cm ',  a n d  w ith in  
th is  is 1103 1110 cm 1 for th e  n itro -n itr ile s .

In  g roup  C i t  is a b a n d  o f m edium  s tre n g th . I t  is w eak, h o w ev er, in  
th e  sp e c tra  of th e  am id ines, th io am id e  101 an d  com pound 87. I t s  f req u en cy  
ran g e  is 1122 1230 cm x. In  th e  case o f acids, esters, am ides, N -m eth y l-
am ides an d  n itro  d e riv a tiv e s  th e  m ax im u m  freq u en cy  is 1156 c m “ 1.

Vibration 14. A ske le ta l s tre tc h in g  v ib ra tio n . In  th e  sp e c tra  o f  th e  
p h en o l d e riv a tiv es  of g roup  A  th e  b an d  is s tro n g  or very  s tro n g , w ith  th e  
ex cep tio n  of com pound 13, b u t  i t  is som etim es p a r tia lly  or co m p le te ly  covered  
b y  a n o th e r  s tro n g  b an d . In  th e  case o f co m p o u n d  5 i t  m erges in  th e  b a n d  
o f v ib ra tio n  2. In  th e  sp ec tra  o f com pounds 33, 34, 35 and  37 i t  is covered  
b y  th e  vsN O , b an d , and  in  th a t  o f com p o u n d  39 b y  th e  rasS 0 2 b a n d . T he 
b a n d  is s tro n g  in  th e  sp ec tru m  of com p o u n d  30. I t  is sim ilarly  s tro n g  in  th e  
case o f 1 ,2 ,3 -trim eth o x y  an d  l,3 -d im e th o x y -2 -a lly lo x y  d e riv a tiv e s , th o u g h  
i t  m a y  be p a r tia lly  or com ple te ly  covered  b y  th e  b and  o f v ib ra tio n  2  (18, 
20, 24). In  th e  o th e r cases th e  b an d  is w eak. T he overall f req u en cy  ran g e , 
1206 1419 cm ], is v e ry  b ro ad , b u t  th e  reaso n  for th is  is t h a t  th e  b a n d  is
coup led  w ith  th e  ß  O H  v ib ra tio n  in  pheno ls, an d  appears a t  an  an o m alo u sly  
h igh  frequency . T he h ig h est freq u en cy , 1419 c m “ 1, is observed  fo r co m p o u n d  
31. F o r th e  o th e r phenols i t  is 1325 1386 c m “ 1, b u t for p icric  ac id  (44) i t
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is o n ly  1278 cm “ 1. T h e  correspond ing  f re q u e n c y  fo r com pound 30 is 1309 
c m “ 1, an d  for te tra m e th y lb e n z e n e  (1) 1294 c m “ 1. In  th e  sp ec tra  o f  th e  o th e r  
co m p o u n d s i t  is 1206 1279 cm “ 1.

As regards th e  co m p o u n d s  of group B ,  th e  b a n d  is s trong  in  th e  sp e c tra  
o f  pheno ls, anilines a n d  acid  am ides, b u t  is o th erw ise  w eak. I ts  o vera ll fre 
q u e n c y  in te rv a l is 1252 — 1331 cm “ 1. F o r th e  o rth o -n itro p h en o ls  i t  is 1326 1331
cm  1 (as a consequence  o f coupling  w ith  th e  h ig h -freq u en cy  ß  O H  v ib ra tio n ), 
fo r o th e r  phenols, an ilin es  and  d in itro  d e r iv a tiv e s  i t  is 1270 1327 c m “ 1,
an d  fo r  th e  o th e r c o m p o u n d s  i t  is 1252 1278 c m “ 1.

In  group C th e  b a n d  is m o d era te ly  s tro n g  in  th e  sp ec tra  of pheno ls 
an d  th io am id e  101, a n d  s tro n g  for 5-am ines. I t  is otherw ise w eak , an d  in  
sev era l cases c an n o t ev en  be  id en tified . I n  p h en o ls  i t  is coupled  w ith  th e  
in -p la n e  bending  v ib ra t io n  of th e  O H  g ro u p , a n d  appears a t  an  an o m 
a lo u sly  h igh freq u en cy , p a r tic u la r ly  in  th e  e v e n t o f hydrogen  bo n d s. T he 
fre q u e n c y  range fo r  p h en o ls  is 1310—1411 c m “ 1. T he b an d  is fo u n d  above 
1400 c m “ 1 only fo r p h e n o l es te rs  77 and  80. T h e  v ib ra tio n  is also a t  a c o m p ar
a tiv e ly  h igh  freq u en cy  (1375 cm “ 1) in  c o m p o u n d  81. In  th e  sp ec tra  o f com 
p o u n d s  n o t co n ta in in g  th e  O H  group th e  f re q u e n c y  range  is 1190 —1275 
c m “ 1. T he m ax im u m  freq u en cy  for th e  c o rre sp o n d in g  v ib ra tio n  o f am ides, 
N -m eth y lam id es, ac id  ch lo rides, n itriles a n d  co m p o u n d  85 is 1213 c m “ 1.

Vibration 15. A n  in -p lan e  bending  v ib ra t io n  o f th e  su b s titu e n ts  re la tiv e  
to  th e  ring . I t  is s tro n g ly  sensitive to  m ass. T h e  freq u en cy  of th e  v ib ra tio n  
in  th e  R am an  sp e c tru m  o f d ibrom o co m p o u n d  82 is 140 cm “ 1, an d  in  t h a t  
o f  th e  diiodo co m p o u n d  84 i t  is 115 cm “ 1.

Vibration 16a. I n  th e  case of only m o n o a to m ic  or lin ear su b s titu e n ts , 
an d  i f  id en tica l s u b s ti tu e n ts  are p resen t in  p o s itio n s  1 and  3, th e  b a n d  w ould  
be fo rb id d en  in  th e  in f ra re d , since in  th e  C2„ p o in t-g ro u p  th e  v ib ra tio n  belongs 
to  th e  a 2 species. O th e rw ise , th is  is an  o u t-o f-p lan e , ske le ta l v ib ra tio n . In  th e  
sp e c tra  o f group A  th e  b a n d  appears w eak ly  o r occasionally  w ith  m ed ium  
s tre n g th  in  th e  case o f  a sy m m etric  su b s ti tu e n ts . I t s  frequency  range  is 424 — 
— 495 cm  J. In  th e  s p e c tra  o f group В  to o , w ith  a few  exceptions i t  a lw ays 
gives a w eak  h an d . T h e  ex cep tio n s are co m p o u n d s c o n ta in in g  3-O H  or 3 -N H 2 

g ro u p s. In  accordance  w ith  th e  a2 p seu d o -sy m m etry , 2 ,5 -su b stitu en ts  scarce ly  
a ffec t e ith e r  th e  in te n s i ty  o r th e  frequency . I t s  freq u en cy  range is 453 — 520 
c m “ 1. I n  th e  case o f  a  3 -m eth o x y  group i t  is a t  490 — 520 cm “ 1 (b u t in  3,5- 
-d im e th o x y  d e riv a tiv e s  a t  4 5 9 —475 cm “ 1), in  th e  ev en t o f 2 -n itro  an d
3 -a ld eh y d e  groups a t  474 — 491 cm “ 1 (b u t fo r  d in itro  deriv a tiv es  a t  453 480
c m “ 1), and  w ith  3 -O H  an d  3-N H 2 g ro u p s a t  4 5 5 -  478 cm “ 1. In  th e  
sp e c tra  o f group C to o  th e  b an d  is g en era lly  w eak , w ith  th e  ex cep tio n  of 
th e  s tro n g ly  asy m m etric  d im esy loxy  d e r iv a tiv e  (110). I ts  range of occurrence 
is 3 9 9 —486 cm “ 1. T h e  m in im u m  frequency  in  th e  case o f 2 -hydroxy  or 2-am ino- 
-d ich lo ro  d e riv a tiv es  is 451 c m “ 1.
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Vibration 16b. T he  th ird  ou t-o f-p lane  skele ta l v ib ra tio n . In  th e  sp ec tra  
o f  g roup  A  th e  b an d  is on ly  s tro n g  i f  g roups w ith  m o m en ts  o f th e  sam e  sign 
a re  s itu a te d  in  p o sitions 2 an d  5. T hus, a s tro n g  b a n d  ap p ears  in  th e  sp ec tra  
o f  te tra m e th y lb e n ze n e  (1), te tra flu o ro b en zen e  (2), an d  co m pounds 9, 12, 28, 
35, 37, 38, 39 an d  40 (th e re  a re  no  in fra red  d a ta  fo r co m pounds 3 an d  4, 
an d  th e  sp ec tru m  o f com p o u n d  30 has been p u b lished  on ly  up  to  700 c m -1). 
A p a r t  from  these , on ly  th e  co rrespond ing  b a n d  o f com pound  7 (gallic  acid) 
is s tro n g . T he freq u en cy  ra n g e  is 520 606 cm - 1 .

In  th e  sp ec tra  o f  g ro u p  В  th e  b a n d  is w eak. A n ex cep tio n  is c o m p o u n d  
56, w hich  d iffers from  th e  o th e rs  in  th a t  th e re  is a 2-am ide g ro u p . T h e  fre 
q u en cy  range  is 543 636 c m - 1 . T he frequency  is in flu en ced  m a in ly  b y  th e
2 -su b s titu e n t. In  th e  case o f  an  a lly loxy  g roup  th e  freq u en cy  is 550 — 570 
cm  ',  w ith  a 2 -carboxy  g roup  (55) i t  is 612 c m -1 , w ith  a 2 -cyano  g ro u p  (57) 
i t  is 636 cm “ 1, w ith  a h y d ro x y m e th y l g roup  (71) i t  is 630 c m “ 1, a n d  o th e r
wise i t  is 453 600 c m “ 1.

In  th e  sp ec tra  o f g roup  C th e  b an d  is o f m ed ium  s tre n g th , w ith  a t e n l -  
ency  to  be w eak ; in  a few  cases, how ever, i t  m ay  also be s tro n g , i f  th e  a m p li
tu d e  of th e  v ib ra tio n  is in creased  for some reason . E x am p les  are  th e  n itrile s , 
as a re su lt o f coupling  w ith  th e  ou t-o f-p lane  v ib ra tio n  o f th e  cy an o  g roup , 
an d  in ad d itio n  com pounds 78, 81 an d  96. I ts  overall freq u en cy  ra n g e  is 
511 618 cm “ 1, b u t  it  is to  he  fo u n d  above 600 cm “ 1 on ly  in  th e  s p e c tra  of
n itrile s . I t  also ap p ears  a t  c o m p a ra tiv e ly  h igh frequencies due to  coup lin g  
in  p ro p o x y  an d  acetocy  co m pounds (104, 109): 590 an d  570 c m “ 1. T h e  n itro  
g roup  decreases th e  freq u en cy , because  of coupling  w ith  th e  ys N 0 2 v ib ra t io n  
(511, 519 cm “ 1). F u r th e r , freq u en cy  decreases due to  coupling  can  be o b serv ed  
in  acids, este rs , am ides. N -m eth y lam id es  and am id ines, invo lv ing  o u t-o f-p lan e  
C =  0  and  C = N  v ib ra tio n s . T he m ax im u m  frequency  in  th is  g roup  is 559 cm  '.

Vibration 17a. A n o u t-o f-p lan e  CH v ib ra tio n  o f species a., in  p o in t-  
g roup  C2i). I t  a lw ays gives a w eak  b a n d , and  is d ifficu lt to  id en tify . I ts  e x p e c t
able freq u en cy  ran g e  is 835 — 910 c m “ 1 [1]; i t  lies below  or above 880 cm  ', 
d ep en d in g  on w h e th e r th e  b a n d  o f th e  um bre lla  v ib ra tio n  ap p ears  be low  or 
above 880 c m “ 1.

Vibration 17b. An o u t-o f-p lan e  v ib ra tio n  of th e  su b s titu e n ts  in  th e  
fa r  in fra red .

Vibration 18a. A n in -p lan e  C -H  bend ing  v ib ra tio n . In  g roup  A  th e  
b a n d  is s tro n g  on ly  if  th e re  is a 5 -F  or 5-O H  group . I t  is o therw ise  w eak , 
and  can  often  n o t be id en tified  a t  all. I ts  expec tab le  freq u en cy  range is 1060 

1 1 1 0  c m - .
In  g roup  В  i t  alw ays gives a w eak  h an d  in  th e  ev en t o f a 3 -n itro  g ro u p . 

In  ad d itio n , i t  m ay  m erge in to  th e  in -p lane  O H  bend in g  v ib ra tio n  b a n d  o f 
pheno ls, o r genera lly  in to  th e  b a n d  o f v ib ra tio n  13. I ts  overall fre q u e n c y  
range  is 1048 1140 cm l . W ith  a 5 -n itro  or 5-cyano group  i t  is a t  1048 — 1057
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c m - 1 , in  3 ,5 -d im ethoxy  d e riv a tiv e s  a t  ab o v e  1118 cm “ 1, an d  o therw ise a t 
1102 — 1118 cm h T he s e n s it iv ity  to  s u b s ti tu e n ts  show s th a t  n o t on ly  th e  
h y d ro g e n s  tak e  p a r t  in  th e  v ib ra tio n .

F ro m  th e  sp ec tra  o f  g roup  C i t  m ay  be es tab lish ed  th a t  th e  in te n s ity  
o f  th e  b a n d  is c o n sid e rab ly  affected  by  th e  b u lk  o f th e  su b s titu e n t ad jacen t 
to  th e  hydrogens; o th e rw ise , th is  holds b y  a n d  la rg e  fo r th e  f ir s t  tw o  groups 
to o . I n  th e  case of c h lo rin e  deriv a tiv es  and  d im eric  acids th e  b a n d  is stronger. 
I n  th e  spectra  of p h en o ls  i t  o ften  merges p a r t ly  in to  th e  b a n d  o f th e  in -p lane  
d e fo rm a tio n  v ib ra tio n  o f  th e  O H  group. I t s  f req u en cy  range  is 1052 1098
cm  к  T he frequency  to o  depends on th e  m ass an d  b u lk  o f th e  halogens. 
I n  ch lo ro  derivatives i t  is 10 7 6 — 1098 cm - 1 , in  b ro m o  d e riv a tiv e s  1057 1085
cm  — 1, an d  in  th e  th re e  io d o  com pounds 1052 1064 cm “ 1.

Vibration 18b. T h is  is th e  o ther in -p la n e  C -H  b en d in g  v ib ra tio n . I t  
e x h ib its  an  appreciab le  in te n s i ty  only if  id e n tic a l su b s titu e n ts  are  in  positions 
3 a n d  5, th ough  in  th e  s p e c tra  of com pounds 16, 17, 31 an d  33 i t  m erges in to  
th e  b a n d  of th e  in -p la n e  bend ing  v ib ra tio n  o f  th e  O H  g roup , an d  in  th e  
case  o f com pounds 55 a n d  56 in to  th e  b a n d  o f  v ib ra tio n  13. I ts  overall fre 
q u e n c y  range is 1135 — 1180 cm “ 1.

Vibration 19a is a sk e le ta l s tre tch in g  v ib ra tio n  ch a rac te ris tic  of benzene 
d e riv a tiv e s .

In  th e  sp ec tra  o f  g ro u p  A  i t  generally  a p p e a rs  as a s tro n g  or v e ry  s trong  
b a n d . E xceptions a re  th e  1 ,2 ,3 -trihyd roxy  com p o u n d s, th e  d in itroan iline  
d e riv a tiv e s , and  c o m p o u n d s  w ith  an e le c tro n -a ttra c tin g  su b s titu e n t in  posi
t io n  2. I t  is strong , h o w e v e r, in th e  case o f  a n  e s te r  g roup  fo rm ing  a chelate  
w ith  b o th  of its  n e ig h b o u rs  (11). In  tw o  cases i t  is covered  b y  th e  vas N 0 2 

b a n d  (33, 37). I ts  o v e ra ll frequency  ra n g e  is 1476 1546 c m “ 1. In  te tra -
fluo robenzene  (2) i t  is a t  1523 cm “ 1, w ith  o n ly  a lky l an d  am ino  su b s titu en ts  
a t  1478 1486 c m “ 1, a n d  in  n itro  co m p o u n d s a t  1476— 1510 c m “ 1. In  th e
case  o f acids and  ac id  am id es  the  in te rm o lecu la r  associa tion  s ligh tly  increases 
th e  frequency : 1502 1546 cm “ 1; in  th e  o th e r  d e riv a tiv es  i t  is 1489 1540
cm  h

In  th e  sp ec tra  o f  g ro u p  В  th e  in te n s i ty  o f th e  b a n d  depends on th e  
d ifference  betw een  th e  p o la ritie s  of th e  su b s ti tu e n ts  in  positions 2 an d  3. The 
b a n d  is generally  s tro n g , b u t  in 3-nitro  d e r iv a tiv e s  i t  is w eak  if  th e re  is no 
O H , OCH 3, or N H , g ro u p  in  position 2. I t s  freq u en cy  range  is 1448 1520
c m “ 1. W ith  m on o ato m ic*  su b stitu en ts  in  p o sitio n s 2 an d  3 i t  is a t  1494 -1 5 2 0  
c m “ 1, w ith  p o ly a to m ic  su b s titu e n ts  a t  1486 1493 cm \  an d  in  th e  sp ec tra
o f n itro  deriva tives a t  1448 1486 c m “ 1.

In  group C th e  b a n d  is strong  or v e ry  s tro n g  in  m ost cases. E xcep tions 
a re  th e  acids, w here th e  b an d  is of m ed iu m  in te n s ity , an d  also th o se  am ides 
c o n ta in in g  an e th o x y , p ro p o x y  or a lly lo x y  g roup  in  position  2. I ts  overall 
f req u en cy  range is 1452 — 1493 cm “ 1, th e  freq u en cy  depend ing  to  a sligh t
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e x te n t on th e  halogens to o . In  chloro d e r iv a tiv e s  it  is above 1469 cm  1 (w ith  
th e  excep tion  o f com pound  110, w here i t  is 1458 cm ') , in brom o com pounds 
1458 1486 c m ” 1, an d  in  iodo com pounds a t  1452 1460 cm '"1.

Vibration 19b. T h is is sim ilarly  a sk e le ta l s tre tch in g  v ib ra tio n  c h a ra c 
te ris tic  o f benzene d e riv a tiv es .

In  th e  sp e c tra  o f g roup  A  th e  b a n d  is a lm o st alw ays stro n g , b u t  i t  m ay  
som etim es be covered  p a rtia lly  by  n e ig h b o u rin g , likewise s tro n g  b an d s . 
T hus, in  th e  case o f d im eric  acids it  m ay  be covered  by  th e  ß  O H  b a n d  (22,

Fig. 3. Frequency ranges o f  ring vibrations of 1 ,2 ,3 ,5-tetrasubstitu ted  benzene derivatives.
14* denotes normal vibration 14 o f  phenols

23, 26) or by  th e  d£  C H 3 b an d  of th e  m e th o x y  g roup  (10, 19). I ts  o vera ll 
freq u en cy  range is 1408 — 1465 cm h I f  th e re  are  F  or O H  groups in  po sitio n s 
2 an d  5 and  th e re  is no polyatom ic*  s u b s ti tu e n t  i t  is a t 1455 1465 cm  1;
in  all o th e r cases i t  is a t  1408 1450 c m - 1 .

In  th e  sp ec tra  o f g roup  В  too  th e  b a n d  is g enera lly  strong . I t  is w eak  
only  in  th e  sp ec tra  of th o se  3 -n itro  d e riv a tiv e s  n o t con ta in in g  an  O H , O C H 3 

or N H 2 group in  p o sitio n  2 (sim ilarly  as fo r th e  b a n d  of v ib ra tio n  19a). I ts  
frequency  ran g e  is 1390 1440 cm '. In  d in itro  com pounds it  is a t  1390 —

1417 cm 4
In  th e  sp ec tra  o f g roup  C i t  again  a p p e a rs  as a s tro n g  b an d , w ith  th e  

excep tion  of th e  am id ines. In  th e  sp ec tra  o f th e  tw o  anisid ines i t  is covered  
b y  th e  bend ing  b a n d  o f th e  m e th y l g roup . I t s  overa ll frequency  ran g e  is
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1373 1438 c m -1 . I t  is in flu en ced  b y  th e  m asses o f th e  2- and  5 -su b s titu e n ts ,
an d  a lso  b y  those  of th e  halogens. I t  couples w ith  th e  am ide I I I  b a n d , an d  
in  a m id e s , therefo re , w ith  th e  ex cep tio n  o f th e  h y d ro x y am id es, its  f req u en cy  
d ec rea ses ; in  th e  N -m eth y lam id es , how ever, i t  chan g es places w ith  th e  am ide  
I I I  b a n d  a n d  appears a t  h ig h e r frequency . In  pheno ls th e  freq u en cy  is g re a te r  
th a n  1395 c m -1 , in  ch lo ro  d e riv a tiv e s  above 1413 cm -1 , in  b ro m o p h en o ls  
1404 1438 c m " 1, an d  in  iodopheno ls 1388 1395 cm -1 . In  th e  sp e c tru m
o f c o m p o u n d  111 i t  is 1402 c m " 1, w hereas in  th o se  o f th e  tw o  an is id in es  i t  
is a h ig h e r  frequency  th a n  th is , b u t  th e  b a n d  is overlapped  b y  th e  b en d in g  
b a n d  o f  th e  m e th y l g roup . In  th e  sp ec tra  o f th e  roethoxy , e th o x y , p ro p o x y  
a n d  a lly lo x y  deriv a tiv es  i t  is a t  1373 — 1392 c m " 1, w ith  th e  ex cep tio n  of 
th e  tw o  N -m eth y lam id es, in  th e  sp ec tra  o f  w hich  th e  freq u en cy  is h ig h er 
d u e  to  coup ling  (see above). As a consequence  o f coupling w ith  th e  a n ti
sy m m e tr ic  s tre tch in g  v ib ra tio n  of th e  S 0 2 g roup , th e  freq u en cy  is also 
c o m p a ra tiv e ly  high in  th e  sp ec tru m  o f co m p o u n d  110: 1422 c m " 1.

Vibrations 20a and 20l> are  C -H  s tre tc h in g  v ib ra tio n s. T he b a n d s  are 
a lw ay s  w eak , and  fre q u e n tly  superim posed  on s tro n g  diffuse b an d s . V ib ra tio n  
20a  is to  be found a t  3050 3102 cm “ 1, and  v ib ra tio n  20b a t  2995 3050
c m " 1. In  n itro  d e riv a tiv es  a s tro n g  an d  sh a rp  co m b in a tio n  b an d  o ften  ap p ea rs  
a t  th e  p o sitio n  of v ib ra tio n  20a.

A  sty lized  p ic tu re  o f th e  sp ec tru m  o rig in a tin g  from  th e  v ib ra tio n s  of 
th e  r in g , referred  to  th e  th re e  com pound  g roups, is to  be seen in  F ig . 3. The 
b a n d s  a re  also in d ica tiv e  o f th e  in te n s ity  re la tio n s , b u t no t v ia  th e ir  a reas, 
fo r  th e  s ty lized  b an d s are  b ro a d  if  th e  ran g e  o f occurrence of th e  b a n d  is b ro ad .

In te rn a l frequencies o f su b stitu en ts

С Н Л group. The b a n d  o f  th e  sy m m etric  s tre tch in g  v ib ra tio n  is alw ays 
w eak , b u t  i t  m ay  be s tro n g e r  in  th e  p resence  o f several m e th y l g ro u p s. I ts  
f re q u e n c y  range in  th e  C H 3, C ,H 5, C3H „  C O C H 3, COC2H 5, CO O CH 3, OC,H„, 
O C 3 H 7, OCOCH 3 an d  N H C ,H 5 g roups is 2 8 8 7 -  2926 cm “k  and  in  th e  O C H 3, 
N (C H j) , and  O SO ,C H 3 g ro u p s 2828 2862 cm 1.

T h e  asym m etric  s tre tc h in g  v ib ra tio n  genera lly  has tw o b a n d s , b u t 
b o th  are  w eak. T heir com b in ed  freq u en cy  ran g e  is 2932 2992 cm  1. T hey
are  to  be  found above 2982 cm  1 on ly  in  th e  e v e n t of an  e th y l g ro u p .

T h e  b and  of th e  sy m m etric  b en d in g  v ib ra tio n  is of v e ry  v a r ia b le  in te n 
s ity . In  O CH 3 and  O C O C H 3 g roups i t  is in te n se , b u t o therw ise w eak . I t  m ay  
so m e tim es  be p a r tia lly  or co m p le te ly  covered  b y  th e  b and  of v ib ra tio n  14 
o f  p h en o ls , the  b an d  o f th e  sy m m etric  s tre tc h in g  v ib ra tio n  of th e  n itro  group , 
o r th e  b a n d  of th e  in -p lan e  O H  bend in g  v ib ra tio n  o f th e  COOH g roup . In  th e  
m e th y l  group it  is a lw ays w eak . I ts  freq u en cy  range  in  th e  case o f a  ir.e ihy l 
g ro u p  is 1379 1385 cm  к  an d  o therw ise 1300 1398 cm -1, b u t  in  th e  O G H 3
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group  i t  is a lw ays below 1360 c m " 1. I f  a m e th o x y  g roup  is s i tu a te d  b e tw een  
tw o  n itro  or tw o  halogen g ro u p s , th e  frequency  ran g e  is 1282 1320 c m “ 1.
T he frequency  is sim ilarly  v e ry  low  in th e  0 S 0 2C H 3 g roup .

In  th e o ry , th e  a sy m m etric  bend in g  v ib ra tio n  has tw o  b an d s p e r  m e th y l 
g roup , b e tw een  1418 and 1475 c m -1 . The h an d s a re  o f m ed ium  s tre n g th  
or w eak, h u t  in  th e  COOCH 3 g ro u p  th e y  are genera lly  s tro n g . I f  a m e th o x y  
g roup  is s i tu a te d  betw een tw o  b u lk y  su b s titu e n ts , th e n  th e  low er-frequency  
com ponen t ap p e a rs  below 1430 cm  \  w hereas in  all o th e r  cases b o th  bands 
a re  to  he fo u n d  above 1430 cm  In  v e ry  m an y  cases, one or th e  o th e r  h an d  
is overlapped  b y  th e  band  o f  v ib ra tio n  19b.

In  p rin c ip le , th e  rock ing  v ib ra tio n  sim ilarly  has tw o b an d s , be tw een  
957 and  1071 cm  h  The b a n d s  are  generally  w eak  o r o f m edium  s tre n g th , 
w ith  th e  excep tions of th e  m e th o x y  or ace toxy  g roups. T he rock ing  v ib ra tio n  
occurs below 1008 cm 1 only i f  i t  o rig in a tes  from  th e  m e th y l g roup  o f a m esyl- 
o x y  group o r a m e thoxy  g ro u p  s itu a te d  betw een  tw o  b u lk y  su b s titu e n ts . 
I t  is w orth  n o tin g  th a t  th e  v ib ra t io n  has no low -frequency  co m p o n en t in 
th e  spectrum  o f com pound 19, p re su m a b ly  because th e  n e ig h b o u rin g  m e th o x y  
g roups in th e  o rdered  dim eric s t ru c tu re  are s itu a te d  in  a fix ed  c o n fig u ra tio n  
beside each o th e r.

C H g r o u p .  T he hand  o f th e  sym m etric  s tre tc h in g  v ib ra tio n  is a lm o st 
a lw ays w eak. A n exception  is co m p o u n d  25, in  th e  sp ec tru m  of w hich  th e  
sy m m etric  s tre tc h in g  v ib ra tio n  o f  th e  = C H 2 g roup  ap p ea rs  as a s tro n g  b an d , 
p resu m ab ly  because  of the  sm alle r b u lk  of th e  cyano g roup  (h igher am p litu d e ). 
I t s  frequency  ran g e  is 2857 2885 cm 1 in  th e  C II2 g roup , and  2962 2990
cm  1 in  th e  =  CH., group.

The h a n d  o f th e  an tisy m m e tric  s tre tch in g  v ib ra tio n  is s im ila rly  w eak 
in  th e  : CH 2 g ro u p , w ith  th e  e x c e p tio n  of th e  m orpho lino  d e riv a tiv e  (43), 
w hich  con ta ins fo u r m ethy lene  g ro u p s. In  m e th o x y  d e riv a tiv e s  i t  m ay  he 
covered  by th e  sym m etric  s tre tc h in g  v ib ra tio n  o f th e  m e th y l g roup , w hile 
in  d im eric acids i t  m ay  m erge in to  th e  very  diffuse b a n d  system  o f th e  O H  
s tre tc h in g  v ib ra tio n . This la t te r  also holds fo r th e  sy m m etric  s tre tc h in g  
v ib ra tio n . I ts  freq u en cy  range is 2935 2942 cm “ 1 in  th e  C H 2 g roup  (b u t
a h an d  is also to  be found a t 2995 cm 1 in th e  sp ec tru m  o f com p o u n d  43), 
an d  3068 3085 cm 1 in th e  = C H „  group. In  th e  la t te r  case th e  h a n d  is
genera lly  of m ed ium  in ten sity .

The h and  o f  th e  scissoring v ib ra tio n  can b a re ly  be id en tified  in  th e  
sp ec tra  of com pounds also c o n ta in in g  a m ethy l g roup . In  th e  = C H 2 g roup  
i t  te n d s  to  s e p a ra te  from  the  b a n d  o f th e  asym m etric  b en d in g  v ib ra tio n  of 
th e  m e th y l g roup , b u t it  m ay s ti l l  be covered by  th e  b a n d  o f  v ib ra tio n  19b. 
I ts  frequency  ran g e  is 1447 1462 cm 1 in th e  C H 2 g roup  (h u t il also 
ap p ea rs  a t  1407 cm 1 in th e  m o rp h o lin o  group beside th e  О a to m ), an d  
1410 1428 cm 1 in  th e  = C H 2 g ro u p .
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T he b an d  of th e  ro c k in g  v ib ra tio n  is a lm o st alw ays v e ry  w eak , an d  m ost 
o fte n  c a n n o t be id e n tif ie d . I t s  frequency  ran g e  is 767 812 cm  1 in  th e  ^ ;C H ,
g ro u p , an d  1011— 1025 c m - 1  in  the  = C H 2 g roup .

In  th e  ^ C H 2 g ro u p  th e  w agging v ib ra tio n  ap p ears  w ith  m ed ium  stren g th  
o n ly  i f  th e re  is an  a lly lo x y  group  betw een  th e  halogens. O therw ise th e  band  
is v e ry  w eak. I t  is s tro n g , how ever, in  th e  = C H 2 g roup  if  th e  v ib ra tio n  is 
p e rp e n d ic u la r  to  th e  p la n e  o f th e  m olecule. I ts  freq u en cy  ran g e  is 1320 1346
c m - 1  in  th e  ^  CH 2 g ro u p  (b u t 1301 cm 1 in  th e  e th y lam in o  g roup), and 
925 960 cm ' 1 in  th e  = C H 2 group. In  th e  sp e c tru m  of th e  d im eric  com pound
105 th e  b an d  is in te re s tin g ly  split in to  tw o .

T he tw isting  v ib ra t io n  can never be id e n tif ie d  in  th e  CH 2 group. 
I n  th e  = C H 2 group th e  b a n d  is of m ed ium  s tre n g th , b u t  in  am ides i t  m ay  
he  covered  by  th e  am id e  Y  b an d . A ccording to  R am an  sp e c tra , its  frequency  
ra n g e  in  th e  ^ ;C H 2 g ro u p  is 1230— 1260 c m '1, w hile in  th e  = C H 2 group it  
is 595 650 cm -1 .

C H  group. T he stretching vibration b a n d  is w eak  in  th e  a ldehyde, a lly l
o x y  an d  oxime g ro u p s . I t s  frequency  ran g e  is 2732 2756 c m ' 1 in  th e
a ld e h y d e  group, 3015 3022 cm 1 in  th e  a lly lo x y  g roup , an d  2970 3000
cm  1 in  th e  oxim e g ro u p . T he in-plane bending vibration  d e fin ed  b y  th e  C -H  
a n d  th e  double bond  a p p e a rs  as a s trong  or m ed iu m  b an d  on ly  in  th e  aldehyde 
g ro u p . H ere too , h o w ev e r, th e  b an d  is w eak  i f  th e  a ldehyd ic  carbony l is 
in v o lv ed  in  an in te rm o le c u la r  linkage w ith  an  O H  group . T his is p a rticu la rly  
s tr ik in g  in  th e  case o f  com pounds 51 an d  52. In  th e  fo rm er th e  O H  group 
fo rm s a chelate w ith  th e  brom ine a to m , b u t  in  th e  la t te r  i t  does no t w ith  
th e  iod ine. This is a lso  d em o n stra ted  b y  th e  large d ifference in  th e  O H  
s tre tc h in g  frequencies. T h ere  is a co rresp o n d in g  large in te n s ity  difference 
b e tw een  th e  CH b e n d in g  v ib ra tio n  b an d s , in  fav o u r of th e  brom o com 
p o u n d . I ts  frequency  ra n g e  is 1394 1417 cm  1 in  th e  a ld eh y d e  group , and  
1300 — 1330 cm “ 1 in  th e  ally loxy  g roup ; i t  could  n o t be id en tif ied  in  th e  
ox im es. The b an d  o f  th e  out-of-plane vibration  is g en era lly  s tro n g  in  all 
th re e  groups. E x c e p tio n s  are  th e  halog en -b en zald eh y d es, in  w hich th e  b and  
becom es w eaker w ith  th e  increase o f th e  n u m b e r an d  m ass of th e  halogens, 
b u t  i t  is s trong  i f  th e  a ldehyde g roup  fo rm s an  in te rm o lecu la r  bridge. 
I ts  frequency  ran g e  in  th e  aldehyde g ro u p  is 593 644 c m “ 1, in  th e  a lly 
lo x y  group 974 997 c m “ 1, and in  th e  oxim e g roup  600 630 cm ' 1. J u s t
as th e  w agging = C H ., v ib ra tio n , i t  is sp lit  in to  tw o  in  th e  spec trum  of 
com p o u n d  105.

C-C bond. In  th e  e th y l and ace ty l g roups th e  C-C s tre tc h in g  v ib ra tio n  
ap p e a rs  a t a round  970 c m “ 1. In  th e  in fra re d  sp ec tru m  i t  is genera lly  a w eak 
b a n d .

C—C—C chain. I n  th e  propyl g roup , tw o  s tre tc h in g  v ib ra tio n s  ap p ear 
in  th e  R am an  sp e c tru m , a t  around  890 an d  1090 cm  1. In  th e  p ropionyl
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g roup  (27) th e  tw o  v ib ra tio n s  re su lt in  s tro n g  b an d s  in  th e  in fra re d  sp ec tru m , 
a t  a ro u n d  955 an d  1065 cm - 1 .

C = C  bond. In  th e  in fra red  sp ec tru m  th e  C =  C s tre tc h in g  v ib ra tio n  
a lw ays resu lts  in  a w eak  b an d . I ts  freq u en cy  range  in  th e  a lly lo x y  g roup  
is 1644 1655 c m ’ 1.

C -C l bond. T h e  s tre tch in g  v ib ra tio n  ap p ea rs  as a s tro n g  b a n d  in  th e  
sp e c tra  of acid ch lo rides, a t  669 and 682 c m " 1. P o la rity  of th e  b o n d  decreases 
th e  frequency . T h e  C-Cl bond  is m ore p o la r  in  th e  d ib ro iro  co m p o u n d  95 
th a n  in  the  d ich lo ro  com pound 8 8 . T his is in d ica ted  no t only  b y  th e  sm aller 
C—Cl s tre tch in g  freq u en cy , b u t also b y  th e  la rg e r C =  0  s tre tc h in g  freq u en cy  
(1762 cm 1 vs. 1746 cm x).

C—O H  bond. T he  b an d  o f th e  alcoholic C -O H  bond (71) is s tro n g , a t 
a ro u n d  1020 c m ’ C T he s tre tch in g  v ib ra tio n  o f th e  C -O H  bond  o f  th e  c a r
b o x y l group a lw ays appears as a s tro n g  b a n d , th o u g h  in  g ro u p  C i t  m ay  
p a r tia lly  m erge in  th e  b an d  of v ib ra tio n  2. I ts  frequency  in te rv a l  c a n  be 
d iv id ed  in to  fo u r p a r ts .

1. I f  th e  c a rb o n y l oxygen of th e  c a rb o x y l group form s a h y d ro g en
b o n d  w ith  a pheno lic  O H  group , th e  freq u en cy  range is 1260 1268 c m " 1.

2. For d im eric  acids in  group  A  th e  ran g e  is 1271 1282 cm x.
3. For d im eric  acids in  groups В  an d  C i t  is 1283 1302 cm  x. In  th is  

case th e  frequency  is increased  by  coup ling  w ith  v ib ra tio n  2.
4. In  g roup  C i f  th e re  is a 2-O H  g roup , i t  is 1270 1278 c m " 1. In  th is

case to o  coupling w ith  v ib ra tio n  2  is s tro n g , b u t  because of th e  lig h t su b 
s t i tu e n t  th e  freq u en cy  of v ib ra tio n  2  is v e ry  h igh an d  th e  tw o  b a n d s  change 
places.

C -O -C  chain. T h is occurs in  esters  an d  in  th e  m orpholino g ro u p  (th e re  
is also a C -O -C  c h a in  in th e  m e th o x y  g roup , b u t  one of th e  c a rb o n  a to m s 
is a m em ber of th e  a ro m a tic  ring , an d  th u s  th e  s tre tch in g  v ib ra tio n  o f th e  
oxygen  a tom  to w a rd s  th is  ca rb o n  a to m  is in c lu d ed  am ong th e  30 n o rm al 
v ib ra tio n s  of th e  benzene  ring). In  esters  tw o  s tre tc h in g  bands a p p e a r ;  b o th  
are genera lly  v e ry  s tro n g . H ow ever, if  th e  e s te r  g roup  is in  p o sitio n  2 th e  
low er-frequency  co m p o n en t appears on ly  as a b an d  of m edium  s tre n g th . 
T he overa ll freq u en cy  ranges are 959 1010 cm 1 and 1261 1313 c m " 1.
T he frequency  is a ffec ted  b y  four c ircum stances .

1. W h e th e r o r n o t th e  ca rb o n y l oxygen  of th e  ester form s a h y d ro g en  
b o n d . I f  yes, th e n  th e  frequency  o f th e  h ig h er-freq u en cy  co m p o n en t increases 
(as th e  o rder of th e  € - 0  bond  a d ja c e n t to  th e  ca rbony l oxygen in creases).

2. W h e th e r th e  e s te r g roup  is in  p o sitio n  2 or 5. In  th e  fo rm er case th e
ran g e  o f  th e  low er-frequency  com ponen t is 959 967 cm “ 1, while in  th e  la t te r
case i t  is 984 1010 cm l .

