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DETERMINATION OF SMALL QUANTITIES OF
EUROPIUM

M. Fabian-Mohai, E. Upor and Gy. Nagy
(Mecsek Ore Mining Company, Pécs)

Received December 15, 1969

A method has been developed for the determination of small amounts of euro-
pium. Two of the three variations are based on the luminescence described by Polu-
ektov; however, selective sodium amalgam separation of europium has made possible
the use of Arsenazo Il reagent for the determination of the europium content of sam-
ples containing high quantities of rare earths.

Interfering contaminations are separated by oxalate precipitation and extrac-
tion of rare earths with dibutylphosphoric acid followed by re-extraction under special
conditions.

The following sensitivities were obtained for the three methods: 1 «10“5%
(fusion, luminescense), 2 m10 4% (o-phenanthroline + atophane) and 1 m10"3%
(Arsenazo 111).

After accomplishment of the described separations the obtained solution is
suitable for any of the three types of analysis. These methods are suitable for the de-
termination of the europium content of monacite, apatite, various rocks and compounds
of rare earths.

Introduction

Besides neutron activation analysis and emission spectrometry, lumi-
nescent methods have also been developed for the determination of small
quantities of europium [1—7]. Most of these results were published by Po1u-
EKTOV et al. In their first paper [2] they reported the luminescence of euro-
pium in SrCI2—NaCl mixtures fused in the reducing part of a gas flame. An
analytical method for mixed oxides of rare earths is based on this experience.
Europium is extracted with 0.25% sodium amalgam from a 0.5 M sodium
citrate solution. According to the cited paper, complete separation is obtained
from other rare earths, and samarium remains in the aqueous phase quantita-
tively; only europium and sodium will interchange in the amalgam. Several
papers deal with the luminescence of solutions or suspensions of complexes
formed in the presence of two chelating agents. /S-diketones or other chelating
agents (thenoyltrifluoroacetone, quinoline derivatives) and bases containing
N atoms (o-phenanthroline, pyridine derivatives) are suitable chelating agents
to produce compounds capable of excitation.

Samarium and terbium also show luminescence under similar condi-
tions, and the other rare earths — depending on the electron structure — will
enhance or decrease the intensity. lons with changing valence and the transi-
tion metal ions have strong quenching effect.

1 Acta Chim. Acad. Sei. Hung. 68, 1970



2 FABIAN-MOHAI et al.. DETERMINATION OF EUROPIUM

The object of our work was the development of a method (or methods)
for the determination of europium in minerals and various chemical inter-
mediates or products containing rare earths. Since the amalgam method pro-
posed by Poluektov afforded a possibility for the selective separation of
europium from other rare earths, determination of europium by means of
its reaction with Arsenazo Il could also be considered. Its preliminary con-
dition is the complete separation of europium from the rare earths which are
present in concentrations higher by 3—4 orders of magnitude. For the sepa-
ration of the rare earths from other ions, we intended to use the conventional
method developed for the determination of the total quantity of rare earths:
oxalate precipitation, extraction with dibutylphosphoric acid and re-extrac-
tion after the addition of TBP [8].

Extraction of europium with sodium amalgam

The following factors had to be studied before development of the re-
quired method:

(1) efficiency of extraction and re-extraction of europium,

(2) effect of pH on the extraction,

(3) selectivity of the separation.

In the experiments, labelled 152Eu and 153Sm species were determined
by measurement of the y-activity or with Arsenazo III.

The experimental procedure was the following:

5 ml of sodium citrate solution was added to the acid solution containing the ions to
be analyzed, which was then neutralized with 10% potassium hydroxide solution in the pres-
ence of phenolphtalein, and the volume was made up to 10 ml. The solution was shaken to-
gether with 1 ml of 0.25% sodium amalgam in a separatory funnel for 1 min, and after separa-
tion of the phases the amalgam containing the europium was washed with 0.5 M sodium cit-
rate solution. After this, the amalgam was separated and dried from adhering water by means
of filter paper strips, then decomposed by boiling with 5 ml of 2 N HC1 solution. The deter-
mination was carried out in the aqueous phase.

The results obtained for the separation of europium are listed in Table I.
As can be seen, the loss of europium during the procedure (two extractions,
washing the amalgam twice and its decomposition with hydrochloric acid)
is lower than 2% until obtaining the final solution. These values were found
to be constant in the pH range between 8 and 12. Thus the adjustment of
the correct pH value makes no difficulty during the extraction.

Extraction of the other rare earths was studied under identical condi-
tions (two extractions and two washings). The results are given in Table II.
Neither in this case do changes of the pH between 8 and 12 affect the effi-
ciency of the extraction, i.e. the separation of europium from the other rare
earths.

Acta Chim. Acad. Sei. Hung. 68, 1971



FABIAN-MOHAI et al.. DETERMINATION OF EUROPIUM 3

(Some difficulty was encountered because of the europium content of
the chemicals used. After detection of the presence of europium by lumines-
cence, this was removed from the solutions by means of a single amalgam ex-
traction, and in the following work, such solutions were used as the starting
material. The 153Sm preparation was not radiochemically pure, either; its
152Eu contamination was detected by y-spectrometry and removed as describ-
ed above).

Table |
Extraction of europium with 0.25% sodium amalgam

Loss of europium,

%

Extraction with 1 ml of amalgam 0.6

Extraction with 4x1 ml of amalgam 0.2

Washing with 2x20 ml of washing liquid 0.4

After re-extraction, in the amalgam 1.4
Table 11

Extraction of rare earths ivith sodium amalgam

Rare earths added Rare earths found
(me) G')
10 mg La + 10 mg Ce <0.5
10 mg Y -j- 10 mg Yb - 10 mg Ho +
+ 10 mg Er <0.5
10 mg Nd -f- 10 mg Pr -~ O mg Tm +-
-f 10 mg Gd <0.5
10 mg Sm <0.5
Tables | and Il indicate that the selectivity of the separation procedure
makes possible the measurement of europium with Arsenazo Ill reagent,

even in the presence of 3—4 orders of magnitude higher quantities of other
rare earths. In addition to this, the possibility of determination by luminescence
was also considered. This latter method is suitable for obtaining approximate
analyses and for the analysis of samples of extremely low europium content.

Determination of europium with Arsenazo Ill reagent

Before the use of Arsenazo Ill as a reagent, we had to check whether
the solution obtained by decomposition of the amalgam gives a proper medium
for photometric measurements or not. According to our investigations, the
mercury present in the aqueous phase does not interfere with the determina-

1~ Acta Chim. Acad. Sei. Hung. 68, 1971



4 FABIAN-MOHA! et al.: DETERMINATION OF EUROPIUM

tion. It is, however, a well-known fact that in the slightly acid medium used
for determination of the rare earths, sodium ions will also increase the light
absorption of Arsenazo Ill at the wavelength used for the measurement (652
nm). It was found that perfectly identical sodium contents could not he en-
sured during the preparation of the amalgam. Thus, sodium ions appearing
in the aqueous phase after decomposition of the amalgam could have a vary-
ing influence on the light absorption. Another possible error was due to the
fact that the activity of the amalgam decreases on storage; use ofan old prep-
aration for extraction may result in 5—10% loss of europium. In order to
eliminate both sources of error, the method of using an external standard
was employed. Simultaneously with the analysis of the sample, a known quan-
tity (10 fig) of europium was extracted with amalgam and measured in identical
manner; arithmetic proportion was then used for calculation of the result.

Procedure

Reagents

NaOH, analytical grade, solid and 1 N solution;

HC1, analytical grade; cone., 81V, 6 IV, 2 N and 0.1 N solutions;

H20 2, analytical grade;

H2C20 4, analytical grade;

Di-n-butylphosphoric acid (HDBP), 0.2 M solution in gasoline, prepared according
to [9];
TBP, pss.;

0.25% sodium amalgam;

1 M sodium citrate solution;

0.1% Arsenazo |1l solution. The reagent was prepared according to [10] and calcium
was removed by passing the solution through a cation exchange resin in H-form.

Sodium hexametaphosphate solution of 1 g/1 concentration.

Europium stock solution of 10 mg/l concentration was made by dissolving Eu20 3 of
spectral purity in HCL.

Maximum 1 g of the sample to be examined is weighed out (the actual value depending
on the expected europium content). If the sample is soluble in acids, it is boiled with 20—30 ml
of cone. HC1 and a few drops of H20 2, then the solution is concentrated to small volume. When
the sample is insoluble in acids, it is fused with sodium hydroxide in a nickel or iron crucible,
and the melt dissolved in hot water. The hydroxide precipitate is filtered off and washed back
into the beaker. In both cases this is followed by precipitation of the rare earth with oxalate
(in the analysis of the rare earth compounds this is unnecessary), here amalgam extraction
is the first step. When the total quantity of rare earths and calcium is less than 50 mg in the
sample, a CaCl2solution equal to 50 mg Ca2+ should be added. The solution is boiled and 5¢g
of oxalic acid is added to precipitate the rare earths and calcium. In order to prevent precip-
itation of the titanium compounds present, a few millilitres of H20 2 are added. The pH of
the solution adjusted to 2, the mixture is allowed to stand overnight. The precipitate is
then filtered off, washed with hot water and ignited at 6—700 °C in a porcelain or platinum
crucible. The residue is dissolved in a small amount of 1 : 1 HCl in a beaker. If the sample con-
tains Ce02 afew drops of H2 2should be added to promote dissolution. The solution is concen-
trated to a small volume, neutralized with 1 N NaOH, then 2.0 ml of 1.0 N HC1 solution is
added, and the volume made up to 20 ml with distilled water. In order to reduce Fe3+ ions
present in trace quantities, some ascorbic acid is added, then the rare earths are extracted by
shaking with 20 ml of 0.2 M HDBP solution for half a minute in a separatory funnel. The or-
ganic phase is washed with 3X10 ml of 0.1 N HC1 solution to minimize the extraction of cal-
cium ions.

(The rare earth content of the solution to be extracted should be less than 50 mg. Partial
precipitation of the corresponding complexes may occur when their quantity is higher than

Acta Chim. Acad. Sei. Hung. 68, 1971



FABIAN-MOHA! et al.. DETERMINATION OF EUROPIUM 5

20 mg. However, this precipitate will remain in the organic phase, and no loss will occur if
the phases are separated carefully. During re-extraction the precipitate is dissolved, and the
rare earths get into the aqueous phase without loss.)

In order to ensure re-extraction of the rare earths, 5ml| TBP solution is added to the
organic phase. The produced conditions make possible the transfer of rare earths into the
aqueous phase by shaking with 2X20 ml of 8 N HC1 solution, without loss. The combined
aqueous phases are evaporated to a small volume to remove most of the hydrochloric acid,
and the residue is transferred into a measuring flask of 25 100 ml volume, depending on the
europium content.

Maximum 5.0 ml of the solution the actual amount depending on the europium con-
tent — is pipetted into a separatory funnel, then 5 ml of 1JV sodium citrate solution and one
drop phenolphtalein indicator solution are added, the solution neutralized with 10% KOH,
and the volume made up to 10.0 ml, when necessary. Europium is extracted by shaking with
2X 15 ml of 0.25% sodium amalgam for 1 min. The aqueous phase is discarded and adhering
water drops are removed with filter paper strips. The amalgam is washed with 2X10 ml of
sodium citrate solution, transferred into a small beaker and decomposed by the addition of
5 ml of 2 N HC1 solution and subsequent heating. The two phases are separated, and the aque-
ous phase containing the europium ions is neutralized with 1 N sodium hydroxide solution.
After the addition of 1.5 ml of 0.1 N HC1, the solution is transferred into a 50 ml measuring
flask. 2.0 ml of Arsenazo Ill solution is added and the volume is made up to the mark with
distilled water.

The light absorption of the solution is measured by a spectrophotometer at 652 nm wave-
length, in 5 cm layer thickness. Distilled water is used as reference. After recording the meas-
ured value, 2 drops of sodium hexametaphosphate solution are added to the solution in the cell,
mixed, and the absorption of the mixture is again determined. The light absorption of the euro-
pium complex is obtained as the difference of the two measured values.

Simultaneously with the analysis of the sample, the amalgam extraction and determina-
tion of 10/ig of europium is also carried out. Arithmethical proportion calculation is used to
obtain the result from the extinction values.

The sensitivity of the method is about 1 « 10_ It is suitable for the analysis of apatite,
monacite and various industrial products containing rare earths.