3. T he m a g n itu d e  o f th e  frequency  o f  v ib ra tio n  2, for th e  h ig h e r-fre 
q u en cy  com ponen t is coupled  w ith  th is . I f  th e  freq u en cy  of v ib ra tio n  2  is h igh
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b ecau se  o f  th e  lig h t s u b s ti tu e n ts , th is  decreases th e  frequency  o f th e  C—0 -C  
s tre tc h in g  v ib ra tio n  (1264 c m " 1 in  com pound  8, in  sp ite  of th e  h y d ro g en  
b o n d , a n d  1264 1268 c m " 1 in  com pounds 77, 80 an d  111).

4 . T h e  presence o f ha logens in  th e  m olecu le  increases th e  freq u en cy  
o f th e  h ig h er-freq u en cy  co m p o n en t. As a re s u lt  of th is , for ex am p le , 
in  th e  sp e c tra  of com pounds 45, 46 an d  48 th e  h igher-frequency  s t r e tc h 
in g  v ib ra t io n  changes p laces w ith  v ib ra tio n  2 , an d  appears a t  1302 — 
1313 c m " 1.

I n  th e  sp ec tru m  of th e  m orpho lino  d e r iv a tiv e  a s trong  b a n d  can  he 
fo u n d  a t  920 c m " 1, a n d  a m ed iu m  one a t  1050 c m " 1. T he s trong  h a n d  o f  an 
o u t-o f-p la n e  ske le ta l v ib ra tio n  a t  454 c m " 1 can  also p ro b ab ly  be assigned  
to  th e  m o rp h o lin e  ring .

C = 0  bond. T he b a n d  o f  th e  s tre tc h in g  v ib ra tio n  is alw ays v e ry  s tro n g . 
I t  is w ell know n  th a t  a h y d ro g en  bond  decreases th e  frequency . T he freq u en cy  
o f th e  s tre tc h in g  v ib ra tio n  o f  free C =  0  g ro u p s is 1707 1739 cm  1 in  th e
e s te r  g ro u p  (m ax im um  freq u en cy  in  th e  sp e c tru m  o f com pound 48), 1693 — 
—1713 c m " 1 in  th e  a ld eh y d e  group , 1685 c m " 1 in  th e  ace ty l g roup  (87), 
1664 c m " 1 in  th e  h y d ro x a m ic  acid  (91), 1746— 1762 c m " 1 in  acid  ch lo rides, 
a n d  1763 1788 c m " 1 in  th e  ace to x y  g ro u p . I n  th e  la t te r  case th e  C =  0
s tre tc h in g  freq u en cy  in creases  in  one of th e  a d ja c e n t ace toxy  g roups, h u t 
if  th e r e  is no n itro  g roup  in  th e  m olecule, th e n  th e  m ax im um  freq u en cy  in  
th is  case  to o  is 1781 c m " 1.

A  free  COOH group  d id  n o t occur in  th e  series of com pounds exam in ed . 
In  in te rm o le c u la r  b o n d in g  w ith  an  O H  g ro u p , inc lu d in g  ca rb o x y l d im ers, 
th e  C =  0  s tre tc h in g  freq u en cy  o f th e  C O O H  g ro u p  is 1668 1710 c m " 1,
T h e  a c tu a l  value depends on th e  bond  s tre n g th  o f  th e  d im er. In  in te rm o lecu la r  
b o n d in g  w ith  a pheno lic  O H  group , th e  e s te r  g ro u p  absorbs a t  1672 — 1695 
c m " 1, a n d  th e  a ldehyde  g ro u p  a t  1653 1679 c m " 1. In  a ch e la te  s tru c tu re
th e  fre q u e n c y  range  is 1620— 1674 c m " 1, s im ila rly  depend ing  on th e  s tre n g th  
o f th e  ch e la te  bond . T he 1674 c m " 1 b a n d  is to  he found  in  th e  sp e c tru m  of 
c o m p o u n d  33; o therw ise , i f  th e re  is no n itro  g ro u p  in  th e  m olecule, th e  m a x 
im u m  freq u en cy  is 1647 c m " 1. The low est c a rb o n y l frequency  w as found  
in  th e  sp ec tru m  of co m p o u n d  16.

T h e  b an d  o f th e  in -p lan e  bend ing  v ib ra tio n  exh ib its  v e ry  v a riab le  
in te n s i ty .  In  th e  sp ec tra  o f  acid chlorides i t  is s tro n g , in  th o se  o f d im eric  
c a rb o x y lic  acids m ed ium  o r s tro n g , in  th e  a c e ty l and  p rop iony l g ro u p  (27) 
m e d iu m , an d  in  th e  e s te r g ro u p  m edium  or w eak , b u t  very  w eak  if  th e  group 
is in  p o s itio n  2; i t  is also w eak  in  th e  sp e c tru m  o f th e  h y d ro x am ic  ac id  (91). 
I n  th e  ace to x y  g roup  i t  is genera lly  s tro n g , b u t  if  th e  C =  0  g roup  is n o t in 
th e  p la n e  of th e  rin g  as a consequence o f  s te ric  h in d ran ce , th e n  th e  b a n d  is 
s u b s ta n tia l ly  w eaker. In  th e  case of th e  a ld e h y d e  group th e  b a n d  is л ei у 
w eak , an d  m ost o ften  c a n n o t even be id e n tif ie d . I ts  overall freq u en cy  range
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is 7 1 8 —866 c m '1. In  dim eric c a rb o x y lic  acids and  in  th e  e v en t o f  an  in ter- 
m o lecu lar b ridge, i t  is 718 751 c m - 1 . I f  a p a ra -O H  g roup  w eakens the
d im eric  s tru c tu re , or if  th e re  is an  iod ine atom  in th e  m olecule, th e  m ax im um  
freq u en cy  is 772 cm - 1 . In  all o th e r  cases i t  is found  above 731 c m '1. The 
freq u en cy  ran g e  fo r th e  e ste r g ro u p  is 7 2 2 -  757 c m “ 1, w hile in  th e  case of 
a s tro n g e r in te rm o lecu la r b o n d in g  w ith  an  O H  group  i t  is ab o v e  750 c m -1 . 
In  th e  h y d ro x am ic  acid th e  fre q u e n c y  is 773 c m “ 1. T he a ld e h y d e  group 
abso rbs a t  777 809 c m '1. T he freq u en cy  here  is d e te rm in ed  b y  e lectron
sh ift effects. E lec tro n -rep e llin g  s u b s titu e n ts  o rth o  or p a ra  to  th e  aldehyde 
g roup  increase , w hile th o se  m e ta  to  i t  decrease th e  freq u en cy . A cid  chlorides 
abso rb  a t 803 — 804 cm h  T he a c e to x y  group  absorbs a t  804 845 c m -1
b u t  above 820 cm 1 on ly  in  th e  case of s teric  h in d ran ce  (tw o ortho-ace toxy  
groups). F in a lly , in  th e  ace ty l a n d  p ro p io n y l g roups th e  b an d  is to  be found 
a t  866 and  842 c m “ 1, re sp ec tiv e ly .

T he b an d  of th e  o u t-o f-p lan e  v ib ra tio n  is genera lly  w eak , an d  often 
d iffuse. I t  m ay  be co m p ara tiv e ly  s tro n g , how ever, in  th e  sp ec tra  o f  2 -carboxy l 
or 2 -ace ty l groups fo rm ing  d im ers or o f th e  h y d ro x am ic  acid . T h e  overall 
freq u en cy  ran g e  is 580 693 c m “ 1. In  th e  p ro p iony l g roup  i t  is a t  587 c m “ 1,
an d  in  th e  ace to x y  group  a t  580 650 cm J. S teric  h in d ran ce  a n d  a n itro
group  reduce  th e  freq u en cy  co n sid e rab ly . In  th e  ace ty l g roup  th e  freq u en cy  
is 625 cm ' 1, in  th e  h y d ro x am ic  ac id  675 cm “ 1, in  acid ch lo rides 640 653
c m “ 1, and  in  esters  633 685 c m “ 1. C om pound 8 form s in te rm o le c u la r  bonds
o f tw o  d iffe ren t s tre n g th s , an d  acco rd in g ly  tw o  s tre tc h in g  and  tw o  o u t-o f
p lan e  v ib ra tio n s  ap p ear, th e  la t te r  a t  645 an d  675 cm “ 1. T he o u t-o f-p lan e  
C =  0  freq u en cy  of th e  ca rboxy l g ro u p  in  th e  b o u n d  s ta te  is 636 693 c m “ 1.
T he freq u en cy  is in fluenced  b y  th e  s tre n g th  o f th e  d im er, b u t  also b y  coupling  
w ith  th e  ou t-o f-p lane  O H  v ib ra tio n . T his coupling  is s tro n g est in  com pound  
53, as show n b y  th e  low  freq u en cy  o f 636 c m '1.

C—N  bond. The b an d  of th e  s tre tc h in g  v ib ra tio n  is s tro n g  in  th e  sp ec tra  
o f  com pounds 85 an d  101, b u t  w eak  in  th o se  o f th e  am id ines. I ts  freq u en cy  
in  th e  am m onium  group  (85) is 991 c m “ 1, in  th e  th io am id e  g roup  (101) 930 
c m “ 1, an d  in  th e  am idine g roup  1101 1102 cm "4

C—N - 0  chain. O f th e  tw o  s tre tc h in g  v ib ra tio n s , th e  low er-frequency  
one ap p ears  as a s tro n g  b an d , an d  th e  o th e r as a w eak b an d . T he freq u en c ies  
in  th e  h y d ro x am ic  acid (91) are 952 an d  1340 cm h an d  in  th e  h y d ro x y - 
am id in e  g roup  943 946 and  1098 1100 cm 1.

C = N  bond. T he s tre tc h in g  v ib ra tio n  gives a b an d  of m ed ium  s tre n g th  
in  th e  oxim e group (92), an d  a v e ry  s tro n g  b and  in  th e  am id ine  an d  h y d ro x y - 
am id ine  groups, an d  also in  th e  enol form  o f th e  th io am id e  g roup . F req u en c ies : 
in  th e  enol form  of th e  th io am id e  g ro u p  1409 cm ',  in th e  oxim e g ro u p  1630 
cm  \  in  th e  h y d ro x y am id in e  g ro u p  1659 1664 cm \  and  in th e  am id ine
group  1676 c m “ 1.
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T h e  band  of th e  in -p la n e  bending  v ib ra tio n  is w eak  in  th e  oxim e and  
in  th e  enolic th ioam ide, m o d e ra te ly  strong in  th e  h y d ro x y a m id in e , an d  s tro n g  
in  th e  am idine group. F re q u e n c ie s : in  th e  enolic th io a m id e  541 cm “ 1, in  th e  
o x im e  743 cm “ 1, and  in  th e  am id ine  and h y d ro x y a m id in e  groups 708 725 
c m “ 1. In  th e  last tw o  g ro u p s  th e  frequency  is sen sitiv e  to  th e  m ass o f th e  
h a lo g e n s  in  the  m olecule.

T h e  band  of th e  o u t-o f-p la n e  v ib ra tio n  can  be  id en tified  on ly  in  th e  
s p e c tr a  of the  am idine a n d  h y d ro x y am id in e  co m p o u n d s; in  th e  fo rm er case 
i t  a p p e a rs  as a m o d e ra te ly  s tro n g  band , an d  in  th e  la t te r  as a w eak  one. 
T h e  freq u en cy  lies in  th e  ra n g e  612 623 c m “ 1, d ep en d in g  on th e  m ass of
th e  halogens.

C = N  bond. T he b a n d  o f th e  s tre tch in g  v ib ra tio n  is alw ays stro n g , 
e x c e p t  i f  there  is an  ortho-n i t ro  group, decreasing  b y  its  e lec tron  a ttra c tio n  
th e  p o la r ity  of th e  C = N  b o n d . I ts  freq u en cy  ra n g e  is 2228 — 2256 cm “ 1. 
T h e  fo rce  constan t of th e  b o n d  and  the  freq u en cy  are  decreased  b y  e lectron- 
re p e llin g  groups in  th e  o r th o  position, an d  in c rea sed  b y  th e  n itro  group . 
T h e  m in im um  freq u en cy  fo r  n itro  deriv a tiv es  is 2242 c m “ 1, w hereas th e  
m a x im u m  frequency fo r co m pounds no t c o n ta in in g  a n itro  g roup  is 2245 
cm  A T he 2228 cm “ 1 b a n d  occurs in  the  sp e c tru m  o f com pound  57, in  w hich 
th e r e  a re  tw o e lec tro n -rep e llin g  su b stitu en ts  in  th e  v ic in ity  of th e  cyano  
g ro u p .

T h e  in-plane b e n d in g  v ib ra tio n  is even  m o re  sensitive  to  con ju g a tiv e  
e ffe c ts . The n itro  g ro u p  in c reases  b o th  th e  f re q u e n c y  an d  th e  am p litu d e  of 
th e  v ib ra tio n . In  th e se  cases  th e  band  o f th e  b en d in g  v ib ra tio n  is alw ays 
s tro n g . I t  is o therw ise o f  m ed iu m  s tre n g th  or w eak . The overall frequency  
ra n g e  is 505 — 627 c m “ 1. I n  n itro  deriv a tiv es  i t  is 583 627 c m 1, an d  in
co m p o u n d s  no t c o n ta in in g  a n itro  group 505 563 c m “ 1. In  d ihalogen  d e riv 
a t iv e s  i t  is 505 522 c m “ A

C = S  bond. In  th e  sp e c tru m  of com p o u n d  101 tw o  b an d s of m edium  
s t r e n g th  can be assigned  to  th is  bond. T he 1136 c m “ 1 b a n d  corresponds to  
th e  s tre tc h in g  v ib ra tio n , a n d  th e  505 cm “ 1 b a n d  to  th e  bend in g  m ode. A lthough  
so m e  o th e r bands p e rm it  th e  conclusion th a t  th is  com pound  also ex ists in  
th e  eno l form , th e  s tr e tc h in g  b and  to  be ex p e c te d  a t  a ro u n d  600 c m “ 1 could  
n o t  be  iden tified .

O H  bond. The s tr e tc h in g  v ib ra tion  n e a r ly  a lw ays p roduces v e ry  s tro n g  
d iffu se  bands. In  th e  case  o f  some w eak c h e la te  bonds, how ever (phenolic 
O H  w ith  propionyl a n d  a ld eh y d e  groups, or w ith  th e  e th e r  oxygen  o f th e  
e s te r  group), th e  b a n d  sp re a d s  ou t w eakly.

T he overall fre q u e n c y  range  of the  s tre tc h in g  v ib ra tio n  of th e  phenolic 
O H  g ro u p  is 3080 -3 5 9 5  c m “ 1. In  s trong  c h e la te  s tru c tu re s  w ith  O H , n itro  
a n d  ca rboxy l groups (6) a n d  w ith  the  ca rb o n y l o x ygen  of th e  e ste r group (12) 
i t  ab so rb s  a t 3080 -  3250 cm  A In  chelates o f m o d e ra te  s tre n g th  w ith  neigh-
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b o u rin g  OH g roups, an d  w ith  halogens (49, 51, 77, 78, 80, 81), th e  f req u en cy  
ra n g e  is 3300 3385 cm in  w eak  che la tes w ith  p ro p iony l, h y d ra te d  n itro ,
m e th o x y , am ide, a ld eh y d e  an d  O H  groups, w ith  halogens, w ith  th e  e th e ric  
oxygen  of th e  e s te r  g roup  (on th is  basis i t  w as possible to  d e te rm in e  th e  
co n fig u ra tio n  o f com pound  16, in  w hich th e  carb o n y l oxygen  o f th e  e s te r 
g ro u p  is d irec ted  to w a rd s  th e  m e th o x y  g roup), and  w ith  th e  O H  p a r t  o f  th e  
ca rb o x y l group th e  freq u en cy  ran g e  is 3335 3484 cm - 1 . In  an  in te rm o le c u la r
b rid g e  w ith  ca rb o n y l oxygen  th e  range  o f ap p ea ran ce  o f th e  b an d  is 3405 3490
cm 1 for th e  e s te r  ca rb o n y l, wdiile w ith  th e  ca rb o x y l g roup  (14) i t  is 3260 
cm  к In  com pounds 47 an d  52 a p a r tic u la r ly  s tro n g  in te rm o lecu la r  bond  
is fo rm ed  due to  th e  iod ine  a to m , an d  th e  b an d  ap p ears  d iffusely  a t  3180 
a n d  2700 3100 cm к W ith  O H . O C H 3, or N O L> groups in an  in te rm o le c u la r
b rid g e , th e  freq u en cy  ran g e  is 3180 3420 cm 1 (b u t below  3300 c m - 1  on ly
in  th e  case of tw o  n e ig h b o u rin g  O H  g roups), w hile in  th e  free O H  g ro u p  it  
is 3503 3595 cm к

I f  th e  ca rb o n y l oxygen  fo rm s an  in te rm o lecu la r bo n d  w ith  a pheno lic  
O H  group , th e  freq u en cy  of th e  O H  s tre tc h in g  v ib ra tio n  of th e  c a rb o x y l 
g ro u p  is 3380 cm 1 (14). In  th e  case o f d im eric  carboxy lic  acids a b ro a d  
reg ion  ch arac terized  b y  severa l m ax im a  is observed  b e tw een  2500 a n d  3350 
cm  к The position  of th e  h ig h -freq u en cy  end o f th e  region depends on  th e  
s ta b il i ty  of th e  d im er. In  th e  e v en t o f a w eak d im er (55) a single s tro n g  
d iffuse b an d  occurs a t  a ro u n d  3000 c m “ 1. In  com pound  33 th e  free O H  g roup  
ab so rb s a t 3572 c m “ 1.

The OH s tre tc h in g  freq u en cy  fo r th e  h y d ro x am ic  acid is 3240 c m “ 1, 
fo r th e  oxim e 3328 c m “ 1, an d  for th e  h y d ro x am id in es  3245 — 3280 c m “ 1. 
A lcoholic OH absorbs a t  3485 c m “ 1 in  th e  case o f a seven-m em bered  c h e la te  
(71), an d  a t  3290 cm  1 in  an  in te rm o lecu la r  linkage.

T he bands o f  th e  in -p lan e  b en d in g  v ib ra tio n  o f phenolic O H  are  s im ila rly  
v e ry  strong . M erely a w eak  b a n d  can  be observed  in  th e  case o f a sim ple 
h y d ro g en -b rid g ed  s tru c tu re  w ith  an  a ld eh y d e  group (52). In  th e  s tro n g  
ch e la tio n  developing  w ith  th e  n i t r e  g roup  or w ith  th e  ca rbony l o f  th e  c a r 
b o x y l or e s te r g roups th e  f re q u e n c y  ran g e  is 1240— 1266 c m “ 1. In  c h e la te  
s tru c tu re s  o f m ed ium  s tre n g th  in v o lv in g  O H  an d  halogens i t  is 1198 1244
cm  к In  th e  w eak che la tes  lis ted  in  connec tion  w ith  th e  s tre tc h in g  v ib ra tio n  
i t  is 1152 1256 c m “ 1, b u t  lies above 1210 c m “ 1 only  if  th e  O H  g ro u p  is
s itu a te d  betw een  tw o  halogens. In  in te rm o lecu la r linkages th e  ra n g e  o f 
a p p ea ran ce  of th e  b a n d  is 1134 1273 c m “ 1, b u t  i t  is above 1210 c m “ 1 o n ly
if  tw o  O H  groups are  in  th e  o rth o  p osition , or i f  th e  v ib ra tio n  is h in d e re d  
s te r ic a lly  by  an  iod ine a to m  (a t such  tim e  also th e  am p litu d e  is low er and  
th e  b a n d  is w eak). F in a lly , in  th e  case o f a free O H  group  th e  b an d  lies a t 
1091 1169 cm “ 1. I ts  o vera ll freq u en cy  ran g e  is th e re fo re  1091 1273 c m “ 1;
In  th e  spectrum  o f com p o u n d  47 a n o th e r  b an d  m ay  be found  a t  1372 c m “ 1,
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th is  c an  be co rre la ted  w ith  th e  s tru c tu re  o f  th e  v O H  b a n d , ex ten d in g  to  
2700 c m “ 1. I t  is lik e ly  t h a t  som e sym m etric  cyclic  s tru c tu re  develops betw een  
th e  tw o  O H  groups a n d  th e  aldehyde g ro u p  in  th e  solid phase .

T h e  b an d  o r ig in a tin g  from  th e  in -p lan e  b e n d in g  v ib ra tio n  of th e  c a r
b o x y l O H  group is s tro n g  o n ly  if  a d im eric  s tru c tu re  has been  p ro d u ced ; th e  
s tro n g e r  th e  bon d in g  in  th e  d im er, th e  s tro n g e r th e  b an d . I ts  freq u en cy  range  
in  w eak  dim ers is 1378 1395 cm -1 , and  in  s tro n g e r  ones 1405- 1420 c m - 1 .
In  th e  p a r tic u la r ly  s tro n g  d im eric  s tru c tu re  o f  com p o u n d  6 i t  is a t  1482 cm “ 1.

T he O H  in -p lan e  b en d in g  v ib ra tio n  b a n d  o f oxim e, h y d ro x am ic  acid  
a n d  h y d ro x y am id in e  g ro u p s can n o t be id e n tif ie d  w ith  c e r ta in ty . In  seven- 
m em b ered  chelate  rin g s  an  alcoholic O H  ab so rb s  a t  1169 cm ' x, an d  in  an 
in te rm o lecu la r  lin k ag e  w ith  th e  N 0 2 g roup  a t  1195 cm 4

T he h an d  o f th e  ou t-o f-p lan e  v ib ra tio n  o f  pheno lic  O H  is in  genera l 
s im ila rly  s trong  an d  v e ry  d iffuse. In  th e  sp e c tra  o f  p icric  acid (44) an d  halogen- 
a ld eh y d es , how ever, i t  is w eak , p resu m ab ly  b ecau se  of th e  low er am p litu d e . 
I t s  o vera ll freq u en cy  ra n g e  is 457—745 c m “ 1, th o u g h  free O H  groups m ay  
also  abso rb  below  457 c m “ 1, how ever, th e se  la t te r  b an d s  are d ifficu lt to  
id e n tify . In  s trong  c h e la te  s tru c tu re s , d ep en d in g  on th e  s tre n g th  of th e  che la te , 
th e  freq u en cy  ran g e  is 628 745 cm -1  ( th e  h ig h e s t v a lue  in  th e  sp ec tru m
o f com pound  6, w here  th e  s tre tch in g  b a n d  is fo u n d  a t  3170 cm “ 1). In  w eak  
a n d  m ed iu m -stren g th  ch e la tes  i t  is a t  501 637 c m “ 1, th o u g h  in  th e  sp ec tru m
o f com pound  31 th e  s tro n g  an d  diffuse b a n d  ap p ears  a t  693 c m “ 1. (The 
d iffuse  n a tu re  o f th e  b a n d  d istingu ishes i t  fro m  th e  b a n d  o f v ib ra tio n  4, 
w h ich  is to  he e x p e c te d  in  th is  position , a n d  w ith  w hich  i t  is c learly  in  acc id 
e n ta l  degeneracy .) I n  in te rm o lecu la r  b an d s  th e  range  is 463 700 c m “ 1, b u t
th e  b a n d  is above 620 c m “ 1 only  in  ha logen  d e riv a tiv e s , an d  below  500 cm  1 
o n ly  in  com pound  84.

The ou t-o f-p lan e  v ib ra tio n  of th e  O H  g ro u p  o f d im eric ca rb o x y l ap p ears  
a t  900 — 940 cm - 1 , in  th e  form  of a s tro n g  b a n d ; how ever, a t  tim es th is  m ay  
m erge  in th e  b a n d s  o f  o th e r  v ib ra tio n s  (e.g. v ib ra tio n  7 b in  g roup  A , 
a n d  also  th e  v ib ra tio n s  o f  th e  ally loxy  a n d  e th o x y  groups). In  th e  sp ec tru m  
o f com pound  33, w h ich  fo rm s a loose d im er, th e  b an d  occurs a t  830 cm “ 1. 
I n  som e cases (19, 89, 102) th e  spec trum  b e tw e e n  580 an d  603 cm “ 1 in d ica tes  
an  O H  group in  a lo o ser position .

T he o u t-o f-p lan e  O H  b an d  of th e  likew ise dim eric oxim e is su spec ted  
to  be a t  702 c m “ 1. A  s tro n g  b an d  is to  he fo u n d  a t  406 c m “ 1 in  th e  sp ec tru m  
o f th e  h y d ro x y am id in e  94.

In  th e  sp e c tru m  o f com pound  31 th e re  is a b ro a d  a b so rp tio n  region 
o f  th e  h y d ra te  w a te r  a t  2650 3230 c m “ 1, w hile th e  bend in g  v ib ra tio n  of
th e  w a te r  m olecule y ie ld s  a v e ry  s tro n g  b a n d  a t  1652 cm “ 1.

Alcoholic O H  ab so rb s  in  chela tes a n d  in  in te rm o lecu la r bonds a t  514 
a n d  a t  565 cm x. T h e  tw o  ty p e s  of O H  lin k ag e  in  com pound  71 are  confirm ed

Acta Chim. (Budapest)  93, 1977



VARSÁNYI H ul.: INFRARED SPECTRA 343

b y  th e  dup lica te  occu rrence  n o t only o f ev e ry  O H  b a n d , b u t  also o f th e  
r  C -O H  band .

F rom  th e  m ode o f  ap p earan ce  o f th e  C =  0  an d  O H  v ib ra tio n s  th e  
follow ing h y d ro g en -b o n d ed  s tru c tu re s  can be e s tab lish ed  in  th e  c ry sta llin e  
p h ase  (num bers re fe r to  com pounds):

5: a cyclic d im er, w ith  a ten -m em b ered  ring , a n d  a w eak ch ela te ;
6: a dim eric ac id  an d  a ch ela te  be tw een  th e  ca rb o x y lic  CO and phenolic 

O H  groups;
7: a d im eric ac id , an  O H -O H  chela te  an d  an  in te rm o lecu la r  bon d ;
8: an O H  O H  ch e la te  an d  an in te rm o lecu la r  CO—O H  bo n d ;
9, 46, 82, 84: an  in te rm o lecu la r linkage an d  a w eak  ch ela te ;
10: in te rm o lecu la rly  bound  and  free O H  g roups;
11: a ch e la te  fo rm ed  v ia  th e  carbony l an d  e th e r  oxygens o f th e  e ste r 

g ro u p ;
12, 37, 50, 51, 64: an  in te rm o lecu la r lin k ag e ;
13: a free O H  a n d  a w eak chela te  fo rm ed  w ith  th e  O C H 3 group;
14; an  in te rm o lecu la r  C O -O H  bond ;
15: an in te rm o lecu la r  C O -O H  bridge or a free O H ;
16: a chela te  w ith  th e  e th e r  oxygen o f th e  e s te r  g roup ;
17: a w eak c h e la te  w ith  th e  am ide g ro u p ;
19, 55, 59, 60, 89, 102: a loose dim eric ac id ;
22, 23, 26: a s tro n g  d im er;
27: in  p a r t  a w eak  ch e la te  betw een  th e  O H  an d  th e  p ro p iony l ca rb o n y l, 

an d  in  p a r t  a free O H ;
31: a six -m em bered  ring  betw een th e  n itro  g roup  and  th e  h y d ra te  

w a te r , a w eak O H —N 0 2 ch e la te , and  a free O H ;
33: a loose d im er an d  a w eak ch ela te ;
34, 38, 44: a s tro n g  ch e la te ;
35: an  O H —N 0 2 ch e la te  an d  an in te rm o lecu la r  lin k ag e ;
45: a chela te  fo rm ed  w ith  th e  aldehyde g ro u p ;
47: a s trong  in te rm o lecu la r  linkage, and  p re su m a b ly  a cyclic s tru c tu re ;
49, 83: an  in te rm o lecu la r  O H -O H  linkage;
52: an  in te rm o lecu la r  linkage w ith  th e  a ld eh y d e  g roup , ste rica lly  h in d 

ered  by  th e  iodine;
53, 105, 109: a d im eric  acid ;
63, 65, 66: a s tro n g  ch e la te  w ith  th e  NO., g ro u p , b u t  also an  in te r 

m o lecu lar linkage occurs;
71: a seven -m em bered  chela te  and an  in te rm o le c u la r  linkage;
76: a w eak O H —Cl ch e la te  and  a d im eric  ac id ;
77: OH-C1 ch e la tes  o f  d iffe ren t s tre n g th s ;
78, 80, 81: an  OH-C1 or O H -B r ch ela te  o f  m ed ium  s tre n g th ;
79: an O H -B r  ch e la te  and  a dim eric ac id ;
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91 : a dim eric h y d ro x am ic  ac id ;
92 : a  d im eric oxim e;
94, 99: a loose h y d ro x y a m id in e  d im er;

114: an  in te rm o lecu la r O H —N 0 2 linkage.
О—C bond. The b an d  c o rre sp o n d in g  to  th e  О—C s tre tc h in g  v ib ra tio n  of 

th e  m e th o x y  group is o f a p p rec iab le  in te n s ity  only  if  th e  O C H 3 g ro u p  is in  
p o s itio n  2 and  if  th e re  is no h a lo g en  or n itro  group in  its  ne ig h b o u rh o o d . 
I n  g e n e ra l i t  is of opposite  in te n s i ty  to  th e  b an d  o f th e  ro ck in g  v ib ra tio n  
o f  th e  m e th y l group. I t  is f re q u e n tly  o v erlap p ed  b y  o th e r  s tro n g  b an d s  (v i
b ra t io n s  2  and  13, and O H  in -p la n e  b en d in g  v ib ra tio n ). I ts  fre q u e n c y  range 
is 1170 1212 cm -1 . A n a d ja c e n t n itro  g roup  raises th e  fre q u e n c y : in  th e
ab sen ce  o f  a n itro  group , th e  b a n d  alw ays appears below  1200 cm - 1 .

T h e  b an d  of th e  in -p lan e  b e n d in g  v ib ra tio n  is o f v e ry  v a ria b le  in te n s ity . 
I t s  f re q u e n c y  range is 333 370 c m “ 1. In  d ihalogen  d e riv a tiv e s  its  freq u en cy
ra n g e  is 352 370 cm -1  for th e  ch loro  com pounds, an d  338 355 c m “ 1 for
th e  b ro m o  com pounds.

О—С—C chain. In  acco rd an ce  w ith  its  tw o  s tre tch in g  v ib ra tio n s , i t  alw ays 
p ro d u c e s  tw o  bands. In  th e  e th o x y  group  i t  resu lts  in  a m o d a ra te ly  s trong  
b a n d  a t  903 912 cm “ 1, an d  a w eak  b an d  a t  1104 1114 c m “ 1. In  th e  allyl- 
o x y  g ro u p  tw o bands can  s im ila rly  be assigned to  th e  О—C—C =  ch a in , b u t 
th e se  a re  a t  m ost of m ed ium  s tre n g th , an d  are g en era lly  w eak . T he tw o 
f re q u e n c y  ranges are 803 831 an d  930 959 cm “ 1. B o th  b an d s  som etim es
o c c u r as a shoulder or in  a c c id e n ta l d egeneracy  w ith  a s tro n g e r b a n d , in  th e  
l a t t e r  case m ain ly  w ith  th e  C H 2 w agging v ib ra tio n  of th e  a lly lo x y  group. 
T w o b a n d s  also ap p ear for th e  ac e to x y  g roup: a m ed ium  one a t  905 925
c m “ x, a n d  a very  s trong  one a t  1182 —1205 cm “ 1. In  th e  case o f o rth o -ace to x y  
g ro u p s  a fu r th e r  tw o b an d s  can  be fo und , co rrespond ing  to  th e  ste rica lly  
h in d e re d  acetoxy  group . O ne is w eak , a t  945 965 cm “ 1, a n d  th e  o th e r  again
v e ry  s tro n g , a t 1092 1099 c m “ 1.

0 - C —C-C chain. T h ree  s tre tc h in g  b an d s o rig ina te  from  th e  p ropoxy  
g ro u p , a w eak and tw o  s tro n g e r  ones. C learly, in  th e  la t te r  tw o  a g rea te r 
ro le  is p lay ed  by  th e  О—C b o n d . T he freq u en cy  ranges are 800 820, 952 -  964
a n d  1125 1130 cm “ 1. The la t te r  is v e ry  s tro n g  in  th e  sp ec tru m  o f com pound
23, b u t  o f m edium  s tre n g th  in  t h a t  o f com pound  104.

O—S  bond. A  s tro n g  b a n d  co rresponds to  th e  s tre tc h in g  v ib ra tio n  of 
th e  O—S bond  in  th e  sp e c tru m  o f th e  m esy loxy  group . T he freq u en cy  is very  
se n s it iv e  to  con jugative  e ffec ts . T h e  presence of an  O H  g roup  in  th e  neigh
b o u r in g  m olecule favours th e  lim itin g  p o la r s tru c tu re , in  w hich th e  order 
o f  th e  O—S bond increases. T h e  v ic in ity  of a n o th e r m esy lo x y  g roup , how ever, 
s tro n g ly  inh ib its  th e  lim itin g  p o la r  s tru c tu re  an d  decreases th e  O—S bond 
o rd e r . A ccordingly , th e  freq u en c ies  are  656 cm 1 for co m p o u n d  39, 641 cm 1 
fo r  co m p o u n d  40, and  583 a n d  617 c m “ 1 fe r com pound  10 (here  th e  in te r 
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m olecular in te ra c tio n  is so s trong  th a t  th e  freq u en cy  is su b s ta n tia lly  lower; 
in  ad d itio n , th e  v ib ra tio n  sp lits  to  co m p o n en ts  o f th e  sam e a n d  th e  opposite 
phase).

N H f  group. In  e le c tro s ta tic  bond ing  w ith  th e  an ion , th is  g ro u p  produces 
six  s tre tch in g  b an d s  o f  v a rio u s  s tren g th s  b e tw een  2000 and  3100 c m - 1 . Some 
o f th e se  belong to  th e  sy m m etric , and  th e  o th e rs  to  th e  asy m m etric  com ponen ts. 
T h e  b an d  of th e  sy m m e tric  bend ing  v ib ra tio n  is strong . I ts  freq u en cy  in 
th e  spec trum  o f co m p o u n d  85 is 1518 c m - 1 . T he asy m m etric  b e n d in g  and  
ro ck in g  v ib ra tio n s  s im ila rly  give s trong  b a n d s , a t  1607 and  627 cm  J.

N H 2 group. T h e  b a n d s  o f th e  sy m m etric  an d  a n tisy m m e tric  s tre tch in g  
v ib ra tio n s  are w ith o u t ex cep tio n  v e ry  s tro n g . T he free am ino g ro u p  absorbs 
a t  3320—3342 cm"“1 (sym m etric ) and  3400 3440 cm “ 1. In  in te rm o lecu la r
b o n d in g  w ith  a n o th e r  am ino  group, th e  ra n g e s  are  3225 3255 an d  3300
3340 cm - 1 . In  acid  am id es th e  sy m m etric  an d  a n tisy m m e tric  v ib ra tio n s 
a p p e a r  only in  in te rm o le c u la r  s tru c tu re s . B o th  b a n d s  are  v e ry  s tro n g , th e ir  
freq u en cy  ranges b e in g  3165 3195 and  3335 3395 cm - 1 . T h e  h ig h er the
C — N bond o rder in  th e  am ide  group, th e  g re a te r  th e  sep a ra tio n  o f  th e  tw o 
frequencies. A cco rd ing ly , th e  frequency  d ifference  can  be c o rre la ted  w ith  the 
freq u en cy  of th e  am id e  I b a n d  (С =  О s tre tc h in g  v ib ra tio n ), in so fa r  as the 
C — N  bond  order v a rie s  in  th e  opposite  d irec tio n  to  th e  С =  О b o n d  order. 
T he correlation  fo rm u la  is:

vA =  1750 0.5 Л vNHi ^ S c m -1

B o th  e lec tro n -rep e llin g  groups in  th e  o r th o  p o sition  and  h e a v y  halogens 
in  general all increase  th e  in te rn a l c o n ju g a to n , an d  th e re b y  th e  frequency  
d ifference: 187 212 c m “ 1. In  th e  o th e r cases th e  difference is 170 175 cm -1 .
In  th e  spectra  o f fo u r com pounds th e  N H 2 s tre tc h in g  v ib ra tio n s  can  be differ
e n tia te d  from  one a n o th e r  n o t as sy m m etric  an d  a n tisy m m e tric  m odes, bu t 
as th e  s tre tch in g  v ib ra tio n s  of bound an d  free  N -H  bonds. In  co m p o u n d  17 
one of th e  hydrogens o f th e  N H 2 group fo rm s a ch e la te  w ith  th e  o rt/io -m ethoxy 
g ro u p , while in  co m p o u n d s 78 and  81 th e  N H 2 g ro u p  form s an  in te rm o lecu la r 
b rid g e  w ith  th e  O H  g ro u p . These th ree  m olecules do n o t form  th e  cu s to m ary  
am ide  am ide linkage. C om pound  96 co n ta in s  an  a m id e —am ide lin k ag e  of a 
d iffe ren t n a tu re , b u t  in  p a r t  i t  form s an  in te rm o le c u la r  bridge w ith  th e  oxygen 
o f  th e  m e thoxy  g roup  o f th e  m olecule in  th e  o th e r  la y e r  (F ig. 4). T he frequency  
o f  th e  N—H  s tre tch in g s  v ib ra tio n  in th e  am id e  am ide  linkage is 3175 — 3298 
c m “ 1. In  th e  sp ec tru m  o f com pound  96 th e  3298 cm 1 b an d  in d ica te s  th e  N -H  
b o n d  linked  to  th e  m e th o x y  g roup , while th e  3175 cm 1 b an d  den o tes  th e  N -H  
b o n d  in  th e  am ide am id e  linkage. The frequenc ies o f th e  free N —H  s tre tc h in g  
v ib ra tio n s  in  these  fo u r m olecules are 3438 3465 c m -1. In  co m p o u n d  72, in
ad d itio n  to  th e  in te rm o le c u la rly  bound s tru c tu re , a chela te  fo rm ed  w ith  a
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Fig. 4. A s su m e d  s t r u c t u r e s  o f  so m e  a m id e s  in  t h e  c r y s ta l l in e  p h a s e

F ig . 5 . S p e c t r a l  ra n g es o f  N H 2 s t r e t c h in g  v ib r a t io n s  o f  s o m e  a m id e s  b e tw e e n  3 0 0 0  a n d  3 5 0 0  c m “ 1

n i t ro  g ro u p  or a b rom ine a to m  also occurs. A cco rd ing ly , fiv e  N H Q s tre tc h in g  
b a n d s  a re  to  be found.