Determination of europium by means of the luminescence of its novatophane
and o-phenanthroline complexes

As mentioned in the introduction, in solutions or suspensions of certain
mixed complexes europium shows luminescence in ultraviolet light. The re-
latively high sensitivity is due to the fact that the organic part of the molecule
transmits some of the excited energy to the central atom, europium. Other
rare earth ions which have no 4f electrons (La, Y), or have their 4f orbitals
saturated (Lu), and those where there are great energy differences between
the ground and excited states (Gd, Tbh) also show luminescence under certain
conditions. Though they show no luminescence in the o-phenanthroline +
atophane system, the loss of their excitation energy does not occur in a per-
fectly non-radiating manner, but the energy is partially transmitted to the
europium present, resulting in an enhanced luminescence of the latter. The
complexes of the other lanthanides also absorb light, however, they are de-
activated by radiation-free transitions and this decreases the luminescence of
europium [3].

Theoretically, limited compensation of these interferences is possible
by the internal standard method in the case of objective measurements; how-
ever, the change in luminescence can be two orders of magnitude, and this
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may result in very high errors in the determination. According to Poluektov,
samarium also shows luminescence under conditions identical with those used
in the determination of europium. This interference can be eliminated by spec-
trofluorometry, utilizing the difference in their spectra, however, such an
instrument is not always available. Owing to these facts, the use of the above-
described sodium amalgam separation is recommended.

Poluektov suggested various complex systems for the determination
of europium by luminescence [4]. Of these, the above-mentioned combination
of o-phenanthroline and atophane (2-phenylquinoline-4-carboxylic acid) was
chosen. The only modification was the use of novatophane (2-phenylquino-
line-4-carboxylic acid methyl ester). In the preliminary experiments an ana-
lytical UV lamp was used to achieve excitation, and evaluation was carried
out visually.

As suggested by Poluektov, the composition of the solution was the
following: europium stock solution -|-0.5 ml of 40% urotropine solution -f-0.1
ml of 1% gelatine solution -)-0.5 ml of 0.5% novatophane + 0.7 ml of 1%
o-phenanthroline; the volume of the mixture was made up to 5.0 ml with dis-
tilled water.

Our preliminary experiments indicated a sensitivity lower than that
obtained by Poluektov with the use of atophane. Under the given condi-
tions, 1fig of europium showed a very slight pink luminescence only. As men-
tioned above, Poluektov reported the interference of some ions with the de-
termination of europium, by decreasing or increasing its luminescence [4].
This latter effect was utilized for improving the sensitivity. Gadolinium was
found to be the most suitable for this sensibilizing action, since our investiga-
tions confirmed its highest enhancing effect on the luminescence of europium.
In the presence of 200 fig gadolinium the luminescence of even 0.1 fig europium
can easily be detected. However, the desired effect can only be obtained in
the absence of rare earths decreasing the luminescence. Thus in the presence
of 50 fig Gd and 50 fig of Er (Nd, Tm, Dy), the luminescence of 2 fig europium
cannot be noticed. 2 fig of europium in the presence of 300 fig Gd and 25 fig
Er shows no stronger luminescence, than 0.2 fig of Eu in the absence of Er.
According to these results, the amalgam separation is essential.

The hydrochloric acid solution obtained on decomposition of the amal-
gam does not affect the intensity of luminescence, thus this step does not
interfere the analytical procedure; the stock solution obtained by the above-
described HDBP extraction followed by amalgam extraction, is suitable for
the determination by luminescence as well as by reaction with Arsenazo I11I.
The addition of 200 fig of Gd is recommended to improve the sensitivity of
the determination.

A reference series is prepared containing 0.0, 0.1, 0.2, 0.3, 0.5 and 1.0 fig
of europium, and 200 fig portions of Gd are also added.
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The method is suitable for the analysis of apatite, monacite and other
materials containing rare earths. Considering that the lowest limit of detec-
tion of the luminescence is 0.1 fig of europium, and a maximum 50 mg of rare
earths can be removed by the above described HDBP extraction, the sensi-
tivity of the method is 2 « 10~4% (if no stock solution is prepared, but the
whole sample is used). In the case of samples of higher Eu content, the prepa-
ration of a stock solution is, of course, recommended. The method is suitable
for rapid routine measurements in process control.

The error of the measurement is lower than +30%, even at visual evalu-
ation. Other methods of evaluation, e.g. the use of the luminescent device of
the Pulfrich photometer, are also possible. Increased accuracy can be obtained
by the use of objective measuring methods such as spectrofluorometry.

Luminescent determination of europium
in SrCl2—NaCl melt

According to Poluektov [2], 0.02 fig of europium can be detected as
the minimum quantity in 200 mg of SrCl,-NaCl melt (1 : 1 mixture). This
luminescence is due to the excitation of Eu2+, thus in fusing, proper condi-
tions should be provided for the reduction of Eu3+.

The sensitivity of the luminescence reported by Poluektov was promis-
ing for the development of a method suitable for the analysis of rocks of aver-
age composition. (The average europium content of the Earth’s crust is
1.2 «10~4% [1]). It was also our purpose to utilize this sensitivity for the de-
velopment of a rapid, approximate method of lower accuracy.

First of all the experiments of Poluektov were repeated. The stock
solutions of europium (0.0, 0.005, 0.01, 0.02, 0.05 fig) were placed in glass evap-
orating dishes, and after the addition of 1.0 ml of a 25 mg/ml SrCI2 solution
and 1.0 ml of a 25 mg/ml NaCl solution, the mixture was evaporated to dry-
ness in a sand bath and the residue collected. It was pressed to form a pellet,
then fused in propane butane gas flame, taking care to cool the melt in the
internal sphere of the flame, ensuring reduction. The luminescence of 0.005 fig
of europium in 50 mg of melt can easily be detected, thus the sensitivity ob-
tained was the same as that reported by Poluektov.

The luminescence observed in melts of other alkali and alkali-earth
metal chlorides was also studied, but a decrease in sensitivity was observed
in each case.

Effects of the conditions of fusing were also investigated. In order to
obtain a shining pellet of strong and uniform luminescence, it should be cooled
in the inner sphere of the flame by gradually reducing the air flow after fusing.
Thus the melt solidifies within a few seconds. Pellets produced by means of
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a spirit-lamp are slightly stained but they have uniform luminescence. Very
poor luminescence is obtained in pellets prepared in ovens where no reducing
atmosphere is provided.

The quenching effect of iron is significant; 10 /tg of Fe decreases the
luminescence to one-tenth of the original value. If no oxalate precipitation
is required to provide separation from metals other than rare earths in the
course of the analysis, iron can be removed during the HDBP extraction and
re-extraction with HC1, after the addition of TBP. These separations are un-
necessary when rare earth compounds are analyzed instead of rocks or other
samples of complex composition. High amounts of iron, which would give
rise to interference, are removed by extraction with 20% gasoline solution
of TBP from 6 N HC1 medium. The aqueous solution containing the europium
is evaporated to dryness to remove the hydrochloric acid, with subsequent
evaporation to dryness together with the fuse-mixture. (As the preliminary
separation methods have been reported in detail and the luminescent measure-
ment is described above repeated discussion of the procedure is unnecessary.)

W ith the use of an internal standard, the error of the measurement is
less than +30%, even at low7 concentrations and visual evaluation.

Evaluation of the developed methods

It is a common advantage to all three methods that the analyses can be
carried out equally well on the stock solutions obtained by the separation
methods described. This makes possible the analysis of samples with widely
varying europium contents and also the checking of the results to a certain
extent. Since the analysis can be combined with the photometric determina-

Table 111

Europium content of some samples, determined according to the described methods

Europium content

(ppm)
Sample
Arsenazo 111, o-Phenanthroline SrClt—NacCl
-f- novatophane melt
Monacite 45 50 45—50
W astes of production of trisodium phosphate
l. 154 130 —
2. 140 120 —
3. 120 110 —
Apatite 46 53 —
Sm20 3 of 99% purity (Sojuzhimexport) 300 - -
Y003 (Auer-Remy) 10 — R
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tion of the sum of rare earths [8] and the cerium content [11], its time
requirement is not too high.

No standard samples were available for checking the methods. There-
fore, the accuracy was checked by means of the stock solutions and internal
standards. The above data referring to the error of the method were obtained
in this manner.

Some samples were analyzed according to more than one method. The
results are summarized in Table III.
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A study was made of the preparative conditions of manganese-activated calcium
sulfate phosphors suitable for dosimetry and their effect on the thermoluminescent
properties. Under the studied experimental preparative conditions, the optimum meth-
od of introduction of the activator was determined. The most favourable properties
were possessed by those phosphors in which the introduction of the activator took
place in acidic medium before the separation of the calcium sulfate. From a study of
the effect of the heating atmosphere on the sensitivity, it was found that (since manga-
nese ions oxidized to a valency state higherthan two are responsible for the lower sensitiv-
ities of the samples heated in air), inasmuch as these oxidized manganese ions were
subsequently reduced to divalent manganese and removed, the light intensity and sensi-
tivity of the samples prepared in an atmosphere of air closely approached or reached
the corresponding data of the samples prepared in the reducing atmosphere. In every
sample the y-ray dose is measured linearly in the examined region (10 2— 102 R).

Introduction

The dosimetric application of thermoluminescent phosphors is becom-
ing more and more widespread. Of the phosphors used, especially in measure-
ments of very small doses, an important place is occupied by manganese-ac-
tivated calcium sulfate. From the beginning of the 1950’s numerous methods
have been reported for the preparation of thermoluminescent phosphors suit-
able for dosimetry: calcium sulfate activated with manganese, samarium, or
more recently dysprosium [1—14].

The modifications of calcium sulfate which contain water of crystalliza-
tion (CaS0O,-2 H2 and CaS04-1/2 H,,0) donot possess thermoluminescent prop-
erties, whereas the anhydrous modification luminesces strongly. During
the preparation, the formation of this modification must be strived for and
at the same time the activator ion, in a suitable amount and form, must be built
into the crystal lattice. This is most easily achieved by heating a mixture of
the activator and calcium sulfate containing water of crystallization at a tem -
perature of 900— 1000 °C. Hoffmann [1] prepared the CaS04: Mn phosphor
as long ago as 1897 in this manner. Lyman [2] observed that a manganese(ll)
sulfate content of between 0.2 and 17% does not affect the luminescent prop-
erties of the phosphor.

** Present address: Hungarian Dairy Experimental Institute, Mosonmagyar6var
Budapest)
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Watanabe [3] modified the procedure by mixing the sulfates with di-
lute sulfuric acid. After evaporation to dryness, the mixture was heated at
1000 °C. In this way the sensitivity of the phosphor increased significantly
because sulfuric acid, by virtue of its dehydrating property, promotes the con-
version of the dihydrate (CaS04-2 H20) to the anhydrous form (CaS04). Peter
[4] showed that ifthe phosphor is heated in an argon atmosphere, then a further
increase of the sensitivity may be observed since the oxidation of manganese(ll)
ions to ions of a higher valency state is prevented.

Mayer [5] carried out the formation of the anhydrite crystal structure
with concentrated sulfuric acid at 300 °C where the excess sulfuric acid is
removed. Medlin [6] modified the procedure in as much as the activator ion
is precipitated together with calcium sulfate from a solution of calcium chlo-
ride by the addition of concentrated sulfuric acid.

The procedure of Bjarngard [7] is to a certain extent a combination
of the previous methods. CaSO,-2 H20 of analytical purity and 1 mole% of
MnS04-H20 are mixed with 25% sulfuric acid, and the mixture allowed to
stand at room temperature for 16 hours. The water is removed at 80—90 °C
and the acid at 250—300 °C, and the dry material is heated at 900 °C for 45
minutes in a reducing atmosphere (N2-)- S02).

A preparative method differing from the above was reported by Spurny
[8] and by others [9, 10]. The essence of this is that the CaS04: Mn is formed
in a sodium chloride melt during slow cooling (ca. 40 °C per hour) from 1000 °C.
Initial composition: a mixture of ignited calcium sulfate with sodium chloride
and manganese(ll)sulfate in a ratio of 4.5 :4.5 : 1. The content of incorporated
activator is less than 1%.

The exchange of the manganese activator for samarium does not im-
prove the dosimetric properties [11].

Today, for the measurement of very small doses of 20—40pR [19], in
nearly all cases CaS04: Mn is the thermoluminescent phosphor used.

In this work we deal with the effect exerted on the relative sensitivity
and linearity of the phosphor by the mode of introduction of the activator,
its concentration, the temperature of heating, and the subsequent reduction
to manganese(ll) and removal of manganese ions oxidized in the case of sam-
ples heated in the air.

We have already reported in several publications and lectures on the
application in medical radiology of the CaS04: Mn phosphors prepared by
us [15—17].

Experimental

1. Preparation of the stock solutions

A stock solution of calcium chloride was used for the preparation of the CaS04: Mn
phosphors. This was prepared by dissolving calcium oxide of analytical purity in hydrochloric
acid of analytical purity.
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A CaS04: Mn phosphor of suitable quality can be prepared from chemicals of analytical
purity with no further purification [3, 7]. In calcium oxide of analytical purity, the specifi-
cations (Ref. [18] p. 660) perm it greater iron and.heavy metal contents than in the other analyt-
ically pure chemicals used by us (H2504, MnS044 H2, HC1) (Ref. [18] pp. 764, 846 and 1058).
Since iron has a well-known luminescence quenching effect the calcium chloride solution was
purified.