I n  com pounds 72 a n d  96 th e  NH., g roup  is p re su m ab ly  b e n t o u t o f th e  
p la n e  o f  th e  ring. In  c o m p o u n d  72 bo th  n e ig h b o u rs  of th e  am ide  g roup  are 
b u lk y  su b s titu e n ts , an d  th e  p ro tru s io n  is th e re fo re  due to  in tra m o le c u la r  
s te r ic  reaso n s. In  th e  case o f  th e  o th e r com pound  th e  cause m u s t be  so u g h t in 
th e  v a r io u s  crystal s tru c tu re s . I t  is in te re s tin g  t h a t  th e  sp ec tru m  o f com p o u n d  
96 (d ib ro m o m eth o x y h en zam id e) is sim ilar to  th o se  o f dichloro- an d  d ibrom o- 
h y d ro x y b en zam id es , b u t  d if fe re n t from  th o se  o f  d ib ro m o -e th o x y -, p ropoxy-
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a n d  ally loxy-, an d  d ich lo ro m eth o x y b en zam id es. A t th e  sam e t im e , th e  s tru c 
tu re  o f d ich lo rom ethoxybenzam ide  in  th e  c ry s ta llin e  s ta te  is s im ila r  to  those 
o f  d ib ro m o e th o x y -, p ropoxy- an d  a lly lo x y b en zam id es, h u t  d iffe rs  from  
th o se  of d ib ro m o m eth o x y - and  d ich lo ro h y d ro x y b en zam id es (F ig . 5). The 
e ssen tia l difference b e tw een  th e  tw o g ro u p s  m ay  be th a t  in  one o f  th e m  th e  
2 -su b s titu e n t does n o t s ta n d  o u t from  b e tw e e n  th e  halogens (d ich lo ro - and  
d ib ro m o h y d ro x y -, an d  d ih ro m o m eth o x y b en zam id es), w hereas in  th e  o th e r

Fig. 6. A s s u m e d  s tr u c tu r e s  o f  so m e  a m id e s  in  t h e  c r y s ta ll in e  p h a s e

group  it  does (F ig . 6). T he tw o  groups are  also  d iffe ren tia ted  b y  th e  freq u en cy  
of th e  am ide I I I  b a n d , in so far as th e  fre q u e n c y  is below 1390 cm  1 in  th e  
case o f b e n t-o u t N H 2 g roups, h u t o therw ise  above 1398 cm 4  I t  is w o rth  
n o tin g  th a t  th e  sp e c tra  o f dichloro- an d  d ib ro m o -m e th o x y b en zam id e  are 
v e ry  d iffe ren t in th e  c ry s ta llin e  phase, h u t  th e  sam e in  solu tion  (F ig . 5).

In  am idines th e  freq u en cy  ranges fo r th e  tw o bands are  3055 3060
an d  3225 — 3230 cm *. In  th e  spectrum  o f th e  th io am id e  101 th e  tw o  h an d s 
a p p e a r  a t  3190 an d  3382 cm _1.

T he b and  o f th e  scissoring v ib ra tio n  is v e ry  s trong  in  th e  s p e c tra  of 
an ilines, and  is fo u n d  a t  1618 1637 cm h In  th e  am ides, th is  v ib ra t io n  will
be discussed am ong th e  am ide  hands. In  th e  am id in es  th e  b and  o f th e  scissor-
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ing  v ib r a t io n  m erges in to  th e  b a n d  of th e  C =  N  s tre tc h in g  v ib ra tio n . I n  th e  
s p e c tru m  o f  com pound 101 i t  is t o  he found  a t  1642 c m “ 1, sim ilarly  as a v e ry  
s tro n g  b a n d .

T h e  ro ck in g  v ib ra tio n  is d iff ic u lt to  id e n tify  in  th e  sp ec tra  of th e  an ilines. 
I t  is e x p e c te d  to  appear b e tw e e n  1000 and  1100 c m - 1 . In  th e  sp ec tra  o f co m 
p o u n d s  21 a n d  24 a b a n d  o f  m ed iu m  s tre n g th  w as id en tified  a t 747 c m “ 1, 
b u t  in  t h e  sp e c tra  of th e  o th e r  am id es i t  is p ro b a b ly  o verlapped  b y  th e  b a n d s  
of v ib r a t io n s  4 or 12. I t  c an  b e  id en tif ied  a t  823 c m -1  in  th e  sp ec tru m  o f th e  
th io a m id e .

T h e  b a n d  of th e  w agg ing  v ib ra tio n  is v e ry  w eak  in  th e  sp ec tra  o f  th e  
a n ilin e s  in  th e  case of a free a m in o  group , b u t i t  m a y  also be s trong  if  th e  am ino  
g ro u p  is  s i tu a te d  betw een  h a lo g en s  or form s a n  in te rm o lecu la r lin k ag e . I t  
a p p e a rs  a t  6 1 4 -  630 cm “ 1 in  th e  ev en t of a free  a m in o  group , and  a t  700 — 730 
cm “ 1 w h e n  th e re  is an in te rm o le c u la r  linkage. B a n d s  o f b o th  th e  free a n d  th e  
b o u n d  g ro u p  can  be found  in  th e  spectrum  o f c o m p o u n d  98. The N H 2 w agg ing  
v ib r a t io n  o f  am idines gives a s tro n g  h an d  a t  705 710 c m “ 1. The co rresp o n d in g
s tro n g  b a n d  for th e  th io am id e  is found  a t 591 c m “ 1.

N —H  bond. The b a n d  o f  th e  s tre tch in g  v ib ra t io n  is alw ays v e ry  s tro n g . 
I t  is  t o  b e  found  a t  a b o u t 3200 cm “ 1 in  th e  e th y la m in o  group, a t  3175 c m “ 1 
in  th e  h y d ro x a m ic  acid (99) as a  shoulder o f th e  d iffuse  O H  b an d , a t  3350 c m “ 1 
in  th e  am id in es  as a sh o u ld e r o f  th e  a n tisy m m e tr ic  N H 2 stre tch in g  b a n d , a t  
3296 — 3300  cm “ 1 in  th e  N -m e th y lam id es  as a n  in d e p e n d e n t v e ry  s tro n g  b a n d , 
a n d  a t  3290 cm “ 1 in  th e  eno l fo rm  of th e  th io a m id e . T here are tw o  ty p e s  of 
N H  b o n d  in  th e  h y d ro x y a m id in e  group, one in v o lv in g  singly bonded , a n d  th e  
o th e r  d o u b ly  bonded  n itro g e n . T he fo rm er a b so rb s  a t  3488 3490 c m “ 1, an d
th e  l a t t e r  a t  3390 — 3392 c m “ 1.

T h e  q u asip lan a r ) ) N H  a n d  p la n a r = N H  b e n d in g  v ib ra tio n s  give a s tro n g  
b a n d  in  th e  e thy lam ino  g ro u p , b u t  in  th e  o th e r  cases i t  can  be o bserved  on ly  
as sh o u ld e rs . In  all d e riv a tiv e s  i t  occurs in  a n a rro w  freq u en cy  in te rv a l, b e tw een  
1640 a n d  1655 cm “ 1, b u t  i t  m a y  be covered b y  th e  C =  N  s tre tch in g  v ib ra tio n  
o r, in  t h e  spec trum  of th e  th io a m id e , b y  th e  b a n d  o f  th e  N H 2 scissoring v ib ra 
t io n . I n  th e  N -m ethy lam ides i t  m ay  be c lassified  am ong  th e  am ide b a n d s .

T h e  b an d  of th e  o u t-o f-p lan e  v ib ra tio n  in  th e  h y d ro x y am id in es  a n d  th e  
en o l fo rm  o f th e  th io am id e  m a y  also be id e n tif ie d  as a s trong  or m ed ium  b a n d . 
T h e  fre q u e n c y  of th e  fo rm e r is  648 660 c m “ 1, a n d  of th e  la t te r  675 c m “ 1.

N —C bond. In  th e  s p e c tra  of th e  N -m e th y lam id es  th e  s tre tc h in g  and 
b e n d in g  v ib ra tio n  each y ie ld  one w eak b a n d , in  th e  regions of 9 8 0 — 988 and  
340 — 345 c m “ 1.

TV—С—C chain. In  th e  e th y lam in o  g ro u p  th e  tw o  s tre tch in g  v ib ra tio n s  
a re  c h a ra c te r iz e d  by  a m e d iu m  and  a v e ry  w e a k  b a n d , a t  966 an d  1195 c m “ 1.

iV <g group. T he s tre tc h in g  v ib ra tio n s  o f  th e  d im ethy lam ino  g ro u p  a p 
p e a r  in  th e  form  of tw o  b a n d s  th a t  are so w eak  t h a t  th e y  could n o t be id en ti-
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f ied  from  a single sp ec tru m . In  th e  sp ec tra  of o th e r  d im e th y lan ilin e s  th e y  are 
fo u n d  a t  935 — 965 an d  1170 1200 c m - 1 .

N —0  bond. T he N —0  s tre tc h in g  v ib ra tio n  o f oxim e 92 g ives a b an d  of 
m ed iu m  s tre n g th , a t  957 c m - 1 .

iV02 group. T he  sy m m etric  an d  an tisy m m etric  s tre tc h in g  v ib ra tio n s  of 
th e  n i tro  group are  fo u n d  in  th e  form  o f tw o  v e ry  s tro n g  b a n d s . T h e  positions 
o f  th e  b an d s  are d e te rm in ed  m ain ly  b y  co n ju g a tiv e  effects. F ro m  th is  aspect, 
s e p a ra te  a tte n tio n  m u s t be  p a id  to  b o th  th e  average  freq u en c ies  o f  th e  bands 
and  th e  frequency  sp littin g . In  th e  e v en t o f u n d is tu rb e d  c o n ju g a tio n  of the 
n itro  g roup  w ith  th e  rin g , th e  average  freq u en cy  an d  th e  f re q u e n c y  sp littin g  
dec rease , because th e  N —O b o n d  o rd er an d  th e  0  — N — 0  b o n d  angle are 
sm alle r.

In  m o non itro  d e riv a tiv e s  (exclud ing  th e  anilines) th e  fre q u e n c y  sp littin g  
is 1 7 1 -  200 cm ' 1, an d  w ith in  th is  is 184 200 c m -1  in  O H  ch e la te s . C helation
a lw ays increases th e  freq u en cy  sp littin g , fo r i t  c rea tes a d ifference  b e tw een  the  
tw o  oxygen  a tom s. In  th e  sp ec tru m  of com pound  69 th e  sp lit t in g  is 159 c m '1, 
In  d in itro  deriva tives (aga in  exclud ing  th e  an iline d e riv a tiv e s) th e  sp littin g  
is 1 7 7 — 240 cm - 1 . In  ch e la tes  i t  is 195 — 240 cm  ' 1. A n ap p rec iab le  sp littin g  
o f 237 c m ' 1 can be observed  in  th e  sp ec tru m  o f com p o u n d  31, w h ich  po in ts  to  
th e  a sy m m e try  o f th e  h y d ra te  s tru c tu re . In  s tro n g  che la tes  (34, 38, 39) th e  
sy m m e tric  s tre tch in g  v ib ra tio n  (an d  in  one case th e  a n tisy m m e tr ic  s tre tch in g  
v ib ra tio n  too) is sp lit in to  tw o  co m ponen ts, co rrespond ing  to  th e  c h e la tin g  and 
th e  o th e r  n itro  group . In  an iline  d e riv a tiv e s  th e  sy m m etric  an d  a n tisy m m e tric  
s tre tc h in g  v ib ra tio n s  a re  s im ila rly  sp lit, b u t  to  v ib ra tio n s  o f  th e  sam e and  of 
th e  oppo site  phase. F ro m  th e  in te n s ity  re la tio n s th e  lo w er-freq u en cy  (stronger) 
b a n d  m a y  be assigned to  th e  ou t-o f-phase  v ib ra tio n . T he fre q u e n c y  sp littin g  
o f th e  in -phase  v ib ra tio n  is 172 183 c m “ 1, and  o f th e  o u t-o f-p h ase  v ib ra tio n
is 211 217 cm - 1 . F in a lly , in  th e  tr in i tro  d e riv a tiv e  (44) sp lit t in g  can  be ob
se rv ed  over 207 214 c m - 1 .

T he average frequencies are  as follow s:
1. In  m onon itro  d e riv a tiv e s  w ith  th e  n itro  g roup  in  p o sitio n  5 th e  range

is 1420 1434 cm -1 (b u t th e  1420 c m -1 is ta k e n  from  th e  sp e c tru m  o f com 
p o u n d  114, in  w hich th e  n itro  g roup  form s an  in te rm o lecu la r b o n d  w ith  th e  
O H  g roup  of a second m olecule).

2. M ononitro  d e riv a tiv e s  w ith  th e  n itro  g roup  in  p o sitio n  2 o r  3 m a y  be
d iv id ed  in to  tw o groups, dep en d in g  on w h e th e r th e y  c o n ta in  a CN g roup  or 
n o t. I f  th e y  do, th e n  th e  av erag e  freq u en cy  is 1453 1458 c m '1, I f  n o t, th e n
it  is 1438 1447 cm “ 1 (here  to o  th e  low est freq u en cy  iso b se rv ed  in  th e  spec trum
o f a com p o u n d  (64) fo rm in g  an  in te rm o lecu la r b ridge).

3. In  3 ,5-d in itro  d e riv a tiv e s  th e  average  freq u en cy  is 1441 1447 cm -1 .
4. I n  1 ,3-d in itro  d e riv a tiv e s  th e  average  freq u en cy  o f a c h e la tin g  n itro  

g roup  is 1438 — 1442 c m “ 1.
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5. In  non-chela ting  1 ,3 -d in itro  deriva tives th e  av erag e  freq u en cy  is
1450 1468 cm “ 1 (the 1450 c m “ 1 is calcu lated  from  th e  sp ec tru m  of com pound
37, w h ic h  form s an in te rm o le c u la r  linkage).

6. In  the  spectra  of ortho- a n d  p a ra -n itro a n ilin e  d e riv a tiv e s , th e  average
v a lu e  ca lcu la ted  from  th e  fre q u e n c y  averages o f th e  in -p h ase  an d  ou t-o f
p h a se  sy m m etric  and a n tis y m m e tr ic  stre tch in g  v ib ra tio n s  is 1404 1410 cm “ 1.

7. F ina lly , in th e  sp e c tru m  of picric acid (44) th e  av erag e  freq u en cy  o f 
th e  c h e la te d  n itro  g roup  is 1429 c m “ 1, while t h a t  o f  th e  o th e rs  is 1452 cm “ 1.

I n  th e  event of a 5 -n itro  g roup  the  band  o f th e  scissoring v ib ra tio n  is 
a lw a y s  w eak . For th e  3 -n itro  g ro u p  too  it  is s tro n g  o n ly  i f  th e re  is no CN group  
in  th e  m olecule. I ts  o v e ra ll f re q u e n c y  range is 8 0 2 —902 c m “ 1.

1. In  m ononitro  d e r iv a tiv e s  w ith  th e  n itro  g ro u p  in  position  5 i t  is
802 828 cm “ 1.

2. In  m ononitro  d e r iv a tiv e s  w ith  th e  n itro  g ro u p  in  positio n  3 i t  is
855 885 cm “ 1.

3. In  1,3-dinitro  d e r iv a tiv e s  i t  is 845 — 890 cm  1 in  th e  e v en t o f chela
t io n ,  a n d  804 — 830 cm “ 1 in  th e  case of a free n itro  g ro u p  (inc lud ing  th e  aniline 
d e r iv a tiv e s  too).

4. In  3 ,5-dinitro  d e r iv a tiv e s  th e  frequency  o f  th e  scissoring v ib ra tio n  
o f  th e  3 -n itro  group is 850 -8 6 7  cm “ 1 (the b a n d  o f  th e  5 -n itro  g roup  can  be 
id e n t i f ie d  only in th e  s p e c tra  o f  com pounds 71 a n d  75, a t  820 an d  824 cm “ 1).

5. In  th e  sp ec tru m  o f p ic ric  acid a w eak b a n d  is fo u n d  a t  836 cm 1.
6. In  th e  sp ec tru m  o f  c o m p o u n d  31 th e  f re q u e n c y  is 902 c m “ 1.
T h e  b an d  of th e  ro c k in g  v ib ra tio n  is a lw ays v e ry  w eak , an d  can often  

n o t  ev e n  be iden tified . O n ly  in  th e  spectrum  o f co m p o u n d  31 is a s tro n g  b an d  
fo u n d  corresponding  to  th is  v ib ra tio n . I ts  freq u en cy  ra n g e  is 4 9 8 —549 cm “ 1.

T h e  b and  of th e  w ag g in g  v ib ra tio n  is a lw ays s tro n g . In  every  case w here 
a t  le a s t  tw o  n itro  groups a re  p re s e n t in  th e  m olecule, th e  b a n d  is sp lit in to  tw o  
( th o u g h  in  th e  spec trum  o f co m p o u n d  73 th e  s p lit t in g  is so m in u te  th a t  th e  
tw o  b a n d s  merge). I t s  o v e ra ll frequency  range  is 717 -775  cm “ 1. H ow ever, 
o n ly  n itro  groups w hich  a re  s tro n g ly  che la ted  o r lin k ed  to  h y d ra te  w a te r 
a b so rb  above 760 c m “ 1. T h e  freq u en cy  depends to  a s lig h t e x te n t on th e  m ass 
o f  th e  o th e r su b s titu e n ts  to o :  th e  low est frequenc ies are  to  be fo u n d  in  th e  
s p e c tra  o f th e  m esyloxy  d e r iv a tiv e s , while fu r th e r ,  th e  b rom o an d  iodo d e riv 
a t iv e s  absorb  a t low er freq u en c ies  th a n  th e  co rresp o n d in g  chloro d e riv a tiv e .

C haracteristic  an d  s tro n g  com bination  b a n d s  a p p e a r  in  th e  sp ec tra  of 
n i t r o  d e riva tives. N o t in c lu d in g  th e  o -n itroan ilines, a s tro n g  or v e ry  s trong  
b a n d  is found  betw een  3080 a n d  3110 cm “ 1; th is  p ro b a b ly  co rresponds to  th e  
o v e r to n e  of th e  a n tisy m m e tr ic  stre tch in g  v ib ra tio n . In  th e  sp ec tra  oi 3-mo- 
n o n i t ro  derivatives n o t c o n ta in in g  a CN group  th is  o v erto n e  is w eak. In  th e  
s p e c tra  o f o, o’-d in itro a n ilin e  derivatives, in  a d d itio n  to  th e  overtone  o f th e  
a n tisy m m e tr ic  s tre tc h in g  v ib ra t io n , th e  c o m b in a tio n  o f th e  sp lit an tisym -
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m e tric  v ib ra tio n s  an d  th e  co m b in a tio n  of th e  in -phase  sym m etric  a n d  an tisy m 
m e tr ic  v ib ra tio n s  also re s u lt  in  s tro n g  an d  d iffuse b an d s, w hich m erg e  to  v a ri
ous e x te n ts .

S —C bond. In  th e  m esy lo x y  group th e  s tre tc h in g  v ib ra tio n  o f  th e  S -C H :i 
b o n d  y ields bands o f m ed iu m  s tre n g th , w hile in th e  sp ec tru m  o f  com pound 
110 i t  resu lts  in  one w eak  an d  one s tro n g  b an d . T he frequenc ies a re  764 
768 c m “ 1 in  th e  sp e c tra  o f  com pounds 39 an d  40, an d  732 a n d  750 c m “ 1 in 
t h a t  o f com pound  110. B ecause  o f in te rm o lecu la r effects in  th e  l a t t e r  com pound , 
th e  p o la r  s tru c tu re  o f th e  g ro u p  and  th e  h y p e rco n ju g a tio n  of th e  m e th y l group 
are  suppressed .

SO., group. T h is also occurs in  th e  m esy loxy  group . I ts  sy m m e tr ic  and 
a n tisy m m e tric  s tre tc h in g  v ib ra tio n s  re su lt in  stro n g , an d  so m etim es  very  
s tro n g  b an d s. The fre q u e n c y  range for th e  sym m etric  s tre tc h in g  v ib ra tio n  is 
1166 — 1187 cm ' 1, w hile t h a t  in  th e  a n tisy m m e tric  case is 1371 -1383  cm “ 1. 
T h e  freq u en cy  sp littin g  depends slig h tly  on th e  po la r s tru c tu re :  th e  more 
p o la r  th e  s tru c tu re , th e  sm alle r th e  sp littin g . In  th e  sp ec tru m  o f  com pound  
39 th e  sp littin g  is 191 c m “ 1, fo r com pound 40 i t  is 196 cm “ 1, an d  fo r  com pound 
110 th e  average freq u en cy  sp littin g  is 201 cm h  In  th e  la t te r  case th e  bands 
o f b o th  th e  sym m etric  a n d  th e  a n tisy m m e tric  s tre tch in g  v ib ra tio n s  are  split 
in to  tw o .

T he scissoring v ib ra tio n  also leads to  s tro n g  b an d s. The fre q u e n c y  range 
is 529 537 cm “ 1. Tw o b a n d s  are  found  in  th e  sp ec tru m  o f c o m p o u n d  110.

T he w agging v ib ra tio n  sim ilarly  gives a s tro n g  b an d , a t  504 515 cm “ 1.
In  com p o u n d  110 th e  tw o  b an d s  m erge an d  a p p ea r a t  504 cm -1.

A m id e  bands. In  th e  l i te ra tu re  on in fra re d  spectro scopy  th e  am id e  bands 
a re  in c lu d ed  in a special c a teg o ry . None o f th e m  can  be assigned  com plete ly  
to  th e  v ib ra tio n  of an y  one b o n d , b u t r a th e r  to  th e  am ide g ro u p  as a whole.

N evertheless, th e  am id e  I b an d  is m a in ly  ch a rac te ris tic  of th e  s tre tch in g  
v ib ra tio n  o f th e  CO g roup . T he b an d  is a lw ays v e ry  strong . W ith  tw o  excep
tio n s , i ts  frequency  ran g e  in  th e  sp ec tra  o f p rim a ry  acid am ides is 1645 
1662 c m “ 1. These tw o  ex cep tio n s  are com pounds 78 and  81, in  th e  sp e c tra  of 
w hich  th e  N H 2 s tre tc h in g  v ib ra tio n s  too  b e tra y  th e  free N H  g ro u p , while 
th e  freq u en cy  of th e  am ide  I b an d  a t 1688 1690 cm 1 p e rm its  th e  conclusion
th a t  th e  am ide am ide s tru c tu re  is to ta lly  a b se n t. Two ty p e s  of in te rm o lecu la r  
s tru c tu re  could be e s ta b lish e d  from  th e  N H 2 b an d s  in  com pounds 72 an d  96 
to o , b u t  here  th e  am ide — am id e  s tru c tu re  p red o m in a te s , since a p a r t  from  the  
1655 1658 c m “ 1 am ide  I b a n d  on ly  a sm all shou lder to w ard s  h ig h e r fre 
quencies reveals th a t  a n o th e r  s tru c tu re  is also p resen t. The fre q u e n c y  is a 
little  in fluenced  by  th e  b u lk  o f th e  halogens: th e  am ide I bands o f th e  dichloro 
d e riv a tiv e s  are a t 1657 an d  1659 cm \  w hile th o se  of th e  d ib rom o  d e riv a tiv e s  
are  a t  1648 1651 c m “ 1 (w ith  th e  ex cep tio n  o f th e  phenols, see above). In
co m p o u n d  17 the  c a rb o n y l fo rm s a ch e la te  w ith  th e  o rth o -O H  g ro u p . H ere
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th e  a m id e  I band can be id e n tif ie d  as a sh o u ld e r o f  th e  am ide II b a n d , a t  
1645 c m - 1 . The am ide I b a n d  o f  th e  secondary  am id es ap p ears  a t  1637 an d  
1638 c m - 1.

T h e  am ide II h a n d  o r ig in a te s  to  a fa ir ly  la rg e  e x te n t from  th e  N E , 
sc is so r in g  v ib ra tion  and , in  th e  case of secondary  am ides, from  th e  N —H  in- 
-p la n e  b e n d in g  v ib ra tio n . T h e  b a n d  is alw ays s tro n g  or v e ry  stro n g . T he f re 
q u e n c y  ra n g e  for th e  am id e  I I  b a n d  of p rim ary  am id es is 1600 1627 c m - 1 ,
b u t  i t  o ccu rs  above 1620 c m -1  on ly  if  the  c a rb o n y l o f  th e  am ide g roup  form s 
a c h e la te .  In  the sp ec tra  o f  se c o n d a ry  am ides th e  b a n d  is found  a t  1537 an d  
1538 c m “ 1.

A  considerable role is p la y e d  in  the am ide III b a n d  b y  th e  C -N  s tre tc h in g  
v ib r a t io n ,  th e  bond o rd er o f  w h ich  is fairly  h igh  b ecau se  of in te rn a l c o n ju g a 
t io n . W ith  th e  exception  o f c o m p o u n d  56, th e  b a n d  is a lw ays stro n g , an d  som e
tim e s  v e ry  strong. T he o n ly  ex cep tio n  can be a t t r ib u te d  to  th e  o rth o -b ro m o  
a to m . I n  th e  spectra o f p r im a r y  am ides th e  fre q u e n c y  range is 1386 1420
cm  1, th e  same as th a t  fo r v ib ra t io n  19b. C o n seq u en tly , various b a n d  sh ifts  
c a n  b e  observed  due to  co u p lin g . Thus, in th e  s p e c tra  of com pounds 90, 96, 
103, 104 , 106 and 107 th e  b a n d  o f  v ib ra tion  19b ch an g es places w ith  th e  am ide 
I I I  b  a n d ,  and  the  la t te r  is th e re fo re  to  be found  a t  h ig h er frequencies: 1389 — 
1405 c m " 1. The fieq u en cy  is anom alously  h igh  in  th e  spectrum  of com pound  
17, b u t  here  the  ca rbony l o x y g e n  form s a ch e la te  a n d  th is  increases th e  C —N 
b o n d  o rd e r  (1420 cm “ 1). T h e  b a n d  appears below  1400 cm 1 in  all o th e r  cases. 
In  t h e  sp ec tra  of seco n d a ry  am id es the  fre q u e n c y  is 1327 an d  1328 c m -1 .

T h e  am ide IV h a n d  co rresp o n d s to  a s ig n if ic a n t e x te n t to  th e  С =  0  
in -p la n e  bending  v ib ra tio n . I t  is  s trong  only in  th e  sp ec tru m  of th e  single iod ine 
d e r iv a t iv e  (58), and is o th e rw ise  o f m edium  s tre n g th  or w eak ; i t  is o ften  covered  
b y  th e  v a rio u s v ib ra tio n s o f  t h e  ring  (v ib ra tions 6b, 11 an d  12). I ts  freq u en cy  
ra n g e  is  783 — 840 c m - 1. I n  g ro u p  A  the  f re q u e n c y  is 839 an d  840 c m - 1, 
in  g ro u p  В  8 0 0 - 820 cm " 1 ( b u t  820 cm 1 only  in  co m p o u n d  56, in  w hich  th e  
fo rce  c o n s ta n t of th e  v ib r a t io n  m ay  be in c rea sed  b y  th e  repu lsion  o f th e  
ortho-Ътото atom ), and  in  g ro u p  C 783 792 c m " 1. A ccord ingly , th e  v ib ra tio n
is c o u p le d  w ith  some m o tio n  o f  th e  halogens. As re g a rd s  th e  secondary  am ides, 
th e  a m id e  IV band could  b e  id en tif ied  only in  th e  sp ec tru m  of com pound  97, 
a t  798  c m " 1.

T h e  am ide V and  a m id e  VI bands belong to  th e  ou t-o f-p lane  v ib ra tio n s  
o f  th e  g roup . The tw o a re  g e n e ra lly  d istingu ished  b y  th e  fac t th a t  th e  am ide 
VI b a n d  is more diffuse. F ro m  th e  w idths of th e  b a n d s  an d  from  th e  freq u en cy , 
i t  m a y  be  concluded t h a t  th e  m a jo r  role is p la y e d  in  th e  am ide V b a n d  b y  th e  
w a g g in g  v ib ra tion  of th e  N H , group (or by  th e  N —H  v ib ra tio n  p e rp en d icu la r 
to  t h e  N H R  plane in  se c o n d a ry  am ides), an d  in  th e  am ide VI b a n d  b y  th e  
o u t-o f-p la n e  v ib ra tion  o f th e  ca rb o n y l group. T h e  am id e  V b an d  is o f m ed ium  
in te n s i ty  or strong, an d  is v e r y  often su p erim p o sed  on th e  am ide VI b an d .
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500 1000 1500 2000 2000

Fig. 9. Frequency ranges o f internal vibrations of the CONHLj group

500 1000 1500 2000 3000

Fig. 10. Frequency ranges o f internal vibrations o f the C(NH2) = N H  and C (N H O H )= N H
groups
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Fig. 11. F requency ranges of internal v ibration s o f  the OCH3 group

Fig. 12. Frequency ranges o f internal vibrations o f th e  OCH „CH =CH 3 group

Fig. 13. Frequency ranges of internal vibrations o f the OCOCH3 group
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In  th e  sp ec tru m  o f com pound  17, how ever, w h ich  form s a w eak a sso c ia tio n , 
i t  is w eak  and  less sh a rp . The overall fre q u e n c y  range is 587 666 c m - 1 . I f
only  one o f th e  h y d ro g en s  of th e  N H 2 g roup  is bo u n d , th en  th e  fre q u e n c y  is 
587 640 cm -1 , b u t  i f  i t  is no t possible to  d is tin g u ish  betw een th e  tw o  h y d ro 
gens in  th e  assoc ia ted  s tru c tu re  (th e  carb o n y l oxy g en  is s itu a ted  sy m m e tric a lly  
betw een  th e  tw o  hy d ro g en s), th e n  th e  m in im u m  frequency  is 647 cm  1 (or 
638 cm 1 in  com p o u n d  17). The am ide V I b a n d  is alw ays diffuse a n d  s tro n g ; 
it  is v e ry  d ifficu lt to  give its  m ean  freq u en cy . T he diffuse h an d  so m etim es 
ex ten d s  over th e  e n tire  in te rv a l 615 680 c m 4 .

T he sty lized  sp e c tra  of th e  h an d s  o rig in a tin g  from  the  in te rn a l v ib ra tio n s  
of th e  su b s ti tu e n ts  are  given for th e  various s u b s titu e n ts  in Figs 7 15.
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NACHTRÄGLICHE ERHÖHUNG DES INFORMATIONS
GEHALTES VON SPEKTRALPHOTOPLATTEN IN DER 

OPTISCHEN EMISSIONSSPEKTRALANALYSE

K .  D a n z e r  u n d  A .  S o n n t a g

Technische Hochschule Karl-Marx-Stadt,  Sektion Chemie und  
Werkstofftechnik, D D R -90  Karl-Marx-Stadt,  Postschließfach 964

Eingegangen am 26. Juli, 1976

Ausgehend von  theoretischen Grundlagen photographischer Inform ationen  
wird die M öglichkeit abgeleitet, photographisch gespeicherte Inform ationen nachträg
lich im  Sinne einer besseren Inform ationsausnutzung zu beeinflussen. E s wurde die 
Anwendung des E ntw icklungsdetailfilterverfahrens nach Lau und der Gradations
verstärkung durch hartes Um kopieren von photographisch registrierten Spektren 
untersucht. Beide Verfahren führen für Spektrallinien geringer Schw ärzung zu einer 
Steigerung des Signal-Rausch-V erhältnisses und dam it auch zu einer Verbesserung 
des Nachweisverm ögens bestim m ter Spektrallinien.

Die p h o to g rap h isch e  R eg is trie ru n g  von S p ek tren  b e s itz t a u c h  gegen
w ä rtig , tro tz  der gew altigen  F o rts c h ritte  a u f  dem  G ebiet p h o to e lek tr isch e r 
D e te k to re n , eine b re ite  B ed eu tu n g , insbesondere  fü r die w issenschaftliche  
F o rsch u n g sa rb e it. E ine  w esen tliche U rsache d a fü r is t die große In fo rm a tio n s 
k a p a z i tä t  von P h o to p la tte n . W äh ren d  in  d er op tischen  E m iss io n ssp ek tra l
an a ly se  einerseits große A n stren g u n g en  u n te rn o m m en  w erden , d u rc h  O p ti
m ie ru n g  des A nregungsvorganges die In fo rm atio n sg ew in n u n g  zu e rh ö h en , vor 
allem  das N achw eisverm ögen zu  verbessern , b le ib t an d ererse its  e ine b e trä c h t
liche M enge an  In fo rm a tio n e n , die in  der p h o to g rap h isch en  S ch ich t gesp e ich ert 
s in d , u n g e n u tz t. Ziel d ieser A rb e it soll es sein, M öglichkeiten  d e r  besseren  
In fo rm a tio n sa u sn u tz u n g  p h o to g rap h isch  re g is tr ie r te n  S p ek tren  zu  zeigen.

1. Param eter zur K en n ze ich n u n g  p hotographischer In form ation en

P h o to g rap h isch e  In fo rm a tio n e n  w erden  in  d er Regel e in g e te ilt in  G roß
fläch en - und  D e ta ilin fo rm atio n en  [1]. Großflächeninformationen  w erd en  b e 
sch rieb en  durch  die c h a ra k te ris tisch e  Schwärzungskurve

S  =  f(log E  • t)  =  f(log H ) (1)

S  =  p h o to p rap h isch e  Schw ärzung  
E  =  B e leu ch tu n g ss tä rk e , [E] =  Ix =  cd  • sr • m -2  
H  =  B elich tung , [H ] =  lx  ■ s
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bzw . e n tsp rech en d e  T ra n s fo rm a tio n e n  [2] [3] [4] [5] sowie d u rch  den Kontrast  
(vg l. B ild  2)

__ ^ m a x  -^ m in

^ ш а х  “Ь

D em gegenüber w erd en  Detailinformationen  b esch rieb en  du rch  die G rößen  
A  uflösungsvermögen:

A p  lin eares bzw. laterales A uflösungsverm ögen, [ 1 / j =  m m “ 1, Linien, die pro m m  gerade 
noch  getrenn t wahrgenom m en w erden können; A p  =  Flächenauflösungsverm ögen, 
[A p ]  — m m ~ 2;

( 2)

K onturenschärfe :

Friesersche fe-Zahl, [fe] =  flm, en tsp rich t dem A bstand von  der Stelle  einer wahren K ante, 
wo die M axim albelichtung f / max au f 0,1 f f max abgesunken ist;

u n d  K ö rn ig ke i t :

К  — 100 logQ ; Q =  S ||/S 0  C allier-Q uotient der Schwärzung bei M essung der optischen D ichte  
m itte ls  parallelen bzw. diffusen L ichtes.

A u f D e ta ilin fo rm a tio n en  bezieh t s ich t au ch  die Speicherkapazität ( I n 
form ationskapazitä t)  C [6] [7] p h o to g rap h isch er S ch ich ten , die d u rch  das
A uflösungsverm ögen  b e s t im m t w ird

C =  A f =  A l .  (3)

[C] =  b it • m m

F ü r  die gebräuchlichen  S p e k tra lp la tte n so r te n  O R W O  B lau  E x tr a h a r t  W U  3, 
R o t E x tr a h a r t  WO 3, G elb  E x tr a h a r t  W P  3 b e tr ä g t  die In fo rm a tio n sk a p a z itä t  
e tw a  C = 104 b it • m m “ 2.

D ie E in te ilung  in  G roß fläch en - und  D e ta ilin fo rm a tio n e n  t r ä g t  u . a. der 
a u c h  dem  S p ek tro ch em ik er b ek a n n te n  T a tsa c h e  R ech n u n g , daß  die “ M akro” - 
S ch w ärzu n g sk u rv e  fü r  k le in e  D etails n ich t m eh r g ilt [8].

E ine  einheitliche B e tra c h tu n g  sow ohl v o n  G roßflächen -, als auch  von 
D e ta ilin fo rm a tio n en  u n te r  a llgem einen G esic h tsp u n k te n  w ird e rm ög lich t du rch  
d ie  E in fü h ru n g  des B egriffes Ortsfrequenz R

R  =  — , [R] =  m m  1 (4)
8

g  R a s te ra b s ta n d  (vg l. A bb. 2)
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D am it Avird die A nalyse je d e r  beliebigen In te n s itä tsv e r te ilu n g  d u rc h  F o u rie r
analyse m öglich . Abb. 1 ze ig t die O b jek t- u n d  B ildverteilungen  in  O rts- und 
O rtsfreq u en zd ars te llu n g ; be ide  sind d u rc h  d ie  folgenden F o u rie rin te g ra le  
in e in an d er ü b e rfü h rb a r:

B(w) =  JJ b(r') e- 2,"'(r''w) dx' dy '  (5a)

D ( w) =  JJd(r') e- 2ni(r ' w) dx' dy ' (5b)

O(w) =  J J o ( r )  e - 27H(r' w) da:dy (5c)

b(r') =  J J  B(w) е2л,(г-w) du de (6a)

+ 00
d ( r ')  =  JJ D (w) е2л, (г du  de (6b)

o(r) =  O(w) e27I'^r,w) du  de (6c)

r =  {x ,  у } O rtsv ek to r 
w =  (u ,  e} O rtsfreq u en zv ek to r

Ortsverte ilung Ortsfrequenz vert ei lung
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Abb. 1. I n f o r m a t io n s ü b e r tr a g u n g  b e im  p h o to g r a p h is c h e n  P r o z e ß  in  O rts- u n d  i n  O r s t-  
f r e q u e n z d a r s te l lu n g  (v e r e in fa c h t e  e in d im e n s io n a le  D a r s te llu n g )
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Gl. (5b) b e sch re ib t die O rtsfreq u en zv erte ilu n g  id e a le r  P u n k tb ild e r u n d  s te llt  
d a m it e in e  allgem eine Ü b e rtra g u n g sfu n k tio n  p h o to g ra p h isc h e r In fo rm a tio n e n  
d ar. W ie  a u s  A bb. 1 h e rv o rg e h t, sind die F u n k tio n e n  0(u), D(u) u n d  -B(u) als 
F o u r ie r tra n s fo rm ie r te  ree lle r F u n k tio n e n  sy m m e tr isc h , d. h. 0 (u ) I =  | 0 (  u) , 
so d a ß  in  d e r  Regel n u r die K u rv e n  fü r -|-M d a rg e s te l l t  w erden [9].

D ie  O rtsv e rte ilu n g  des B ildes en tsp ric h t e in e r  F a ltu n g  der O b je k tfu n k 
tio n  m i t  d e r  Ü b e rtrag u n g sfu n k tio n

b(r) =  d(r) * o(r), (7a)

so d a ß  d ie  E rm ittlu n g  d e r  O b je k tfu n k tio n , die e igen tliche  A ufgabe d e r o p t i 
sch en  In fo rm a tio n sü b e r tra g u n g , m it

B ( w) =  D (w) • O(w) (7b)

m ö g lich  w ird  nach der B ez iehung

I \ f f  ^ ( w ) 2я/(г,и) I io(r) =  — 5—— e d u  dpJJ D(w) ( 8 )

A u fg ru n d  d er F a ltu n g  m it  d e r Ü b e rtra g u n g sfu n k tio n , die n u r in n e rh a lb  eines 
e n d lic h e n  G ebietes v o n  {u, v} von N ull v e rsch ied en e  W erte a n n im m t u n d  d a 
m it d ie  B an d b re ite  d er zu r A bbildung  v e rw e n d e te n  O rtsfrequenzen  d a rs te ll t
[10], i s t  die R e k o n s tru k tio n  des O bjektes n u r  m i t  einer bestim m ten  U n sch ärfe  
m ö g lich .

D u rc h  die F o u rie ra n a ly se  lassen sich alle  zw eidim ensional g e sp e ich e rten  
In fo rm a tio n e n  au f S ignale zu rück füh ren , die d u rc h  Angabe zw eier G rößen , 
d e r Ortsfrequenz R  u n d  d en  Kontrast К  e in d e u tig  b estim m t sind (A b b . 2). D a 
als D e ta ils  häufig  b e re its  sinusförm ige In te n s itä tsv e r te ilu n g e n  v o rlieg en , e r ü b 
r ig t  s ich  eine w eitere F ourierzerlegung .

A b b . 2 . B e s t im m u n g s g r ö ß e n  e in e s  B ild e le m e n te s  m i t  s in a u s fö r m ig e m  I n t e n s i t ä t s v e r la u f
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E ine w ich tige  G röße, d ie  den  Z u sam m en h an g  zw ischen dem  K o n tra s t 
u n d  der O rtsfreq u en z  b e sc h re ib t, is t die Modulationsübertragungsfunktion  
(M TF) p h o to g rap h isch e r S ch ich ten . Sie s te llt d ie Ä n d eru n g  des M odulations- 
(K o n tra s t-)ü b e rtrag u n g s fa k to rs  M (R )  m it d er O rtsfreq u en z  d a r

м т - Ш  m

К  в  B ild k o n tra s t, K 0 O b je k tk o n tra s t
A bbildung  3 ze ig t die M o d u la tio n sü b e rtrag u n g sfu n k tio n en  p h o to g rap h isch e r 
S ch ich ten  m it hohem  bzw. geringem  A uflösungsverm ögen .

Abb. 3. M o d u la t io n s ü b e r tr a g u n g s fu n k t io n e n  (A )  e in e r  p h o to g r a p h is c h e n  S c h ic h t  h o h er  
A u flö s u n g  u n d  ( B )  e in e r  S c h ic h t  n ie d r ig e r  A u f lö s u n g

2. M öglich keiten  der n ach träg lich en  In form ation sau fb ereitu n g  p h oto 
grap h isch er In form ation en

Zu den V orte ilen  p h o to g rap h isch e r In fo rm a tio n s trä g e r  g eh ö rt neben  
der hohen  S p e ich e rk ap az itä t v o r allem  die T a tsa c h e , daß  sich die g espe icherten  
In fo rm a tio n en  n ach träg lich  n a c h  versch iedenen  M ethoden  u m fo rm en  u n d  
a u fb e re iten  lassen . D abei w erd en  an  dem  n o rm a l en tw ick e lten  u n d  fix ie rten  
M ateria l a u f  chem ischem  oder p h y sik a lisch em  W ege V erän d eru n g en  v o rgenom 
m en, die sich m a th e m a tisc h  als T ran sfo rm a tio n en  d er S ch w ärzu n g sfu n k tio n  
bzw . der M o d u la tio n sü b e rtrag u n g sfu n k tio n  d a rs te llen .

In  A b b ildung  4 is t das S chem a der p h o to g rap h isch en  In fo rm a tio n sü b e r
tra g u n g  d a rg es te llt. Als o b jek tiv e  physika lische  U rsach en  fü r  U nschärfe  u n d  
R auschen  kom m en h a u p tsäch lich  in  B e tra c h t [1]:

L ic h ts tre u u n g  in der p h o to g rap h isch en  S ch ich t,
K orngröße,
chem ische D iffusionseffek te , 
m echanische E ffek te.

10* Acta Chim. (B udapest) 93, 1977
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Sie w erden h a u p tsä c h lic h  b ee in flu ß t du rch  A rt, M enge, K o n z e n tra tio n  
u n d  T e m p e ra tu r  des E n tw ic k le rs  sowie d u rch  die E n tw ick lu n g sze it u n d  die 
D y n a m ik  des E n tw ick lu n g sv o rg an g es [11] [12].

F ü r  die optische E m iss io n ssp ek tra lan a ly se  is t eine n ach träg lich e  V erbes
se ru n g  d e r In fo rm a tio n sa u sn u tz u n g  g ru n d sä tz lich  a u f  d re i versch ied en en  
W egen  in  E rw ägung  zu  z ieh en :

(1) E m p fin d lich k e itss teu e ru n g , u n d  zw ar
(a) aller B ereiche d e r S chw ärzungskurve  d u rch  versch iedene V e rs tä r 

k u n g sv e rfa h re n  [13] [14] [15] sow ie du rch  H olokopie  [1 ], [16], 
b) des g erad lin igen  T eiles d er S chw ärzungskurve ,

(2) K o n tra s ts te u e ru n g  d u rc h  M asken- bzw . O rtsfreq u en z filte rv e rfah ren , 
in sb e so n d e re  durch  E n tw ic k lu n g sd e ta ilf ilte rv e rfa h re n  (E D F V ) [1] [17] [18],

(3) S c h w ärzu n g stran sfo rm atio n en  u n d  -m ark ie ru n g en , z. B . du rch  
A q u id e n s ito m e trie  u n d  S chw ärzu n g sre lie fv e rfah ren  [1] [19].

A b b .  4 . In fo rm a tio n sü b e rtra g u n g  im  V erlaufe des p h o to g rap h isc h en  P rozesses

V on den an g eg eb en en  V erfah ren  ersch ien  fü r  die V erbesserung  des 
S ig n a l-R au sch -V erh ä ltn isses  u n d  d am it fü r  eine E rh ö h u n g  des N ach w eisv er
m ö g en s  sp ek tro g rap h isch er M ethoden  besonders zw ei V erfah ren  au ssich tsre ich : 
d a s  E n tw ic k lu n g sd e ta ilf ilte rv e rfa h re n  n ach  L au  [17] sowie eine n ach träg lich e  
E rh ö h u n g  der G rad a tio n  y ,  d . h . ein U m kopieren  d er S p e k tra lp h o to p la tte  au f 
h a r t  a rb e iten d es P h o to m a te r ia l  [20].

3. D as E n tw ick lu n g sd e ta ilfilte rv erfa liren  (E D F V )

D as Problem  d e r u n g en ü g en d en  In fo rm a tio n sau ssch ö p fu n g  von  P h o to 
g ra p h ie n  erg ib t sich u . a . au s  d er c h a ra k te ris tisch e n  S ch w ärzu n g sk u rv e , von 
d e r  n u r  ein Teil, der g e rad lin ig e , zu r A usw ertung  geeignet is t. Die in  “ Schw elle” 
u n d  “ S chu lte r”  d er K u rv e  e n th a lte n e n  In fo rm a tio n e n  gehen in  der Regel 
v e r lo re n , da hier K o n tra s te  schw er m eß b ar sind .
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Um die fü r  die S p ek tra lan a ly se  re lev an ten  In fo rm a tio n e n  b esse r auszu- 
schöpfen , is t es n ic h t u n b ed in g t e rfo rderlich , den  G e sa m tk o n tra s t auszuglei
chen , sondern  v ie lm ehr die h o h e n  O rtsfreq u en zen  zu  v e rs tä rk e n  u n d  dam it 
eine V erbesserung  der D eta ilw ied erg ab e  zu  erzielen.

P ra k tisc h  e rre ich t m an d as  d u rch  sogen an n te  M ask en v erfah ren . U nter 
M asken v e rs te h t m an  p h o to g rap h isch e  S ch ich ten , die m it dem  O rig inalnega-

A b b . 5. V erän d eru n g  de r M o d u la tio n sü b e rtrag u n g sfu n k tio n  d u rc h  eine u n sc h a rfe  M aske

A b b . 6 . S ch w ärzungsverlau f au f der P h o to sc h ic h t (a) fü r  eine ideal scharfe  K a n te  u n d  (b ) bei 
W irkung  des E b erh a rd te ffek te s ; (c) z e ig t eine O rig inalspek tra llin ie  bei W irk u n g  des

E b e rh a rd t-E ffe k te s

t iv  Z usam m enw irken , um  b es tim m te  E ffek te  zu e rh a lte n  [1]. O ft s ind  M asken 
b eso n d ers  v e ra rb e ite te  Positive  des O rig ina lnega tiv s. F ü r  die V e rs tä rk u n g  
h o h e r O rtsfreq u en zen  besitzen  u n sc h a rfe  M asken besondere B e d e u tu n g , wie 
A bb . 5 an h an d  d er M o d u la tio n sü b e rtrag u n g sfu n k tio n en  deu tlich  ze ig t.

D as E n tw ick lu n g sd e ta ilf ilte rv e rfah ren  is t ein pho tochem isches M asken
v erfah ren , hei dem  eine unscharfe , s te u e rb a re  M aske d u rch  B e lich ten  von 
en tw ick lc rg e trän k tem  P h o to m a te ria l in  e iner K op iersch ich t e rzeu g t w ird . 
D abei w erden  N achbareffek te , speziell die u n te r  der B ezeichnung  “ E b e rh a rd t-  
E f fc k t’1 [21] zu sam m engefaß ten , die m a n  bei no rm alen  E n tw ick lu n g en  gerade  
au szu sch a lten  su ch t [22], bew ußt a u sg e n u tz t u n d  ho ch g ezü ch te t.
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D ie W irkung des E b e rh a rd t-E ffe k te s  is t sch em a tisch  in  A bb . 6b d a rg e 
s te l l t ,  6c zeigt die D iffu sio n sw irk u n g en  an e in er S p ek tra llin ie  an schau lich  u n d  
d e u tlic h . Die gegenläufigen D iffusionen  von frisch em  E n tw ic k le r  u n d  en tw ick 
lu n g sh em m en d en  O x id a tio n sp ro d u k te n  sind le tz tl ic h  v e ra n tw o rtlic h  fü r  die 
V e rs tä rk u n g  hoher O rts fre q u e n z en . A bb. 7 ze ig t, d a ß  es m öglich is t, a u f  diesem  
W ege schw ache S p e k tra llin ie n  zu  v e rs tä rk en .

B ei der p ra k tisc h e n  D u rch fü h ru n g  des E D F V  w urde  so vorgegangen , 
d a ß  v o n  der O rig in a l-S p e k tra lp la tte , die n ach  M öglichkeit bis zu  5fach ü b e r
b e l ic h te t  sein kann , K o n ta k tk o p ie n  an g efertig t w u rd en , u n d  zw ar en tw ed er

A b b .  7. V erstärkung  d e r L in ie  M n I  280,11 n m  (a) n o rm al b e h an d e lte  P h o to p la tte ,
(b) ED F-behandelte P la tte

a u f  P h o to p la tte n  oder F ilm e . D abei m üssen  sich  die S ch ich tse iten  b e rü h ren , 
u m  D iffu sio n slich th o fw irk u n g en  gering zu  h a lte n . D er feste  p lan p ara lle le  
A n d ru c k  von O rig inal u n d  K o p ierm ateria l w u rd e  am  b es ten  m itte ls  e iner 
P h o to k a s se tte  des v e rw e n d e te n  S p ek tro g rap h en  e rre ic h t. N ach  der B e lich tu n g  
w u rd e  die K opie k u rze  Z e it n o rm a l anen tw ick e lt, gegebenenfalls n ach b e lich te t 
[29] u n d  anschließend  u n te r  E n tw ick le rm angel au sen tw ick e lt. D azu  w urde 
a u f  d ie  en tw ick lerfeuch te  K o p ie  eine Folie au fg ew a lz t, so d aß  fü r  den  A u sen t
w ick lungsprozeß  n u r  d e r  d ü n n e  E n tw ick lerfilm  zw ischen  K opie u n d  Folie zu r 
V erfü g u n g  stan d  [23 28].

D ie d e ta illie rten  K o p ie rb ed in g u n g en  s ind  in  T abelle  I I  zusam m engeste llt.

E ine E m p fin d lic h k e itsv e rs tä rk u n g  ü b e r e ine B eeinflussung  der G ra d a 
t io n  у fü h rt in d er K egel zu  einer a llgem einen  K o n tra s tv e rs tä rk u n g  bis zu 
e in e r  gewissen G renze. D ie  V erstä rk u n g  von  S p ek tra llin ien  k a n n  dabei so w eit 
g eh en , daß Signale, d ie  a u f  der O rig in a lp la tte  u n te rh a lb  d er N achw eisgrenze

СЛ

4. G rad a tio n sv e rs tä rk u n g  (GV) d u rch  h a r te s  U m kopieren
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liegen, sich n ach  der K opie o b e rh a lb  der N achw eisgrenze b e fin d en , wie fo l
gende Ü berlegungen  zeigen.

A u f der O rig in a lp la tte  sei die S chw ärzung e iner schw achen  S p e k tra l
linie

S l +u — S y  -f- AS„ . (10)

Die zugehörige E rfassungsg renze  e rg ib t sich zu

S E =  S y  -)- 6 аи  , (И )
w obei ge lten  soll

/1S„ <C 6 Oy (12a)
u n d  d a m it auch

S l +u <  S E . (12b)

N ach  zw eifacher h a r te r  K opie b e trä g t  die S chw ärzung  d ieser L inie

S l + u  =  S ’u  -f- A S ,  (13a)

bzw . w enn zlS2 als V ielfaches v o n  A S 0 au sg ed rü ck t w ird

S'L +U  =  S ' u + k  ■ A S 0 . (13b)

F ü r  die E rfassungsgrenze g ilt m it  O y  a ' y

S'e — S y  -)- 6 аи . (14)

D er W ert von  к  lä ß t  sich aus den  G rad a tio n en  d er K o p ie rm a te ria lien  a b 
sch ä tzen . Es gilt

ZlS0 =  y 0A Y 0 fü r die O rig in a lp la tte  (15a)
zlSj =  y 1A Y l *=« YoVi^Yg  für die 1. K opie (15b)
A S ,  =  y , A Y ,  ^  y 0yiV‘>AY0 fü r die 2. K opie (15c)

M it d er in  Gl. (13b) e ing efü h rten  B eziehung  AS., =  z1S0 • к  e rg ib t sich aus den
G in . (15a) und  (15c)

k ^ y y y , .  (16)

F ü r  das bei unseren  U n te rsu ch u n g en  v erw endete  F ilm m a te ria l O R W O  F U 5 
b e trä g t  у  ^  5, so d aß  к ^  25 zu e rw a rte n  ist. P ra k tisc h  w urde  e rm itte l t  [20]

к =  13,8 ±  3,6.
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F ü r  schw ache S p ek tra llin ien  m it e iner S chw ärzung  S L+U 
S chw ärzungsbereich

n ach  Gl. (10) im

&u +  0,5 ои  <  S L+U <  S v  -f- 6 Oy (17a)

bzw . 0,5 Oy <  A S 0 < 6  o v (17b)

e rg ib t sich  m it dem  e rm itte l te n  fc-Wert

к • A S a 6 ац (18a)
u n d  d a m it auch

S l + u  >  S E ■ (18b)

D iese Ü berlegungen  k o n n te n  exp erim en te ll b e s tä t ig t  w erden .

5. E rgebnisse

Als M odellproben  w u rd en  S p ek tra lk o h len  der R e in h e it TO (Y EB E lek tro - 
k oh le  L ich ten b erg , D D R ) v erw en d e t, da diese e rfah ru n g sg em äß  S pek tra llin ien  
m e h re re r  E lem en te  m it  S chw ärzungen  in  d e r N ähe ih re r  N achw eisgrenzen 
zeigen kö n n en . In  T ab e lle  I  sind  die A nregungs- u n d  A u fn ah m ep a ram e te r 
zu sam m en g este llt.

T abelle I

Anregungs- und Aufnahmebedingungen

2 m  — Plang itterspek trograph  PGS 2 (YEB Carl Zeiss Jena) 
Spektrograph G itter: 651 S triche/m m  1. O rdnung theoretisches Auflösungsver

mögen 45 6000 Dispersion: 7,37 A /m m

Spaltbreite

Lichtführung zum  Spektrographen

Anregung

Elektroden

Belichtungszeit

Photom aterial

Entw icklung

Schwärzungsmessung

15 /iin

Zwischenabbildungssystem  Zeiss; Elektroden ausge 

blendet, Zwischenblende 5 mm

U B I 1 (VEB Carl Zeiss Jena)

Gleichstromdauerboden 10 A, 300 V

Universalelektroden TO Form 119 (VEB Ehsk'ra- 

kohle L ichtenberg), Elektrodenabstand 2 rni«

180 s

OR WO W U 3, spektral blau extrahart

M etol-H ydrochinon 1 : 4, 20 °C, 4 min Schaukcl- 

entwicklung

Sch lellphotom eter G I I  (VEB Carl Zeiss Jena)
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D er u n m itte lb a re n  A nw en d u n g  des E D F V  au f die E n tw ic k lu n g  der 
O rig in a lp la tte  s ta n d e n  einige G rü n d e  en tg eg en . E inm al is t die G ra d a tio n  der 
v erw en d e ten  S p e k tra lp la tte n  O R W O  sp e k tra l  b lau  e x tra h a r t  W U  3 m it 
у я« 1 zu gering, um  effek tive  E D F -W irk u n g en  zu erzielen. A u ß e rd e m  läß t 
sich die erfo rderliche  U b e rb e lich tu n g  zw ar im  k o n k re ten  M odellfa ll, n ich t 
ab er a llgem ein  verw irk lichen . Schließlich so llte  auch  die M öglichkeit ausge
schlossen w erden , die O rig in a lp la tte  du rch  F e h le r  beim  E D F Y  zu  b e e in trä c h 
tigen . A us dem  zu erst an g e fü h rte n  G rund  erw ies sich auch  die H ers te llu n g  
von  zwei K opien  nach  dem  E D F Y  m itte ls  S p e k tra lp la tte n  als u n g ü n s tig .

Es w urde  deshalb  die A n w endung  von  zw ei V erfahren  u n te r s u c h t ,  wobei 
e inm al das E D F V  m it der G ra d a tio n sv e rs tä rk u n g  du rch  h a r te s  U m k o p ieren  
k o m b in ie rt w urde , zum  a n d e ren  beide K o p ien  n ach  G ra d a tio n sv e rs tä rk u n g  
erzeu g t w urden . T abelle I I  g ib t e inen  Ü berb lick  ü b e r die P a ra m e te r  d e r beiden  
an g ew an d ten  V erfahren .

Tabelle II

Kopierbedingungen ( alle Zeitangaben in s)

Verfahren
Entw icklerkon

zen tration Belichtungszeit
Zeit der normalen 

Entwicklung

Zeit de r E n t
wicklung u n te r 

E ntw ickler
m angel

1 Erstkopie: EDFV l 4 60 10 120

Zweitkopie: GV i 4 90 180 —

2 Erstkopie: GV l 4 10 180 —

Zweitkopie: GV l 4 180 180

In  A bb. 8 is t ein S p e k tre n a u ssc h n itt a u f  d er O rig in a lp la tte  u n d  n a c h  den 
beiden  K o p ie rv e rfah ren  d a rg es te llt. D araus g eh t hervo r, d aß  zw ei im  ausge
w äh lten  B ereich  befind liche L in ien , die im  O rig inal im  R auschen  des U n te r
grundes verschw inden , nach  d en  speziellen K o p ie rv e rfah ren  d e u tlic h  h e rv o r
tre te n .

Die A u sw ertung  fü r die L inie Co 287,96 nm , die in  A bb. 9 v e ra n sc h a u lic h t 
is t, zeigt, d aß  diese sowohl d u rch  E D F V , v e rb u n d e n  m it G ra d a tio n sv e rs tä r 
kung , als auch  du rch  zw eifache G ra d a tio n sv e rs tä rk u n g  b e trä c h tlic h  ü b e r  die 
E rfassungsgrenze  angehoben  w ird .

E in  V ergleich der beiden  an g ew an d ten  V erfah ren  zeig t, d a ß  d e r V er
s tä rk u n g sg ra d  einer Linie von  d er S chw ärzungsdifferenz a u f dem  O riginal 
a b h ä n g t. Aus A bb. 10 geht h e rv o r, d aß  fü r h a r te s  U m kopieren  die V e rs tä rk u n g  
v  m it w achsendem  A S  bis zu e in er S ättig u n g sg ren ze  zu n im m t, w ä h re n d  sie 
für E D F V  -)- GV m it A S  ab n im m t.

*

II errn Prof. em. Dr. E. La u . Zcntralinstitut für O ptik und Spektroskopie der Akaderr.i 
der W issenschaften der L)I)R, danken wir für förderliche Diskussionen und H inw eise.
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287.8- 288.0
Abb. 8.  Spektrenausschnitt einer O riginal-Spektralplatte und  von  Kopien nach dem  E D Y F, 

verbunden m it Gradationsverstärkung sow ie nach  zweifacher GV

Original- EDFV
n la t t e  GV

Abb. 9. A uf die U ntergrundschw ärzung bezogene L inienschw ärzungen S£ in R elation  zu den 
jew eilig en  Nachweisgrenzen (Sjfy nach dem 3 a-K riterium ) und Erfassungsgrenzen (Se , nach  

dem  6 o-Kriterium) der L inie Co 287,96 um für die O riginalp lrtte und die beiden unter
suchten K opierverfahren
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-----— AS

Abb. 10. Verstärkung des Signal-R ausch-V erhältnisses nach E D FV  +  GV und nach
hartem  Um kopieren (2 x G V )
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A MODEL OF LIQUID WATER
T ETR A G O N A L CLUSTERS: D E SC R IPT IO N  AND  

D E T E R M IN A T IO N  OF PARA M ETER S
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Based on the radial distribution functions of water at three tem peratures obtained  
from  X -ray diffraction experim ents, a tetragonal cluster model is proposed for the 
structure. Besides reproducing the experim ental R D F ’s, and the reduced intensities, 
the model can describe the volum e effects, and other physical correlations between  
w ater and some ice polym orphs.

1. Introduction

In  a previous p a p e r, i t  h ad  been p o in ted  o u t th a t  th e  rad ia l d is tr ib u tio n  
fu n c tio n  (R D F ) of w a te r  o b ta in e d  from  X -ra y  d iffrac tion  m e a su re m e n ts  have 
som e fea tu re s  n o t fo und , o r neg lec ted  in ea rlie r w orks on th is  to p ic . T hese  are 
fo llow ing:

i) T h e  f irs t co o rd in a tio n  n u m b er of m olecules (or of О nuclei) as ca lcu la ted  
from  th e  exp erim en ta l ra d ia l d en sity  fu n c tio n , is s lig h tly  below  4 an d  h a rd ly  
dep en d s on tem p e ra tu re  in th e  range 4° to  50° C prov ided  th a t  th e  ‘sy m m e t
r ic a l’ p ro ced u re  is app lied  to  d e te rm in e  th e  area  u n d er th e  f irs t in te rm o le c u la r  
p e a k  o f  th e  rad ia l d en sity  cu rv e .

ii) T h e  second peak  in  th e  R D F ’s is found  a t  a b o u t 3.6 Á, p a r t ly  o v e rla p p 
in g  th e  m ain  peak  a t 2.83 Á, an d  causing  th e  obvious asy m m etry  o f  th e  la t te r .  
T he p e a k  a t  3.6 A is th e  on ly  one th a t  gets m ore p ronounced  w ith  ris in g  te m p e r
a tu re .

iii) T he n ex t peak  described  in  p rev ious w orks as un iq u e  ro u n d  4.6 A 
w as fo u n d  by  p resen t a u th o r  an d  colleagues (see th e  p ap er re fe rred  to  above)

to  be a d o u b le t w ith  peaks ro u n d  4.3, and 4.8 A, respective ly . W hile  th e  d is
ta n c e  4.6 A was regarded  as th e  edge o f a reg u la r te tra h e d ro n  fo rm ed  b y  th e  
four n e a re s t neighbours o f a ce n tra l m olecule, th e  tw o peaks can be assigned 
to  th e  edges of a no n -reg u la r te tra h e d ro n  of s im ila r origin [1, la ] .

T hese  observations led th e  a u th o r  to  suggest a new  m odel fo r  w a te r 
s tru c tu re .

As to  th e  su rvey  o f n u m ero u s s tru c tu ra l m odels of w a te r p ro p o sed  b y  
m a n y  p rev ious au th o rs , we re fe r to  th e  books o f E i s e n b e r g  and  K a u z m a n n  [2] 
an d  th o se  ed ited  by F. F r a n k s  [3] W. A. P. L u c k  [4] an d  T . E r d e y - G r ú z  [5]

Aria Chim. (B udapest) 93, 1977
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re sp e c tiv e ly . The ch em ica l p h y sics  of ice is th o ro u g h ly  d ea lt w ith  b y  F l e t 

c h e r  [ 6 ] .

A ccording to  th e  p re s e n t  m odel, w a te r co n sis ts  o f c lusters w ith  a t e t r a 
g o n a l n e tw o rk  form ed b y  h y d ro g e n  bonds. G eo m etrica lly , th e  te tra g o n a l l a t 
tic e  is  closely re la ted  to  th e  d iam ond-like cub ic  la t t ic e  of ice I c from  w hich  it  
c a n  be  derived  b y  co m b in ed  con trac tio n  an d  d ila ta tio n . T he positions o f О 
a to m s  a re  d isplayed on a b a ll-an d -sp ik e  m odel in  F ig . 1 rep resen tin g  a ty^pical 
c lu s te r  o f  54 m olecules.

T he clusters m u s t  b e  th o u g h t of ás fo rm a tio n s  unceasing ly  chang ing  
th e i r  shape and d im en sio n s th e  m ean life-tim e o f  w hich  is long co m p ared  w ith  
th e  d u ra tio n  of in te ra c tio n  betw een  th e  X -p h o to n  an d  th e  m olecule b u t  sho rt 
re la t iv e  to  the  m easu rin g  tim e  of in ten s ity . O ne m a y  assum e th a t  th e  b o u n d a 
rie s  o f th e  clusters co in c id e  w ith  the  p lanes o f  th e  te tra g o n a l la ttic e  (i.e. th e  
p la n e s  of s ix -m em bered  p u ck ered  rings fo rm e d  b y  w a te r m olecules). This 
a s su m p tio n  conform s w ith  th e  ideas ab o u t co o p e ra tiv e  b reak ing  an d  estab lish 
in g  o f  th e  hydrogen  b o n d s  f irs tly  proposed b y  F r a n k  and  W e n  in  1957 [12] 
a n d  confirm ed b y  som e re c e n t  ab in itio  c a lc u la tio n s  as e. g. [13].

A d a  Chim. ( Budapest) 93, 1977

Fig.  1. Ball-and-spike m odel o f  a tetragonal water cluster (54 balls, long spikes, 2a =  90°)
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Fig. 2. Volum e decrease by cluster adhesion, I. A cluster o f 108 molecules (short sp ikes applied)

T he average size o f  th e  c lu s te r decreases w ith  increasing  te m p e ra tu re s . 
T he c lu ste rs  a t t r a c t  each  o th e r  b y  v an  der W aals forces ac tin g  b e tw e e n  th e  
m olecules of th e ir  a d ja c e n t su rface  layers. In  o u r a ssum ption , th e  n e ig h b o u rin g  
c lu s te rs  are d isplaced re la tiv e  to  one a n o th e r  on th e  m odel o f a s lip -d is lo ca 
tio n  in  a c ry sta l. In  th is  sh ifted  position  th e  su rface  layers can  g e t so m e w h a t 
c loser, th e ir  m olecules m u tu a lly  filling  in  th e  cav ities of th e  a d ja c e n t f ra m e 
w ork . T hus, th e  p ack ing  o f th e  m olecules becom es closer in  th ese  la y e rs  th a n  
inside th e  cluster, re su ltin g  in  tw o observab le  effects:

Acta Chim. ( Budapest)  93, 1977
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Fig. 3. Volum e decrease by cluster adhesion, II. Two adhered clusters w ith 108 m olecules 
in the aggregate: Volum e decrease as com pared w ith Fig. 2.
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i) C ontraction  ta k e s  p lace  as illu s tra te d  b y  b a ll m odels in  Figs 2 an d  3 
w h e re  a c luster c o n sis tin g  o f  108 m olecules (F ig . 2) is com pared  w ith  an  en 
sem b le  of tw o d isp laced  c lu s te rs  of 54 m olecules (F ig . 3).

ii) There m u st a p p e a r  ‘e x tra ’ (i.e. in te r s t i t ia l)  p a ir  d istances as co m p ared  
to  a reg u la r  ice-like n e tw o rk . One of these  lies b e tw een  th e  f irs t (2.83 Á), and  
th e  second  (4.3 Á) n e tw o rk  d istance  values.

W e m ay th in k  w ith  reaso n  th a t  th e  zone o f  in te ra c tio n  o f th e  c lu ste rs  
w h e re  th e  m olecules p a r t ly  free from  h y d ro g en  bon d s are co n c e n tra ted  p lays 
a n  im p o r ta n t role in  th e  tra n s p o r t  p h en o m en a  such  as d iffusion, v isco sity , 
a n d  p ro to n  c o n d u c tiv ity  as w ell as in d isso c ia tio n .

In  exp la in in g  th e  v o lu m e  con traction  o f  EL,0 on m eltin g  and th e  ex iste n c e  
o f  in te rstit ia l pairs in  th e  liq u id , the p resen t m o d e l con trad icts b o th  in te r s t i
t ia l  an d  d istorted  b o n d  m o d e ls . In  th e in te r s t it ia l m odels, th e  co e x isten ce  o f  
tw o  p h ases is a ssu m ed , i.e. m olecules in  th e  ic e -lik e  and in th e  gas-lik e  s ta te  
(S a m o ilo v  [7], N a r t e n , D a n fo r d  and L e v y  [8]) and, on th e  o th er h and , 
a cc o rd in g  to  th e d is to r te d  b ond  m odel (P o p l e  [9 ]) all hydrogen  b on d s o f  th e  
ic e  stru ctu re are p reser v ed , b ut their an g les m u st b e, on th e  average, v ery  
s tr o n g ly  d istorted  in  ord er to  approach th e  a c tu a l m olecule d en sity  o f  w ater.

2. S om e g eo m etr ica l aspects o f  th e  tetragon al lattice

In  th e  p resen t m o d e l H  positions are  n o t  ta k e n  in to  accoun t. A ccord ing ly  
in  th e  tre a tm e n t be low , la t t ic e  points m e a n  a lw ay s  th e  cen ters o f О a to m s 
o r th o se  of the  w a te r  m olecu les regarded  as sp h e rica lly  sym m etrica l.

T ab le  1 gives a co m p ariso n  of ice la t t ic e s  I h, I c, an d  th e  p ro p o sed  t e t r a 
g o n a l la ttice  of w a te r . F ig  4 . shows a p ic tu re  o f  th e  th re e  cells.

In  th e  fo llow ing t r e a tm e n t  in stead  o f  cell d im ensions a, an d  c, we use 
th e  0 - 0  d istance o r H -b o n d  length  R,  an d  th e  0 - 0 - 0  angle or H -b o n d  angle 
2 a . T h e  p a ram ete rs  are  in te rco n n ec ted  th ro u g h  th e  re la tionsh ips

a =  2 R  ■ sin a , an d  c =  4R  ■ cos a

O n su b s titu tin g  cos a  =  l / ^ 3  (i.e. 2a is th e  te t r a h e d ra l  c en tra l angle) we ob 
ta in  th e  cubic cell p a ra m e te rs .

B o th  la ttic e s  I h, a n d  I c require th e  r e g u la r  te tra h e d ra l sy m m e try  of th e  
p e n ta m e r  p a tte rn  c o n s is tin g  of a cen tra l m o lecu le  a n d  its  four n ea rest ne ighbours. 
N a m e ly  one of th e  b o n d  lin es  in  I h, and  a ll fo u r  in  I c p lay  th e  role of th ree -fo ld  
sy m m e try  axes w h ich  a re  essential e lem en ts  o f  hexagonal and  cubic la ttic e s , 
re sp ec tiv e ly . The free  w a te r  molecule e x h ib its  th e  low er m m 2 (C.,r) sy m m etry .

A cta  Chim. ( Budapest)  93, 1977
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Ice Ih

Fig. 4. U n it cells o f ices 7Л, Ic, and tetragonal water

T ab lr I

Characteristics o f  the ice lattices l /;. Ic and the tetragonal lattice o f  water

h h Tetragonal

Space group P ó jm m c F d 3  m 142 d
a 4.498 A 6.358 A 4.235 A
c 7.328 A 7.508 A

(— 130 °C ( 130 °C) ( +  4 °C)
R *2.76 A, 2.75 A 2.75 A 2.83 A
2a *109.47° +0 .16 109.47° 97°

x —y  angle 60° 90° 90°

^cell 128.4 A3 257.02 A 3 134.7 A3
n 4 8 4

* The difference betw een  the two R values and the deviation of 2a are not due to 
random errors, but to  the significant departure of th e  7/, la ttice  from the ideal hexagonal 
sym m etry. The shorter R  belongs to 0 - 0  distances parallel to the c-axis.

The H -O -H  angle is 104,5°, less th a n  th e  te t r a h e d ra l  cen tra l angle. T h e  p ro 
posed te trag o n a l la tt ic e  has a sy m m etry  h ig h e r th a n  th e  m olecule fo llow ing

from  th e  neg lection  o f  th e  H  a tom s and  from  th e  a ssu m p tio n  th a t  O H . . .0 .  . .

. . .H O  angles are e q u a l to  О. . .H O H . . .0  angles w ith  th e ir  planes p e rp e n d ic u 
lar, The four bond-lines m ee tin g  in an 0  c e n te r  su b te n d  a lto g e th er six  ang les.

11 Acta Chim. (Budapest) 93, 1977
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R e g a rd in g  th e  tw o b o n d -ty p e s  covalen t (O H ) a n d  H -bond  (0 . . .H ), b o th  angles 
m e n tio n e d  above are  sy m m e tr ic a l to  th e ir  b isec to r, th e  o th e r fo u r angles 
(O . . .H O . . .HO) are a sy m m e tric a l. I f  th e  tw o  fo rm er angles are  e q u a l w ith  
p la n e s  p e rp en d icu la r, th e n  th e  la t te r  fo u r an g les  are also equal. D e n o tin g  th e  
sy m m e tr ic  angle w ith  2a, th e  asy m m etric  ang le  w ith  2ß, we f in d  t h a t  c o sß =  
=  s in  « /У 2 . I f  a  =  48,5° w h ich  value w as fo u n d  b y  curve f i t t in g  (as seen 
la te r ) ,  th e n  ß  =  58°.

T h e  difference b e tw een  th e  sy m m etries  o f  ice I c and  th e  te t r a g o n a l  l a t 
t ic e  c a n  be ch a rac te rized  as th e  d ifference be tw een  a reg u la r te tr a h e d ro n  
(2 a  =  109,47° ) in scrib ab le  in to  a cube an d  a b isp h en o id  (2a 109,47°) w hich
c a n  b e  in scribed  in to  a te tr a g o n a l  prism .

W hile  the  p roposed  te tra g o n a l la t t ic e  ca n  be derived  from  ice I c la ttic e  
b y  s im p le  topological t ra n s fo rm a tio n  e q u iv a le n t to  th e  bending  of th e  H -b o n d s, 
th e  tra n sfo rm a tio n  I h te tra g o n a l (an d  s im ila rly  I c —> I h) re q u ire s  th e  
in s ta n ta n e o u s  ru p tu re  o f ev e ry  fo u rth  h y d ro g e n  bo n d  and th e ir  re c o m b in a tio n  
a f te r  geom etrical re a r ra n g e m e n t.

U nlike bo th  ices I h a n d  I c, th e  te t r a g o n a l  n e tw o rk  is co m p a tib le  w ith  
w h a te v e r  value of th e  ang le  2a  w hich m ak es th e  la ttic e  very  elastic . T h e  s ta te s  
c o rre sp o n d in g  to  d iffe ren t 2 a  values can  co n tin u o u s ly  go over in  e ach  o th e r 
b y  co o p e ra tiv e  bond  b e n d in g . F rom  th is  g eo m etrica l cond ition  i t  c a n  be  con
c lu d e d  th a t  fin ite  te tr a g o n a l  c lusters  m ig h t p e rfo rm  cooperative in te rn , olecu lar 
v ib ra t io n s  of re la tiv e ly  la rg e  am p litu d e , w ith o u t ru p tu re . E v e n tu a lly , th e  
R a m a n  b an d  of fre q u e n c y  60 cm -5 (W a l r a f e n  [3]) can be assigned  to  such 
a  v ib ra t io n  m ode. T h is ty p e  of v ib ra tio n  m ean s  sim u ltan eo u sly  a  d en sity  
f lu c tu a t io n  of th e  c lu s te r  because  th e  cell vo lu m e is a sim ple sin g le -v a lu ed  
fu n c t io n  of angle a  (a t  c o n s ta n t  R).

T h e  volum es/m olecu le , in  te rm s o f  a  a n d  R ,  are  th e  fo llow ing. F o r  th e  
ic e  la tt ic e s  and  I c:

vh ^ v c = — R 1 =  1 .5 3 9 5 jR:! Á3/m olecule (1)

H e re  vh m eans th e  vo lu m e o f  an  ideal h ex a g o n a l cell. In  re a lity , ice I h d ev ia tes  
f ro m  th is  form  b y  its  sh o r te r  c-value b y  a b o u t 0 .25% . T he v o lu m e  of th e  
te t r a g o n a l  cell is

vt =  4R '! • s in 2 a  • cos a  =  4 R :!(cos a  — cos2 a) Ä3/m olecu le  (2)

A g a in , on cosx = 1 /| 3 , Vj =  vc. One can  easily  show  th a t  th e  te t r a h e d ra l  bond 
a n g le  is th e  abscissa o f a m ax im u m  in th e  vt =  /(c o sa )  fu n c tio n , since

=  4R :!(1 3cos2 a)
0COSOC const, 

a n d  th e  second d e r iv a tiv e  is -2 4 R :!/  ]/3 < / 0.

if  cos a

A cta  Chim. (Budapest) 93, 1977
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T hus, all possib le  te tra g o n a l cells (w ith  2oe S  109.47° ) possess sm aller 
vo lum e, th a n  th e  cub ic  or hexagonal cells w ith  id en tica l R  v a lu es .