The slightly acidic solution (after oxidation with hydrogen peroxide) was made alkaline
with calcium hydroxide paste, after about half an hour’s stirring the suspension was filtered,
and the filtered solution was used for the preparation of some of the phosphors (samples 1—3).
In the following, this will be called solution A. During this purification operation the iron con-
tent of the solution decreased significantly, from 0.015% to below 0.005%.

The following operation was performed on part of the calcium chloride solution pre-
pared in the previous manner: calcium sulfate was separated from the calcium chloride solution
with a little sulfuric acid. After halfan hour’s stirring the solution was filtered and the filtrate
used for the preparation of further phosphor samples (samples 4, 4a, 4b, 5, 5a, 5b). In the
following this will be referred to as solution B.

The Ca2+ contents of solutions A and B were determined.

2. Activation of the samples

The samples were activated as follows.

Sample 1: An amount of manganese (I1) sulfate activator corresponding to 1 mole%
was dissolved in dilute (~30% ) sulfuric acid. To this solution was added an amount of solution
A almost equivalent to the sulfuric acid. (In samples 1—5 the excess sulfuric acid was less
than 0.5%.)

Sample 2: The previous procedure was repeated with the difference that before the
addition of solution A to the acidic manganese (I1) sulfate solution the reductant hydroxyl-
amine hydrochloride was added too.

Sample 3: The reductant hydroxylamine hydrochloride was dissolved in solution A
and then an amount of manganese (I1) suifate corresponding to 1 mole% was precipitated with
sulfuric acid.

Sample 4: This was the same as sample 1 but the solution B was used.

In order to study the effect of the activator concentration, the preparation of sample
4 was repeated using 0.5 mole% (sample 4a) and 1.5 mole% (sample 4b) of manganese (Il)
sulfate too.

Sample 5i This was the same as sample 3 with the difference that solution B was used.

After the separation of calcium sulfate the samples were evaporated to dryness on a
steam -bath.

Sample 6: In this case, after the precipitation of calcium sulfat'e the suspension was
evaporated to dryness on a steam-bath. The residue was kept at 340 °C for 3 hours, and after
this, manganese (I1) sulfate corresponding to 1 mole% was added to it.

3. Heating and after-treatment of the samples

The thermal treatment of the samples was performed in two ways. Half of the samples
were heated in an atmosphere of air, the other half in an argon -f- sulfur dioxide atmosphere.
The first 5 samples were treated at 900 °C. The material corresponding to the composition of
sample 5 was also heated in a sulfur dioxide-containing argon atmosphere at 950 °C (sample
5a) and at 1000 °C (sample 5b).

Sample 6 was heated in reference [6] at 1050 °C both in air and sulfur dioxide-argon
atmospheres.

For all the samples, half of the phosphors heated in air were after-treated, the purpose
of which was the reduction and removal of oxidized manganese ions to manganese (I1). The
after-treatment was performed by boiling in a weak hydrochloric acid solution containing
hydroxylamine hydrochloride. The samples were washed by decantation until chloride could
no longer be detected with AgNO03, then filtered and dried in a drying-oven at 120 °C.

In the case of the sample 1 phosphors prepared in the reducing atmosphere, the after-
treatment was carried out to decide whether a further increase of sensitivity could be observed.
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4. Excitation of the phosphore

The irradiation for the heating curves was carried out with y-irradiation from Cs-137
(Ey = 662 keV). To facilitate comparison of the heating curves, the samples were irradiated
in all cases with 1 R, and measurements were begun exactly 1 hour after the irradiation. The
ready phosphors were measured into polyethylene packets and the irradiation performed in
these. An amount of the irradiated phosphor, corresponding to the experimentally determined
saturation layer thickness, was taken in a 20 mm diameter nickel tray and so placed in the
measuring apparatus.

In the study of the photomultiplier current-dose relation (linearity), y-irradiation was
carried out with Co-60 (Ey = 1.225 MeV).

5. Measurement of the thermoluminescent emission

The measurement of the irradiated powders was performed with the help of the experi-
mental TLD evaluati.ig apparatus made in th3 Frederic Joliot-Curie Radiobiological and Radio-
hygiene Research Institute. The heating curves were recorded with a heating rate of 26 °C
per minute.

Results and discussion

The heating curves of the CaS04: Mn samples prepared by the different
procedures described in the experimental part are shown in Figs 1—8.

Some of the more important parameters of sample preparation, the in-
tensity maxima (Im) of the heating curves, and the temperatures relating to
these (Tm) are given in Table I.

The results show that the values of Tm, in agreement with the literature
data, fluctuate about 100 °C. The decrease of t ; activator concentration re-
sults in the decrease of Tm (Fig. 7).

From the values of Im it is evident that the phosphors of highest light
intensity, i.e. the most sensitivity ones, are those where the activator was in-
troduced in an acidic medium (samples 1 and 4; Figs 1 and 4).

Fig. 1. Heating curves of CaSOj:Mn sam- Fig. 2. Heating curves of CaS04:Mn sa-
ples no. 1 mples no. 2
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If the introduction of the activator does not take place simultaneously
with the formation of calcium sulfate hut substantially later (as in sample
6), then the sensitivity is significantly decreased (Fig. 6).

Heating:
in Ar+S02
in air --------in air
- in air with after-treatment -------- in air with after-treatment
Fig. 3. Heating curves of CaS04:Mn sam- Fig. 4. Heating curves of CaS04: Mn sam-
ples no. 3 ples no. 4

in Ar +SO2
in air
in air with after-treatment

Fig. 5. Heating curves of CaS04: Mn sam- Fig. 6. Heating curves of CaS04: Mn sam-
ples no. 5 ples no. 6

The separately added reductant does not increase the light intensity,
but rather decreases it by about 15% (sample 2; Fig. 2).

A comparison of the measured data for samples 1 and 4 (Table I) shows
that the second purification operation does not affect the light intensity sub-
stantially, increasing it by only about 3—4%.

The variation of the heating temperature between 900 and 1000 °C does
not cause any significant differences (Fig. 8). It should be mentioned here that
in the case of heating at 900 °C for sample 5 a new intensity peak is found at
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about 265 °C; with heating at a higher temperature this disappears (Fig. 8).
If the thermoluminescence dosimeter evaluation is made on the basis of the
light intensity relating to Tm(peak height measurement), then use of phosphors
possessing a single peak gives more accurate results, but the presence of more
peaks makes possible the repeated evaluation of the dosimeter [20].

The decrease of the activator concentration from 1 mole% to 0.5 mole%
brings about the decrease not only of Tm but also of the light intensity, by

Activator concentration: Temperature of heating:
— e 1.0 mole % Mn - 1000 °C
------------ 1.5 mole % Mn - 900°C

--- 9500C

--------------- 0.5 mole % Mn

Fig. 7. Heating curves of samples containing Fig. 8. Heating curves of samples heated at
different amounts of activator different temperatures

about 30%. At the same time, increase of the activator concentration to 1.5
mole% does not cause a substantial change (Fig. 7).

For the samples heated in an atmosphere of air, after-treatment is
accompanied in all cases by a significant sensitivity increase (Table I). Even
for the samples heated in the reducing atmosphere, a small increase of sen-
sitivity (a few per cent) occurs as a result of after-treatment (sample 1).

During the after-treatment a decrease of the manganese content can be
observed. The analyses showed that in the case of a 1 mole% manganese(ll)
sulfate initial activator content this decrease is about 30% of the original man-
ganese content. That is, under our experimental conditions the activator con-
tent of the prepared CaS04 : Mn is about 0.7%; this is the built-in amount
that cannot be removed during the after-treatment. This result is in agree-
ment with those of Mayer [5] and Spurny [8]. Their preparative methods
both differ substantially from our own, but nevertheless Mayer and Spurny
report concentration values of about 0.5% and less than 1%, respectively,
for the incorporated manganese content. If its oxidation is prevented, the
presence of not built-in activator has no substantial effect on the luminescence
properties. This is the explanation of the observation of Lyman [2]. At the
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Table 1

The intensity maxima (17Tnx) and the corresponding temperature maxima (Tmax) of the heating
curves of CaS04: Mn samples prepared in different ways

Sample Heating Activator Amax
number atmosphere lempgéalure m?lge,% After-treatment  (arpitrary units) °c

reducing 900 1 - 385 101

| reducing 900 | + 395 100
air 900 | — 80 98

air 900 | *T 360 98
reducing 900 | — 330 94

2 air 900 | — 70 94
air 900 | + 325 94
reducing 900 | — 345 96

3 air 900 | — 65 102
air 900 | + 250 96
reducing 900 | — 400 96

4 air 900 | — 30 96
air 900 | 4. 90 96

4a reducing 900 0.5 — 285 85
4b reducing 900 15 — 385 100
reducing 900 1 — 160 101

5 air 900 1 . 77 96
air 900 1 + 185 96

5a reducing 950 1 — 155 100
5b reducing 1000 1 - 170 102
reducing 1050 1 — 56 92

6 air 1050 1 — 50 96
air 1050 1 -J- 155 96

same time, the removal of the not built-in manganese activator in the case
of the CaS04: Mn phosphor used for dosimetry is an essential step, even if
(not being oxidized) it does not affect the luminescence properties, since be-
cause of its atomic number (Z = 25), it further impairs the otherwise not too
favourable energy dependence of the phosphor. In our case, however, the sen-
sitivity increases to several times that before treatment and this makes pos-
sible the preparation in an air atmosphere of phosphors of such sensitivity and
light intensity that, without after-treatment, would have been possible to
achieve only in a reducing atmosphere. Derivatographic measurements [21]
have shown that a sample after-treated and dried at room temperature does
not contain water of crystallization.
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After-treatment has further advantages. The homogeneity of an after-
treated sample is greater, and its adhering power and hygroscopicity less than
those of a sample not after-treated. These advantages are fairly significant
in practical application.

W ith thermoluminescent phosphors as dosimeters, evaluation can be
carried out in two ways [20].

Fig. 9. Photomultiplier current-dose relation Fig. 10. Photomultiplier current-dose relation
(linearity) of samples prepared in a reducing (linearity) of samples prepared in an atmos-
atmosphere phere of air. ("After treated samples)

In the one case the area under the heating curve is measured (integral
measurement); this area is proportional to the irradiation dose.

In the other case the peak maximum of the heating curve is measured
(peak height measurement); under the given experimental conditions this too
is proportional to the amount of irradiation.

An important requirement in both methods is that the direct propor-
tionality between Im, the area under the measured curve, and the extent of
irradiation, should cover as large a measurement range as possible.

Thermoluminescent dosimeters can be used in a range of 4—8 orders
of magnitude in general (*10 3—105R) depending on the phosphor and the
evaluation apparatus, and for the individual phosphors the direct proportion-
ality (linearity) exists almost in the same scale.

Depending on the sensitivities of the individual samples, with the ex-
perimental TLD evaluation apparatus used by us measurements could be
made in a scale of about 4 orders of magnitude (10 “2—102R) (Figs 9 and 10).
The results show that in the examined range, for samples heated in both the
reducing atmosphere (Fig. 9) and in air (Fig. 10), the proportionality does
exist. (In Fig. 10, of the samples not after-treated, only the data for sample 1
are given.)
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Here the important fact must be pointed out that the after-treated

samples too maintain their linearity over the entire examined range (Fig. 10)
and, as already mentioned, their sensitivity too increases substantially (4—6
times) compared to that of those not after-treated (Fig. 10, curves 1 and 17).

W ith the given evaluation apparatus it was not possible to determine

either the upper or the lower limit of the linearity of the measurement region
without its modification. It may be presumed that if measured with a more
sensitive evaluation apparatus with a larger measurement range, the linearity
would be found to exist over an even larger interval in both directions, but
particularly in the direction of the upper measurement region.
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Using the equilibrium constant for the reaction of trichlorosilane with vinyl-
chloride, the heat of formation of vinyltrichlorosilane was determined. This value was
found to be consistent with other data available in the literature on formation heats
of similar substances. Values of the equilibrium constant were calculated for several
temperatures. Data were obtained on the average reaction heat and the average change
of entropy in the temperature interval of 600—821 K.

In a recent paper [1] the kinetic study of the reaction
CISiH + CH2= CHC1 ~ CH2= CHSIiCI3+ HC1 (1)

carried out in the gas phase, at atmospheric pressure, in a flow system, at
548 °C was described. According to the results, this reaction is of the second
order and leads to equilibrium.

From the kinetic data given in Ref. [1], the equilibrium constant of
reaction (1) is calculated: Kp = 2.27, at 548 °C.