The em p irica l v a lue  fo r 2x is 97° as o b ta in ed  from  a le a s t  sq u a re  f i t  o f  
th e  R D F ’s (see below ). T he d e p a rtu re  o f  th is  angle from  109.47° is to o  sm all 
to  exp la in  th e  b ig  ju m p  o f d en sity  o f m e ltin g , th e  m ore so, s ince  th e  s trong  
vo lum e-in creas in g  effect of th e  su d d en  ch an g e  in  th e  f irs t  n e ig h b o u r  d istance  
from  R  =  2.75 to  2.83 A m u st also be o v erb a lan ced . T he b ig  v o lu m e  effect 
(a lto g e th e r 17% ) can  only  be ex p la in ed  b y  th e  closer p ack in g  o f  c lu sters  as 
s ta te d  above. N ev erth e less , th e  cell v o lu m e  decrease on bo n d  an g le  changes 
is an  im p o r ta n t fe a tu re  of th e  p re sen t m odel. A m ong o th ers , i t  p o in ts  to  the  
m echan ism , how  p ressu re  p rom otes m e ltin g : u n d e r th e  in flu e n c e  o f  ex te rn a l 
m echan ical p re ssu re , th e  m olecules o f ice I h ge t closer to  each  o th e r  b y  bond 
b en d in g , ra th e r  th a n  b y  bo n d  b reak ag e  o r sh o rten in g , since b e n d in g  is en erg e t
ica lly  m ore fav o u ra b le . T he h ex ag o n a l ice la ttic e  is, how ever, in co m p a tib le  
w ith  n o n - te tra h e d ra l bo n d  angles an d  re sp o n d s  to  a g rea te r an g le  change by 
b reak in g  up, t h a t  is , b y  m elting . W ith  th is  an  even stro n g er v o lu m e  decrease 
ta k e s  p lace, th e  sy s tem  obeying  th u s  in  tw o  steps th e  p rincip le  o f  Le C hatelier 

B rau n .
T he assum ed  e la s tic ity  o f th e  te tra g o n a l  la ttic e  ( to g e th e r  w ith  o ther 

possib ilities like th e  sh o rten in g  o f th e  0 - 0  d is tan ce , and  th e  c lo ser pack ing  of 
th e  clusters) can  ex p la in  th e  co m p ressib ility , an d  o th e r h igh p re ssu re  p ro p er
tie s  o f w a te r d e v ia tin g  from  th e  b e h a v io u r  o f no rm al liqu ids. In  sp ite  of its  
g re a te r  d en sity , th e  iso th e rm a l co m p ress ib ility  of w a te r is fo u r t im e s  g rea te r  
th a n  th a t  o f ice I h: in  th e  n e ig h b o u rh o o d  o f  th e  m elting  p o in t we f in d  nam ely

1 l d V \
x t water — ------  -----  =  5 0 x  10 8 b a r  x (atO °C ), an dv dP)T

x-f, ice =  12 X 10 8 b a r “ 1. . .9 x  10 8 b a r “ 1 in  th e  whole ra n g e  0 ]> t >
— 253° C, re sp ec tiv e ly .

B y p a r tia lly  d iffe re n tia tin g  eq. (2) we o b ta in  th e  re la tiv e  v o lu m e  changes 
on  v a ry in g  ex an d  R ,  resp ec tiv e ly :

1

V

3 F  j 1 3 cos2 ex
sin x

cos X  -  C O S 3 X
=  0.0108 d e g -1, a n d

1 I 3 F

F 1 3 R
1.06 A “ 1 , 

R

th e  num erica l v a lu es  are  o b ta in ed  b y  ta k in g  x  48.5° , R  =  2 .83 A. T h u s, a 
b o n d  angle decrease  b y  1°, an d  th e  a b b re v ia tio n  o f th e  H -b o n d  le n g th  by 
0.01 A, b o th  co rresp o n d  to  a vo lum e ch an g e  caused  b y  220 b a r e x te rn a l  pres- 
su re .

Acta Chim. (B udapest) 93, 1977
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T h e  m u c h  sm aller co m p ress ib ility  i.e. th e  r ig id i ty  o f  ice I h m ay  be  d u e  
to  th e  re s is ta n c e  o f th is  la tt ic e  to  b o th  bond  b e n d in g , an d  bond sh o rte n in g . 
The r ig id n e s s  o f th is  s tru c tu re  is c learly  d e m o n s tra te d  b y  th e  o th e r fa c t t h a t  
I h does n o t  e x is t a t  all u n d e r p re ssu re s  h igher th a n  2.2 k b a r . In  th e  te m p e ra tu re  
ran g e  0 >  t >  — 22° C i t  m e lts  on  th e  in fluence  o f  a  p ressu re  1 b a r  < P  <  2,2 
k b a r, a n d  w a te r  (supercooled) is p ro d u ced ; a t  te m p e ra tu re s  low er th a n  —22° C, 
a tr a n s fo rm a tio n  in to  ice I l l ( te t r a g o n a l)  or ice I l( rh o m b o h e d ra l)  tak es  p lace , 
d e p e n d in g  on  te m p e ra tu re .

T h e  d ifference b e tw een  th e  topo logy  o f th e  I h la ttic e  on th e  one h a n d  
and  t h a t  o f  th e  la ttic e s  I c an d  te tra g o n a l on th e  o th e r  h an d , can  be i l lu s tra te d  
from  a n  o th e r  p o in t of view . A ll th re e  netw orks a re  v e ry  open s tru c tu re s  w ith  
a good d e a l o f e m p ty  space, b u t  th e  geom etry  o f  th e  cav ities in  th em  is d if
fe re n t. I n  ice  I h, th e  cav ities a re  form ed b y  12 su rro u n d in g  m olecules; in  ice 
I c a n d  th e  te tra g o n a l la tt ic e , th e  cav ities are fo rm e d  b y  10 m olecules. T h e ir  
c o n f ig u ra tio n  is th e  analogue o f  t h a t  o f carbon  a to m s  in  th e  m olecule ad a m a n - 
ta n e  (C 10H J6). This com p o u n d  h as  its  condensed hom ologues d ia d a m a n ta n e , 
t r ia d a m a n ta n e ,  e tc . co n ta in in g  1 4 ,1 8  etc. ca rb o n  a to m s . S im ilarly , th e  n u m b e r  
of th e  c a v itie s  in  th e  la ttic e s  o f  ice I c and w a te r  can  be aug m en ted  b y  one 
w hen  p ro p e r ly  add ing  4 fa r th e r  m olecules. T h is ru le  has been u tilized  in  a 
c o m p u te r  p ro g ram  s im u la tin g  w a te r  clusters a n d  a lso  in  bu ild ing  up  th e  b a ll 
m odels (F ig s  1 3.). In  th is  w ay , we o b ta in  c lu s te rs  w ith  a cham fered  sh ap e
w here ea c h  m olecule is a t  le a s t 2-bonded .

I n  T a b le  I I ,  th e  ra d ia l d is tan ces  r,-, th e  c o o rd in a tio n  num bers C(, an d  
cell v o lu m e s  vh, vc, vt are  co m p ared  for th e  th re e  la t t ic e  ty p es . The tr ig o n o m e t
ric  re la tio n sh ip s  y ield ing  th e  r f’s b y  th e  aid o f R  a n d  x  are  also given. I t  can  
be seen  t h a t ,  beg inning  w ith  th e  second n e ig h b o u rs , each  rad ia l d is tan ce  in  I c 
sp lits  u p  in to  tw o d is tin c t v a lu e s  in  th e  te tra g o n a l n e tw o rk .

3. M odel ca lcu la tions, R D F  f ittin g

W e h a v e  co m p u ted  th e  R D F  of th e  m odel s t ru c tu re  by  v a ry in g  its  p a r 
a m e te rs  to  y ie ld  an  o p tim a l f i t  to  th e  ex p e rim en ta l fu n c tio n . The ag reem en t of 
th e  R D F ’s is considered  as a n ecessary , th o u g h  n o t  su ffic ien t evidence fo r th e  
a d e q u a c y  o f  th e  m odel. R e c e n tly , S. N. B a g c h i  h as ou tlin ed  a c lu ste r th e o ry  
of l iq u id s  a n d  suggested  a m e th o d  for c a lcu la tin g  th e  m odel R D F  th a t  seem s 
to  in c re a se  th e  p ro b a tiv e  fo rce  o f a successful f i t  [10]. B a g c h i ’s p ro ced u re  
h ad  to  be  m odified  in  som e resp ec ts  because  o f  th e  anom alous fe a tu re s  
o f w a te r .  (D eta ils  are d esc rib ed  in  th e  A p p en d ix  o f  th is  paper.)

W e h av e  chosen th e  p a ir  co rre la tion  fu n c tio n  g(r) as th e  o b jec t o f  th e  
f i t t in g  p ro ced u re . The re so lu tio n  of peaks is th e  s h a rp e s t and  th e  sensitiveness 
to  e r ro rs  in  th e  m odel p a ra m e te rs  is th e  h ig h es t in  th is  fu nc tion  as c o m p ared
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T a b ic  II

Radial distances, coordination numbers and  specific volumes o f  the lattices ice I h, I c and
tetragonal water

(Expressions in term s o f the bond length  and the half bond angle, R ,  a )

a) D istances and coordination numbers

V T e tra g o n a l

cos a  = 

s in  a

- 1 / / 3  

=  У 2/3

cos a  =  0 .6633  

sin  a  =  0 .7483

i Г(/К Cl r (/R Ct rt/R C|

1 I 4 1 4 1 4
2 /8 /3  =  1.633 12 /8 /3  =  1.633 12 2 sin a  =  1.497 4
3 5/3 =  1.667 1 / П /3  =  1.915 12 / 2  +  2 cos* a  =  1.697 8
4 /Т1/3 =  1.915 9 4//S" =  2.309 6 /1  +  4 sin2 a  =  1.800 8

5 4 n f3 =  2.309 3 Y m  =  2.516 12 / 8  sin a  =  2.117 4

6 7/3 =  2.333 9 /1  +  8 cos* a  =  2.126 4

7 /1 9 /3  - 2.516 9 /1  +  8 sin2 a  =  2.341 4
8 /5  +  4 cos2 a  =  2.600 8
9 4 cos a  =  2.654 2

b) У olumes per m olecule

»/«■ »/Я* v/R 3

8 / 3
-  1.5395

9
8 / 3

- f -  =  1*5395 4 cos a  • s in 2 a  =  1.486

юл =  32.36 Á 3/m olecule =  v c (R  =  2.83 Á)
«X t)jce> exp (R =  2.76 Á) vt =  33.68 Ä 3/m olecule

“water exp =  29.95 Á 3/m olecule 
Av — 3.73 Á 3/m olecule

* JI, data are valid  for the ideal hexagonal lattice.

to  o th e r  expressions o f  th e  ra d ia l d is tr ib u tio n  (as e.g.D(r) =  4тг g0r2g(r)). The 
goodness of th e  f i t  has also been  checked  in  th e  D(r) as well in  th e  si(s)M(s)  
fu n c tio n s . The an a ly tica l form  of th e  m odel p a ir  co rrelation  fu n c tio n  is the  
follow ing:

g(r) =  gd(r) +  gc(r) (3)

w here gd(r) is th e  sum  o f c o n tr ib u tio n s  fu rn ish ed  b y  d is tin c t p a ir  sep a ra tio n s  
rf, acco rd ing  to  th e  re la tio n sh ip :

&f(r) =  ^ C i i ^ y ' W . r ^ X  jeI
( r , - r ) « 1 (“I +  Г)2 1je x p

2 If
— exp

2 l'f
(4)
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an d  g c(r) is a te rm  describ ing  th e  tran s itio n  b e tw een  th e  range  of d iscre te  p a ir  
d is ta n c e s , a n d  th a t  of th e  s tru c tu re le s s , con tinuous d is tr ib u tio n  w here g(r) =  1. 
F o r  th i s  te rm , we have ch o sen  th e  h a lf  side of a G au ss ian

gc(r) =  e x p ’ Г < Г С

gc(r) =  1, r >  rc

(5 )

T h e p a ra m e te rs  varied  w ere t h e  discrete d is tan ces  r,-, th e  correspond ing  coor
d in a t io n  num bers C,-, th e  m .s . v ib ra tio n  a m p litu d e s  if, th e  rad iu s  of th e  
s tru c tu re le s s  sphere rc, a n d  th e  m .s. v ib ra tio n  a m p litu d e  of th is  rad iu s  
l2c. I n  eq .(4 ), p0 denotes th e  m o lecu le  num ber d e n s ity  o f w a te r, p0 =  0.0334 
a t  4° C. In  th e  final ru n  th e  n u m b e r  of discrete d is ta n c e s  w as 9 and th e  to ta l  
n u m b e r  o f  p aram eters 29.

T h e  f ittin g  p rocedure  w a s  perform ed in  tw o  s te p s . 1) In  a p re lim in a ry  
t r ia l  a n d  erro r process, th e  v a lu e s  H, a  and  r8, t h a t  is th e  H -bond  len g th , 
th e  H -b o n d  angle, and  th e  f i r s t  observable in te r s t i t ia l  p a ir  d istance  (r8 ~  
~  3 .6  Á ), respectively , h a d  b e e n  established fo r th e  th re e  te m p e ra tu re s  an d  

th e n  f ix e d . As only th e  f i r s t  7 d istances were ta k e n  fro m  th e  n e tw ork , r8 an d  
r9 in c lu d e d  in  least sq u a re s  f i t t in g  denote in te r -c lu s te r  d istances. (T hey  are  
n o t  id e n tic a l  w ith  r8 an d  r9 in  T a b le  II .)T h e  tr ia ls  fo r  R , x,  r8 were b ased  on th e  
f i r s t  fo u r  peak  positions in  t h e  experim en ta l g(r).  T h e  o p tim al va lu es  th a t  
y ie ld e d  th e  best resu lts in  th e  follow ing least sq u a re s  p rocedure , could m o stly  
be fo u n d  a t  once.

T o g e th e r  w ith R, x ,  a n d  r8, also the  p a ir  s e p a ra tio n s  rx th ro u g h  r7 w ere 
f ix e d , since  th e y  are d e fin e d  b y  R , x  and th e  tr ig o n o m e tr ic  re la tio n sh ip s  of 
T a b le  I I .  In  the  final ru n s  o f  th e  f ittin g  p ro g ram  a n  add itio n a l in te rs t i t ia l  
d is ta n c e  r9 ~  5.3 Á w as in v o lv e d  which has im p ro v e d  th e  fits  as co m p ared  
w ith  th e  previous runs w ith  8 d istances. The in tro d u c tio n  o f th e  tw o  in te r 
s t i t i a l  d istances r8 an d  r9 b y  a  v o lu n ta ry  an d  e m p ir ic a l w ay, could  be ju s 
t i f ie d  la te r  on by  c o m p u te r  s im u la tio n  of assem b lies  of clusters (see below ).

2) T he 9 d is tinc t rt v a lu e s  hav ing  been f ix e d , th e  least squares p ro c e d u re  
w as p e rfo rm ed  w ith 20 p a ra m e te rs  (9 co o rd in a tio n  n u m b e rs  C, and  m .s. v ib ra 
t io n  a m p litu d es  If, rc, a n d  rc), by  f ittin g  g(r) v a lu e s  over th e  ran g e  2.5 <C 
< [ r  <C[ 8 Á  a t in te rv a ls  o f  A r  =  0.05 Á. T he ra n g e  below  2.5 Ä in  th e  ex 
p e r im e n ta l  curve co n ta in s  О -H  peaks, n o t co n s id e re d  in  th e  p resen t m odel. 
A b o v e  8 Á  th e  s tru c tu re  w as n eg lec ted , the  d is tr ib u tio n  assum ed to  be p e rfe c tly  
d iso rd e re d . Table I I I  show s th e  values of 29 p a ra m e te rs  and  th e  s ta n d a rd  
d e v ia t io n s  of the fits  (a) fo r  th e  th ree  te m p e ra tu re s . T he goodness o f th e  f its  
is i l lu s tr a te d  also by  th e  F ig s  5 , 6, 7.
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A rem ark  m u s t be m ad e  as to  th e  re liab ility  of th e  p a ra m e te rs . I t  is 
know n th a t  th e  ex p an sio n  o f an  a rb itr a ry  fu n c tio n  in G aussians is  n o t  u n am 
b iguous. In  th e  course o f o u r least sq u ares  calcu lations, we e x p e rien ced  th a t 
th e  f i t  was ex trem e ly  sen sitiv e  fo r v a ria tio n s  in  th e  p eak  p o s itio n s , i.e., the 
v a lu es  of R,  a , r8. T he sh a rp  op tim u m  o f these  p a ram ete rs  seem s to  support 
th e  ad eq u acy  of th e  g eo m e try . O n th e  o th e r  h an d , a c o m p a ra tiv e ly  w ide range 
o f  th e  p a ram e te rs  C,-, a n d  lj  cordd y ie ld  th e  sam e least sq u a re s  su m . Thus,

Fig. 5. Pair correlation functions g ( r )  o f water a t 4°, 25° and 50 °C, resp ectively . Full line 
( ) is the best f it  calculated from  the model. D ots ( . . . )  show the experim ental curves

o f the author and colleagues

th e  f ir s t  decim als o f th e  С,- va lu es  and  th e  second decim als in  th e  / / ’s a re  no t 
q u ite  re liab le , w hich acco u n ts  fo r som e o f th e  seem ingly illog ical d ev ia tio n s 
in  T ab le  I I I  be tw een  4° a n d  25° d a ta . T he d ifferences betw een  th e  v a lu e s  for 
50° C an d  th e  f irs t tw o  d a ta  se ts  seem to  be above th e  lim its  o f e rro r .

A deficiency o f th e  ab o v e  p a ra m e te r  se t is th a t  none of th e se  p a ra m e te rs  
d efine  ex p lic itly  th e  sizes o f  th e  c lu ste rs . In d ire c t in d ica tions, h o w ev e r, can 
be re a d  o u t o f these  d a ta  w h ich  su p p o rt th e  c lu s te r  hypo thesis an d  th e  a ssu m p 
tio n  on th e  te m p e ra tu re  d ependence  o f th e  c lu sters . The fo llow ing  d a ta  are 
w o rth  m en tion ing .
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Table III

Parameters o f  the model g ( r )  function fo r  4°, 25° and  50 °C

4° 25° 50°

r{ A C, к A 4  A C i h A r i  A Ci U A

1 2.83 3.76 0.21 2.83 3.93 0.20 2.86 3.45 0.21
2 4.24 3.13 0.26 4.24 3.18 0.26 4.28 2.40 0.24

3 4.80 6.22 0.47 4.80 6.51 0.43 4.85 6.15 0.43

4 5.09 5.88 0.64 5.09 5.87 0.67 5.15 5.93 0.65

5 5.99 2.71 0.49 5.99 3.18 0.37 6.05 2.88 0.36

6 6.02 2.46 0.44 6.02 2.82 0.48 6.08 2.81 0.44

( 6.62 1.30 0.89 6.62 1.25 0.85 6.70 1.05 1.11

8 3.56 3.43 0.35 3.56 3.27 0.28 3.60 4.81 0.40

9 5.30 1.99 0.51 5.30 1.34 0.24 5.34 1.20 0.21

r c 6.95 6.96 7.09

h 0.73 0.71 0.85

G 0.023 0.023 0.022

Fig.  6. Radial density fun ctions D ( r )  =  4rro0r2g ( r )  o f  w ater. N o ta tio n  is the same as in  F ig . 5
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i) T he ra d iu s  rc o f th e  sphere of co n tin u o u s , s tru c tu re le ss  d is tr ib u tio n  is 
a b o u t 7 Á. This v a lu e  m u s t n o t be considered  as th e  rad iu s  o f th e  c lu s te r  b e 
cause th e  loss o f co rre la tio n  betw een  d is ta n t p a rtic le s  is a general fe a tu re  of 
am o rp h o u s sy stem s. T h e  co rre la tio n  len g th , an d  th e  average  edge le n g th  of 
th e  c lu ste rs  m u s t be d is tin g u ish ed  ( B agchi [10]) .  T he value 2 rc ~  14 Á  m ay  
be reg a rd ed  on ly  as a ro u g h  low er lim it for th e  c lu s te r  dim ensions.

[m
Fig 7. R e d u c e d  in t e n s i t y  f u n c t io n s  ( m u lt ip l ie d  b y  s)  o f  w a te r , s i ( s )  —  4 л р 0  \ r [g ( r ) — l ] x

о
X s in  (sr )dr .  N o t a t io n  is  t h e  sa m e  a s  in  F ig s  5 a n d  6 . ( I n  t h e  in tr a m o le c u la r  r a n g e  0 < 7 , r < ,

2  A , g ( r )  m a d e  e q u a l  t o  0 .)

ii) T he co o rd in a tio n  n u m b e r C8 p e rta in in g  to  th e  f irs t  observab le  ‘in te r 
s t i t ia l’ i.e. n o n -H -b o n d ed  p a ir  d is tan ce  ~  3.56 Á is a m easure  o f th e  specific  
su rface  o f th e  c lu ste rs  because th e  m olecules in  th e  in te r io r  o f th e  c lu s te rs  
a re  excluded  from  th is  ty p e  o f in te ra c tio n . T ab le  I I I  show s a s ig n if ican t rise 
o f  C8 be tw een  25° , an d  50° C, in  accordance w ith  th e  a ssu m p tio n  on c lu s te r  
size decrease w ith  ris in g  te m p e ra tu re .

iii) T he effec tive  co o rd in a tio n  n u m b ers  C2 to  C7 p e r ta in  to  p a ir  d is tan ces  
in  th e  n e tw o rk . T h e ir va lu es  re la te d  to  th e  co rresp o n d in g  co o rd in a tio n  n u m b e r
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in  th e  in f in ite  la ttice  show  a m ono ton ic  decrease  w ith  grow ing r. T he decrease 
o f th e  q u o tie n ts  C, eff/Q  (w here Cioo d en o tes  th e  v alue  of C, in  th e  in fin ite  
la t t ic e )  is th e  consequence o f  f in ite  c lu s te r  d im ensions. The m ean  d en sity  
o f  w a te r , how ever, c a n n o t be  reconciled  w ith  th e  loss of d is ta n t n e ig hbours. 
In  o u r  m odel th e y  are su p p lied  b y  th e  te rm  gc(r). This can  be reg a rd ed  as th e  
c o m m o n  envelopp ing  cu rv e  o f  all d is tan ces  b e tw een  5.5 and  7 Á th e  resid u a l 
p re fe re n ce  o f some d is tan ces  a p p ea rin g  as sm all ripp les on it.

iv ) A n ind irec t b u t  s tro n g  evidence fo r  th e  clusters in  th e  sense used  in  
th is  m o d e l, is th e  vo lum e ch an g e  on m elting . T h e  d ifference be tw een  th e  specif
ic ce ll vo lum e and  th e  a c tu a l  specific vo lu m e o f w a te r  slow ly increases w ith  
r is in g  te m p e ra tu re . S ta r tin g  from  these  d ifferences a m ore d e ta iled  estim a tio n  
can  be  g iven  for c lu ste r d im ensions. (See below .)

T h e  f irs t  co o rd in a tio n  n u m b er C1 b eh av es  d iffe ren tly  from  C2. . .C7 as 
i t  is v e ry  close to  th e  id ea l f ig u re  4, an d  h a rd ly  depends on te m p e ra tu re . This 
f a c t  seem s to  speak  a g a in s t th e  c lu ste r h y p o th e s is  w hich dem ands th e  collec
tiv e  b re a k in g  of a s ig n if ican t p a r t  of th e  H -b o n d s . This c o n tra d ic tio n  betw een  
ex p e rie n c e  and  h y p o th es is  can  be reso lved . In  ag reem en t w ith  W e r e s  and  
R ic e  [11 ] ,  we assum e t h a t  n o t  only H -b o n d s, b u t  also v an  der W aals in te ra c 
tio n s  h a v e  a p o te n tia l en e rg y  m in im um  a t  an  0 - 0  p a ir  d is tan ce  o f abou t 
2.9  Á . A ccordingly , th e  m a jo r i ty  of b ro k e n  H -bonds seem s to  be rep laced  
im m e d ia te ly  in  th e  d is ta n c e  s ta tis tic s  b y  v a n  d e r W aals in te ra c tio n s  o f sim ilar 
le n g th . T h e  m ain  d ifference b e tw een  H -b o n d  an d  th e  sh o rte s t v a n  d er W aals 
b o n d  is , th u s  n o t in  th e ir  le n g th , b u t in  th e ir  o rien ta tio n s  w hich is, how ever, 
n o t  to  be observed in  th e  R D F ’s. I t  follow s from  th is  th a t  th e  p e a k  a t  3.6 A 
re p re s e n ts  th e  second n e a re s t  v a n  der W aals p a irs , n o t th e  n e a re s t ones. The 
r e a l i ty  o f th e  su p p o sitio n  on th e  ex istence  o f f ir s t , second, th ird ,  e tc . no t 
H -b o n d e d  neighbours as w ell as th e  co m p o sitio n  o f Cx of an  in tra -c lu s te r  and 
an  in te r -c lu s te r  c o m p o n en t, cou ld  be su p p o r te d  b y  th e  co m p u te r sim u la tio n  
o f c lu s te r  assem blies.

B y  th e  aid of an  in te g ra l te s t, one c a n  m ake sure w h e th e r th e  above 
p a ra m e te rs  of m olecu lar d is tr ib u tio n  rep ro d u ce  th e  b u lk  d en sity . A ccord ing  
to  a k n o w n  re la tio n sh ip

4 n e 0 ' I (g{r) 1 V 1 dr =  к Т д 0х  — 1
Ó

w h ere  к is th e  B o ltzm an n  c o n s ta n t, T  th e  a b so lu te  te m p e ra tu re , v. th e  iso th e r
m al com p ressib ility  o f th e  liq u id .

T h e  in fin ite  u p p e r lim it  m ay  be rep laced  b y  a fin ite  one (rm 7> rc), since 
o u r a ssu m ed  g(r) =  1 i f  r  rr. The f in ite  in te g ra l can  be exp ressed  b y , and 
c o m p u te d  from , th e  29 p a ra m e te rs  of eqs (3, 4, 5). T he values o b ta in e d  are 
th e  fo llow ing : 0.623 (a t  4° ), - 0.486 (a t 25° ), 0.261 (a t 50° ). T he d ev ia tio n
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from  th e  expected  v a lu e  is 0.3. . .0.7 w hich m eans a re la tiv e  e rro r  o f ab o u t 
1 % , since th e  to ta l  n u m b e r o f  m olecules w ith in  th e  sphere  of rad iu s  rc am o u n ts  
to  50.

4. E stim ation  for c lu ster  d im ensions from  th e  v o lu m e effect

To m ake an  e s tim a tio n  for c lu s te r d im ensions, we s ta r t  from  th e  volum e 
effect, i.e. from  th e  d ifference betw een  th e  cell vo lum e ca lcu la ted  from  th e  
co rrespond ing  la ttic e  p a ra m e te rs , an d  th e  em p irica l specific vo lum e o f w ate r, 
because  th is  is th e  m o st p re g n a n t effect w hich d ire c tly  depends on c lu ste r 
sizes, m ore precisely on th e  specific  surface area o f th e  c lusters. As i t  will be 
c lear below , we m u st a d o p t severa l sim plify ing a ssu m p tio n s  and  e s tim a tiv e  
values fo r som e in te rm e d ia te  n u m erica l q u a n titie s , so, we are  no t sp eak in g  of 
a ca lcu la tio n  b u t  only o f an  e s tim a tio n  of c lu ste r sizes.

T he m olecular vo lum e o f th e  te tra g o n a l cell is ca lcu la ted  acco rd ing  to  th e

fo rm u la : v, =  1.486 R 3 Á 3 assum ing  th a t  th e  0 - 0 - 0  angle rem ain s 97° , 
in d ep en d en tly  o f te m p e ra tu re . T ab le  IV  shows th e  vo lum e effects in  th e  range 
4° t 1 0 0 ° C. T he R  va lu es  for 4°, 25° and  50° C were ta k e n  from  own 
re su lts , th a t  for 100° C is an  e x tra p o la te d  figure w ith  reg a rd  to  th e  O ak  R idge 
d a ta .

Table IV

Some parameter values o f  the tetragonal lattice o f  water at different temperatures

Param eter
Temperature (centigrade)

4° 25° 50° 100°

R A 2.83 2.84 2 .8 6 2.90

vf Ä /molecule 33.68 34.04 34.76 36.24

Qf  =  t ’( _1 A - 3 0.02969 0.02938 0.02877 0.02759

vexp 29.95 30.02 30.25 31.13

£?exp ^  '* 0.0334 0.0333 0.0331 0.0321

vt vexp 3.73 4.02 4.51 5.11

A ccording to  th e  p re se n t m odel, th e  te tra g o n a l c lusters  ad h ere  to  each 
o th e r  in  such a w ay th a t  th e  m olecules in  th e  c o n ta c tin g  surface lay ers  are 
m ore closely packed  th a n  in  th e  in te rio r  of th e  c lu ste rs . D eno ting  th e  p a rtic le  
d en sity  in  th e  la ttic e  b y  q, =  l /и, Á 3, we can express th e  d en sity  in  th e  a d 
herin g  layers by  giving a m u ltip lic a tiv e  fac to r: p, =  q ■ p, w here p, deno tes 
th e  in te rs ti t ia l  o r in te rc lu s te r  d en sity , q ~  1.5 seem s v e ry  p ro b ab le . We use 
below  th is  value w ith  th e  re m a rk  th a t  a d ev ia tion  from  th is  figu re  w ould th o u g h  
change all o th e r num erica l va lu es  too , b u t no t th e  ten d en c ies  o f th e  p a ra m e te rs .
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L e t us divide in  th o u g h t  th e  volum e o f th e  liq u id  in  tw o  com p o n en ts : 
p a r t  V t is filled ou t b y  th e  te tr a g o n a l  la ttic e  o f d e n s ity  q, (m olecule vo lum e v,), 
a n d  th e  in te r-c lu ste r p a r t  V,- =  v — Vt, filled  o u t b y  th e  su rface  lay ers  of 
d e n s i ty  Qj( =  1/v,-), v d e n o tin g  th e  ac tu a l m olecule  vo lum e o f w a te r . The fol
lo w in g  equations are v a lid :

QtV t +  4Qt(v V,) =  1, or
V

+  q i jj

V , vt
w h e re  p m eans the  em p irica l p a rtic le  d en sity  o f w a te r .  a n d  ca n  be expres
sed  fro m  these as : v----------v

v t _  q — vtlv and Уi _  1 v t  _  t>i/v — 1 
v q — 1  v v q — 1

So, w e o b ta in  the  p a r t ia l  q u a n tit ie s  for th e  tw o k inds o f v o lum e, (T able У).
v j v  — 1

B elo w , we shall need th e  q u o tie n t  Vtj Vt = ------------- to o , so, th is  v a lu e  is also
f ig u r in g  in  the T able. ® V^ V

T h e  p a rtitio n  o f th e  w a te r  m olecules d iffers n a tu ra lly  from  th is  p ro p o r
tio n , since the  p a rtic le  d en s itie s  in  Vt an d  Vt a re  d iffe ren t. T h e  m o la r ra tio  
o f  th e  m olecules w ith in  th e  in te r io r  o f th e  c lu ste rs , and  th a t  o f  th e  m olecules 
in  th e  surface layers, p, a re  fu rn ish ed  by  th e  follow ing re la tio n sh ip s :

f t
1

1 +  qVJVt
f t  =  1 — f t  =

Vt
qVi

+ 1

T h e se  values are also g iv en  in  T ab le  У.
f i t and  Hj are c losely  re la te d  to  th e  fra c tio n  of b ro k en  h y d ro g en  bonds. 

A c c o rd in g  to  our so m ew h at s im plify ing  a ssu m p tio n s , th e  surface m olecules tak e  
p a r t  in s te a d  of 4, in  3 o r 2 H -b o n d s (i.e. we n eg lec t one-bonded  species) w hich 
m e a n s  th a t  1 or 2  bon d s o f  th e se  m olecules h a d  been  b ro k en  d u rin g  th e  fo rm ation  
o f  th e  c luster. S im u la ted  m o d els  h av e  show n th a t  th e  occurrence o f  3- and  2- 
b o n d e d  molecules is n o t  e q u a l, b u t  th e ir  ra tio  can  be ta k e n  w ith  good ap p ro x i
m a t io n  as 2 : 1, and  so, th e  average  n u m b er o f b ro k en  H -bonds p e r  m olecule 
is 1 .333 . Thus, fin a lly  we o b ta in  fo r th e  frac tio n  o f  b roken  H -bonds p b:

Pb =
1,333 fij 

4
=  0,333 fij

T h e  p b values for th e  fo u r  te m p e ra tu re s  are  also g iven in  T ab le  У. T hese figures 
a re  v e ry  close to  ou r o th e r  e s tim a tio n  m ade on th e  basis o f th e  effective firs t 
c o o rd in a tio n  num ber o f th e  c lu s te r  (see below).
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O u r n e x t s tep  is th e  ca lcu la tio n  o f th e  av erag e  sizes (d ia m e te r  o r edge 
len g th ) o f  th e  c lu sters . To be able to  do th is , fu r th e r  sim plifying a ssu m p tio n s  
m u st be  a d o p ted . A lthough  th e  above p a ra m e te rs  im plicitly  include th e  spec if
ic su rface  area  of th e  c lu ste rs , th e  d im ensions o f  a body  co rrespond ing  to  such 
a v a lu e , depend  also on th e  shape  o f th e  b o d y . L e t us therefore  a ssu m e  th a t  
th e  av e rag e  te tra g o n a l c lu ste r ex h ib its  a p p ro x im a te ly  the  shape o f  a cube , 
th e  su rface  lay ers  being  m onom olecular on th e  faces of the  cube. W e ta k e  th e  
area  o f th e se  m onom olecu lar layers as b e ing  e q u a l to  the  area o f th e  faces of

Fig. 8. Schem e o f the contact w ith interpenetration betw een two clusters (cross-section )

th e  in n e r  cube, i.e. th e  edges an d  th e  co rners o f  th e  ou ter cube a re  o m itte d . 
A lth o u g h  th is  a ssu m p tio n  seem s u n n a tu ra l,  i t  corresponds to  o u r p rev io u s  
a ssu m p tio n  on th e  cham fered  shape o f th e  c lu s te rs , no t co n ta in in g  1 -b o n d ed  
m olecules. T he sim plified  c lu ste r shape is i l lu s tra te d  by  Fig. 8 .

To ca lcu la te  th e  edge len g th  c, o f th e  cube w ith  te tra g o n a l  la t t ic e  
d en sity , one needs one m ore d a tu m , th e  e ffec tiv e  th ickness of th e  c o n ta c tin g  
layers, d e n o te d  b y  d * .T h e  th ickness o f a m o n o m o lecu la r layer of th e  te t r a g o n a l  
la ttic e  c a n  be ta k e n  as d =  2.15 Á and  th e  th ic k n e ss  of tw o in te rp e n e tra t in g  
layers ta k in g  in to  acco u n t th e  assum ed d e n s ity  ra tio  of th e  p u re  n e tw o rk  
and th e  com m on layers, p,/p( =  1.5 m u s t be 4 /3  tim es g rea te r as th e  va lu e  
m e n tio n e d , d* =  1 .3 3 3 x 2 .1 5  =  2.86 Á. U sing th e se  no ta tio n s and  th e  n u m e r
ical v a lu es , th e  edge len g th  ct o f th e  cube w ith  p u re ly  te trag o n a l la t t ic e  s t ru c 
tu re , c a n  be d e te rm in ed  from  th e  follow ing e q u a tio n :

V, _  k /d *  

V, ~  cf
3d*

С/
an d  so, ct =  3d V,

v ,
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T h e  to ta l  edge le n g th  o f  a c lu ste r, C,, is o b ta in e d  b y  adding to  ct tw ic e  th e  
th ic k n e ss  of th e  m o n o m o lecu la r layer, 4.3 Á  (neglecting  th e  te m p e ra tu re  
d ep en d en ce  of th is  va lu e).

Ct =  ct +  4.3 Á

A cco rd in g  to  th e  ab o v e , in  T able  У th e  le n g th s  Ct, and  the  av erag e  c lu s te r  
v o lu m es Vc are g iven  w here  V c =  cf - { - 6  C( d. T h e  num ber of m o lecu les in  
th e  av erag e  c lu s te r  is n a tu ra l ly  given as N c =  V c Qt.

L e t us call a t te n t io n  to  th e  following fe a tu re s  o f th e  d a ta  sets o f  T ab le  Y 
m a k in g  also use o f s im ila r d a ta  sets n o t  p re s e n te d  here, based  on d iffe ren t 
v a lu e s  of q =

Table V

P a r a m e t e r s  o f  th e  t e t r a g o n a l  c lu s t e r s  o f  w a te r  a t  d i f f e r e n t  t e m p e r a tu r e s  (o, Qf =  q  —  1 .5 )

P aram eter 4° 25° 50° 100°

V f v 0.248 0.268 0.300 0.328

V,lv 0.752 0.732 0.700 0.672

v , ! V t 0.330 0.366 0.428 0.488

Vi 0.33 0.35 0.39 0.42

Vt 0.67 0.65 0.61 0.58

Pb 0 .1 1 1 0.116 0.13 0.14

C, Á 30.3 27.7 24.3 21.9

v c Ä* 26300 19900. 13160 9500

780 585 380 265

A ll d a ta  p e r ta in in g  to  c luster sizes s tro n g ly  depend on th e  v a lu e  o f q. 
F o r  a given q, sev e ra l ca lcu la ted  p a ra m e te rs  seem  to  depend w eak ly  on te m 
p e ra tu re . These are  V Jv ,  V tjv, p t, p t, p b. In  sp ite  o f th is  fac t, th e  f in a l g eo m et
r ic a l c h a rac te ris tic s  o f th e  clusters, Ct, V c, a n d  N c change very  m a rk e d ly  in  
th e  te m p e ra tu re  ran g e  in v es tig a ted . T h is is d u e  to  th e  fac t t h a t  th e  la t te r  
v a r ia b le s  depend  on th e  ra t io  of tw o, slow ly b u t  o p p osite ly  changing  q u a n titie s , 
n a m e ly  on F (/F,-. T h e  m o d e ra te  v a ria tio n  o f  th e  frac tio n  of b ro k en  H -b o n d s, 
p b be tw een  4° a n d  100° C, is in  accordance w ith  th e  results o f th e  sp e c tro 
scop ic  stud ies o f L u c k  [4] an d  of W a l r a f e n  [3 ].

F rom  th e  p o in t o f  v iew  of ju s tif ic a tin g  th e  p resen t m odel, th e  fa c t  th a t  
re la tiv e ly  sm all changes in  th e  fraction  o f b ro k e n  H -bonds involve w e ll-m arked  
v a r ia tio n s  in  c lu s te r  d im ensions w ith in  th e  te m p e ra tu re  range 4 — 100° C, 
seem s im p o r ta n t. T he la t t e r  phenom enon ca n  serve  as the  s ta r tin g  p o i r t  for 
th e  e x p lan a tio n  o f  p ro p e rtie s  possessing s tro n g  tem p e ra tu re  dependence- like 
su rface  energy , d iffu sion , v iscosity , etc.
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5. M odelling of c lusters an d  c lu s te r assem blies

In  o rd er to  com plete  o u r know ledge a b o u t th e  properties o f th e  c lu sters  
an d  th e ir  assem blies, we tr ie d  to  gain  som e ad d itio n a l pieces o f  in fo rm a tio n  
from  s im u la ted  m odels.

5.1. Ball models. A se t o f drilled  balls  allow ed build ing  u p  te tra g o n a l 
n e tw o rk  frag m en ts  w ith  a bo n d  angle 90° w hich  ip n o t far from  th e  em pirical 
91° . (The accu ra te  v a lue  is irre le v a n t for th e  topo logy  of th e  n e tw o rk .)  The

Fig. 9. The m odel o f the m om ent of m elting: la ttice  is destroyed when topology  o f ice //, is 
com bined w ith non-tetrahedral bond angles

use o f longer spikes allow s observ ing  th e  a d am an tan e-lik e  cages a n d  co u n tin g  
th e  n u m b e r o f  4 -,3 -,2 -bonded  m olecules in  a c lu s te r  o f given sh ap e  an d  size 
(F ig . 1). A sim ilar m odel could  d e m o n s tra te  th e  in co m p a tib ility  o f  th e  h ex a g 
onal m irro r-sy m m etric  a rra n g e m en t w ith  n o n -te tra h e d ra l bond  an g les . F ig . 9 
can  be reg a rd ed  in th is  sense as th e  i l lu s tra tio n  fo r th e  m om en t o f  m e ltin g ; 
th e  p lan es o f puckered  rings c an n o t be p a ra lle l w hen th e  bond an g le  is no t 
te tra h e d ra l  an d  th e  to p o lo g y  of ice I h is p rese rv ed . A fter ro ta tin g  th e  p lanes 
b y  60° re la tiv e  to  each  o th e r , th e y  get p a ra lle l an d  can form  a new  la ttic e  
(th e  te tra g o n a l one).

In  an  o th e r set o f  ba ll m odels, we le t th e  balls  touch  each o th e r . These 
m odels give a p ic tu re  o f th e  possible d islocations betw een  tw o or m o re  c lu ste rs  
an d  allow  an  e s tim a tio n  a b o u t th e  volum e decrease by  the  ad h esio n  o f  the  
c lu ste rs  (F igs 2 and 3). In  th is  exam ple w ith  tw o clusters o f 54 m olecules 
th e  vo lum e effect am o u n ts  to  10%  w hich m u s t be m u ltip lied  b y  3 w hen  a 
sy s te m  o f c lu ste rs  is 'r .ssu m cd  to  be re p e a te d  in fin ite ly  in th ree  d im ensions.
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Since 3 0 %  is n ea rly  d o u b le  o f  th e  em pirical 1 7 % , e ith e r th e  av e rag e  c lu s te r 
sizes c a n  be tak en  h ig h e r, o r a low er efficiency o f  th e  pack ing  o f c lu s te rs  m ay  
be a ssu m ed .

5.2 . Computer s im ula ted  models
W ith  th e  help  o f  a special p rogram , te t r a g o n a l  clusters w ith  a rb itr a ry  

sh ap e  a n d  size as w ell as ag g reg a tes  of eq u a l c lu s te rs  w ith  a rb itra ry  d isp lace 
m e n ts  cou ld  be m odelled  on  th e  co m p u ter. C lu ste rs  con ta in in g  54 to  712 
m o lecu les  and  assem blies consisting  of 2 to  9 id e n tic a l clusters h av e  been 
c o m p u te d . The co m p u ted  c lu s te rs  of 54 m olecules h av e  th e  sam e co n fig u ra tio n  
as th o s e  seen in  F igs 1 an d  3. The larger ones (259, 388 and  712 m olecules) 
ro u g h ly  ap p ro ach  th e  e s tim a te d  values fo r 100, 50, and  4° C, g iven  above 
(T ab le  Y ). D isp lacem en t v e c to rs  betw een tw o  c lu s te rs  were chosen b y  tr ia ls  
b a se d  on  v isual o b se rv a tio n  o f  th e  ball m odels. T h e  o u tp u t of th e  p ro g ram  con
sis ts  o f  a l is t o f th e  c o o rd in a te s  of all la tice  sites (a n d  th e  num ber o f th e ir  f irs t 
n e ig h b o u rs  in  ad d itio n ), th e  l is t of th e  occu rrin g  p a ir  d istances, th e ir  f re q u e n 
cies a n d  th e  average c o o rd in a tio n  num bers (for d istances below  1 0  Á), and  
th e  t o t a l  n u m b er o f p o in ts  w ith  1, 2, 3, 4 a n d  5 neighbours. T ab le  V I show s 
th e  l is t  o f  co o rd in a tio n  n u m b e rs  for c lu ste rs  w ith  d ifferen t sizes. F ro m  th e  
e ffec tiv e  f irs t  c o o rd in a tio n  n u m b er Cx o f a c lu s te r  th e  num ber a n d  frac tio n  
o f b ro k e n  bonds can  ea s ily  be  ca lcu lated . D e n o tin g  th e  n um ber o f m olecules 
in  th e  c lu s te r  by  N ,  th e  n u m b e r of b roken  b o n d s  vb and  th e ir  fra c tio n  p b can 
be o b ta in e d  as

*'b =  ( 4  C i)  ■ N ,  and  p b =  1
C,
4

F o r ex am p le , Cx =  3.50 y ie ld s  p b =  0.15, a f ig u re  n e a r  to  th e  va lu es  g iven  by  
L u c k  [4] from  in fra red  b a n d  in tensities an d  to  th o se  b y  H a g g i s  et ál. ( H a s t e d  

[3, 4 ]) in te rp re tin g  d ie lec tric  p roperties. T h e  n u m b e rs  and th e  te m p e ra tu re  
d e p e n d en ce  of th e  n u m b e rs  o f  4-, 3- and 2 -b o n d ed  m olecules can also be com 
p a re d  b e tw een  th e  p re se n t w o rk  and  th a t  o f  H a g g i s  et al.

B y  com paring  th e  ra d ia l  d istances o f  d iffe re n t aggregates w ith  those  
o f th e  single c lu ster, w e can  form  a no tio n  o f th e  effect of c lu ster ag g reg a tio n  
on th e  R D F . T able V I I  show s th e  changes in  th e  d is tan ce  s ta tis tic s  fo r assem 
b lies m a d e  from  d iffe re n t c lu sters . Two im p o r ta n t  fac ts  can  be re a d  from  
T ab le  V II .

i) T h e  effective co o rd in a tio n  num bers especially  Cx are  g re a te r  
in  th e  agg regate  th a n  in  th e  single cluster, so t h a t  b y  e x trap o la tin g  th e  figures 
to  a co m p le te  system  o f c lu s te rs  (where each  c lu s te r  is su rrounded  b y  o th e rs), 
we o b ta in  Cx <  4. T h u s , o u r exp lana tion  fo r th e  a p p a re n t co n stan cy  o f C x 
g iv en  in  §3 above, seem s to  be ju stified .

ii) T he d istance  sp e c tru m  of an ag g reg a te  co n ta in s  new item s , i.e. in 
t e r s t i t i a l  p a ir  d is tan ces , d ispersed  am ong th e  n e tw o rk  values in  th e  w hole
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Table VI
P air  distances and coordination numbers in simulated tetragonal clusters o f  different size

N u m b er o f  m olecules in  th e c lu ste r

10<»> 54(*) 259<s) 388<<) 712<6)

i rt Á ct CilCioo C( Q /Q o o C( Q /Q o o C, Q /Q co C, Q /Q co

1 2.83 2.4 0.60 2.96 0.74 3.34 0.835 3.40 0.85 3.50 0.875
2 4.25 1.2 0.30 2.37 0.59 3.10 0.78 3.27 0.82 3.38 0.85
3 4.82 2.4 0.30 4.15 0.52 5.44 0.68 5.67 0.71 6.07 0.76
4 5.11 1.6 0.20 3.55 0.44 5.19 0.64 5.57 0.70 5.93 0.74
5 5.99 1.2 0.15 3.48 0.43 5.13 0.64 5.45 0.68 5.85 0.74
6 6.01

7 6.64 — — 1.48 0.37 2.50 0.62 2.72 0.68 2.92 0.73
8 7.38 — — 2.37 0.34 4.20 0.52 4.54 0.56 5.12 0.64
9 7.54 0.2 0.1 1.07 0.50 1.37 0.68 1.38 0.69 1.52 0.76

Pb 0.4 0.26 0. 166 0.149 0.123

(1) The configuration of th is cluster is sim ilar to th a t o f adam antane
(2) One repetition o f the adam antane cell in 3 perpendicular directions
(3) Corresponds approxim ately to water about 100 °C (Table V.)
(4) Corresponds approxim ately to  water about 50 °C (Table V.)
(5) Corresponds approxim ately  to water about 4 °C (Table V.)

Table VII
Pair  distances and coordination numbers in simulated cluster assemblies as fun ct ions

o f  cluster dimensions
(C,-: coordination numbers; ЛC,-: increm ent o f C, com pared to the single cluster)

N u m b e r o f  m olecu les  in  th e c lu ste r

54 259 388 712

r{ A Ci A Q C( A C{ C, A C { C, A C {

2.83 2.92 3.70 0.74 4.00 0.66 4.00 0.60 4.00 0.50
3 .2 5 -3 .8 5 6.70 6.70 4.79 4.79 4.14 4.14 3.22 3.22
4.25 3.11 0.74 3.38 0.18 3.50 0.23 3.45 0.07
4.82 4.15 0.00 5.43 0.00 5.67 0.00 6.07 0.00

5 .0 5 -5 .1 2 6.32 2.82 6.30 1.10 6.53 0.96 6.51 0.58
5 .4 0 -5 .7 0 6.15 6.15 5.69 5.69 4.96 4.96 4.38 4.38
5 .9 5 -6 .0 5 9.26 5.78 6.30 1.17 6.70 1.25 7.03 1.18
6 .2 0 -6 .4 0 9.25 9.25 3.76 3.76 3.07 3.07 2.45 2.45

6 .5 5 -6 .6 5 5.26 3.78 4.69 2.19 4.89 2.17 4.55 1.63

6 .8 0 -7 .2 6 10.22 10.22 5.96 5.96 5.25 5.25 3.60 3.60
7 .3 3 -7 .3 8 6.88 4.51 8.80 4.60 9.64 5.10 8.41 3.29
7 .4 7 -7 .5 4

etc.

7.81 6.74 6.69 5.32 5.89 4.51 4.74 3.22
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r - ra n g e  in v estig a ted . T h u s  o u r  assum ption  t h a t  c lu s te r  aggregation  fills  up  
th e  la rg e  gaps in th e  d is ta n c e  sp ec tru m  of ice-like n e tw o rk , could also be v e r i
fied . I n te r s t i t ia l  d is tan ces  a re  p resen t in th e  in te rv a ls  3 r  <[ 4, an d  5 <[ 
^  r  <  6  Á, and so on (b u t  n o n e  betw een 3.9 a n d  5.1 Á). T he o u t-o f-la ttice  
d is ta n c e s  figuring  in  o u r f i t t e d  R D F ’s (r8 ~  3.6, r9 ~  5.4 Ä), correspond to  th e  
w e ig h te d  averages w ith in  th e  tw o  groups m e n tio n e d .

A rgum en ts for th e  p h y s ic a l rea lity  of th e  m o d e l as well as th e  analysis 
o f  th e  fo rm atio n  of som e ice po lym orphs, th e  s t ru c tu re  of supercooled  w a te r, 
a n d  th e  m elting  of ice I h w ill be  presented  in  a fo llow ing  paper.

Appendix

D ev ia tions of th e  a p p lie d  g(r) f it from  B a g c h i’s original m ethod .
In  th e  th eo ry  o f l iq u id  s tru c tu re s , an d  th e  R D F  f it t in g  p rocedure  sug 

g e s te d  b y  S. N. B agchi  [1 0 ] ,  th e  in te ra to m ic  d is ta n c e s  in  (atom ic) liqu ids are 
n o t  free  variab les, th e y  a re  (in  a f irs t a p p ro x im a tio n ) ta k e n  from  th e  c ry s ta l
line  s ta te  of the  su b stan ce  a t  0 K . The m ean  sq u a re  v ib ra tio n  am p litu d es are 
su p p o se d  to  v a ry  l in e a r ly  w ith  the  n u m b er o f  co n v o lu tions b y  w hich  th e  
i ’th  a to m  is reached fro m  th e  origin using u n c o rre la te d  fu n d a m e n ta l la ttic e  
v e c to rs . Bagchi has su ccessfu lly  applied his m e th o d  to  liquid  m eta ls  and  
a rg o n  b y  tak in g  in to  a c c o u n t 10 12 discrete p a ir  d is tan ces . B agchi’s fo rm ula
fo r th e  p a ir  co rrelation  fu n c tio n  is as follows:

g (r ) С1[(4л)3'2т ’/2Ьр()г1г\ J x
i=i

(r r i)2 (r +  r , ) 2exp
rrijb2

exp
Ttijb2

w h ere  th e  m /s  are in teg e rs  d e n o tin g  the n u m b e r o f  convo lu tions as m en tio n ed  
a b o v e , b2 is th e  m .s. a m p li tu d e  of the  firs t n e ig h b o u rs ’ d istance .

Som e m odifica tions in tro d u c e d  by  us in  th is  expression  can be ju s tif ie d  
b y  th e  m olecular s t ru c tu re  a n d  th e  anom alous fe a tu re s  of w ate r. The follow ing 
m o d ific a tio n s  should be  m e n tio n e d :

i) N one of th e  k n o w n  ice  polym orphs o ffe red  i ts e lf  as th e  s ta r tin g  s tru c 
tu r e  a t  0 K , the  m ore so, s in ce  in  bo th  ices I h a n d  I c th e  0 - 0  d istance  is ro u n d  
2 .75 Á  w hich suffers a su d d e n  change to  2.83 Á  on  fusion. No such change 
ta k e s  p lace  in  the case o f  n o rm a l substances.

T h e  m issing s t ru c tu re  h as  been rep laced  b y  th e  te tra g o n a l la ttic e  de
sc r ib e d  above, w hich h a d  b e e n  found ou t in  a h e u ris tic  w ay. W e h av e  seen 
n e v e rth e le ss  th a t  th is  la t t ic e  is ac tually  a g en era lized  form  of ice I c, a s tru c tu re  
e x is tin g  a t  low te m p e ra tu re s .

ii) Beside th e  ra d ia l  d is tan ces  derived fro m  th e  te tra g o n a l la tt ic e , tw o 
a d d it io n a l  in te rs titia l d is ta n c e s  had  to  be in tro d u c e d  in  th e  g(r). In  su m m ary  
we m a y  s ta te  th a t  ow ing to  th e  very  open c h a ra c te r  o f ice and  w a te r  s tru c tu re s ,
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th e  p ack in g  of m olecules becom es closer in  th e  d isordered  (liqu id ) s ta te  th a n  
i t  is in  th e  ordered (solid) fo rm s. N orm al su b stan ces  behave ju s t  th e  o th e r  w ay.

iii) As described in  th e  te x t ,  th e  series o f  co n trib u tio n s o f  d isc re te  d is
ta n c e s  had  to  be te rm in a te d  w ith  a co n tin u o u s te rm . W e w ere led  to  th is  
p o in t b y  experience. In  th e  course o f ou r f i t t in g  co m p u ta tio n s we h a v e  found 
n a m e ly  th a t  increasing  th e  n u m b e r o f d isc re te  te rm s in  eq. (3) (e .g ., ta k in g  
11 d is tan ces  in stead  o f 7) d id  n o t im prove th e  f i t ,  and  w h a t is w o rse , th e  p a r 
a m e te r  values and th e ir  d ependence  on r becam e  physica lly  in c o n s is te n t (e.g. 
n e g a tiv e  coo rd ination  n u m b e rs , e tc .). W e cou ld  a t tr ib u te  th is  b e h a v io u r  o f the  
m odel to  the  ex istence  a n d  adhesion  o f c lu s te rs  giving rise to  a w hole  series 
o f  in te rs ti t ia l  pairs. W hereas th e  in tro d u c tio n  o f tw o discrete item s  (3 .6 , 5.4 A) 
h as  ex p lic itly  so lved th is  p rob lem  in  th e  ran g e  r < 6  A , all th e  in te rs t i t ia l  
d is tan ces  above 6  A cou ld  be expressed  b y  th e  single G aussian  te rm  w h ich  acts 
as th e  envelopping  cu rv e  o f all d istan ces  in  th e  range 6 Á < r ^ r ( A í 7  A. 
T he om ission of th is  te rm  affec ts  especia lly  s trik in g ly  th e  red u ced  in te n s ity  
fu n c tio n  of th e  m odel w ith in  th e  range  1 <  s <  3 A - 1 .

I t  is also u n d e rs ta n d a b le  th a t  for n o rm a l a tom ic liqu ids d e riv in g  from  
a close-packed  or n ea rly  close p ack ed  c ry s ta llin e  la ttic e , th e  d is ta n c e  sp ec tru m  
o f  th e  la ttic e  is su ffic ien tly  dense an d  co m p le te , so th a t  th e  o v e rla p p in g  b road  
G aussian-like  te rm s can  rep ro d u ce  th e  g(r) even  in  th e  h igh r-ra n g e . In  th is  
case th e  use of th e  so m ew h a t a rb itra ry  co n tin u o u s te rm  is n o t n ecessa ry .

iv ) We h ad  to  v a ry  th e  m ean  square  a m p litu d es  1; in d e p e n d e n tly , since 
B a g c h i ’s rule on th e ir  lin ea r  increase  w ith  th e  v ec to ria l d istance  fro m  th e  origin 
p ro v ed  to  be in o p e ra tiv e  fo r w a te r. A lth o u g h  th is  ru le m akes a n  essen tia l 
fe a tu re  of B a g c h i ’s gen era l liqu id  m odel, th e  d ev ia tio n  of th e  R D F  o f w a te r 
from  th e  rule is exp licab le  b y  th e  n a tu re  o f  th e  H -bond. T he in te rm o le c u la r  
v ib ra tio n s  of th e  H -b o n d ed  m olecules are c e rta in ly  no t iso trop ic , th e i r  am p li
tu d e  in  th e  d irec tion  o f th e  bond  (s tre tch in g ) m u st he sm aller th a n  in  th e  
p e rp en d icu la r  d irec tions (bend ing). T he ex is ten ce  of H -b o n d ed  n e ig h b o u rs  
w ith in , an d  van  der W aals b o n d ed  n e ighbours on th e  surfaces o f th e  c lu ste rs , 
m eans th a t  the  v ib ra tio n  am p litu d es  can n o t be o rdered  in to  a single m o n o to n ic  
series. W e m ust no te , how ever, th a t  B a g c h i  allow ed th e  v a r ia tio n  o f  th e  d is
c re te  ra d ia l d istances in  th e  second a p p ro x im a tio n  w hereas in  our f i t t e d  R D F ’s 
th e  d istan ces  are never v a ried  a fte r  h av in g  b een  defined  b y  th e  H -b o n d  len g th , 
th e  b o n d  angle, and  th e  g eo m e try  o f th e  te tra g o n a l la ttic e . T h is f a c t  s tro n g ly  
su p p o r ts  th e  q u asic ry sta llin e  n a tu re  o f th e  c lu s te rs  in  w ater.
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Selenium  dissolves in  chlorosulfuric acid to give a green solution w h ich  changes 
to yellow  after a few hours. The green and the yellow  colours are due to  th e  form ation  
of the cations Se§ + and Sejj+, respectively. I t  has been shown by conductom etric and 
spectrophotom etric studies that a t m oderate concentrations of appropriate oxidizing  
agents selenium  can be oxidized to the oxidation  sta te  + 1  yielding the S e | + cation .

In tro d u c tio n

D u rin g  re c e n t y ea rs  i t  was show n t h a t  th e  coloured so lu tions o f  su lfu r, 
selenium  a n d  te llu riu m  in  su lfuric , d isu lfu ric  a n d  fluorosu lfuric  ac id s  [ 1  — 6 ] 
are due to  th e  fo rm a tio n  o f p o lya tom ic  c a tio n s , viz. S i^ , S j+ , S;j+ , Se4+, 
Seg 1 , TeiU an d  Т е * 1 , c o n ta in in g  th e  e lem en ts in  low  valence s ta te s . In  a few 
cases fu r th e r  o x id a tio n  o f  th ese  ca tions to  h ig h e r valence s ta te s  b y  a p p ro p r ia te  
ox id izing  ag en ts  h a s  also b een  rep o rted . T h ere  is no m en tion  of th e  fo rm a tio n  
of th e  Se* 1 ion  in  a n y  o f th e  above acid ic m ed ia . N o such s tu d y  has so fa r  been 
u n d e r ta k e n  in  ch lo rosu lfu ric  acid w hich is s tro n g e r  th a n  sulfuric ac id . I t  w as, 
th e re fo re , considered  w orth -w h ile  in v e s tig a tin g  th e  possib ility  of th e  o x id a tio n  
of selenium  y ie ld ing  p o ly a to m ic  ca tions esp ec ia lly  S eU  as a s tab le  e n t i ty .

E xp erim en ta l

Pure chlorosulfuric acid (R iedel) was used. A ll the m aterials were com m ercially  pure 
sam ples and were used after drying in vacuum  at 80° C excepting  selenium dioxide w hich was 
purified by evaporating w ith  fum ing nitric acid and th en  subliming in a dry atm osphere  
at 200°C.

The design of the condu ctiv ity  cell, meaning and significance of the nota tions у  and w 
and the determ ination of у  have been described elsew here [7 9].

The conductance m easurem ents were carried o u t b y  using a Systronics ty p e  302- S.R. 
No. 306 conductiv ity  bridge therm ostatted at 2 5 +  0.1° C. The ultraviolet-visib le spectra of 
the solutions were recorded on a Beckm an Model D U  2 spectrophotom eter.

The conductance of the green solutions of selenium  in H S 0 3C1 was found to  vary with  
tim e becom ing stable only after a few hours. A graph o f the specific conductance vs. tim e was 
plotted for each set o f m easurem ents. This graph was extrapolated  to zero tim e to ge t the specif
ic conductance of the green solution for a particular concentration of selenium  in HSO.sCl. 
The specific conductance values thus obtained after a num ber of experim ents and the corre
sponding stable values were then plotted against concentration  expressed in g-atom  o f  Se per kg 
of the solution (a>) and are shown in Fig. 1.
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R esu lts  and d iscu ssion  

C o n d u cto m etr ic  m easu rem en ts

S elen ium  dissolved re a d ily  in  ch lo rosu lfu ric  ac id  y ielding green  c o n d u c t
in g  so lu tio n s . B oth th e  c o n d u c ta n c e  and th e  co lo u r changed w ith  tim e  and 
a f te r  a few  hours a yellow  so lu tio n  of stab le  c o n d u c ta n c e  was o b ta in ed . F ig u re  1 
r e p re s e n ts  th e  specific c o n d u c ta n c e  vs. c o n c e n tra tio n  curves of th e  green

F ig .  1. Specific conductance vs.  concentration curves o f  solutes in H S 0 3C1 at 25 °C 
ф  P otassium  chloride; X Y ello w  solution of selenium ; О  Green solution of selenium

a n d  t h e  stab le  yellow so lu tio n s . The value o f  у  h a s  been found to  be 0.23 for 
th e  g re e n  and 0.58 fo r th e  ye llow  solutions. T h e  fo rm a tio n  of green a n d  yellow  
s o lu t io n s  in  sulfuric ac id  a n d  disulfuric ac id  [1 , 2 , 6 ] has been a t t r ib u te d  to  
t h e  c a tio n ic  species Se3+ a n d  Se4+, re sp ec tiv e ly . I t  is reasonab le  to  suggest 
t h a t  in  chlorosulfuric ac id , selenium  is o x id ized  to  form  po ly a to m ic  ca tions 
a n d  th e  fo rm ation  o f th e se  species m ay be ex p re sse d  according to  th e  fo llow ing 
g e n e ra l  reaction .

Sc +  2 X  H S 0 3C1 -> Se*+ +  —  SO, +  —  H 2SO , +  X  HCl +  X  S 0 3C1 - (1)
2 2

X
У =  —  

n

T h e  th e o re tic a lly  e x p e c te d  values of у  fo r th e  fo rm atio n  of Se3 f a n d  Se^ 
a c c o rd in g  to  the above re a c tio n  come o u t to  be 0.25 and 0.50, re sp ec tiv e ly . 
T h e  ex p e rim en ta lly  o b se rv e d  values of у are  v e ry  close to  th e  e s tim a te d  values 
a n d  s u p p o r t  the  above su g g ested  general re a c tio n . The ion iza tion  o f  selenium
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in v o lv in g  th e  fo rm atio n  o f Sej; an il Se4 1 ions m ay  th en  be re p re se n te d  by  
e q u a tio n s  (2) an d  (3)

8 Se +  4 H S 0 3C1 — Se3 + +  S 0 2 +  H ,S O , +  2HC1 +  2 S 0 3C1- (2 )

4Se +  4 H S 0 3C1 — Se*+ +  SO, +  H 2S 0 4 +  2HC1 +  2 S 0 3C1- (3)

3t»7

Se / Se02

Fig. ' Conductom etric titrations o f the green solutions of selenium w ith  selen ium  dioxide  
in  HSO3CI at 25 °C ф  Concentration of SeO., 0.0317 со; X Concentration

o f S e 0 2 0.0372 <0

Se /  K2 S2 0;

Fig. 3. Conductom etric titrations of the green solutions of selenium w ith p otassium  per
su lfate in H S 0 3C1 at 25 °C. ф  Concentration of K.,S,Os 0.0268 со; X C oncentration  of

K2S ,0 8 0.0294 со

T h e green species Se3 can  be ox id ized  to  h igher valence s ta te s  b y  ox i
d iz ing  ag en ts  like S e0 2 and  K 2S20 8. T his is c lear from  th e  c o n d u c to m e tr ic  
t i t r a t io n s  (F igs 2 and  3). As th e  green species g rad u a lly  changes to  yellow  
a f te r  a few  hours, in stead  o f t i t r a t in g  th e  green  so lu tion  w ith  successive  a d d i
tions o f th e  oxidizing agen ts, th e  t i t r a t io n  w as carried  ou t by  successive  a d d i
tio n  o f selen ium  m eta l to  a so lu tio n  o f th e  ox id izing  agen t in H S 0 3C1. In it ia lly  
th e  a d d itio n  o f selenium  p ro d u ced  a green so lu tion  w hich w as im m e d ia te ly  
c o n v e rte d  to  yellow  an d  th e n  fin a lly  to  a colourless so lu tion . T h is in d ic a te s  
th a t  selen ium  m eta l f ir s t  re ac ts  w ith  th e  so lv en t H S 0 3C1 p ro d u c in g  Se3 1 ,
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■which is th en  oxidized in  th e  presence o f th e  ox id iz in g  agen t to  th e  yellow  
species Se^"1", b u t due to  th e  h igh co n cen tra tio n s  o f  th e  oxidizing ag en ts  i t  is 
f u r th e r  oxidized to  th e  h ig h e r  valence s ta te  S e(IV ), p resu m ab ly  S e 0 2. w hich 
co rresp o n d s to  th e  co lo u rless  solutions. As soon  as th e  con cen tra tio n s o f sele
n iu m  reached  th e  r a t io s  o f  Se/Se0 2 4 a n d  S e/K 2S208 ^  3, th e  so lu 
tio n s  becam e ligh t re d , w h ich  a t  even h igher r a t io s  acqu ired  som e yellow ish  
tin g e  p ro b ab ly  due to  th e  fo rm a tio n  of th e  Se4 + io n . I t  is reasonab le  to  ascribe 
th e  l ig h t red  colour to  th e  ex istence  of some c a tio n ic  species in  a valence s ta te  
in te rm e d ia te  betw een  S e(IV ) an d  Sejj ' , p re su m a b ly  Se4+ . This m ay  be fu r th e r  
co n firm ed  by  th e  a n a ly s is  o f  th e  co n d u c to m etric  t i t r a t io n  d a ta . F rom  Figs 2 
a n d  3 i t  is ap p a ren t t h a t  changes in  th e  slope o ccu r a t  th e  ra tio s  S e /S e0 2 =  
=  4 a n d  14.0 and Se/K^S^Og =  2.9 and 8.0. T h is  m a y  be in te rp re te d  in  th e  
fo llow ing  way.

Selenium  d iox ide  o x id izes Se8~ to  Se4+ a n d  is itse lf  reduced  to  Se4 1 

acco rd in g  to  the fo llow ing  eq u a tio n .

7Se* + +  4Se(IV) — 15SeJ+ (4)

a n d  th e  reaction  o ccu rrin g  in  H S 0 3C1 m ay  be g iv e n  as

7Se8+ +  4SeO , +  2 4 H S 0 3C1 - v  15SeJ+ +  8HC1 +  8 H ,S 0 4 +  1 6 S 0 3C1 (5)

T h e  eq u a tio n  for th e  o v e ra ll reaction  m ay  b e  o b ta in e d  by  com bin ing  E qs 
(2) a n d  (5)

56Se 4 - 4 S e0 2+  5 2 H S 0 3C1 —*■ 15Sej+ +  7 S 0 2+  1 5 H 2S 0 4+  22HC1 +  30SO3Cl (6 )

T h e  ca lcu la ted  ra tio  o f  S e /S e 0 2 =  14.0 a t  th e  equ iv a len ce  p o in t o f Se4 fo r
m a tio n  is in  excellen t a g re e m e n t w ith  th e  o b se rv e d  value . F rom  th e  co n d u c
t iv i t ie s  o f the  end p o in t so lu tio n s  the value o f  у  w as dete rm in ed  and  th e  e x p e r i
m e n ta l  value of 0.60 (T ab le  I) is in  good a g re e m e n t w ith  th e  v alue  of 0.53 
p re d ic te d  by  E q. (6 ). A t m o d era te ly  h igher c o n cen tra tio n s  of th e  oxidizing 
a g e n t S e 0 2, Se8+ is o x id ized  presum ably  to  Se4 4 responsible for th e  ligh t 
re d  so lu tion . The re a c tio n  o f  Se8T w ith  S e 0 2 u n d e r  these  conditions m a y  be 
w r i t te n  as

2Se2+ +  4SeO, +  2 4 H S 0 3C1 -  5SeJ+ +  8HC1 +  8 H ,SO , +  1 6 S 0 3C1~ (7)

an d  th e  overall re a c tio n  is g iven  as

1 6 S e + 4 S e 0 2+ 3 2 H S 0 ,C l  _  5SeJ+ +  2 S 0 2+  1 0 H 2SO 4 +  12HC1 +  20S3,C ! (3)
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Table I

Specific conductances and у  values o f  the end point solutions from titrations o f  Se with SeO,
in H S O , f l  at 25 °C

S e/S e02 S e02 (mol) Se (mol) T otal Se (mol) Sp. Cond. 
K x  10*

Observed
У

Calculated
7

4.0 : 1.0 0.03171 0.12684 0.14930 2.066 1.05

(1.12)* 1.25

4.0 : 1.0 0.03718 0.14872 0.17510 2.528 1.20

14.0 : 1.0 0.03171 0.44394 0.46650 3.330 0.55

(0.60)* 0.53

14.0 : 1.0 0.03718 0.052052 0.54697 4.000 0.65

* Average value o f y.

T he observed  ra tio  o f S e /S e0 2 =  4 a t  th e  equ ivalence  p o in t fo r th e  fo rm a tio n  
o f Se4+ is th e  sam e as th e  p re d ic te d  v a lue . The у  va lue  of 1.12 fo r th e  en d  p o in t 
so lu tio n  is q u ite  c o n s is te n t w ith  th e  reac tio n  rep resen ted  b y  E q . (8 ).

A tte m p ts  to  check th e  o x id a tio n  of Se8+ b y  K 2S20 8 to  Se4 + an d  Se4+ 
h av e  also been m ad e . P o tassiu m  p e rsu lfa te  behaves as a s tro n g  ox id iz ing  ag en t 
b ecau se  of its  a b ility  to  accep t tw o elec trons accord ing  to  th e  fo llow ing reac tio n

S2O T  +  2 e~ — 2SC>r

T he fo rm atio n  of th e  ca tio n s Se4 an d  Se4 1 from  selenium  in  ch lorosu l- 
fu ric  acid  so lu tion  c o n ta in in g  K 2S.,08 m ay  be rep resen ted  b y  E q s  (9) and
( 1 0 ), respective ly

8 S e-t-K 2S20 8 + 8 H S 0 3C1 —► 2Se*+ +  3 H 2S 0 4 + 2 H C 1 + S 0 ,+  2K  + +  6 S 0 3C1- (9)

and

8 Se - f  3K ,S ,O s f  16H SO :tC l->  2S et+ +  7H 2S 0 4+  6 K + + S 0 2 +  2HC1 +  14SO :iC l-

( 10)

T he observed  ra tio s  of Se K 2S2Og =  8.0 an d  2.9 are  v e ry  close to  th e  values 
p re d ic te d  by  E qs (9) and  (10), resp ec tiv e ly . T he co n d u c to m e tric  v a lu es  of 
the  en d  p o in t so lu tions (T able I I )  are also v e ry  close to  those  p re d ic te d  by  
E qs (9) and  (10).

I t  is th u s obvious from  th e  above th a t  th e  green species Se8 ' fo rm ed  in 
H S O 3CI can be fu r th e r  oxidized to  Sc4 1 or Se4  ̂ depend ing  up o n  the; re la tiv e  
co n cen tra tio n s  o f th e  ox’d izing ag en ts  used. In  excess of th e  ox id iz ing  a g e n ti , 
how ever, S c0 2 i 1 fo rm ed.
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Table II

Specific  conductances and у  values o f  the end point solutions f ro m  titration o f  Se with K 2S2Oe
in H S 0 3CI at 25 °C

Se/K2SsO, K2S208 (mol) Se (mol) Sp. Cond. 
Kx 1 0 2

Observed
У

Calculated
У

2.9 : 1.0 0.02683 0.08049 1.825 1.49

(1.52)* 1.75

2.9 : 1.0 0.02938 0.08226 1.924 1.54

8.0 : 1.0 0.02683 0.21464 2.627 0.90

(0.90)* 0.75

8.0 : 1.0 0.02938 0.23504 2.957 0.90

* Average value o f y.

A bsorption sp ec tra

T he ab so rp tio n  sp e c tru m  of th e  green  species o b ta in ed  b y  d isso lv ing  
se len iu m  in  cold H S 0 3C1 is show n in  Fig. 4. (C urve A). This species has an  
in te n se  abso rp tion  m a x im u m  a t  450 nm  an d  a b ro a d  w eak  ab so rp tio n  a t  730 nm . 
A sim ila r  spectrum  w as re p o r te d  by  G i l l e s p i e  et al. [1] for th e  green so lu tion  
o b ta in e d  b y  d isso lv ing  Se in  H ,S 0 4 and  H S 0 3F . T he in tense  ab so rp tio n  a t 
295 n m  rep o rted  b y  th e se  a u th o rs  could n o t be  o b serv ed  in  H S 0 3C1. I t  m ig h t 
be d u e  to  a blue sh if t o f  th is  p eak  in  H S 0 3C1 to  such  an  e x te n t th a t  i t  crosses 
th e  so lv en t cu t-o ff a t  280 nm . The a b so rp tio n  sp ec tru m  of th e  IJSO 3CI 
so lu tio n  of th e  yellow  species ob ta in ed  b y  ox id iz ing  th e  green so lu tion  w ith  
K2s2o8 is show n in  F ig . 4. (C urve B). This h as  o n ly  one in ten se  a b so rp tio n  a t  
400 n m  a lthough , in  a d d itio n  to  th e  in tense  b a n d  a t  410 nm  a v e ry  w eak  b an d  
a t  330 nm  has bean  re p o r te d  in  H.2S 0 4 and  H S 0 3F  [1].

Fig. 4. Absorption spectra o f the solutions of selen ium  in H S 0 3C1. A Green solution; 
В Y ellow  solution; C Light red solution
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T he abso rp tio n  sp ec tru m  of th e  so lu tio n  co n ta in in g  Sei} o b ta in e d  by 
ox id izing  selenium  a t  m o d e ra te  co n cen tra tio n s  o f K^S.^Og Se/K.,S20 8 =  1.5 is 
show n in  Fig. 4. (C urve C). T his has tw o a b so rp tio n  m ax im a o f a b o u t equal 
in ten s itie s  a t  370 and  450 nm . A sim ilar ab so rp tio n  sp ec tru m  fo r th e  Te}~ 
species in  H S 0 3F  [4] h as  been  rep o rted , w hich  co n ta in s  tw o b a n d s  o f  nearly  
equal in ten sities  a t  360 an d  420 nm . The s im ila rity  in  th e  a b so rp tio n  spectra  
of th e  tw o analogous species Se} and  Те} 1 su p p o rts  th e  te n ta t iv e  assignm en t 
for th e  fo rm atio n  of Se}+ ion in  H S 0 3C1.

*

Professor W. R a h m a n  is thanked for providing facilities. One of us (N .A .A .) is thankful 
to Aligarh Muslim U niversity , Aligarh, for financial assistance.
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SYNTHESIS OF 2H -  AND 4H-1,3-BENZ0TH1AZINE
DERIVATIVES

ST U D IE S OF T H E  1,3-B E N Z O T H IA Z IN E  R IN G  CLOSURE  
REACTION OF N -(3 ,4-D IA L K O X Y PH E N Y L T H IO M E T H Y L ) ACID A M ID E S

J .  S z a b ó , L. F o d o r , I. V a r g a , E . V i n k l e r  a n d  P. S o h á r *

( Pharmaceutical Chemical Department , Aledical University , Szeged, 
and * Pharmaceutical Research Institu te , Budapest)

Received March 23, 1976

In contrast w ith  our earlier findings being in agreem ent with the observation  
of other authors, it  is now  shown that the 1,3-benzoth iazine ring closure reaction of 
N -(3,4-d ialkoxyphenylth iom ethyl) acid amides (I) in acid medium proceeds in two  
directions. Besides the 4 jH-1,3-benzothiazine deriva tives (n i) .  varying am ounts of 
2iT -l,3-benzothiazine derivatives (II) are also form ed, as isom ers, their actual quantities  
depending on the structure of I.