The equilibrium constant and the thermodynamic characteristics of
components taking part in the reaction are connected by the following well-
known relationship:

RInKp 1E[G°T-98; : a$°0r 2)

where: R is the universal gas constant, Kpthe equilibrium constant (in pressure

«Q0 _ fJO
units), A —--—-—-— the reduced free enthalpy difference between the reac-

tants and products, AH1 the heat of the hypothetic gas reaction taking place
at 0 K. Using the above given value of the equilibrium constant by means of
expression (2), the heat of formation at the absolute zero can be calculated
for any reacting component provided that the heats of formation of all the

remaining components taking part in the reaction as well as the -----——-—-- |

values for each component are known. In the case of reaction (1), the data
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necessary for the calculations are known for all the components except vinyl-
chlorosilane. These data are collected in Table I.

(Ga—H® \

The ----m-memmmee- values of vinyltrichlorosilane can be calculated by quan-

tum -statistical methods from spectroscopic and stereochemical data for this
compound [8]. Thus the heat content, reduced free enthalpy, entropy and con-

Table |

Data used for the calculation of the heat of formation of vinyltrichlorosilane

[(E))] i <G° - Hi) »
Compound
kcal/mole Reference Reference
HCI - 21.984 [2] [2]
1sicl., -125.6 a, 6¢ [3]
CH2CHC1 7.011 ¢, d (6]

a calculated from the heat of hydrolysis given by Wolf [4], using Wise’s value [5] for
amorphous Si02 I(AH®)2gs SiO2amOrph.)] = — 215.9 kcal/mole

6 [(A1142gHSICl (@] = — 126.8 kcal/mole

¢ Value obtained from Eq. (3)

d [(dH0)298C2H 3CI(g)] = 5.2 kcal/mole [7]

stant pressure heat capacity were calculated (using a rigid rotator, harmonic
oscillator approximation) for the ideal gas state and 1 atm pressure. For the
model outlined above statistical thermodynamics give the following relation-
ships:

H- L= 4RT + Evibr 3)
—_—- = H — InM  41nT — InJA/BJc+
T { 2 2
+ Inp -fInIT- 129.520) 4- |— (4)
/ IT jvibr

S=R 2—In M+41nTH—2—InJAIBIc —Inp -1Ina+ 133.520 + Svibr (5)

Cp= 4R + CvibT (6)

The values corresponding to the vibrational frequencies were determined
as follows:

Er=R2-~r-—n nr ™
1 eklT — 1
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hvi y
=R ViInl_e"
vibr
hVj
svhr= « hfjkT In(l-e  KT)
exXr — 1 I
hi
hvj JtT
fcT
Cvlor = R Y 4-1
JtT

23

(8)

©)

(10

where: Risthe universal gasconstant, T the temperature, Mthe molecularweight

of the compound, /a/sB/c the moment of inertia of the molecule, p

the

pressure, a a symmetry number, h the Planck constant, k the Boltzmann

constant and vt are the vibrational frequencies.

The Hirschfelder formula [9] was used to calculate the moment of inertia:

A —F —E
IAlblc= —F B —D
—E —D C

where the meaning of notations is:

A= 2 miM + *9) 12 mjij —-~r 2 mzj

B= 2 mi*?+ zi) — “jn7 wml *ij — 2 Nnzj

C=2 mM + *?) — 2 m<y™ ~ m “*<]

d~ 2I mlyt2|—T|\T/I \ZI miy/| (|V>/,m >2j<1

E=2 mXZ—J],, m¥ Liwzx

F= 3 e S M (> gy

(11

(12)

(13)

(14)

(15)

(16

(17)

In the above expressions m,- stands for the mass of the i-th atom in the
molecule, M = Unij is the mass of the molecule, xt,y z(are the rectangular
i

coordinates of the i-th atom in the molecule.
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The stereochemical data of the molecule were taken from the paper by
Vilkov et al. [10]. Thus the moment of inertia lalblec = 1.09749 X }0-113
g3m®, the molecular weight is 161.491, and the symmetry number is 1. The
vibrational frequency values were taken from Shull’spaper [11]. The total
translational, rotational and vibrational values are shown in Table II.

Table 11

Thermodynamic characteristics of vinyltrichlorosilane in the ideal gas state, al 1 atm pressure
(cal. K-1 +mole-1)

T G-

K T T s cp
100 10.69 51.83 54.57 15.03
200 14.76 60.53 75.29 22.20
273.15 17.31 65.52 82.83 26.16
298.15 18.10 67.07 85.16 27.31
300 18.38 67.21 85.58 27.40
400 19.97 72.80 92.77 32.37
500 23.34 77.74 101.08 34.18
600 25.29 82.03 107.31 36.40
700 27.05 86.42 113.46 38.07
800 28 52 89.93 118.45 39.72
821.15 28.72 90.69 119.41 39.90
900 29.84 92.37 122.21 40.86

1000 30.99 96.57 127.56 41.87

Using the data given above, the heat of formation of vinyltrichloro-

silane at the absolute zero was calculated by means of Eq. (2). Since the
(QO_ o Q _ JO
-------------- values are generally tabulated at intervals of 100 K, the A —-—----—-—---—-

T0 Tg
value for 548 °C was determined by interpolation. The heat of formation of
vinyltrichlorosilane at 0 K was found to be (AHf)0= —104.7 kcal/mole. The
standard heat of formation was calculated from this value using the equation:

(AW)T = [(#r W) + (Al)olc- Z(H»T- HOe (18)

where

(AHf)r is the normal heat of formation of the compound at 298 K;

(AHf)0 is the normal heat of formation of the compound at 0 K;

Hp is the enthalpy of the compound or element at 298 K;

HO is the enthalpy of the compound or element at 0 K;
subscripts c and e refer to the compound and the elements forming this com-
pound, respectively. On the basis of these calculations we obtain the following
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value for the normal heat offormation of vinyltrichlorosilane: (AHf)0 = — 106.9
kcal/mole.

The method of calculating the heat of formation of molecules from the
bond increments, using additivity rules, is widely known. These increments
are related to the bond dissociation energies. Recently similar bond-additivity
rules were applied for a systematization of the heats of formation of silicon
compounds. O’Neal and Ring [12] have calculated the heat of formation
of silicon compounds using a simple bond-additivity method. Van Dalén et al.
[13] have calculated the heats of formation of methylsilanes, chlorosilanes
and methylchlorosilanes (of general formula XnSiY4_,, where n is the bond
number for ligand X, 4-n isthe same for ligand Y) from the following equation:

IHP(X,SiY4_n) = im(Si-X) + (4—n)a(Si Y) + n(4-n)i(X,Y) (19)

where a(Si X) and a(Si—Y) are proportional parts ofthe A H values of the
SiX4 and SiY4 molecules, respectively; £(X, Y) is a bond-influence term
expressing the deviation from the additivity rule.

These bond-additivity rules, too permit to calculate the heat of forma-
tion of vinyltrichlorosilane and to compare it with the value obtained above.
Thus, using a simple additivity rule, this value is (AHf)25= —101.5 kcal/mole.
By means of Eq. (19) we get for the difference between the ‘influence’ terms
of the vinyl (hydrogen and vinyl) chloro groups:

i(CHXH, H) — i(CH2CH, Cl) = 18

Besides the heat of formation of vinyltrichlorosilane determined earlier
the following values were used as basic data in the calculations:
[(/1/f92CH2CHSiH 3(@] = — 1 kcal/mole [12, 14]

[(Z1f/™)298SiCl4(g)] —161.2 kcal/mole*

[(/IH;)28SiH 4(0)] -27.0 kcal/mole**

The value for i(CH3, H) — i(CH3 Cl) is 2.1, according to van Dalen’s
work [13]. Since bond ‘influencing’ occurs as a secondary effect, the agree-
ment of the above data is satisfactory. This agreement proves the consistency
of in this paper obtained value of the heat of vinyltrichlorosilane formation
with other known data.

* Calculated from the heat of hydrolysis given by Wolf [4], using Wise’s value [5]

for amorphous Si02: [(z1/))),, R8iO,(amorph)] — —215.9 kcal/mole.
** This value was obtained, using the combustion heat data given by Feuer et al. [15]
and that obtained for amorphous Si02 by Wise [5] [(/IRj1)28Si02@morp|]) = —215.9 kcal/mole.
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On the basis of the results on vinyltrichlorosilane and Eq. (2), new in-
formation can be obtained for the equilibrium established in Ref. [1]. There-
fore, the values for the equilibrium constant were calculated for temperatures
different from those used in the experiments. The results are summarized in
Table I11.

Table 111

Equilibrium constants of reaction (1) at different temperatures

T
(K)

400 1.71 X102
600 9.03

800 2.52
1000 1.15

In our earlier paper [16] it was noted, that the expedient temperature
range for kinetic measurements is 400—550 °C, since below 400 °C the reac-
tion rate is too low, while above 550 °C the following side reaction takes place
besides main process (1):

CI3SiH + CH2= CHC1 -* SiCl4+ CH2= CH2 (20)

On the basis of our results referring to the temperature range suitable
for kinetic measurements some other important thermodynamic characteris-
tics can be determined: the average heat of the reaction and the average en-
tropy change can be calculated as follows:

AH°® ASO
4576 T + 4.576

(21)

where

AHO is the average heat of the reaction

ASO is the average entropy change accompanying the reaction.

The calculations were performed for the temperature range 327—548 °C
(600—821 K) which is wider than the above mentioned interval, because
data necessary for the calculations are available at steps of 100 K. These cal-
culations yielded AHO= —6.3/kcal for the average reaction heat and /IS0 =
= —6.2/kcal/K for the average entropy change.
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1. The adsorption of chloride ions on a platinum electrode in a 1.0 N solution
of perchloric acid as supporting electrolyte has been studied by means of tracer tech-
niques.

2. The potential dependence of the adsorption of chloride ions varies with the
state of the electrode: on freshly prepared or regenerated electrodes, adsorption occurs
in two distinct steps which coalesce upon aging of the electrode.

There are many papers in the literature in which the specific adsorption
of halide ions is discussed. Among; these the studies reported hy Balashova
[1] deserve special mention.

In this paper as an extension of studies formerly described, we wish to
direct attention to some phenomena, not yet mentioned in the literature, relat-
ing to the potential dependence of chloride ion adsorption.

Experimental

In the study of the adsorption of chloride ions the isotope 3eCl, which emits /?-radiation
(Emax = 0.716 MeV), was used. The measurements were carried out in an apparatus already
described [2], the technique used in the experiments was essentially the same as that employed
in the cases of sulfuric and acetic acid.

In the present study, too, the supporting electrolyte was 1.0 N perchloric acid which
ensured that enrichment in the double layer due to electrostatic forces was negligible.

Results

There is a characteristic difference between experimental results obtained
with freshly prepared electrodes and with electrodes previously used. This
difference was primarily in the character of the potential dependence of ad-
sorption, and not in the adsorption capacity.

The concentration of hydrochloric acid was varied within the limits of
10" 5and 10“2mole/l and the potential dependence was studied between 0 and
800 mV. The potentials are those with respect to that of a hydrogen electrode
at 1atm in 1.0 IV perchloric acid.
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The potential dependence of adsorption on electrodes previously used
exhibits the features reported in numerous publications. This is shown in Fig. 1,
where the concentration of hydrochloric acid is 1.3 X10~4mole/l. In essence,
the shape of the curve is not affected by the potential at which the measure-
ment is started, i.e. no hysteresis is in evidence.

The curves obtained with freshly prepared electrodes after cathodic
regeneration differ significantly from those for the preceding case. This is
shown in Fig. 2. In this instance the shape of the curve depends on the di-

Fig. 1. The potential dependence of adsorp- Fig. 2. The potential dependence of adsorp-
tion on an electrode previously wused, at tion on a freshly prepared electrode
1.3 X 10" 4mole/l HC1

rection followed during measurement (cf. Fig. 3), i.e. there is a characteristic
hysteresis effect in the potential dependence of adsorption. In Fig. 3, Curve 1
was recorded with potentials increasing from 0 to 800 mV, while Curve 2 with
potentials changing in the reverse direction.

If the potential interval between 0 and 800 mV is repeatedly covered
in both directions, the curve shown in Fig. 2 will gradually change that in
Fig. 1. This process is shown in Fig. 4. The numbers marking the individual
curves indicate their order of succession. In the case of freshly prepared or
regenerated electrodes, two characteristic sections can be distinguished in
the potential dependence of adsorption (cf. Fig. 2). Onthe corresponding deriva-

AT
tive oE curve (cf. Fig. 5), these two sections become very distinctly separat-

ed. This phenomenon is observed in quite a wide concentration range. Fig. 6
shows the potential dependence of adsorption, respectively, for 1.3X 10~5
(Curve 1), 2.6x10~5 (Curve 2), 1.3x10"4 (Curve 3), and 1.3x10-3 (Curve 4)
mole/l HCL.