Acta Chimica Academiae Scientiarum Hungaricae, Tomus 93 (3  4), pp .  403 -  407 (1 >7 7 )

In  th e  course o f o u r  s tu d ies  on th e  1 ,3 -benzo th iaz ine  ring  closure re a c tio n  
o f N -(3 ,4 -d ia lk o x y p h en y lth io m eth y l) aroyl am id es (I) i t  was found  [1] th a t  
com pounds Ia-c y ie ld ed  th e  isom eric 2 -a ry l-4 i/- l,3 -b e n zo th ia z in e  d e riv a tiv e s  
(IIIa-c) in s tead  o f th e  ex p ec ted  4 -a ry l-2 i/-  1 ,3 -benzo th iazine d e riv a tiv e s  
(I la -c ), w hen th e  c y c liza tio n  reac tio n  was c a rr ie d  o u t in  phosphorus o x y c h lo 
rid e  so lu tion , i.e. in  ac id  m ed ium . L a te r Ja p a n e se  researchers [2] a rr iv e d  a t  
th e  sam e re su lt w hen  a t te m p tin g  the  cy c liza tio n  o f  com pound la  w ith  po ly- 
phosphoric  acid.

A ccording to  o u r re c e n t investiga tions [3, 4 ], in  th e  presence o f  p y rid in e  
as a p ro to n -accep to r a g e n t, acid  am ides I are  cyclized  exclusively  to  2 i i - l ,3 -  
benzo th iaz ine  d e riv a tiv e s  (II) b y  the  effect o f  p h o sp h o ru s  oxychloride.

Q=Ph
Q — 3,4-(МеО)2СоНз—

Q = 4-MeOCi.Hi—

Q = 4-С1СвШ 

Q =Me —

Q = E t—

Q = PhCH2-

Q = 3,4-(МеО)2СеНзСИ2- 

Q = H

III
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I t  w as therefore a ssu m m ed  th a t  th e  cy c liza tio n  reac tio n  o f  ac id  am ide 
th io e th e r s  I  in  acid m ed iu m  m a y  ta k e  p lace  in  tw o  d ifferen t w ays, so 2H -1,3- 
b e n z o th ia z in e  isom ers (II) c a n  also be fo rm ed  to g e th e r  w ith  4 if - l ,3 -b e n z o th ia -  
z in e  d e riv a tiv e s  (III). C o n seq u en tly , th is  cy c liza tio n  reaction  w as re -ex am in ed  
a lso  in c lu d in g  such acid  am id e  th io e th e rs  (Id-h) w here cycliza tio n  h a d  no t 
b e e n  a t te m p te d  earlier, or th e  reac tio n  h a d  fa iled . In  acid m ed iu m  th e  1,3- 
b e n z o th ia z in e  cyclization  re a c tio n  w ith  all ac id  am ide  th io e th e rs  (Ia -h ) ex am 
in e d  b y  us, was found  to  ta k e  place in  tw o  d iffe ren t d irections t h a t  is, bo th  
th e  2 H -  an d  4 H -l,3 -b e n z o th ia z in e  isom ers w ere form ed. H o w ev er, in  the 
c y c liz a t io n  reaction  o f th e  a ro m a tic  acid am id e  th io e th e rs  Ia -d , th e  211-1,3- 
b e n z o th ia z in e  isom ers (Н а -d) w ere form ed in  such  a low yield t h a t  th e y  could 
o n ly  b e  iso la ted  by a spec ia l p rocedure  d esc rib ed  in  E x p erim en ta l.

T h e  acid am ide t l i io e th e r  Ii could n o t be syn thesized  by  gen era l m e th o d s. 
T h e re fo re  th e  synthesis o f co m pounds H i an d  IH i w as a tte m p te d  b y  th e  cycli
z a t io n  o f  N -(h y d ro x y m e th y l)fo riram id e  a n d  3 ,4 -d im eth o x y th io p h en o l w ith

Table I

Com-

IR  data 
cm -1 (KBr)

NM R d a ta  
ŐTM8 =  0

(CDCl3)
ppm

po u n d
v  OCH 3 vC = N *

ŐCH2 
s (2H) Ö OCH3 ŐH—5 ö N— 8 Signals of substituen t Q

IIIl, 2835 1580 4.65 3.82

3.85

3.88

3xs(12H )

6.37

6.77

2xs(2x lH )

6 H 5’ =  6.75, d * *  (H I)  

ő H 2’ ^  7.48, d * *  (1H ) 

<5H 6’ «Л .52 , 2xd (1H ) 

—  9Hz**,
2Hz**

n i d 2840 9* 4.68 3.85

s(6H )

6.80

6.83

2 x s(2x lH )

Í H  3’,5’-7.35* (2H )

<5 H -2 ’,6’ =  7.94* (2H ) 

3 '  =  Jr/, 6' =  9Hz-

n i f 2830 1630 4.93 3.95

3.97
2xs(6H )

6.85

s(lH )

7.03

S(1H )

ő CH3 =  1.50 ppm , (ЗЫ) 

ő CH2 =  3.25 ppm , qаУ (2H )

J AX =  7-5 HzV

n i g - 2840

2830

1630 4.97 3.85

3.90

2xs(6H )

6.70

S(1H)

6.95

s ( lH )

(5 CH2 =  4.58 ppm , s(2H ) 

v ArH =  4 3 5 -4 6 0  H z, m(5H)

D ata  calculated from  th e  m ultiplet A A ’B B ’ b y  the AB approxim ation  
r( =  N + H) bands are at 2800 - 2100 and 1900 cm -1 

* Group vibration of rC =  N  character coupled w ith  the aromatic skeleta l vibration  
at 1600 c m -1 .

* * D a ta  calculated from  th e  m ultiplet A M X , ,J>, 5, =  jPara f,„3 fl 
v D a ta  calculated from  the m ultiplet A 3X 3
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p h o sp h o ru s  oxych lo ride . H ow ever, th e  isom er I l i i  ex p ec ted  to  form  besides H i 
cou ld  n o t be iso la ted  from  th is  reac tio n , p resu m ab ly  because i t  u n d e rw e n t a 
ra p id  decom position  in  th e  acid m edium  ex isted  in th e  course of w o rk -u p .

T he s tru c tu re s  o f th e  co m pounds w hich had  n o t been  described  in  o u r 
e a rlie r  papers [3, 4 ], were con firm ed  b y  e lem en ta l analysis an d , in  som e cases, 
b y  IR  and  N M R sp ec tra . T he spectro scop ic  d a ta  are given in  T ab le  I .

E xperim en ta l

M. p .’s are uncorrected

The IR  spectra were recorded w ith  a Perkin-Elm er 457 instrum ent; the NM R spectra  
were obtained at room  tem perature w ith  a JE O L  60-H L (60M Hz) spectrom eter, using TMS 
internal standard.

1. C yclization  of N -(3 ,4-d im cthoxypheiiy lth iom ethy l)benzam ide  ( la )

N -(3,4-D iinethoxyphenylth iom ethyl) benzam ide (101 g; 0.33 m ole) was heated  w ith  
phosphorus oxychloride (100 m l) on a boiling water hath for 1 hr. After cooling, the reaction  
m ixture was decom posed w ith ice, neutralized w ith  sodium  carbonate and extracted  w ith  
benzene. The benzene solution was dried over sodium  sulfate and the solvent evaporated. The 
residue was dissolved in hot ethanol (60 m l) and crystallized. A colourless crystalline substance, 
2-ph en yl-6 ,7-d im eth oxy-4 /i-l,3 -b en zoth iaz ine  ( I l ia )  (39.5 g) was obtained, m. p. 99 100° C;
no in. p. depression was observed w ith  an authentic sample [1].

The ethanol w as evaporated from the m other liquor. The residue was dissolved in  ben 
zene (100 ml) and extracted  w ith 10% hydrochloric acid (50 ml). The acid solution was neutra l
ized w ith  sodium carbonate and extracted  w ith benzene. The benzene solution  was again  
extracted  w ith hydrochloric acid, neutralized w ith sodium carbonate, extracted  w ith  benzene  
again, and the substance obtained from benzene was crystallized from ethanol. 4-P henyl-6 ,7- 
dim ethoxy-2H -l,3 -benzoth iazine (H a) was obtained (1.83 g) as pale yellow  crystals, in.p. 
141 142° C; no m. p. depression was observed w ith an authentic sam ple [3].

2. Cyclization of N -(3 ,4 -d iine thoxyphciiy lth iom ethy l)vera tric  acid am ide ( lb )

N -(3,4-D im ethoxyphenylth iom ethyl)veratric acid am ide (3.63 g; 0.01 m ole) was heated  
w ith  phosphorus oxychloride (4 ml) on a hot water bath for 1 hr. The reaction m ixture was 
processed further as given in E xprim ent 1. Colourless crystals of 2-(3’,4’-d im ethoxyphenyl)-
6 ,7 -d im ethoxy-4 fi-l,3 -b en zoth iaz in e  (U lb ) (1.22 g), were obtained from ethanol, m. p. 126 
127° C; no m. p. depression was observed in  adm ixture w ith an authentic sam ple [1]. In the 
crystalline state, on sto iage  for years, this com pound undergoes conversion to a m odification  
having a m elting point o f 135 136° C; in the m olten state, the conversion takes place rapidly.
B oth  substances have identical R f values (silica gel layer; benzene—ethanol 9 : 1); th ey  yield  
the sam e picrate from ethanol solution [m. p. 198 200° C (d.)] D im orphism , as well as the
structure of Ш Ь, was also confirm ed by the IR  and NMR spectra.

In addition to this, 4-(3’,4 ’-d im ethoxyphenyl)-6 ,7-d iinethoxy-2H -l,3-benzoth iazine  
( l ib )  (0 .06 g) was obtained as pale yellow  prism s from benzene; m. p. 152 — 153° C. No m . p. 
depression was observed w ith an authentic sam ple [4|.

3. Cyclization of N -(3 ,4d im ethoxypheny lth io iiic thy l)an isic  acid am ide (Ic )

N -(3,4-D im ethoxyphenylth iom ethyl) anisic acid amide (3.33 g; 0.01 m ole) w as treated  
as described in Experim ent 1. to obtain  2-(4’-m ethoxyphen yl)-6 ,7 -d im eth oxy-4H -l,3 -b en zo- 
thiazine (IIIc) (1.02 g), which crystallized as colourless radial needles from ethanol, m. p. 
92 - 93° C; no m. p. depression was observed w ith an authentic sample [1].
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The product ob ta in ed  b y  extraction w ith hydrochloric acid was purified chromatogra- 
ph ica lly  on a silica gel layer  (benzen-ch loroform -ethanol, 10 : 5 : 1) and crystallized from etha
nol to  yield 4-(4’-d im ethoxyphenyI)-6 ,7-dim ethoxy-2 .H -l,3-benzothiazine (He) (0.02 g) as 
pale yellow  crystals, m. p. 144 — 145° C; no m. p. depression was observed in adm ixture w ith  
an authentic sample [4].

4 . C y c liza tio n  o f  N - ( 3 ,4 - d in ie t h o x y p h e n y l t h io m e t h y l ) - 4 ’- c h lo r o b e n z a m id e  ( I d )

N -(3 ,4-D im ethoxyphenylth iom ethyl)-4’-chlorobenzam ide (33.8 g; 0.1 m ole) was treated  
as described in E xperim ent 1, to  give 2-(4’-chlorophenyl)-6,7-d im ethoxy-4iT -l,3-benzothiazine  
( I l i d )  (15.5 g) in the form  o f  colourless radial needles from  ethanol; m. p. 129 — 130° C.

C16H 14C1N02S (319.81). Calcd. C 60.09; H 4.41; N  4.38; S 10.02. Found C 59.79; H  4,50; 
N  4.32; S 10.22%.

4-(4’-C hlorphenyl)-6 ,7-dim ethoxy-2Ji-l,3-benzoth iazine (H d )  (0.12 g) was also obtained  
from  the reaction as colourless needles from ethanol, m . p. 139 — 140° C; no m. p. depression  
w as observed w ith an a u th en tic  sample [4].

5 . C y c liz a t io n  o f  N -(3 ,4 -d im e th o x y p h e n y lth io m e th y l)a e e ta m i< !e  ( I e )

N -(3,4-D im ethoxyphenylth iom ethyl) acetam ide (24.1 g; 0.1 m ole) was refluxed w ith  
phosphorus oxychloride (40 m l) in  carbon dioxide atm osphere for 2 hrs. The reaction m ixture  
w as decom posed w ith  ice , neutralized w ith  sodium  carbonate and extracted  w ith  benzene. 
T he alkaline substances w ere extracted  from the benzene solution  w ith  10% hydrochloric acid 
(100 m l), the hydrochloric acid  solution was neutralized w ith  sodium  carbonate and extracted  
w ith  benzene. The so lu tion  w as dried over sodium  su lfate and the solvent evaporated. The 
residue was subjected to  chrom atographic purification on a preparative silica gel layer (ben
zen e-eth an o l, 9 : 1). 2- M ct h у 1-6.7-ilimet hoxy-4/ / - 1 .3-benzol hiazine ( l i le )  (2.4 g) was obtained  
as a colourless viscous oil.

Cn H 13N 0 2S (223.29). Calcd. C 59.17; H 5.87; N  6.27; S 14.36. Found C 58. 99; H 6.09; 
N  5.99; S 14.20%

The hydrochloride w as precipitated from the ethanol solution w ith ether, to obtain  
pale yellow  crystals, m. p. 180 —181° C (d.).

Cu H ltClNOjS (259 .75). Calcd. C 50.87; H 5.43; N  5.39; Cl 13.65. Found C 50.64; H 5.68; 
N 5. 39; Cl 13.55%.

Besides this product, 4-m ethyl-6,7-dim ethoxy-21T -l,3-benzothiazine ( l ie )  was obtained  
as a yellow  viscous oil; th is was converted into the hydrochloride in ethanol solution to obtain  
ye llo w  crystals o f 4 -m eth yl-6 ,7 -d im ethoxy-2H -l,3 -benzoth iazin ium  chloride (2.8 g), m. p. 
190 — 191° C (d.); no m. p. depression was observed w ith  an authentic sam ple [3].

6. C y c liza tio n  o f  N - (3 ,4 -d im e t h o x y p h e n y lth io m e th y l) p r o p io n ic  a c id  a m id e  ( I f )

N -(3,4-D im ethoxyphenylth iom ethyl) propionic acid am ide (5.1 g; 0.02 m ole) was treated  
as described in E xperim ent 5, to  obtain 4-eth yl-6 ,7 -d im ethoxy-2ff-l,3 -benzoth iaz in e  ( I l f )  
(0 .56  g) as a pale yellow  v isco u s oil. The picrate separated in the form of yellow crystals from  
ethanol, m. p. 180 — 182° C (d.); no m. p. depression was observed w ith  an authentic sam ple 
[3]. The other product w as 2-ethyl-6,7-dim ethoxy-41T -l,3-benzothiazine ( U l f )  (0.49 g), a 
colourless oil that undergoes colouration when standing exposed to air.

C12H 15N 0 2S (237.32). Calcd. C 60.74; H 6.37; N  5.91; S 13.51. Found 60.26; H  6.11; 
N  5.72; S 13.41%.

The picrate separated  from  ethanol as yellow  needles, m. p. 173 —174° C (d.). 
C18H 18N40 9S (466.43). Calcd. C 46.35; H  3.89; N  12.01; S 6.87. Found C 46.20; H 3.80; 

N  11.90; S 6.70%.
The hydrochloride separated from ethanol as pale yellow  crystals, m. p. 194 — 195° C

(d.).
C12H 16C1N02S (273 .78). Calcd. C 52.64; H 5.89; S 11.71. Found C 51.94; H 5.88; S 11.47% .

7 . C y c liza tio n  o f  N -(3 ,4 -d im e th o x y p h e n y I th io m e th y l)p h e n y la c e ta m id e  ( I g )

N -(3,4-D im ethoxyphenylth iom ethyl)phenylacetam ide (3.17 g; 0.01 m ole) was treated  
as described in E xperim ent 5, to  obtain 4 -benzyl-6 ,7 -d im ethoxy-2fi-l,3 -benzoth iazine (H g )
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(0.20 g) as pale yellow  crystals from ether, m. p. 81 — 82° C; no m. p. depression was observed 
w ith  an authentic sam ple [4].

The other product from  this reaction was 2-bcnzyl-6,7-dim ethoxy-4.H -l,3-benzoth iazine  
( I l lg )  (0.12 g), a colourless viscous oil that suffered colouration when standing in air.

CI7H „ N 0 2S (299.38). Calcd. C 68.20; H 5.72; N 4.68; S 10.71. Found C 67.76; H 6.09; 
N 4.45; S 10.55%.

The hydrochloride separated from ethanol solution w ith  ether as pale yellow  crystals, 
m. p. 1 7 8 - 1 8 0  °C (d .).

C17H 18C1N02S (335.85). Calcd. C 60.80; H 5.40; Cl 10.56; N 4.17; S 9.55. Found C 60.67; 
H 5.64; Cl 10.76; N 4.25; S 9.70% .

8. Cyclization o f N -(3 ,4 -d im eth o x y p h en y lth io m cth y l)h o m o v era tric  acid  a m id e  ( Ih )

N -(3,4-D im ethoxyphenylth iom ethyl)hom overatric acid am ide (3.77 g; 0.01 mole) 
was converted into  4 -(3’,4 ’-d im ethoxybenzyl)-6 ,7 -d im ethoxy-2H -l,3 -benzoth iazine (Ilh ) 
(0.07 g) as described in E xperim ent 5. Pale yellow  crystals separated from  ether, m . p. 144 — 
145° C; no m. p. depression was observed w ith an authentic sam ple [4].

The other product o f the reaction was 2-(3’,4 ’-d im ethoxybenzyl)-6 ,7-d im ethoxy- 
4H -l,3-benzothiazine ( IH h ) (0.05 g). W hen crystallized from a m ixture of ether and m ethanol 
(9 :1), colourless crystals separated, m. p. 93 — 94° C.

C19H 2lN 0 4S (359.45). Calcd. C 63.50; H 5.89; N  3.90. Found C 63.12; H 5.75; N 3.85% .
Lem on yellow  crysta ls o f  the picrate were obtained from ethanol, m. p. 166 — 167° C (d.).
C25H24N4Ou S (588.55). Calcd. C 51.02; H 4.41; N 9.52; S 5.45. Found C 50.41; H 4.60; 

N 9.25; S 5.40%.

9. 6 ,7 -D im e th o x y -2 ff- l,3 -b c n zo th iaz in e  (H i)

3,4-D im ethoxyth iophenol (1.7 g; 0.01 m ole) was m ixed w ith N -(h ydroxym eth yl) for- 
m am ide (0.75 g; 0.01 m ole) and phosphorus oxychloride (5 m l) was added in sm all portions. 
After the vigorous evo lu tion  of hydrogen chloride, the reaction m ixture w as refluxed 10 min. 
on a hot water bath. A fter cooling, the reaction m ixture w as decom penscd w ith  ice , neutralized  
w ith sodium  carbonate and extracted  w ith benzene. The benzene solution was extracted  with  
10% hydrochloric acid (20 m l), the hydrochloric acid solution was neutralized w ith  sodium  
carbonate, extracted w ith  benzene, then the benzene solution was dried over sodium  sulfate 
and the so lvent evaporated. The pale yellow  oily residue was dissolved in ethanol (2 ml) and 
ether containing hydrochloric acid was added in order to precipitate 6 ,7 -d im eth oxy-2H -l,3 -  
benzothiazinium  chloride (0.25 g) as orange yellow  crystals, m.p. 194— 195° C (d.); no m.p. 
depression was observed w ith  an authentic sam ple [3].

*
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5-M ethylphenylam ino-3-p-tolylim ino-, 5-m ethylphenylam ino-3-p-ethoxyphenyl- 
im ino-, 5-m ethylphenylam ino-3-p-C l-phenylim ino-5-diphenylam ino-3-p-tolylim ino and  
5-diphenylam ino-3-p-ethoxyphenylim ino-l,2,4-dith iazolines have been prepared by 
the ox idative  deallylation  and cyclization o f the corresponding l,l,5 -tr isu b stitu ted -2 -S -  
allyliso-4-thiobiurets w ith  iodine in boiling chloroform . Mechanism of the reaction  is 
proposed.

A su rv ey  o f th e  l i te ra tu re  reveals th a t  a lth o u g h  a num ber of 5 -d isu b sti-  
tu ted -am in o -3 -im in o -l,2 ,4 -d ith iazo lin e  sa lts  h a v e  been  p repared  [1, 2] then - 
are o n ly  a few  5 -d isu b s titu te d -a m in o -3 -su b s titu te d -im in o -l,2 , 4 -d ith iazo lin es , 
sy n th esized  b y  th e  o x id a tiv e  deben zy la tio n  o f l ,l ,5 - tr isu b s ti tu te d -2 -S -b e n z y l-  
iso -4 -th io b iu re ts , on reco rd  [3]. R ecen tly , w e h a v e  rep o rted  th e  p re p a ra tio n  of 
a n u m b e r o f 3 ,5 -d isu b stitu ted -im in o -l,2 ,4 -d ith iazo lid in es  [4] by  th e  o x id a tiv e  
d ea lly la tio n  of l,5 -d ia ry l-2 ,S -a lly liso -4 -th io b iu re ts .

In  v iew  o f th ese  in te re s tin g  resu lts , now  we re p o rt th e  successful e x te n 
sion o f th e  o x id a tiv e  d ea lly la tio n  and  cy c liza tio n  reac tio n  as an  a l te rn a tiv e  
ro u te  to  th e  sy n th es is  o f som e new  5 -d isu b s titu te d -a m in o -3 -su b s titu te d -im in o - 
1 ,2 ,4 -d ith iazo lines.

1 ,1 -D isu b stitu ted -th io ca rb am id es  w ere a lly la te d  w ith  ally l b ro m id e . 
The ex p ec ted  l,l-d isu b s titu te d -2 -S -a lly liso th io c a rb a m id e  free b ase  (I) so 
o b ta in ed  w as condensed  w ith  th e  a p p ro p ria te  a ry l iso th io cy an a te  to  a ffo rd  
th e  desired  l ,l ,5 - tr isu b s titu te d -2 -S -a lly liso -4 - th io b iu re t (II). These iso d ith io - 
b iu re ts  (П) on o x id a tio n  w ith  iodine in bo iling  chloroform  gave th e  re la te d  
5 -d isu b s titu te d -a m in o -3 -su b s titu te d -im in o -1 ,2 ,4 -d ith iazo lines (III). T h e  s t ru c 
tu re  of III w as fin a lly  se ttle d  as th e y  were also o b ta in e d  by  the  d irec t o x id a tio n  
o f th e  re la te d  l , l ,5 - tr is u b s ti tu te d -2 ,4 -d ith io b iu re ts  (IV). C om pounds IV w ere 
o b ta in ed  b y  th e  re d u c tiv e  d ea lly la tion  o f th e  co rrespond ing  iso d ith io b iu re ts
(II) w ith  d ry  h y d ro g en  su lfide  in p y rid in e—tr ie th y la m in e  and also b y  th e  re 
du c tio n  o f th e  re la te d  d ith iazo line  (III) w ith  e th an o lic  am m onica! h y d ro g en  
sulfide. In  all th e  cases com pounds III and  IV w ere charac terized  by  th e  m ixed
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m e ltin g  p o in t te c h n iq u e  an d  b y  th e ir  id e n tic a l I R  spectra . The schem e o f th e  
re a c tio n s  can  be d ep ic te d  as follows:

R ^  1 2 3
> - C - N H s  

К  II s

C H ,= C H .C H iB r

e t h a n o l

B \ J .  3  R 'N C S—C = M i ------------
R I

S
I

c h 2- c h = c h 2

R ^  I 2 Ж  4

R'
; n — c

s
-NHR"

I
CH2—C'H=CH2

I

P v r ic I in e - t r ie th y la m in e /H jS

Г
R. 1 2 3  4 5

— C—N H — C— NH R"
R’ II II

S S

1,/CiHsO H  ______

E th a n o lic  a m m o n ic a !  
h y d ro g e n  s u lp h id e

IV III

w h e re  R  and  R ’ — m e th y l o r phenyl
R ”  =  p -to ly l- , p -C l-pheny l- or p -e th o x y p h e n y l group.
T h e  follow ing m ech an ism  of th e  re a c tio n  can  be suggested :

1 4 .
> T-

J fv .
- C ^  C — N H R "

R ' 1 lb  r*8 T : 1

c h 2- c h = c h 2

II

Rv. 1 a \\ к ® 
C =N H R "

R ' 1
V

1S : 1 
Ж--х'*CH2--0 H = C H 2

J (CHi

R . 1 о \\

r
с=лтг

IT 18 1—s

III

E xperim en ta l

l,l,5 -T risubstitu ted-2-S-ally liso-4-th iob iurets (II)

Follow ing W er n eb’s procedure [5], the appropriate 1,1-disubstituted thiocarbam ides 
w ere refluxed  w ith allyl brom ide in ethanol for about 1 hr cooled, made alkaline w ith  am m o
n iu m  hydroxide and the free base was extracted w ith  benzene. The desired benzene extract 
o f  l,l-d isubstitu ted-2-S -aIIylisoth iocarbam ide free base w as refluxed w ith the appropriate 
aryl isoth iocyanate  (1 : 1 m ole) on a water bath for 1 hr. T he excess of benzene w as evaporated  
and th e  sem i-solid product, on washing w ith petroleum  ether and treatm ent w ith  ethanol 
afforded the expected l,l,5 -tr isub stitu ted -2-S -a lly liso-4-th iob iu ret as a crystalline solid. 
T he products II were recrystallized  from ethanol (T able I).
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T ab le  I

Synthesis o f  l ,l,5-trisubstituted-2-S-allyliso-4-thiobiurets ( I I )

Isothiocyanate
1,1,5-T risubstituted-2-S- 

- ally liso- 4- thiobiuret 
formed

M. p., °C Yield, % Molecular formula
Analysis

allylisothiocarbamide- Found Calcd.

1 -m ethyl- 1-phenyl- 
-2-S-allyliso-

p-tolyl-isothio-
cyanate

l-m ethyl-l-phenyl-5-p-
-tolyl-2-S-allyliso-

136 67 Ci9H21N3S2 C: 64.49 
H: 6.01 
N: 12.03

C: 64.22 
H: 5.91 
N: 11.88

1-m ethyl-l-phenyl-
-2-S-allyliso-

p-ethoxy-phenyliso-
thiocyanate

1 -m ethyl-l-phenyl-5-p- 
-ethoxyphenyl-2-S- 

-allyliso-

132 63 C: 62.16 
H: 6.10 
S: 16.49

C: 62.33 
H: 5.97 
S: 16.62

1-m ethyl-l-phenyl-
-2-S-allyliso-

p-Cl-phenyl-iso-
thiocyanate

1 -m ethyl- 1 -phenyl- 5- 
-p-chlorophenyl-2- 
-S-allyliso-

152 64 ( ‘18^18 ^ 3 ^ 2 0 1 C: 57.30 
H: 4.84 
S: 16.93

C: 57.52 
H: 4.78 
S: 17.07

l,l-d iphenyl-2-S-
-allyliso-

p-tolyl-isothio-
cyanate

1,1 -diphenyl- 5-p-tolyl- 
2-S-allyliso-

125 70 c24h 23x 3s 2 C: 67.53 
H: 5.96 
N: 10.68

C; 67.50 
H: 5.79 
N: 10.5

l,l-d iphenyl-2-S-
-allyliso-

p-ethoxy-phenyl-
isothiocyanatae

l,l-d iphenyl-5-p -
-ethoxy-phenyl-2-S-
-allyliso-

94 73 cmh mn 3s 2o C: 67.76 
H: 5.50 
N: 9.51

C: 67.11 
H: 5.59 
N: 9.39

Typical IR  frequencies (cm -1) of 1-m ethyl-l-phenyl-5-p-ethoxyphenyl-2-S-allyliso-4-thiobiurets: 3200 m, N H  stretching (lit. [8] 
3 4 0 0 -3 1 0 0 );  1120m, 1145vs, 1200w, N - C - ( = S ) - N  grouping (lit. [7a] 1200 — 1100); 1590 w, N - C = N  grouping (lit. [7b] 1 6 8 6 -1 5 8 2 )
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5-D iaryl(arylalkyl)am ino-3-arylin iino-l,2 ,4-d itliiazolines (III)

(i) O xida tive  deallylation o f  1 ,1 ,5 -trisubstituted-2-S-allyliso-4-thiobiurets w ith iodine in  boiling  
chloroform

T he details of a representative experim ent are as follows:
l-M ethyl-l-phenyl-5-p-ch lorophenyl-2-S-ally liso-4-th iob iuret (3 g) was dissolved in 

boilin g  chloroform  (20 m l) and a h ot solution of iodine (4  g) in chloroform (20 m l) w as added; 
th e  io d in e  was used in excess. T he solvent was evaporated  and the residue w ashed w ith  ether. 
On th e  addition of a sm all am ount o f ethanol, the ex p ected  1,2,4-dithiazoline hydriodide (yield  
80% , 2.1 g) crystallized. T reatm ent of the hydriodide w ith  ammonia afforded th e  free base, 
w h ich  w as recrystallized from  chlorobenzene, m. p. 192° C. The experim ents are sum m arized  
in  T ab le  II.

Table II

5-D iary l]a lky larylam ino-5 -ary lim ino-l,2 ,4 -d ith iazo line  (III): oxidation o f 1,1,5-tri sub stituted-2- 
- S-allyliso-4-thiobiurets with iod ine in  boiling chloroform

1,1,5-T risubstituted-2-S- 5 -D iaryl/ alkylarylamino- M. p., Y ield, Molecular
A nalysis

-aIlyliso-4-thiobiurets:
oxidized

-3-arylim ino-l,2,4-di- 
thiazoline formed

°C % formula Found Calcd.

1 -m eth yl- 1-phenyl- 
-5 -p -to ly l-

5-m ethylphenyl-
am ino-3-p-tolyl-
-im ino-

129 82 c 16h 15n 3s 2 C: 61.31 
H: 4.64  
N: 13.31

C: 61.34 
H: 4.79 
N: 13.41

1-m eth yl- 1-phenyl- 
-5 -p -ethoxy- 
ph enyl-

5-m ethylphenyl-
arnino-3-p-ethoxy-
phenylam ino-

110 75 c 17h 17n 3s2o C: 58.79 
H: 5.08 
N: 12.36

C: 59.47 
H: 4.95 
N: 12.18

1 -m eth y l-1 -phenyl- 
-5 -p - chloropheny 1

5-m ethylphenyl-
am ino-3-р-сЫого-
phenylim ino-

192 80 c 15h I2n 3s 2ci C: 53.83 
H: 3.47 
N: 12.71

C: 53.97 
H: 3.59 
N: 12.59

1,1 -diphenyl-5-p- 
-to ly l-

5-diphenylam ino-
-3-p-tolylim ino-

180 70 C21H 17N3S2 C: 66.93  
H: 4.92 
S: 17.51

C: 67.20 
H: 4.53 
S: 17.33

1,1 -diphenyl-5-p- 
-e thoxy-phenyl-

5-diphenylam ino-
3-p-ethoxyphenyl
-im ino-

165 78 c 22h 19n 3s 2o C: 65.15 
H: 4.65 
S: 15.71

C: 65.19 
H: 4.69  
S: 15.88

T yp ica l IR  frequencies (c m -1) of 5-m ethylphenylam ino-3-p-chlorophenylam ino-l,2 ,4- 
-d ith iazo lin e: C =  N (1620 s) [7] ring — S — S-linkage (480 s) [9]. The absence of IR  band for 
— N H  is  remarkable.

(ii) O xid a tio n  o f  1,1,5-trisubstitu ted  2,4-dithiobiurets w ith  iodine in  dilute ethanol

T he 2,4-dithiobiurets listed  in  Table III were o x id ized  with iodine in ethanolic  solution  
and eth er  was added, where upon the hydriodides o f th e  respective dithiazolines precipitated. 
The free bases were obtained by treating these products w ith  ammonia. The bases were recrys
ta llized  from  ethanol and chlorobenzene. No depression in the mixed m elting points were 
observed  w ith  the respective 5-disubstitu ted -am ino-3-substituted-im ino-l,2 ,4-d ith iazolines 
recorded in  Table II. The com pounds further characterized by identical IR  spectra.
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Preparation of 1,1,5-trisubstituted 2,4-dithiobiurets

(i) Reduction o f  II  with hydrogen sulfide in pyridine-triethylamine medium

The isodithiobiurets (II) were reduced w ith hydrogen sulfide (for 4 hrs) in  pyrid ine-  
triethylam ine (6 : 1) m edium  [6]. The reaction m ixture was poured onto crushed ice and 
acidified w ith hydrochloric acid, to obtain the related 2,4-dithiobiurets which were filtered  off 
and recrystallized from ethanol (Table III).

Table III

Synthesis o f  1,1,5-trisubstituted 2,4-dithiobiuret (IV) by reductive deallylation o f  1 ,1 ,5 -trisubsti- 
tuted —2-S-allyliso-4-thiobiurets with hydrogen sulfide in pyridine-triethylamine

l,l,5-TrÍ8ubstituted-2-S- l,l,5 -T risubstitu ted -2 ,4 - M. P ., Yield, Molecular
A nalysis

-allyliso-4-thiobiurets -dithiobiurets formed °c % formula Found Calcd.

l-m eth y ]-l -pheny 1- 
-5-p-tolyl-2-S- 
-allyliso-

1-m ethyl-l-phenyl-
-5-p-tolyl-2,4-di-
-thiobiuret

123 70 c 16h 17n 3s 2 S: 20.03 
N: 13.51

S: 20.31 
N: 13.33

1-m ethyl-l-phenyl-
-5-p-ethoxyphenyl-
-2-S-allyliso-

1 -m eth yl-1 -phenyl- 
5-p-ethoxyphenyl- 
-2,4-dithiobiuret

167 68 C17H 1öN3S20 C: 59.27 
H: 5.71

C: 59.13 
H: 5.50

1 -m ethyl- 1-phenyl- 
-5-p-chlorophenyl 
-2-S-allyliso-

1 -m eth yl-1 -phenyl- 
-5-p-chlorophenyJ 
2,4-dithiobiuret

118 74 c 15h 14n 3s 2ci N: 12.37 
S: 15.89

N: 12.51 
S: 16.09

l,l-d iph en yl-5-p -
-tolyl-2-S-allyliso-

1,1 -diphenyl-5-p- 
-tolyl-2,4-dithio- 
biuret

138 65 c 2,H i9n 3s 2 C: 67.03 
H:. 5.19 
N:.11.50

C: 66.84  
H :. 5.04 
N : 11.14

l,l-d iph en yl-5-p -
-ethoxy-phenyl-
-2-S-allyliso-

l,l-d iph en yl-5-p -
-ethoxyphenyl-2,4-
-dithiobiuret

116 63 c22h 21n 3s 2o C: 64.99 
H: 5.36

C: 64.86 
H: 5.16

T ypical IR frequencies (c m -1 ) o f l-m eth yl-l-p h en y l-5 -p -eth oxyp h en y l-2 ,4 -d ith io -  
biurets: 3395w, N H -stretch ing  (lit. [8] 3400 3100); 1150m  shows N — C( =  S)-N  grouping

(lit. [7a] 1 2 0 0 -1 1 0 0 ) .

(ii) Reduction o f  1,2,4-dithiazoline  (Ш ) with ethanolic ammonical 
hydrogen sulfide

The dithiazolines (ED) (Table II) were dissolved in hot ethanolic am m onical hydrogen  
sulfide, and hydrogen sulfide was passed through the solution for about 45 min. On dilution  
and acidification, the corresponding 2,4-dithiobiuret w as obtained, which was recrystallized  
from  ethanol. No depression in m. p. was observed in adm ixture w ith the respective 2 ,4-d ith io- 
biurets listed in Table III. Id en tity  was further confirm ed by the identical IR  spectra.

The IR  spectra were recorded in Nujol w ith  a Perkin-Elm er spectrophotom eter (Mod- 
el-720).

*

The authors thanks are due to the Incharge, Applied Chemistry Section, the D irector’ 
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OXIDATION OF SOME HYDROXYARYLPYRAZOLINES 
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M anganese dioxide oxidation  of hydroxyarylpyrazolines (I) give the correspond- 
ing pyrazoles (III) accom panied b y  very sm all am ounts o f unidentified yellow  solids. 
The structures o f  the pyrazoles have been confirm ed b y  their synthesis from  chalcone  
dibromides (IV) and hydrazine hydrate.

A v a rie ty  o f re a g e n ts  such  as chrom ic ox ide  [1], b rom ine  [1, 2], p o ta s 
s ium  p e rm a n g a n a te  [2, 3 ], s ilver n itra te  [4], p o ta ss iu m  fe rricy an id e  [5], lead  
d iox ide  [1, 6] an d  n ickel p e rox ide  [7] have  been  em ployed  to  effect th e  o x id a 
tio n  o f  v a ried ly  s u b s ti tu te d  pyrazo lines. G l a d s t o n e  an d  N orm an  [8] ox id ized  
p y razo lines using  lead  te t r a a c e ta te  and  suggested  an  ionic m echan ism  fo r th is  
re a c tio n . In  a recen t s tu d y , B h a t n a g e r  an d  G e o r g e  [9] ox idized som e 1,3,5- 
t r is u b s ti tu te d  p y razo lines b y  m anganese d ioxide an d  suggested  a free ra d ic a l 
m echan ism  for th is  o x id a tio n  reac tion . In  a ll th e se  o x id a tio n  reac tio n s th e  
co rresp o n d in g  p y razo le  is e ith e r  th e  only end  p ro d u c t or one o f th e  p ro d u c ts . 
T ra n s itio n  m e ta l ox ides [10 13] have  also been  em p lo y ed  in  th e  o x id a tio n  of
p heno ls. T he p ro d u c ts  fo rm ed  d u ring  these  o x id a tio n s  d ep en d  up o n  th e  n a tu re  
o f th e  o x id an t, s u b s tra te  a n d  th e  reac tio n  co n d itio n s. In  m ost cases qu inones 
are  th e  m a jo r p ro d u c ts .

In  th e  p re sen t in v e s tig a tio n s , we h av e  ex am in ed  th e  m anganese  d ioxide 
o x id a tio n  of some 3 ,5 -d isu b s titu te d  A2-pyrazo lines (I) h a v in g  a phenolic nucleus 
a t  C-3. In  every  case tw o  p ro d u c ts  have b een  o b ta in e d  from  th e  re a c tio n  m ix 
tu re . P yrazoles (III) are  th e  m a jo r p ro d u c ts  acco m p an ied  by  v e ry  sm all 
a m o u n ts  of u n id en tif ied , yellow  coloured solids. T hese  com pounds, how ever, 
h a d  n eg a tiv e  ferric  ch lo ride  te s t ,  w hereas th e  py razo les  gave p o sitiv e  ferric  
ch lo ride  te s t. T he s tru c tu re s  o f  pyrazoles are  fu r th e r  con firm ed  b y  th e ir  sy n th e 
sis from  2’-h y d ro x y ch a lco n e  d ibrom ides (IV) a n d  h y d ra z in e  h y d ra te .