The accurate determination of the concentration dependence of adsorp-
tion on a given electrode is difficult due to aging and slow transformation of
the electrode. The comparison of results obtained with various electrodes is
limited by uncertainties involved in the determinations of surface areas.

It is necessary to perform measurements in a sufficiently wide potential
range at a given concentration to obtain information concerning the state of
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the electrode. For, as we have seen, the character of the potential dependence
of adsorption reflects the changes that have occurred in the state of the elec-
trode, and upon going to another concentration, the electrode should first
he regenerated. Measurements at several, especially low, concentrations with
the same electrode are time-consuming, and during this the electrode may he
subject to more or less important changes.

W ith all these uncertainties in mind, not more than the character of
the concentration dependence of adsorption can be deduced from Fig. 6.

E nmv
Fig. 3. Adsorption hysteresis Fig. 4. The potential dependence of adsorp-
Curve 1: potential changed from 0 towards tion, changing with the number of measure-
800 mV; ents

Curve 2: potential changed from 800 to 0 Vm

Fig. 5. Two sections the potential dependence of adsorption (I curve) illustrated by a-"j*r curve

In studying potential dependence of adsorption, the situation is more
favourable.

We have arrived at the conclusion that the dependence of adsorption
on the concentration and electrode potential can be expressed, as a first ap-
proximation, by

r — 1 mF(c)f(E) 1)
which means that the adsorbed amount can be described as the product of
two functions each of one variable. Factors which characterize the state and

quality of the surface are incorporated in constant A. The magnitude of these
factors changes with time even for a given electrode. The study of the adsorp-
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tion of sulfuric acid [3] suggested an adsorption isotherm essentially identical
with that described by Eq. (1). For sulfuric acid we have found that at a given
potential a limiting adsorption is attained by a gradual increase of concentra-
tion and that this limit is a function of the electrode potential. We formulated
this by stating that the maximum coverage, I' O, is a function of the electrode
potential.

Fig. 6. The potential dependence of adsorption at various concentrations. Curve 1 at 1.3 X10 =
Curve 2 at 2.6X10“5. Curve 3 at 1.3X10“4and Curve 4 at 1.3X10-3 mole/l of hydrochloric
acid

If we accept Eq. (1) as valid for the case of chloride ion adsorption, then
the curves for the same concentration (c = constant) can he transformed one
into another by dividing the ' values pertinent to one curve by the adsorbed
amount Mhpertinent to an arbitrary electrode potential Eh- The relative values
thus obtained are denoted by TIr:

jL = m _ (2)
rh  f(Eh)

Thus I'ris independent of the concentration and A. With Eh= 700 mV as
the basis of reference, the I\ values calculated from results of measurements
on a freshly regenerated electrode immersed in hydrochloric acid solutions
of various concentrations are collected in Table I.

Fig. 7 is a graphical representation of these data with the boundary'
curves that include the data.

At first sight, the area defined by the boundary curves seems to be too
large. However, considering that as the relative errorin any of the data meas-
ured is a few per cent, Eq. (1) may be accepted as suitable, at least as a first
approximation, for the description of the observed phenomena. At a constant
concentration an average curve can be drawn through the area between the
boundary curves.This curve gives the generalized potential dependence of
adsorption.
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N ¢ mole/l

E mV

50
100
150
200
250
300
350
400
450
500
550
600
650
700
750
800

2.6x10-®

0.012
0.038
0.138
0.300
0.519
0.595
0.629
0.637
0.694
0.756
0.918
0.975
0.978
1.000
1.000

1.3x10-«

0.010
0.050
0.134
0.285
0.430
0.524
0.560
0.584
0.632
0.698
0.795
0.926
0.966
1.000
1.050
1.070

2.6x10-«

0.017
0050
0.175
0.309
0.425
0.489
0.513
0.554
0.612
0.714
0.802
0.833
0.947
1.000
1.030
1.065

Table 1*

6.5x10-«

0.016
0.056
0.350
0.270
0.388
0.450
0.472
0.494
0.528
0.584
0.686
0.820
0.933
1.000
1.010
1.080

6.5x10-*

0.032
0.122
0.271
0.420
0.495
0.516
0.526
0.537
0.569
0.649
0.787
0.910
0.968
1.000
1.040
1.075

* W here concentrations are the same, the data refer to different electrodes.

1.3x10-*

0.029
0.086
0.219
0.371
0.438
0.486
0.514
0.533
0.572
0.638
0.724
0.847
0.933
1.000

1.3x10-*

0.027
0.110
0.275
0.423
0.492
0.508
0.529
0.540
0.566
0.640
0.777
0.900
0.952
1.000
1.040
1.075

2.6x10-*

0.026
0.060
0.166
0.333
0.411
0.465
0.500
0.517
0.552
0.605
0.710
0.865
0.947
1.000

6.5x10-»

0.017
0.079
0.210
0.342
0.421
0.465
0.491
0.517
0.553
0.605
0.702
0.833
0.929
1.000

“le 18 IANYYHOH
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In order to obtain the generalized potential dependence in analytical
form the fact is utilized that the increase in adsorption as a function ofthe elec-
trode potential, occursin two sharply distinguished phases, and the analytical
form of the functions which describe these phases is similar.

0 100 200 300 400 500 600 700 800
E mv

Fig. 7. Boundary curves and average values for the data in Table |

The analogy with the adsorption of hydrogen suggests

rojob(£-£0)

L ®)
1 + 10fE- £0

as a suitable equation for the description of the two phases mentioned. In
Eq. (3), F 0, b, and EOare constants. Thus the curve composed of two sections
can be expressed by the equation

r>0 15, (E -E 01) pO 1 QH(E-Eor)

= — 1 —
M= SroMEBEg ™ T “ToMEag @

that contains six unknown constants, and only the knowledge of these allows
it to be compared with experimental results. Values for EQL and EQ2 can be
determined from the inflexion points of the "'rvs. E curves, or from the maxima
of the derivative curves since EOL and E 02 are sufficiently apart. For the de-
termination of blthe fact can be utilized that for potentials E <§ Eov the ap-
proximate relationship

AT\ IOWR-Boi) (5)

is valid. The logarithmic form of Eq. (5) corresponds to a straight line the
slope of which is bv In order to determine bx, we recorded the initial section
of C'rvs. E curves on various electrodes for small steps of potential. These ex-
periments are summarized in Fig. 8a, which shows that, in fact, the Ig Frvs. E
presentation produces straight lines in conformity to Eqs (4) and (5), and
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that, due to the scatter in the individual series of data, these lines are not
identical but only parallel.
The determination of /y can be carried out using the correlation

1 JO-ME-Eoi) 1
7r n Y

which is valid for such potentials where the second term of Eq. (4) is still neglig-

(6)

ible. 1f-—isplotted asthe function of 10_<|I(E_Eoi\ a straight line should result,
"r
the slope or the intercept of which is suitable for the calculation of '\. The

Fig. 8a. Initial section of the Ig I'r vs. E Fig. 8b. Initial section of the Ig (TI—FJ) vs.
curves for the determination of b, E curves for the determination of

simplest way of obtaining the values for 71' and % is direct determination
from the curves. It follows from Eq. (4) that in the points of inflexion (E = Eol

and E = E® that Ir(Eal)= -- , and /EM = 1 x ,since EQL<"E0Q2
If Ej is known, b, can be calculated. If E 8 Eov Eq. (4) assumes the form

. % HO6r<£-BE>2>

Jr=n 1| 10f2(E " Ed) 0)
which, after treatment similar to that outlined for bv yields the value for 62.
In Fig. 8b the Ig(fr— '{) vs. E plots are shown. These straight lines are also
parallel which seems to support the correctness of the method and gives access
to values of the constant bz. Table Il summarizes the values of the constants
pertaining to the average curve in Fig. 7, the values for I'c calculated from
these, and also the fr values of the average curve.
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Table Ma
1 2
o 0.515 0.515
b W 13 Vll ] t 5.I..I._ " V "
EO 175 mV 550 mV
Table Hb
E, mV n r E, mV n rr
50 0.020 0.020 450 0.576 0.586
100 0.066 0.072 500 0.656 0.654
150 0.178 0.192 550 0.771 0.778
200 0.336 0.338 600 0.886 0.883
250 0.450 0.447 650 0.963 0.951
300 0.500 0.500 700 1000 1.000
350 0.520 0.527 750 1.018 1.028
400 0.539 0.546

The solid curve in Fig. 9 corresponds to I'c, and the points represent
values of I'r-

On the basis of the foregoing we think that Eq. (4) is acceptable as a
good approximation for the adsorption of chloride ions.

As far as the interpretation of this correlation is concerned, several ideas
can be put forward already about the origin of the two sections. It is possible
that the two sections correspond to adsorption on various types of adsorption
sites, but it is also possible that they indicate totally different adsorption proc-
esses which occur at the same sites. It is highly probable that adsorption is
accompanied by some degree of charge transfer. Adsorption after the addition
of hydrochloric acid to the cell isaccompanied by a positive current pulse on an
electrode potentiostatically adjusted to 500 mV and immersed in a 1.0 iV so-
lution of perchloric acid, as shown by Curve b in Fig. 10. For comparison,
there with the effect caused by sulfuric acid is shown by curve a. The latter
effect is significantly weaker.

For the interpretation of the adsorption mechanism only such a theory
is acceptable from which it follows that the number of active sites available
for adsorption is a function of the electrode potential. Formally, for instance,
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we may suppose that an equilibrium process

z

nA -f ze~ NA* n (8)

occurs, involving charge transfer between sites considered active and inactive
from the point of view of adsorption. Here z is the number of charges; A repre-
sents inactive and A* active sites; n is the stoichiometric factor.

Fig. 9. Comparison of calculated (solid curve), Fig. 10. Current pulse at 500 mV which ac-
and average values (points) obtained from the companies the adsorption of a) sulfuric acid,
curve of averages and b) hydrochloric acid

For this equilibrium it is possible to write

E Eo + *?-1n A (9)
ZF Na- N+a

where NA* is the number of the active sites, and Nais that of all the sites.
Rearrangement of Eq. (9) gives

zF

. NRT (E-E.)

Na. = N, (10

1+e nZF'Q:T (E-E))
which essentially corresponds to Eq. (3). As mentioned before, the two sec-
tions observed experimentally could be attributed to two different kinds of
active sites characterized by different values of EOQ, z, and n. The process of
aging could then be interpreted as a structural rearrangement accompanied
by the convergence of potentials EOtowards each other. In spite of this the
agreement between Eqgs (10) and (3) can only be considered formal due to the
lack of further evidence therefore further studies are needed for the elucidation
of the adsorption mechanism.
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On the basis of concrete examples, it has been shown that, contrary to prevailing
views, during catalytic hydrogenation and electrohydrogenation in an aqueous media,
no adsorption equilibrium of the substrate can be postulated. Accordingly, the concepts
about the kinetics of these reactions need revision. In this context some general con-
siderations have been put forward.

In studies of heterogeneous catalysis it is the changes in the bulk con-
centration which furnish the basis for conclusions concerning the reactions
which occur at the phase boundaries. It is necessary to make certain more or
less justified assumptions, to pave the way of inferences about concentrations
at the interface, drawn from concentration data proper to the bulk of the re-
spective phases.

So, in a great number of papers about heterogeneous catalytic hydro-
genation, it is assumed that both the adsorption steps preceding reaction and
the corresponding desorption process are rapid, consequently, an adsorption
equilibrium involving all the components which take part in the reaction is
maintained [1].

The assumption of an equilibrium is of principal significance since only
such an equilibrium allows, using the adsorption isotherms, to make on esti-
mate of the surface concentrations on the basis of concentrations measured in
the homogeneous phases. In what follows we propose to show that in numerous
cases it is not justified to suppose that an adsorption pre-equilibrium is main-
tained during hydrogenations carried out on platinum in aqueous media at
room temperature.

1. Problem of the existence of an adsorption equilibrium

Questions concerning the adsorption of organic compounds on platinum
surfaces from aqueous media are discussed by the steadily expanding literature
of electrosorption [2].

However, the literature data concerning the adsorption equilibrium of
such compounds are contradictory. The adsorption of ethylene and benzene
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representatives of the unsaturated and aromatic class of compounds, on plat-
inum, has been extensively studied by Bockris et al. [3]. According to these
authors, adsorption from aqueous media involves the following equilibrium:

S0+ ra(H,0)a n(H20)0 + Sa 1)

where S stands for the substrate, and subscripts o and a refer to the solution
and the adsorption phase, respectively. From the equilibrium constants
reported by the authors, it follows that at room temperature saturation is
reached already at rather low concentrations (10~6 to 10~5mole/1) of the ad-
sorbate.