Since m anganese  d io x id e  o x ida tions p roceed  via  free  rad ica ls  [14] an d  
w hen  a free rad ica l is fo rm ed  b y  loss of a h y d ro g en  a to m  from  e ith e r  n itro g en  
or ca rb o n , loss from  n itro g e n  o rd in arily  ta k e s  p recedence  [15], so a likely  
m echan ism  for th e se  reac tio n s  is as follows.
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(a) R  =  R ' =  H  (b) R =  H , R ' =  Cl
(c) R  =  H, R ' =  O C H 3 (d) R  =  C H 3, R ' =  O C H 3

T h e  IR  sp ec tra  o f th e  p y razo les  show  th re e  to  fo u r a b so rp tio n  b an d s  in  
th e  re g io n  1620 1500 cm  1 a n d  i t  is , th e re fo re , d ifficu lt to  ascribe a n y  o f these
to  e i th e r  C =  C or to  C =  N  s tre tc h in g  v ib ra tio n s  w ith  c e r ta in ty  [16]. A b 
so rp tio n  peaks due to  th e  O H  g roup  a p p e a r in  th e  region 3430 3300 c m “ 1.
T h is s h if t  to  longer w a v e le n g th  from  th e  n o rm a l positio n  (3650 3590 cm “ 1)
in d ic a te s  hyd rogen  b o n d in g  in  th e se  com pounds.

F u r th e r  evidence fo r c h e la tio n  is o b ta in ed  from  a s tu d y  o f th e  N M R 
s p e c tra . T he N M R sp e c tra  o f  th e  py razo les  show  no signals due to  N H  an d  
O H  p ro to n s  in  1.7 10.0 r  reg io n  (for w hich  sp ec tra  have been  d e te rm in ed ).
I t  is on  reco rd  [17] th a t  th e  N H  p ro to n  o f py razo les absorb  a t  3.2 to  —3.6 t, 
b u t  th e  absence o f O H  s ig n a l can  o n ly  be ex p la in ed  i f  th e re  is c h e la tio n  in  
th e se  m olecules.

T h e  com plexing a b ility  o f  th e se  com pounds is u n d e r in v e s tig a tio n .
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Experimental

General Procedures

(a) A ctive m anganese d ioxide was prepared b y  using m anganese sulfate d ihydrate and 
potassium  perm anganate according to  the reported procedure [18].

(b ) Chalcones

The appropriate aldehyde and acetophenone were m ixed in equim olar proportions in 
alcohol solution and treated w ith  sodium  hydroxide (20%  aqueous). The m ixture was heated  
on a water bath at 60° C for about 3 hrs. The chalcone w as isolated  by acidification; crystal
lization  was effected from  alcohol.

(c )  Chalcone Dibromides

The chalcone (0.01 m ole) in  aceteic acid or carbon disulfide was treated w ith  brom ine 
(0.01 m ole) solution in  the sam e solvent w ith  cooling and shaking. The resulting solid was 
filtered  off, washed w ith  cold ether and crystallized from  alcohol.

(d ) Pyrazolines

These com pounds were prepared following the literature procedure [19].
A m ixture of 2’-hydroxychalcone (2 g), hydrazine hydrate (26 ml, 50% ) and ethanol 

(50 m l) was refluxed for 3 hr. and allowed to cool at room tem perature. W hite needles separated, 
which were filtered off, washed w ith  water and recrystallized from  alcohol (1 .4g), m. p. 89° 
(lit. [19] m .p . 8 9 -9 0 .5 ° ) .

The other products o f  this series prepared sim ilarly are listed  in Table I.

Table I

Compound No. Solvent of crystalli
zation M. p., °c Yield, % Form ula

N 0//о
Calcd. Found

Ib Alcohol 135 136 70 C15H u NsOC1 10.3 10.2
Ie Alcohol 1 0 1 -1 0 2 68 ^ 1 6 ^ 1 6 ^ 2 ^ 2 10.4 10.2
Id Alcohol 113 69 CivHisiNgOg 9.9 10.0

Oxidation of 3-(2-hydroxyphenyl)-5-phenylpyrazoline ( la )

Pyrazoline (la , 2 g) was dissolved in  dry chloroform  (200 m l) and m anganese dioxide  
(4 g) was added. The m ixture was shaken at 25° C for 30 m in., after which the excess m anganese  
dioxide was filtered off. The solvent was rem oved to leave a solid which was show n to  be a 
m ixture o f two com ponents as revealed from two spots on TLC. The solid was chrom atographed  
on a silica-gel colum n. E lution w ith  a m ixture (1 : 1) o f benzene and petroleum  ether (b. p. 
4 0 - 6 0 °  C) gave a sm all am ount o f a yellow  solid w hich show ed negative ferric chloride test. 
Further elution w ith benzene gave (I lia ) , m. p. 144° C (lit. [20] m. p. 144° C).

The identity  o f  this com pound was further confirm ed by m ixed m. p. w ith  a sam ple 
prepared by the action o f hyd iazine hydrate on 2’-hydroxychalconc dibromide as described  
below.
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Synthesis o f 3 -(2 -h y d ro x y p h en y l)-5 -p h en y lp y razo le  ( I l ia )

A  solution  of 2’-hydroxychalcone dibromide (IVa, 1 g, m. p. 190° C) in alcohol (20 ml) 
was m ix ed  w ith  hydrazine hydrate (6 ml, 50% ). The reaction m ixture was allowed to  stand at 
room  tem perature for 24 hrs and d ilu ted  w ith  water. The solid which separated was filtered  off, 
w ashed w ith  water and crystallized from  benzene to g ive  I l ia  (0.4 g), m. p. 144° C.

C 76.3; H 5.1; N  11.8 Found C 76.2;H  5.0; N  11.6%
C15H 12N 20 .  Calcd.
IR : vm ax(K Br), 3350, 3120, 1610, 1535, 1505, 1490, 1450, 1380, 1260, 1240, 1180, 1110, 

1048, 1030, 970, 900, 825, 800, 760, 745, 725, 695, 685 and 600 c m -1.
U V  (ethanol): 212 mfi  (loge 4 .60) and 257 m,« (logs 4.53).

O xidation of lb

A  m ixture of the pyrazoline lb  (2 g), active m anganese dioxide (4 g) and chloroform  
(200 m l) w as shaken at room  tem perature for 1 hr. The reaction m ixture was then  worked up  
as described in the previous experim ent to afford a sm all qu antity  o f a yellow  com pound and  
the p yrazo le  I l lb ,  which w as crystallized  from  benzene to obtain  0.6 g o f the product m. p. 
190 — 191° C

C 66 .6; H 4.1; N  10.4% . F ou n d  C 66.3; H  4.0; N  10.2%
Cu H jjN jOCI. Calcd.

Synthesis of 3 -(2 -h y d ro x y p h en y l)-5 -(4 -ch lo ro p h en y l)-p y razo le  ( I l lb )

2’-H ydioxy-4-ch lorochalcone dibrom ide [21] (ГУЬ, 1 g) and hydrazine hydrate (50% , 
4 m l) w ere refluxed in  ethanol (20 m l) for 30 min. T he reaction m ixture was then  allow ed to 
cool to  room  temperature, where up on  w hite needles separated. These were filtered off, washed  
w ith  w ater  and recrystallized from  benzene to give 0.5 g o f I l lb ,  m. p. 191° C; m ixed  m. p. 
w ith  a sam ple prepared b y  the ox id ation  of pyrazoline (lb ) show ed no depression.

IR : vm ax(K Br), 3350, 1630, 1615, 1595, 1510, 1490, 1455, 1395, 1285, 1260, 1240, 1190, 
1120, 1090, 1050, 1035, 1010, 970, 825, 800, 770, 750, and 735 c m - 1.

U V  (ethanol): 211.5 mfi (log e 4.64) and 259.8 mfi  (log s 4.62).
T he NM R spectrum (CDC13 ”j" DM SO) had on ly  m ultip lets centered at about т 2.5 due 

to  arom atic  and ethylenic protons.

O xidation of Ic

A  m ixture of the pyrazoline Ic  (2 g), active m anganese dioxide (4 g) and chloroform  
(150 m l) w as shaken at room  tem perature for 30 min. W orking up as usual gave a yellow  solid 
and th e  pyrazole IIIc (0.8 g), m. p. 148 —149° C.

Synthesis o f 3 -(2 -h y d ro x y p h en y l)-5 -(4 -m eth o x y p h en y l)-p y razo le  ( I I Ic )

2’-H ydroxy-4-m ethoxychalcone dibromide [22] (IVc, 1 g) and hydrazine hydrate (50% , 
4 m l) w ere allowed to react in  ethanol (10 m l) for 24 hrs. D ilution  of the reaction m ixture w ith  
w ater g a v e  a white solid. I t  was filtered  off, washed w ith  water and crystallized from  benzene 
to  o b ta in  w h ite needles (0.7 g), m. p . 149° C. Mixed m. p. determ ination w ith  a sam ple prepared 
b y  o x id a tio n  of the pyrazoline Ic show ed no depression.

C 72.1; H  5.3; N  10.6 Found C 72.0; H 4.9; N  10.3%  C16H 14N 20 2. Calcd.
IR : v m ax(K Br), 3300, 1620, 1590, 1585, 1500, 1465, 1448, 1415, 1395, 1270, 1235, 

1175, 1115, 1090, 1050, 1020, 970, 930, 825, 790, 740, 710 and 675 c m - 1.
U V  (ethanol): 212 mfi  (log e 4.64) and 258.5 m /и (log e 4.60).
T he NM R spectrum  (CD3COCD3) had a singlet a t т 6.5 (3H ) due to OCH3 group and a 

m u ltip let centered at about т  3.0 (9 H ) owing to arom atic and ethylen ic protons.
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Oxidation o f Id

A m ixture of the pyrazoline Id  (2g) and a ctive  m anganese dioxide (4 g ) w as shaken in 
chloroform (150 m l) for 30 m in. a t room tem perature. W ork-up as in the prev iou s cases gave 
traces o f a yellow  com pound and the pyrazole H id  (0 .8  g), m. p. 170 — 171° C (from  benzene).

Synthesis of 3-(2-hydroxy-5-methylphenyl)-5-(4-methoxyphenyl)-pyrazole ( llld )

2’-H ydroxy-5’-m ethyl-4-m ethoxychalcone dibrom ide [22] (1 g) and hydrazine hydrate 
(50% , 6 ml) were allow ed to react in alcohol (10 m l) a t room temperature. A fter  24 hrs the 
reaction m ixture was diluted w ith  water. The solid thu s separated was filtered o ff, w ashed  with 
w ater and crystallized from  benzene to give 0.5 g o f  H id  m. p. 170 — 171° C. N o m . p. depression 
w as observed in  adm ixture w ith  a sam ple obtained in  the previous experim ent.

C 66.6; H 4.1, N  10.4. Found C 66.5; H  4.0, N  10.2%  C15H u N2OCI, Calcd.
IR : »max (K B r), 3430, 1615, 1530, 1505, 1450, 1435^ 1420, 1300, 1275, 1240, 1175, 1130, 

1105, 1050, 1025, 975, 960, 835, 810, 770, 700 and 600 cm "1.
UV: 210.5 rafi (loge 4.70) and 259.5 (loge 4.63).
The NM R spectrum  (CD3COCD3) showed a m ultip let centered at a b ou t т 3.0 (8H) 

due to aromatic and ethylen ic  protons, a singlet at r  6.6 (3H ) due to OCH3 group and another 
sharp singlet at r  8.16 (3H ) due to CH3 protons.

*
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POLYETHYLENE GLYCOL DERIVATIVES AS 
COMPLEXING AGENTS AND PHASE-TRANSFER

CATALYSTS, I

( P R E L I M I N A R Y  C O M M U N I C A T I O N )

L. T ő k e  and G. T . S z a b ó

(Department o f  Organic Chemical Technology, Technical University, Budapest)  

R eceived March 26, 1977

A ccording to  P e d e r s e n  [1, 2] m acrocyclic  co m pounds co n ta in in g  re 
p e a tin g  — О— C H 2— C H 2 u n its  give stab le  com plexes w ith  a lkali and  a lk a lin e  
e a r th  ca tions.

T h is phenom enon  p ro v id es  a possib ility  o f  em ploy ing  th e  cyclic p o ly 
e th e rs  in  nucleophilic  su b s ti tu tio n s  as ac tiv a to rs  o f  an io n s accom pany ing  th e se  
ca tio n s. This is especia lly  ad v an tag eo u s  in  h e te ro g en eo u s  reac tions [3] w hen  
th e y  can  tra n s p o r t  ‘n a k e d ’ an ions th ro u g h  phase b a rr ie rs . C ry p ta te s , p h o sphor- 
am id a te s  and  po ly am in o  com pounds can also be u sed  fo r th is  purpose  [4].

As th e  com plex ing  ab ilitie s  o f com pounds c o n ta in in g  — O CH 2CH2 u n its  
is n o t lim ited  to  cyclic d e riv a tiv e s  [5], we s ta r te d  a re sea rch  on th e  c h a ra c te r 
iz a tio n  an d  usage o f acyclic  p o lye thers an d  th e ir  deriv a tiv es .*

I t  w as th e  com plex ing  a b ility  of th e  m a te ria ls  w ith  N a + ions w hich w as 
s tu d ie d  f irs t. F o r m easu rin g  th e  s ta b ility  c o n s ta n ts  in  e th a n o l a p o ten tio m e tric  
m e th o d  was em ployed  u sin g  a R adelk is O P N a 7113 N a  + -electrode an d  R a- 
delk is O P 8203 d o u b le -ju n c tio n  A g +/AgCl reference  e lec trode . B etw een 5 • 1 0 -5  
a n d  5 • 10~ 3 M  co n c e n tra tio n s  th e  cell w orked rep ro d u c ib le .

A m ong th e  m a te ria ls  ex am in ed  by  us w ere oligo- a n d  p o lyethy lene  glycols 
an d  d e riv a tiv e s  show n in  F ig . 1.

M ateria ls 1 an d  4 a re  com m ercial p ro d u c ts ; th e  o th e r  ones w ere p re p a re d  
in  o u r la b o ra to ry  u sin g  N a +-free circum stances.

In  th e  c ' m la tio n s we h av e  considered th e  p o ly e th y le n e  glycol d e riv a tiv e s  
to  be m a te ri з co n sis tin g  o f id en tica l m olecules d e fin ed  b y  th e  average  m o
lecu la r weig t.

V ary ing  th e  p o ly e th e r : N a + ra tio  betw een  1 an d  9, an essen tia lly  s ta b le  
1 : 1 com plexing  s to ich io m e try  was found. So th e  eq u ilib riu m  c o n s ta n t o f  th e  
reac tio n

N a + -(- L  [N a + L] can  be  d efin ed

* R ecently we have taken notice o f a preliminary com m unication  dealing w ith poly
ethylene glycols as phase transfer cata lysts [6].
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as s ta b i l i ty  c o n s tan t o f th e  com plex :

K 1C =
C [ N a L l  +

^ N a +

T ab le  I.

C o m p l e x  s t a b i l i t y  c o n s ta n ts *

Material KlC'mole **

l 110
2 20 ± 4
3 100
4 2200
5 2700
6 1400
7 2000

* O ligoethylene glycols e x am in ed  are  o m itte d  because of th e  low  v a lu e s  o f  K , c 
** U n c e rta in ty  is ± 1 5 % , un less  o th erw ise  s ta te d

T h e  s ta b il i ty  co n stan ts  m easu red  a re  show n in  T ab le  I . T h e  d a ta  o f T ab le  I 
r e v e a l  th e  follow ing:

(1) P o lye thy lene  g lycol d e riv a tiv e s  fo rm  s tab le  com plexes w ith  N a + ion.
(2) S tab ility  of th e  com plexes dep en d s up o n  th e  le n g th  o f  th e  chain. 

F o r  p o ly e th e rs  M  я« 2000 th e  s ta b il i ty  c o n s ta n ts  are  h igher (ev en  i f  i t  is ca l
c u la te d  fo r one O CH 2C H 2 u n it)  th a n  th o se  of po lyethers M  m  300. T h e  resu lts 
m a y  be  exp lained  using  U g e ls tad  a n d  R o k s ta d ’s [9] th e o ry : b ecau se  of the  
h ig h e r  n u m b er of s ta tis t ic a l  co m b in a tio n s  am ong th e  oxygen  a to m s, th e  con
fo rm a tio n  needed fo r th e  com plex  fo rm a tio n  can be ach iev ed  m ore  easily.

(3) T he values o f th e  s ta b il i ty  c o n s ta n ts  for th e  p o ly m e r-N a  + com plexes 
c a n  be  in fluenced  b y  m o d ify in g  th e  en d  g roup  of th e  chain ; e.g., wrh en  exchang
in g  th e  O H  groups, b y  te r t ia r y  n itro g en  (2 and  6), th e  v a lu e  o f  K lc decrea
ses; w h en  p ro tec tin g  th e  O H  groups b y  d ih y d ro p y ran  (5), th e  s ta b il i ty  con
s ta n ts  increase.

T h e  effect o f (C H 3)3S i— О groups is n o t s ign ifican t.
P o ly e th y len e  glycol d e riv a tiv e s  4, 5 an d  6 have  been  tr ie d  in  p rep arin g  

a lk a li  s a lt so lu tions in  a p o la r  so lven ts.
I n  a series of in o rg an ic  sa lts  h av in g  th e  sam e cation  (e.g. N a +) th e  h a rd 

n ess  o f  th e  anion [10] w as fo u n d  to  effect so lu b ility  in  a p o la r  so lv en ts . U nder 
id e n tic a l  c ircum stances, th e  c o n c e n tra tio n s  of th e  so lu tions decrease  in the  
fo llo w in g  order:

I -  >  B r -  >  C l" .
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P o ly e th y len e  glycol d e riv a tiv es  h av e  also been  em ployed  as so lid-liquid  
p h ase  tran sfe r c a ta ly s ts . A m ong th e  reac tio n s ex am in ed  so fa r  w ere th e  nucleo
ph ilic  su b s titu tio n  o f  b rom ine  an d  ch lo rine in  benzy l halides b y  cyano  and  
a c e ta te  ions.

A ty p ica l ex am p le  is given fo r th e  p re p a ra tio n  of an  in o rgan ic  sa lt solu
tio n  in  an apo la r so lv e n t, an d  an o th e r fo r a so lid -liqu id  phase tra n s fe r  reac tio n .

H O —PEG  300— OH 

1

(CHsbSiO— (PEG 300) — OSi(CH3)3 

3

H O —PEG 2000—OH

4

5

(ОНзЬБЮ— (PEG 2000)— O Si(C H 3)3 

7

F i g .  1. Code n u m bers o f s tu d ie d  m ate ria ls

P re p a ra tio n  of \ a I  so lu tio n  in benzene

D ry N a l (0.0075 g; 5 • 10 5 m ole) and  0.5 g (2.3 • 10 4 m ole) 6 were d issolved u 20 in ' 
if d ry  e th y l alcohol. T h e  c lear so lu tion  was e v a p o ra te d  in  v acu u m  to  d ryness. T h e  solid residue

was dissolved in 20 m l o f  d ry  benzene =  2.5 • 10- 3 — -— J . The clear so lu tio n  p roved  to

lie stab le .
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P re p a ra t io n  o f benzyl a ce ta te

C o m p o u n d  1 (1 g; 2.3 • 1 0 -3  m ole) a n d  4.8 g (4.8 • 1 0 ~ 2 m ole) o f p o ta s s iu m  a c e ta te  
w ere a d d e d  to  10 m l of d ry  a ce to n itr ile . A fte r s tirr in g  fo r 30 m in  a t  40°C, b e n zy l ch loride  
(5.7 m l; 0.05 m ole) was ad d ed . T h e  m ix tu re  w as s tir re d  a t  40°C an d  th e  re ac tio n  w as follow ed 
b y  G LC  analysis.

A f te r  4.5 hrs th e  co n v ersio n  w as p ra c tic a lly  com ple te . T h e  p re c ip ita te  w as f i lte re d  off, 
w a sh e d  w ith  ace ton itrile , a n d  th e  co m b in ed  ace to n itr ile  so lu tio n  w as d istilled  to  y ie ld  5.78 g 
(7 9 % ) o f  b en zy l ace ta te  b .p . 212 — 216°C.
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A NEW SYNTHESIS OF THIO-SUGARS V I A  

THIO-KETONES
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R eceived  April 7, 1977; in revised form , Ju ly  13, 1977

B ecause of th e  considerab le  in te re s t in  th e  b iochem istry  of th io -su g a rs  
[1]. a search  fo r th e ir  syn th esis  was co nsidered  via  th e  co rrespond ing  th io - 
ke to n es as in te rm e d ia te s .

A lipha tic  th io k e to n e s , un like  th e ir  a ro m a tic  analogues, h av e  n o t  been  
ex ten siv e ly  s tu d ied  a n d  th e re  is in co n sis ten t in fo rm a tio n  ab o u t th e ir  p ro p e rtie s  
an d  m ethods of sy n th es is . A lthough  th e re  are  id eas  ab o u t th e ir  p re p a ra tio n  b y  
re a c tin g  th e  a p p ro p ria te  ke tone  w ith  p h o sp h o ru s  p en tasu lfid e , h y d ro g en  su l
fid e , or o th e r  th io n a tin g  agen ts, i t  has been  show n [2] th a t ,  acco rd ing  to  th e  
k e to n e  used and  th e  co n d itions of th e  re a c tio n , th e  p ro d u c t m ay  be a th io - 
k e to n e , a d im er or a h ig h er po lym er, or a gem -d ith io l.

S ugar th io k e to n es  h av e  n o t been described  before, w hich w ould  be  useful 
sy n th e tic  in te rm e d ia te s  fo r th e  syn thesis  o f  th io -su g ars  b y  th e  a c tio n  o f a 
red u c in g  agen t. In  th e  p re se n t co m m u n ica tio n , th e  syn thesis  o f 1,2 : 5,6-di-O - 
isopropylidene-3-thio-oc-D -allo-furanose from  1,2 : 5,6-di-O-isopropylidene-oc-
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D -ribo -hexafu ranos-3 -u lose  is described. T h u s , boiling 1,2 : 5 ,6-di-O -isopro- 
pylidene-oc-D -ribo-hexofuranos-3-ulose [3] (1, R = 0 )  w ith  p h o sp h o ru s  p en ta -  
su lf id e  in  aqueous p y rid in e  re su lted  in  th e  p ro d u c tio n  of a w h ite  c ry s ta llin e  
m a te r ia l ,  c rysta llized  from  e th an o l, m .p . 267— 270°C, [<x]d +  42.5° (c 1.0, 
ch lo ro fo rm ). In  sp ite  of th e  ag reem en t o f i ts  m icro -ana ly tical d a ta  (F o u n d : 
C, 5 2 .2 ; H , 6.4; S, 11.4. C12H lg0 5S req u ires: C, 52.5; H , 6.6; S, 11 .7% ) w ith  
th o s e  re q u ire d  for th e  th io k e to n e  (1, R = S ) ,  i ts  U V  spec tru m  did  n o t  show  th e  
c h a ra c te r is t ic  th ione  [2] b a n d s . On th e  o th e r  h a n d , th e  m ass sp e c tru m  show 
ed  a m o lecu la r ion  (m/e 548), w hich a sc e rta in ed  th e  com pound to  be a d im er, 
w h ic h  m a y  ex ist in  th e  tw o stereo isom eric  fo rm s 2a and  2b.

O n  th e  o th e r h an d , t r e a tm e n t  of a so lu tio n  of 1 ( R = 0 )  in  D M F  con
ta in in g  tr ie th y la m in e  a t  100°C w ith  a s tre a m  o f hydrogen  sulfide re su lte d  in  
th e  fo rm a tio n  of a yellow  oil, possessing m a x im a  a t 227 and  268 n m  in  i ts  UV 
s p e c tru m , in d ica tin g  th e  p resence  of th e  th io k e to n e  (1, R  =  S). S to rag e  or 
w a rm in g  of th e  m a te ria l a ffo rd ed  th e  c ry s ta llin e  d im er 2. The fresh ly  p re p a re d , 
c ru d e  th io k e to n e  (1, R = S )  w as reduced  u s in g  sodium  in liqu id  am m o n ia  to  
a f fo rd  l,2 :5 ,6 -d i-0 -isop ropy lidene-3 -th io -a-D -a llo -fu ranose  (3, R = H ) ,  b .p . 
92— 95°C  ( 1 0 - 3 to rr , n 21 1.51, [a ]p  -|- 38°C (c 1.0, chloroform ), vmax 2600 c m -1 
(S H ), (F o u n d : C, 52.0; H , 7 .1; S, 11.3. C12H 20O5S requires: C, 52 .2 ; H , 7.3; 
S, 1 1 .6 % ). On b en zoy la tion  i t  gave th e  S -benzoy l d eriv a tiv e  (3, R  =  C O Ph), 
m .p . 79— 82°C, [a]o  +  110° (c 0.9, ch lo ro fo rm ), vmax 1670 c m -1 (SB z). These 
c o n s ta n ts  an d  th e  N M R  sp e c tru m  w ere in  acco rdance  w ith  th o se  re p o rte d  
e a r lie r  [4]. I t  seem s th a t  re d u c tio n  of th e  th io k e to n e  (1, R =  S), as ex p ec ted , 
fo llo w s th e  sam e stereo ch em ica l w ay  as th e  red u c tio n  [5] of th e  k e to n e  (1, 
R = 0 ) ,  w here  th e  a t ta c k  occurs from  th e  le a s t h indered  side of th e  double 
b o n d .
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ACTA C H IM IC A

ТОМ 9 3 - В Ы П .  3 - 4

РЕЗЮМЕ

Некоторые характеристики холографических пластинок и применение их
в спектральном анализе

3 . Б У Р Г У Д Ж И Е В , К . Ц И М М ЕР и Е . Б О Б О Л И Н А

Возможности использования фотоматериала в спектральном анализе могут быть 
надлежаще оценены, если основные свойства этого материала, в частности форма кривой 
почернения и отношение сигнала к шуму, известны. Согласно требованиям, обычные спек
тральные пластинки должны обладать разрашающей силой порядка 100 линий/мм; этот 
вопрос можно считать уже достаточно выясненным. Однако, это не характерно для хологра
фических пластинок, разрешающая способность которых сильно отличается. Оценка 
последней, представляющая практический интерес, является предметом этой статьи.

Исследование газофазного терморазложения бронированных производных
метана

Б . А. К И Ш , Т . Д Е Й Ч , О. КА П О Ш И  и Л . Л Е Л И К

Экспериментально были определены изменения концентрации продуктов газо
фазного пиролиза метилбромида, метиленбромида и бромоформа в инетрвале температур 
720-1170°К.

На основе предварительных термодинамических соображений и расчетов были от
мечены вероятные направления терморазложения. Вслед за этим, используя эксперимен
тальные наблюдения, были определены наиболее вероятные реакционные ступени. В слу
чае разложения бромоформа и, используя толуол в качестве газа-носителя, была определе
на сила связи С— Вт в молекуле, исходя из температурной зависимости константы скорости 
реакции расщепления связи. Согласно расчетам это 51,0 ккал/моль.

Отдельные ступени цепных процессов подтверждались термохимическими данными, 
полученными с помощью метода MC.

Расчет фактора реактивного поля в диэлектрике с шаровой симметрией слоев

(Уточнение модели Онсагера)
Я . ЛИ С И  и Л . М ЕСАРОШ

М одель О н сагер а , отн осящ ая ся  к  статистической относител ьной  прони цаем ости  ж и д 
кое! ей бы ла м одиф и ци рована таким  образом , что гом огенны й диэлектри к , ф игур ир ую щ ий в 
м о д ел и  О нсагера, был за м ен ен  гетерогенны м  диэлектриком . В новой м о д ел и  полость о к р у 
ж ен а  ш аровой обол оч к ой  с относительной пр они цаем остью  Г|0С, а п о сл ед н я я , в свою  оче
редь, за л ега ет  в ди эл ек тр и к е беск онечн ой п р отя ж ен н ости  с относител ьной  проницаем остью  
е 0. Бы л оп р едел ен  ф актор реактивного поля, соответствую щ его новой  м одели , а т а к ж е  
было изучено вли яни е среды , н епосредственн о о к р у ж а ю щ ей  пол ость , на ф актор реактив
ного поля.



Сорбция смесей растворитель-нерастворитель на фенолрезитольных гелях
Э. В О Л Ь Ф РА М , Й . Д Ь Ё Р Д И -Э Д Е Л Е Н И  и М. Н А Д Ь

Степень набухания (определенная ьесовым путем) пластинок фенол-резитольных 
смол, полученных из пленок высушиванием из бинарных жидких смесей, содержащих раз
личные количества одного растворяющего компонента (ацетон, 1,4-диоксан, метанол, н- 
-пропанол) и одного нерастворяющего компонента (вода или н-гептан), были определены в 
равновесии набухания. Из полученных данных для всего интервала состава были рассчита
ны количество растворителя, связанного полимерной фазой, и сорбционный параметр.

Как правило, нерастворитель понижает поглощение растворителя полимером, за 
исключением водных смесей как ацетона, так и диоксана, где наблюдается синергети
ческий эффект. Было найдено, что т. наз. обратная сорбция, т. е. относительное обогаще
ние сорбционного слоя нерастворителем, что вытекает из отрицательных величин сорбцион
ного параметра, происходит в системах, где взаимодействие двух растворяющих компо
нентов не слишком слабо.

Результаты находятся в согласии с более ранними данными, полученными для 
поливинилового спирта, и могут быть объяснены на основе теоретических соображений 
Поукли.

Свойства смесей спирт-амин, XII

Электропроводность смесей три(н-бутил)-амин-спирт
Ф . Р А Т К О В И Ч  и М. Л А С Л О

Удельная электропроводность смесей три(н-бутил)-амина с метанолом, этанолом, 
1-пропанолом и 1-бутанолом была исследована в полном интервале концентраций при тем
пературах 20 и 45°С. Полученные результаты интерпретируются, исходя из модели 
диссоциации ассоциатов типа А,В, содержащих несколько молекул спирта на одну моле
кулу амина. Было найдено, что концентрация смешанных ассоциатов практически не 
зависит от спиртовых компонентов смесей и максимум удельной электропроводности зави
сит от диэлектрической постоянной спирта, используемого в качестве растворителя -  
как это предсказывается на основе теории Бъеррума об ассоциированных ионах. Было рас
считано число спиртовых молекул в смешанных ассоциатах и, исходя из его температур
ной зависимости, можно было делать заключения относительно циклического или цепного 
характера ассоциатов чистых спиртов. Было найдено, что в изученном интервале темпера
тур чистый метанол характеризуется цепной ассоциацией, в то время как ассоциаты более 
высоких членов гомологического ряда являются скорее циклическими. Эти результаты 
находятся в согласии с полученными более ранее.

Свойства смесей спирт-амин, XIII

Электропроводность растворов первичных и вторичных аминов в спиртах
Ф . Р А Т К О В И Ч  и М. Л А С Л О

Электропроводность смесей н-бутиламин—спирт и ди(н-бутил)-амин—спирт была 
исследована при 20 и 45°С. Результаты рассчитывали, исходя из модели, полагающей 
электролитическую диссоциацию смешанных ассоциатов типа АПВ. Полученные результаты 
указывают на то, что в случае ди(н-бутил)-амина в основном присутствуют ассоциаты типа 
АПВ и лишь в меньших количествах ассоциаты типа AjBAj. В случае же смесей н-бутила- 
мин — спирт, помимо ассоциатов типа АПВ, необходимо также считаться с ассоциатами 
типа AjBj, особенно в области средних концентраций спирта. Число молекул спирта в 
смешанных ассоциатах было исследовано в зависимости от температуры. Полученные 
результаты подтверждают более ранние заключения, а именно, что в гомологическом ряду 
от метанола до 1-бутанола циклическая структура становится все более характерной.



Модель отталкивания электронных пар валентной оболочки и геометрия 
тетраэдрических и подобных молекул

И. Х А РГИ Т ТА И  и А. Б А Р А Н И

Представлена простая модель, с помощью которой демонстрируются изменения в 
валентных углах. Эта модель использует точечные заряды на сфере для тетраэдрических 
систем. Современные геометрические данные соответствуют многим, хотя и не всем, пред
сказаниям простых правил модели отталкивания электронных пар валентной оболочки.

Исследование реакций хемосорбированного водорода и кислорода на 
платиновых катализаторах без носителей
Д . М О Г Е Р , М. Х Е Г Е Д Ю Ш , T . Б Е Ш Е Н Е Й  и Ф . Н А Д Ь

На основе исследований с использованием термодесорбционной хроматографии и 
техники импульса были сделаны следующие заключения относительно реакционной спо
собности стабильно хемосорбированных водорода и кислорода:

1. Хемосорбированный кислород может быть удален с поверхности катализатора с 
помощью газообразного водорода уже при комнатной температуре.

2. Хемосорбированный водород, однако, удаляется с помощью газообразного кисло
рода лишь при таких повышенных температурах, при которых и десорбция имеет конечную 
скорость. Таким образом, можно полагать, что при комнатной температуре протеканию ре
акции препятствует кинетический (вероятно стерической) барьер.

3. В свете этих исследований, обычная интерпретация «кислородно-водородного» 
титрования, широко используемая в практике катализа, становится сомнительной, по 
крайней мере, для случая металлических платиновых катализаторов.

Обменные равновесия на алюминий-никотине, III

Каолинит
Д Ж . П . СИ НГА Л и Р . П . С И Н Г

На основе термодинамических исследований обменных разновесий между никоти
ном и Al-каолинитом были получены изотермы, факторы разделения, коэффициенты селек
тивности и изменения стандартных свободных энергий, которые указывают на то, что 
реакция протекает неспонтанно с предпочтением в отношении к никотину. Неспонтанность 
реакции получает подтверждение, исходя из потери энтропии. Было, однако, обнаружено, 
что никотин сильно связан с фиксированными специфическими местами каолинита в слое 
Штерна. Коэффициенты активности и избыточные термодинамические функции указывают 
на то, что реакция протекает в сильно гетерогенной неидеальной системе.

Инфракрасные спектры 1,2,3,5-тетразамещенных производных бензола
Д Ь . В А Р Ш А Н И , Г. Х О Р В А Т , Л . И М РЕ, Й . Ш А В А Р Ц , П . Ш О Х А Р и Ф . Ш ОТИ

Исходя из колебаний в кольце, 115 1,2,3,5-тетразамещенных производных бензола 
могут быть подразделены на три группы согласно тому, что все четыре заместителя «легкие», 
либо один или два среди них «тяжелые». Вначале были проанализированы 30 колебаний 
кольца бензола, которые наиболее вероятно могут быть отнесены к основным колебаниям. 
Для каждого колебания приводятся интенсивности относимых полос и интервалы частот. 
Во-вторых был рассмотрен характер полос, относимых к внутренним колебаниям замести
телей. Особое внимание уделяли группам ОН, С = 0 , N 02 и амида, т. к. на основе харак
теристик их полос можно делать заключения относительно межмолекулярной и хелатной 
структуры в твердой фазе. Интенсивности и частоты этих полос приводились в корреляцию 
с электронными сдвигами внутри молекулы.



Повышение содержания информаций спектральных фотопластинок 
в оптической эмиссионной спектроскопии

к. Д А Н Ц Е Р и А. ЗОНТАГ

Исходя из теоретических основ фотографических информаций, показывается воз
можность дополнительной обработки фотографически зарегистрированной информации для 
улучшения использования резервов информации. Исследовано применение фильтров при 
проявлении и усиление градации путем твердого копирования фотографически заре- 
гистрованных спектров. Оба метода улучшают отношение сигнала к шуму при спектраль
ных линиях слабого почернения, и таким образом, улучшают детектирование некоторых 
спектральных линий.

Модель жидкой воды

Тетрагональнные кластеры: описание и определение параметров
Ф . Х А Й Д У

Д ля описания структуры воды предлагается модель тетрагональных кластеров, 
основанная на функциях радиального распределения, полученных из рентгенодиффрак- 
ционных исследований при трех температурах. Помимо воспроизведения эксперименталь
ных функций радиального распределения и приведенных интенсивностей, модель хорошо 
описывает объемные эффекты и другие физические корреляция между водой и некоторыми 
ледяными полиморфами.

Полиатомные катионы селена в сульфонилхлориде
С. А. А. З А И Д И , 3 . А. С И Д Д И К И  и Н . А. АНСАРИ

Селен растворяется в сульфонилхлориде, давая зеленый раствор, которой после 
стояния в течение нескольких часов переходит в желтый. Зеленый и желтый растворы 
являются следствием образования катионов Sej- и Sej2, соответственно. На основе кон
дуктометрических и спектрофотометрических исследований было показано, что в при
сутствии средних количеств соответствующих окислительных реагентов селен окисляется 
до валентного состояния +1, приводя к образованию катиона Sej4.

Получение производных 2Н- и 4Н-бензотиазина

Исследование замыкания 1,3-бензотиазинового кольца в амидах 
1М-(3,4-диалкоксифенилтиометил)-кислот

R  САБО, Л . Ф О Д О Р , И . В А РГА , Э. В И Н К Л Е Р  и П. Ш О Х А Р

Было установлено, что, в противоположность ранним исследованиям, но в согласии 
с некоторыми наблюдениями других авторов, замыкание 1,3-бензотиазинового кольца в 
амидах Г4-(3,4-диалкоксифенилтиометил) кислоты (I), проводимое в кислых средах, пред
ставляет собой реакцию в двух направлениях, где наряду с производными 4Н-1,3-бензо- 
тиазина (III) образуются также в различных количествах — в зависимости от строения (I) 
— изомеры 2Н-1,3-бензотиазина (II).



Альтернативный путь синтеза некоторых новых 5-аминодизамещенных и 
3-иминозамещенных 1,2,4-дитиазолинов: окислительное деаллилирование 

и циклизация 1,1>5-тризамещенных 2-8-аллилизо-4-тиобиуретов
Р . С И Н Г и В . к. В ЕРМ А

5-Метилфениламино-З-п-толилимино-, 5-метилфениламино-З-п-этоксифенилимино-, 
5-метилфениламино-З-п-хлорфенилимино-, 5-дифениламино-З-п-толилимино- и 5-дифенил- 
амино-3-п-этоксифенилимино-1,2,4-дитиазолины были получены окислитетельным деалли- 
лированием и циклизацией соответствующих 1,1,5-тризамещенных 2-Э-аллилизо-4-тио- 
биуретов йодом в кипящем хлороформе. Приводится механизм этой реакции.

Окисление некоторых гидроксиарилпиразолинов двуокисью марганца
Т. С. Ш АРМ А, В. С А К С Е Н А  и Н . И. Р Е Д Д И

Окисление гидроксиарилпиразолинов двуокисью марганца приводит к образова
нию соответствующих пиразолов (III), сопровождаемых очень небольшими количествами 
неидентифицируемого желтого осадка. Строение пиразолей подтверждалось на основе нх 
синтеза из дибромистого халкона (IV) и гидрата гидразина.
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