The equilibrium constant does not indicate, however, the magnitude
of the rate constants of adsorption and desorption, though it is obvious that
if a reaction occurs, it will be the absolute values of these rate constants which
will determine whether or not an adsorption pre-equlibrium can be assumed.

Our observations up to now seem to suggest that for a rather wide va-
riety of adsorbates the rate of the overall adsorption process is determined
by the rate of diffusion [2], i.e. the rate of adsorption is high or at least higher
than that of diffusion.

However, little is known about the rate of desorption. This rate can be
studied, by means of tracers, following the exchange adsorbed molecules either
so that molecules in the adsorbed phase or those in the solution are labelled
with 14C.

Many experiments have been carried out by both methods; in what
follows a number of concrete experiments will serve as examples illustrating
our observations.2

2. Study of desorption rates

The apparatus previously described [4] was used. As shown in an earlier
paper [5], in the present method the adsorption of labelled species is recorded
directly, by measuring the radiation that arrives from the surface. In the ex-
periments to be discussed here, we proceeded as follows. The electrode im-
mersed ina 1.0 N solution of perchloric acid was adjusted to such a potential at
which no reaction of the adsorbed species occurs, i.e. neither oxidation nor
hydrogenation should be expected. Then the adsorbate, labelled with 14C,
was added to the system. After the adsorbed amount (c.p.m.) had attained
a constant level, the inactive component was added in large excess at the
time indicated by an arrow on the curve. In this case, in view that the overall
specific activity of the adsorbed species is reduced by two or three orders of
magnitude, possible further adsorption escapes observation: thus it is un-
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equivocally the desorption process that is being followed, and the decrease
in the counts per minute gives the rate of desorption.

The desorption rates of acetone and phenylacetic acid are shown in
Figs 1 and 2, respectively. In the way described, acetone was added at 300 mV,
while phenylacetic acid at 400 mV, to the system. Had a true dynamic adsorp-
tion-desorption equilibrium in fact existed, a decrease of c.p.m. should
have occurred at any potential at a rate corresponding to the rate of desorp-
tion until the c.p.m. coming from the surface did not fall below 1% of the
original value.

However, as shown by the Figures, an appreciable exchange of the lab-
elled component occurs only at such potentials (E 200 mV) where hydro-

Fig. 1. Desorption rate of acetone at various Fig. 2. Desorption rate of phenylacetic acid
electrode potentials at various electrode potentials

genation also has to be taken into account. It is remarkable that the exchange
rate decreases significantly within a relatively short time at each potential,
and further exchange is observed only when the potential is shifted towards
more negative values. The rate of hydrogenation, referred to 1 cm2of the
geometrical surface, at potentials more negative than 100 mV, is in the mA
range, consequently, if the active component adsorbed on the surface were
completely removable by reaction, the half-life of the observed decrease in
c. p. m. should be in the order of seconds. The observed picture contradicts
this, thus the interpretation of the phenomenon requires further assumptions,
e.g. that of a heterogeneous surface. If only one desorption or reaction rate
constant is operative the c.p.m. would decrease exponentially with time.
For a comparison, Figs 3 and 4 show the exchange of acetic and hydro-
chloric acids, followed in exactly the same way as that of acetone and phenyl-
acetic acid. Both acetic acid and hydrochloric acid (or chloride ions) exhibit
significant specific adsorption. For labelling 14C and 3eCl were used.
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in these cases the exchange is very rapid already at the starting poten-
tials and is practically complete within a short time.

The comparison of Figs 1 and 2 with Figs 3 and 4 unequivocally shows
that, apart from rapid responses to changes of potential, the desorption rate
of acetone and phenylacetic acid is very low.

Owing also to these low rates of desorption, the occurrence of an adsorp-
tion equilibrium cannot he accepted without reserve. Obviously, a slow reac-

10 20 30
t, min

Fig. 3. Desorption of acetic acid at 700 mV Fig. 4. Desorption of hydrochloric acid at
400 mV

tion which occurs at a rate proportional to the coverage, may suggest the
apparent existence of an adsorption isotherm.

In the steady state, the following expression can be written for the reac-
tion rate

w =k Ae{l —0Os) =krOs (2)

where ka is the rate constant of adsorption, kris the rate constant of the reac-
tion, and 0 Sis the stationary coverage by the adsorbed species.

Rearrangement of Eq. (2) produces a relationship between concentration
and coverage that has the form of the Langmuir isotherm, viz.

L s ®)

At any rate it can be concluded from what has been said that at appreciable
rates of hydrogenation no adsorption pre-equilibria seem possible irrespective
of whether or not adsorption equilibria as such do exist.
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3. Connection between the adsorption of hydrogen
and substrate

As found in former experiments [6], in the presence of unsaturated com-
pounds the adsorption of hydrogen decreases: thus a displacement effect in
adsorption was postulated. In the presence of acetone (Fig. 5) and phenyl-
acetic acid (Fig. 6) these adsorbates do not interfere with the adsorption of
hydrogen, as witnessed by the hydrogen adsorption section (E <7 300 mV)

Fig. 5. Galvanostatic charging curves: 1. in Fig. 6. Galvanostatic charging curves: 1. in

the supporting electrolyte (1.0 N perchloric  the supporting electrolyte (1.0 N perchloric

acid); 2. after addition of 10~2mole/l of acid); 2. after addition of 10“2 mole/l of
acetone phenylacetic acid

of the charging curves. In these cases the adsorption of hydrogen and substrate
are independent of each other, thus it may be supposed that different active
centers are involved in the adsorption of the two components.

4. Aging of the electrode and permanent adsorption

In desorption experiments we have seen that part of the adsorbed sub-
stance is not removed even during hydrogenation reaction. Thus this fraction
must be regarded as permanently adsorbed.

The permanently adsorbed fraction cannot be removed but by vigorous
oxidation, as shown for phenylacetic acid in Fig. 7. In this case after the ad-
sorption of labelled phenylacetic acid, a large excess of the inactive compound
was added to the system and hydrogenation started. After allowing the frac-
tion permanently adsorbed at 0 mV, i.e. the part not removed during reaction,
to become constant, the potential of the electrode was shifted, by means of
a potentiostat, towards positive values. As shown in Fig. 7, a significant dim -
inution of the permanently adsorbed fraction did not begin below 700 mV.

This explains the role of anodic regeneration used in the case of electro-
hydrogenation. At the same time some light is shed upon the cause of the
aging processes. According to our experimental findings, the amount of per-
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manently adsorbed fraction changesin time, roughly in parallel with the aging
of the electrode, i.e. the catalyst.

Accordingly, aging in this case is due to irreversible adsorption of the
molecule perhaps accompanied by bond fission rather than to adsorption of
impurities.

Fig. 7. The removal of the permanently adsorbed fraction of phenylacetic acid at positive
potentials

5. Kinetics of electrohydrogenation

According to what has been found, only unidirectional processes (ad-
sorption, reaction) of the substance seem to exist.

In the steady state the rate of electrohydrogenation at a given potential
is described by

w =kD(c0O—¢c)= kAacf{l B5- 0M)=kr0S (4)

-where kA and kr are the rate constants of diffusion, adsorption and the reac-
tion, respectively, c0 and Cf are concentration of the reactant in the solution
and at the electrode surface, respectively. 0 Sand QM are steady-state cover-
age by the mobile and the permanent fraction, respectively. Rate constant
kr includes the potential dependence of the rate and the dependence of the
rate on hydrogen adsorption or activity. If there is no diffusion control, then
Cf c0, and the stationary coverage by the mobile fraction is

a.- - ' ®)
| + - = -
KA @
arwl the reaction rate is
W-  kr(1 vaol,) (6)
1+ -t-
kA cO
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As pointed out when the adsorption equilibrium was discussed, rate equation
(6) is identical in form with that for a process involving adsorption pre-equi-
librium described by a Langmuir-type isotherm.

In the literature generally this mechanism is accepted when a rate equa-
tion of type (6) is applicable.

This was the case e.g. in a recent communication [7] about the interpre-
tation of phenomena observed during the hydrogenation of acetone in acid
media. Our experimental findings, and what has been said here, seem clearly
to demonstrate that in that case no pre-equilibrium is possible, thus the au-

thors must have formed an erroneous concept about the mechanism.
AN

kr
Depending on the value of the term --——--- , Eg. (6) may assume various
A4

forms, viz.
a) if kr & kAc0,

K -0 m) (7)
and

w Ak Ac(l — 0 M);
b) if kr <s kAcO,

0sS» 1— &M (8)
and

Wsa« M1 — 0 M).

The electrohydrogenation of acetone also furnishes an example for case (7),
as has been shown in a previous communication [8]. There when varying the
electrode potential, a limiting current unaffected by stirring or by the electrode
potential was attained at a given acetone concentration, for kr is a function
of the potential. In such cases the reduced limiting current clearly reflects the
aging of the electrode, or the increase of 0 M.

The case defined by Eq. (8) has been discussed in former communications
[9]. In such cases the reaction rate is a function of kr only and is governed by
the electrode potential alone.

Much more complicated correlations emerge when all three steps have
to be considered simultaneo isly. Then

W _ kA kD c0-\-krkD-{-kA (1 — QM) )
2kA
, KIk\kDcO+ krkD-1kA (1 0 M)]2- 4krkAfkAkDc()(1 &Mj]
2kA
Here we wish to note that the ratio of adsorption to mass transport by

diffusion depends very much on the quality of the electrode surface. Mass
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transport by diffusion is proportional to the geometrical surface area while
in adsorption processes the true surface is involved. Thus the adsorption rates
per cm2 of the geometrical surface include also the roughness factor. In con-
sequence, through changes of the roughness factor it is possible to affect sub-
stantially the ratio of the rates of the various steps. Thus it may happen that
in the case of the same reaction, at one time diffusion and at another time ad-
sorption or reaction is rate-limiting, depending on the magnitude of the rough-
ness factor.

In summary, we may state that under the conditions of heterogeneous
catalytic hydrogenation in agqueous media, in the cases studied and for the
class of compounds used as models, an adsorption pre-equilibrium of the sub-
strate cannot be assumed, and there are doubts that an adsorption equilib-
rium can exist at all. Accordingly, the concepts about the kinetics of hetero-
geneous catalytic reactions of the above types of compounds seem to need
some modifications. General points of view pertinent to this question have
been put forward in this paper.

REFERENCES

[

.Sokolsky, D. V.: Gidrirovanie v rastvorach. Alma-Ata, 1962

2. Giteadi, E.: Electrosorption. New York, Plenum Press, 1967
Damaskin, B. B. et al.: Adsorbtsia organicheskikh soedinenii na elektordakh. Mos-
kow, 1968

3. Gileadi, E., Rubin, B.,, Bockris, J. O’.M.:J. PhyS. Chem. 69, 3335 (1965)
Bockris, J. O’ M.: J. Phys. Chem. 70, 1207 (1966)

4. So1t, )., Horanyi, Gy., Nagy, F.: Magy. Kém. Foly. 73, 414 (1967)

5. Horanyi, Gy., Solt, J.,, Nagy, F.: Magy. Kém. Foly. 73, 561 (1967)

Solt, J., Horanyi, Gy., Nagy, F.: Magy. Kém. Foly. 74, 52 (1968)
6. Horanyi, Gy., Solt, J., Nagy, F.: Magy. Kém. F0|y. 75, 539 (1969)
7.Hemptinne, X. de, Schunck, K.: Trans. Faraday Soc. 65, 591 (1969)
8. Horanyi, Gy., Solt, J., Szabs, S., Nagy, F.: Magy. Kém. Foly. 76,333 (1970)
9. Nagy, F., Telcs, I., Horanyi, Gy .. Acta Chim. Acad. Sei. Hung. 37,295(1963)

GylOrgy Horanyi
Janos Solt Budapest Il., Pusztaszeri Gt 59—67.
Ferenc Nagy

Acta Chim. Acad. Sei. Hung. 68, 1971



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 68 (1—2), pp. 47—59 (1971)

INVESTIGATION OF THE ELECTROCHEMICAL
PROPERTIES OF SOME AMINOAZOBENZENE
DERIVATIVES, |

THE ELECTROCHEMICAL REDUCTION MECHANISM OF 4-AMINOAZOBENZENE,
24-DIAMINOAZOBENZENE AND 4’-ETHOXY-2,4-DIAMINOAZOBENZENE

L. Ladanyi, M. Vajda* and Gy. Vamos

(Institute of Inorganic and Analytical Chemistry, L. E6tvés University, Budapest and *Institute
of Organic Chemistry, L. E6tvds University, Budapest)

Received November 14, 1969

The mechanism of the electrochemical reduction of some derivatives of amino-
azobenzene (4-aminoazobenzene (I), 2,4-diaminoazobenzene (I1) and 4’-ethoxy-2,4-
diaminoazobenzene (I11) was investigated using voltammetric, constant potential elec-
trolytic, and UV-visible spectrophotometric methods. It was found that the overall
two-electron reduction of the azo group is a two-step process. It proceeds through an
intermediate formed from the azo group by addition of one electron either with an ECE
mechanism or through a disproportionation step. Further disproportionation of the
hydrazo group leads to an overall four-electron reduction. The examination of the elec-
trochemical properties of the aromatic amines formed (1,2,4-triaminobenzene and 1,4-
phenylenediamine) made it possible to elucidate details of the reduction mechanism.

Introduction

The investigation of the electroreduction of 4-aminoazobenzene (I),
2,4-diaminoazobenzene (‘chrisoidine’, II) and 4’-ethoxy-2,4-diaminoazoben-
zene (‘p-ethoxychrisoidine’, I11) was prompted firstly by the great differences
between the behaviour of these compounds and that of the very thoroughly
studied azobenzene-hydrazobenzene system [1, 2, 3] and secondly by the hope
that the study of the electrochemical properties of these compounds will assist
in the more profound understanding of their function as indicators.
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Experimental

Materials

4-aminoazobenzene (Fluka), Chrisoidine. HC1, /t-Et.hoxy-chrisoidiue.ilCl (Michrome),
I,2-diamino-4-nitrobenzene (EGA Chemie KG) were used as supplied.

The buffers used were prepared according to Ctark and Lubbs (pH 1.0—2.0) and
Britton— Robinson (pH 2—12). Oxygen was removed by high purity nitrogen (specified
purity 99.995% N2 Budapest Oxygen Works). All solutions were prepared with bidistilled
water.

Polarographie maxima were suppressed by a freshly prepared gelatine solution.

Instrumentation

Yoltammograms were recorded with a Radiometer PO-4-g polarograph and a Metrohm
E 446 IR compensator, using the usual three-electrode system and a water-jacketed cell. The
temperature was kept constant at 25.0+ 0.1 °C. Electrode potentials were measured against
a saturated calomel electrode with an accuracy of +5 mV.

The working electrodes used were paraffin-impregnated spectroscopic graphite [4]
(rod-form), carbon paste [5] and the dropping mercury electrode. Constant potential electro-
lyses were performed on a stirred mercury pool and a platinum spiral separated by a fritted
glass disc.

pH values were measured with an accuracy of +0.01 pH unit (RADELKIS OP-205
Precision pll-Meter).

Absorption spectra were recorded on a UNICAM SP 700 instrument using 1 mm infrasil
cells.

Preparation of solutions

Stock solutions of the compounds under investigation were prepared in 96% alcohol.
Aliquots were diluted to given volumes with the appropriate buffer and the pH values measured.
In a given series of experiments, the alcohol and depolarizer concentration were kept
constant.

Results

1. Preliminary investigation

The cyclic voltammogram of | on a carbon paste electrode is shown in
Fig. 1. Il and Ill gave qualitatively similar voltammograms. As the figure
shows, the wave obtained in the first cathodic cycle (wave A) is completely
irreversible. At more positive potentials, on the other hand, a reversible redox
system (B, C) can be seen which appears only after the first cathodic sweep.
Further cycles show no new data.

For the purpose of identifying the type of current causing the waves,
peak-current (ip) vs. square root of scan rate (F1/2 diagrams were plotted.
These gave straight lines in the region of 0.1—0.8 Y/min. This fact [6], the
temperature coefficient, and the dependence of the limiting current on mer-
cury pressure at the DME (see Table 1) show that the waves are diffusion-
controlled.
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Fig. 1. Cyclic voltammetry of | on a carbon paste electrode. C° = 5.00XM 5M; pH =
scan rate 0.8 V/min; Calcohoi =

6.21;
10.0% v/v

2. pH-Dependence of the cyclic voltammetric curves

Ep vs. pH values of the first cathodic wave (A) are shown in Figs 2, 3

and 4.

The Epvs. pH plot of I is a straight line, while those of Il and 11l show
two breaks on the graph giving three straight sections with slopes of 0.06,
0.03 and 0.06 ¥Y/pH, respectively. The second break corresponds to the pK 2value

in the case of Il

[7]. No pKa data for Ill were found in the literature.

It is noteworthy that Ep2— Ep values for the waves A are 57+ 5 mV
throughout the whole pH-range studied in the case of Il and IlIl and up to

pH = 4.4 in the case of I.

Fig. 2. Peak potential vs. pH diagram for | on

a paraffin-impregnated graphite. C° = 5.00 X

10~5Af; Calcot0i = 5.0% Viv; scan rate: 0.1
V/min

Fig. 3. Peak potential vs. pH diagram for Il

on a carbon paste electrode. C° = 4.00 X 10“ *

M\ Calco,oi = 20.0% k/p; scan rate = 0.8
V/min
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Using an impregnated graphite electrode we succeeded to obtain
the Ep vs. pH diagram of the wave B of chrisoidine (Il) (Fig. 5). The fairly flat
peaks and therefore ill-defined potentials made it impossible to construct
this function with sufficient precision in the case of the other two compounds.

Fig. 4. Peak potential vs. pH diagram for Fig. 5. Peak potential vs. pH diagram for

Il on a carbon paste electrode. C° = 4X10 4 Wave B of Il on a paraffin-impregnated
M ; Calcoho| = 20.0% »/»; scan rate = 0.8 graphite electrode C° = 5.00XI0-5 M;
V/min C-ilcoho! = 5.0% vjv; scan rate = 0.8 V/min

2. Polarography, constant potential reduction, coulometry

All three compounds are reducible at the DME in a single step. Their
polarographic behaviour is summarized in Table I.

Table 1

D. C. polarography of some azo compounds
pH = 3.80; Temperature: 25 0.1°C; m2a «il¥6= 2.951 mg2'3 sec-1/2; C = 1.00X 10-3 JVf

h = 782 cm
log. plot anal.
temp, coeff. of (C=5x10-4M) U:fgC
1* Ellz g ‘d (% °c) function
Compound vV log h temp, range: fog =f(E) (cone, range:
20-40 °C 10-»-10-*)
(V/log unit)
4-aminoazobenzene(ll) 5.09 —0.353 0.45 2.44 0.058 linear
2.4’-diaminoazobenzene
(n) 4.42 0.354 0.50 1.76 0.058 linear
4-ethoxy-2,4-diamino-
azobenzene(lll) 3.82 0.406 0.50 1.75 0.057 linear

* Diffusion current constant
| = ia/m2w C
(LA/mg23sec-1/2mM)
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All three compounds were reduced potentiostatically on a stirred mer-
cury cathode on the limiting current section of the polarographic wave (E =
= —0.90 V). The reduction was accomplished in discrete periods. (The time
for one period corresponded with the time necessary for the filling of the
H2—N2 gas Coulometer [8]). After the reduction was interrupted, a polaro-
gram was recorded. Constant potential reduction was resumed as soon as the

Fig. 6. Current-voltage curves (2—6) obtained during the CP reduction ofl ona DME. Curve 1:
polarogram obtained before electrolysis. C° = 1.00 X10“3M; Caic0/,0] = 20.0% vjv

Fig. 7. Current voltage curves (DME) obtained during the CP electrolysis of Il. C° = 1.00 X

10 3 M; Caicoho| = 20% vfv. 1: cathodic scan before electrolysis. 2: anodic scan before electro-

lysis (mercury dissolution curve), 3: curve obtained during the CP reduction (see Section 3 in

Table I1), 4: curve obtained after completion of the CP reduction, 5: curve obtained after
completion of the re-oxidation of the reduced product

polarogram was taken. We computed the amount of charge passed during
the reduction of the amount of depolarizer reduced in each period (from the
difference of the polarographic wave heights and the data obtained by coulo-
metry). We also obtained the number of electrons involved in the reduction
of one mole of depolarizer (n).

The polarograms recorded during the constant potential reduction of
I and Il and the anodic oxidation of the reduced product of Il at E = -f-0.08 V
are shown in Figs 6 and 7.
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Polarograms obtained during the CP electrolysis of IIl are very similar
to those of II.

It can be seen from Fig. 7 that concurrently with the lowering of the
limiting curve of the reduction step of Il, an anodic wave appears (F? 2=
= -{-0.04 ¥) occurring just prior to the rise of the anodic background current.
In the case of I, this anodic wave coalesces with this mercury dissolution
curve, although it can be observed clearly on a graphite or carbon paste elec-
trode (Fig. 1). It can also be seen that after anodic re-oxidation of the solution

of reduced Il (or HI), a new compound is formed which is reduced at the DME

in two steps of identical height. (Fi/2= —0.15Y, Ff2= —0.53V.)
The number of electrons involved in the successive steps determined
coulometrically are shown in Table Il. This table also gives the ratio of the

diminishing of the cathodic wave (Aired= i0— ire() to the growth of the
anodic wave (iox) in the period in question, as calculated from the beginning

of the electrolysis -.red-|
h>x /
From this table the following conclusions can be drawn:

1. The number of electrons involved as obtained from coulometric meas-
urements — excepting the series of Il at pH = 6.2 — are much larger than
the theoretically expected highest value (n = 4).

. AiTd .
2. The ratio—;-----has a value of approximately 2.
lox
We then determined the number of electrons involved in the oxidation

step using the method outlined above. This was accomplished after complete

Table 11

Macro scale electrolysis and coulometry of some azo-compounds

; o 4'-ethoxy-2,4- 2,4-diaminoazo-

Compound 4-aminoazobenzene 2,4-diaminoazobenzene -diaminoazo- benzene

(b (H) benzene (n)

(ni)

pH 3.80 3.80 3.80 6.05
n ~red n dired n Zlired n zlz’red
lox lox ‘ox lox
Period 1 uncertain - 45 uncertain 9.6 1.62 4.7 1.74
Period 2 14.0 — 5.8 2.05 9.2 1.63 4.7 1.80
Period 3 9.8 — 6.4 2.04 8.7 1.81 4.7 1.83
Period 4 8.2 — 7.3 201 8.7 1.80 4.7 1.81
Period 5 8.0 — — 1.69* 8.5 1.73 — —

*Value determined after the complete reduction of the depolarizer.
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reduction of Il or Il at E — -)-0.08 ¥. The following values were obtained:
1. (pH = 3.8) 1.6
1. (pH = 6.05) 1.8
1. (pH = 3.8) 1.7

Logarithmic analysis of the anodic wave of Il at pH = 3.8, gave a slope
of 0.035 V/log unit corresponding to n = 2.

4. Spectroscopic investigation of the electrolysis products

After completion of constant potential electrolytic reduction, the UV-
visible spectra of the solutions were recorded. These spectra were compared
with those of 1,2,4-triaminobenzene* (IV) and aniline (V) solutions prepared
under identical conditions (c= 1.00X10~3 M, pH = 3.80, eaGh0i = 20% v/v).

Comparison of the spectra showed that:

1. the spectra of the reduced solution of Il were identical with those
obtained by the superposition of the spectra of IV and V;

2. the spectra of the solutions obtained after constant potential oxi-
dation of the reduced solution of II, IIl and IV are very similar. The absorp-
tion hand appearing at 18,800 cm-1 is especially characteristic.

In the case of | the anodic wave cannot be observed polarographically,
as mercury is oxidized before this wave appears. Therefore we identified the
redox system appearing on the cyclic voltammograms by the following ex-
periment.

In addition to the experiments mentioned above, the cyclic voltammo-
gram of I, V and p-phenylenediamine (VI) were recorded under identical con-
ditions (c= 5x10~4M, pH = 5.85, caiChoi = 10% vjv, indicator electrode:
carbon paste, Fig. 8).

From the comparison of the voltammograms the following can be con-
cluded:

The new redox system (waves B, C) appearing after the reduction of
I is due to the formation of VI and its oxidized form (1,4-benzoquinone diimine,
VIIl) [10, 11].

2. V is only oxidized at much more positive potentials than I, and the

redox system (waves E, F) appearing is not identical with the system men-
tioned above.

* Solutions of 1,2,4-triaminobenzene (I'Y) were obtained by the constant potential re-
duction of I,2-diamino-4-nitrobenzene (pH = 3.80, caicohol = 20.0 a/v%, ¢ = 1.00 X 10“3 M).
The nitro-compound is reduced at the DME in a single 6-electron step [9]. During this reduc-
tion we also observed an anodic step identical in all respects with that observed during the
reduction of Il and Il (£7r/r = 0.04 V). Constant potential oxidation of the reduced solution
at E = 0.08V gave an n value of 2.1.
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3. The new redox system formed in the reduction ofll and Il isiden-

tical with that of 1,2,4-triaminobenzene and its oxidized form (cf. foot-
note, page 53).

Fig.8. Cyclic voltammetry of I. V and VI on carbon paste electrodes

Discussion

The published data on the electrochemical reduction of aromatic azo-
compounds can he summarized as follows.

Azobenzene is reduced in a two-electron step to hydrazobenzene. Hy-
drazobenzene in turn is oxidized in a similar process to azobenzene. If an aro-
matic azo-compound has nucleophilic substituents in the ortho or para posi-
tions, four-electron overall reduction processes are often encountered [12— 14].
Florence [15] suggests that the primary product in this case is also the hy-
drazobenzene derivative. The disproportionation of this yields 50% of the
starting azo-compound and 50% of the product of a four-electron reduction
(ortho or para substituted derivative of aniline). If this process is repeated
several times at the electrode during the life-time of one drop, the limiting
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current of the reduction wave approaches the n-value of 4. If the process is
so slow that no disproportionation occurs during the life of the drop, the num-
ber of electrons involved is the lower limit of n = 2, i.e. the observed number
of electrons can be any value between 2 and 4. This suggestion is in accord
with the experimental results in the paper mentioned.

In aprotic solvents (acetnitrile, dimethylformamide) azo-compounds
are reduced in two successive one-electron steps, the intermediate being a
stable radical [16, 17]. Hittson and Birnbaum [18] attempted to interpret
the EJ2vs.pH function of cis- and trans-azobenzene by assuming that the re-
duction proceeds in two successive steps even in aqueous solutions, although
the polarogram only shows one two-electron reduction wave. Nygard [19, 20]
investigated the adsorption of the azo-hydrazo system and came to the same
conclusion.

In our case the similarity of the cyclic voltammograms seems to suggest
an identical reaction mechanism for all three compounds.

Our results show conclusively that the number of electrons involved in
the overall reduction step is 4, and that the new redox systems are the com-
pounds suggested.

On the other hand, the pH dependence of the Ep values of Il and Il
points to a two-electron process [21] (cf. the reduction of methylene blue).
The explanation of this is that the disproportionation of hydrazo-compounds
can lead to a four-electron step. As this process is a subsequent chemical reac-
tion, it does not influence the slope of the wave, but only shifts it to more
positive values [22].

Let us now examine the azo-hydrazo transformation in our case. If we
assume a fast charge-transfer (charge-transfer rate constant k *> 0.2 vI2cm
sec-1) [23], the equation

EpI2—Ep=—’\r:\—V (@h)

can be considered valid, although it has been derived for the ‘reversible’ case.
Thus, assuming the validity of (1), the azo-hydrazo transformation would
involve only one electron which is impossible. Therefore, the overall two-
electron process has to occur in two steps. This can be either an ECE mechanism
or a disproportionation [24]. Assuming that the chemical reactions are not
rate-determining, a possible mechanism in the case of Il would be (see Scheme
on p. 56). As Ej is more negative than E2, only one wave can be observed in
the case of ECE mechanism. The assumption that the chemical reaction is not
rate-determining is substantiated by the fact that the waves are diffusion-
controlled.

Naturally this is only one of the possible mechanisms. Nevertheless,
it is necessary in all mechanisms that the single-electron reduction product
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should be formed as shown by the Epl2—Ep value of about 0.057 ¥. The Ep—
pH diagrams constructed from our voltammograms, taking low polarization
rates (0.1—0.8 V min“1) can, of course, only show the overall reaction.
Results obtained from the logarithmic analysis of waves recorded at
the DME (Table I) are in harmony with the results mentioned above. We

| -
obtained £ = / log-——-—-- functions with slopes of 0.06 V, i.e. the slope ofa

formally one-electron step [25].
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The product on the other hand is formed in a 4-electron reduction and
the formation of a hydrazo-compound as an intermediate must occur. Its for-
mation is substantiated by the Ep—pH function of Il and Ill. Therefore, we
must conclude that the one-electron reduction is only a formally one-electron
process.

In the case of | the Ep vs. pH diagram was constructed using data ob-
tained with an impregnated graphite electrode, as the data obtained on car-
bon-paste were not sufficiently reproducible. As Fig. 2 shows, the measured
values are on a straight line, showing no breaks. This suggests that ifpH > pKa
(pKa= 2.8) [26], a chemical reaction precedes electron-transfer causing the
deprotonation of the ammonium group before reduction.

As Table Il shows, the determination of n at pH = 3.8 by coulometry,
gives values significantly higher than 4. This can only be interpreted by assum-
ing that intermediates formed during constant potential electrolysis on a
macro-scale, are partially re-oxidized in chemical reactions before the final
product is formed. (The reoxidation of the end-product does not occur accord-
ing to our experience.) Literature data [27] prompt us to suggest the spon-
taneous decomposition of the protonated radical (AH.)

AH -* A + 1/2 H2
or the reaction of the non-protonated form with water
A~ + HO — A + 1/2H2+ OH-

The n-values of about 4.7 obtained from the reduction of Il at pH = 6.05,
are only slightly larger than the expected value which seems to be in accord
with the above assumption. Higher pH-values obviously do not favour the
decomposition process.

The ratio Aird/iox which is about 2 (Table Il) also points to an overall
four-electron reduction at the mercury pool. The oxidation on the limiting
current section of the anodic step is a two-electron overall process and if we
assume similar diffusion constants, the zkredsiox ratio should be exactly 2,
i.e. the anodic wave obtained at the end of the reduction, should be exactly
half of the height of the cathodic one before the constant potential reduction.

In case of Il the Epvs. pH diagram of the anodic wave (wave B in Fig. 1)
consists of two straight sections with slopes of 0.065 and 0.036 V/pH, intersect-
ing at pH 5.9. As we saw in Section 4, this wave is due to the oxidation of
1,2,4-triaminobenzene and corresponds to an overall two-electron process.
The break at pH = 5.9 is in good agreement with the pK3value of 6.1 [28]
of 1,2,4-triaminobenzene. The oxidation mechanism of 1,2,4-triaminobenzene
can, therefore, be written as under pH = 5.9 (in the interval studied).

Acta Chim. Acad. Sei. Hung. 68, 1971



58 LADANYI et al.: INVESTIGATION OF ELECTROCHEMICAL PROPERTIES, |

NH
1
+ 2e+2H+
1
NH
while above pH = 5.9
NH
+2e+H+
-j/I"NH +
NH

There is no evidence whether the ortho- or the para-quinoidal compound
is formed as we could not isolate the end-product to date, but we think that
the para-form is more probable. The following also seems to substantiate the
mechanism mentioned above.

a) The oxidized product of 1,2,4-triaminobenzene has acid-base indi-
cator properties (the acid form is red, the alkaline form yellow).

b) On the DME, the oxidized form is reduced in two waves of identical
height. If we assume that diffusion constants of the oxidized and reduced
forms are identical, both waves correspond roughly to one-electron reduction
steps, according to their respective heights. The same conclusion is obtained
from the difference of the peak potentials of the waves B and C on the cyclic
voltammograms which is generally 0.06—0.07, i.e. similar to the value expect-
ed for a one-electron wave. The Cwave is due to the first step of the two one-
electron oxidation. The second step usually coalesces with wave A of the
repeated cathodic cycle, but at some pH-values it can be recognized separately,
too.

Further attemps to isolate and identify the oxidized form are in progress.

*

We are indebted to Drs. F. Ruff and Gy. Farsang for valuable discussions during the
course of this work.
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A potentiostatic method is described that renders possible the continuous meas-
urement and automatic compensation of the resistance polarization during potentio-
static measurements. The method was employed for the study of the anodic polariza-
tion of silver in sulphate-containing solutions. The character of the anodic polarization
curve was changed when the potential drop on the ohmic resistance of the solution was
automatically compensated. When the automatic compensation technique was em-
ployed, the reference electrode did not need to be placed near the working electrode
and thus the shielding effect of the former could be avoided.

In an earlier communication [1] we reported on a method for the con-
tinuous determination and automatic compensation of ohmic polarization
in potentiostatic measurement. Essentially, this method is based on the follow-
ing principle: an a.c. current proportional to the d.c. current flowing through
the cell is superimposed on the d.c. current. The a.c. voltage measured between
the reference electrode and the working electrode is proportional to the d.c.
voltage arising across the resistance of the solution between these two elec-
trodes. The a.c. voltage measured on this resistance is added after amplifica-
tion and rectification to the d.c. voltage controlling the potentiostat. This
method permits to impose on the electrode under investigation the voltage
adjusted on the potentiostat regardless of the ohmic resistance.

This method was applied for the investigation of the anodic polariza-
tion of silver under potentiostatic conditions in solutions containing sulphate,
because in these solutions, in addition to the resistance of the solution, a layer
of relatively high resistance is also formed on the surface of the electrode.

The schematic diagram of the measuring system is shown in Fig. 1. The cylindrical
silver electrode (V) in cell (1) having a surface area of 4 cm2 was rounded off at one side, and
sealed into a glass tube with Epokitt resin. This electrode (Y) was concentrically surrounded
by a platinum net electrode (E). The reference electrode was mercury/mercurous sulphate
(R) immersed into 0.1 n H2SO,. The d. c. current flowing through cell (1) was fed into the unit
consisting of the modulator (5) and of the a.c. amplifier (6), which generated an a.c. current
proportional to the d.c. current. This a.c. current was supplied to cell (1) through resistance
(7) and capacitor (8). Capacitor (8) served for the separation of the d.c. and a.c. circuits, while
resistance (7) ensured that amplifier (6) functioned as a current generator, i.e. of the a.c. current
flowing through the cell was independent from the cell resistance.

Reference electrode (R) was connected to the input of the differential amplifier (2)
through filters (11, 12) and to the alternating voltage amplifier (9) and demodulator (10).
The output voltage of demodulator (10), equal to the voltage across the ohmic resistance,
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was added to the polarization voltage adjusted on the potentiometer, and fed into the other
input of the differential amplifier (2). Filtering circuits (11, 12) prevented the a.c. voltage be-
tween the reference and the measuring electrodes from reaching the input of the differential
amplifier (2). Inductivity (4) served to prevent a.c. shunting of the cell by the output impe-
dance of the potentiostat.

During the measurements, the potential controlled by the potentiostat was varied con-
tinuously at a rate of 60 mV/min by means of potentiometer (13). The sliding contact of the
potentiometer was moved by a motor having a constant speed of rotation, thus ensuring a
linear variation of the potential with time.

For the determination of the optimum value of the frequency of the a.c. current the
frequency dependence of the cell impedance was measured in an a.c. bridge circuit employing
a freshly prepared and a surface coated electrode respectively in both cases. The cell impedance
was found to be independent of frequency in the frequency range from 2 to 5kHz. Therefore,
an a.c. current of 3kHz frequency was used in our investigations.

Before the measurements, the electrodes were cleaned with emery paper, etched in
10 per cent nitric acid for 5 minutes, and washed with distilled water. Each measurement was
performed with a freshly treated electrode and fresh 0.1 n H2S04 solution.

Fig. 1. Schematic diagram of the circuit used for the automatic compensation of ohmic polari-
zation under potentiostatic conditions

The results of the measurements are shown in Fig. 2. On each of the
diagrams the intensity of the d.c. current flowing through the cell was plotted
on the ordinate axis. Values plotted on the abscissa were the following:

In case a) the polarization voltage adjusted on the potentiostat, under
conditions, when the connection between (10) and (14) (cf. circuit diagram
in Fig. 1) has been interrupted, i.e. the voltage across the resistance of the
solution and the surface layer was not automatically compensated.

In case b) the electrode potential, evaluated from the applied voltage
taking into account the voltage across the ohmic resistance. This value was
calculated by interrupting the connection between (10) and (14), and con-
tinuously measuring and recording the d.c. output voltage of demodulator
(10) with a vacuum-tube voltmeter. This voltage, which was equal to the
voltage across the ohmic resistance, was subtracted in each case from the volt-
age polarizing the electrode.

In case c) the polarizing voltage adjusted on the potentiostat, the volt-
age across the ohmic resistance being automatically compensated (see circuit
in Fig. 1).

The zero potential values on the diagrams corresponded in each case to
the reversible potential of the electrode, against the mercury/mercurous
sulphate electrode.
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It is apparent in Fig. 2 that in case b), though the potential of the
potentiostat was controlled by a linear program the electrode potential did not
follow linearly the polarization voltage of the potentiostat. This was caused
by the change with time of the resistance of the solution and of the layer

Fig. 2. Anodic polarization curve of silver in 0.1 n H2S04 solution, a) not taking into considera-
tion the voltage across the ohmic resistance, b) curve a) corrected for the voltage across the
ohmic resistance, c) with automatic compensation of the voltage across the ohmic resistance

formed on the surface of the electrode. Owing to this fact the polarizing voltage
dropped in this ohmic resistance [2.] In case c), when the voltage across the
ohmic resistance was continuously and automatically compensated, the
electrode potential continuously followed the polarizing voltage, and the actual
voltage adjusted on the potentiostat was always imposed on the electrode.
This fact is also reflected by the change in the character of the polarization
curves (cases a) and c)). Thus, for example, the section indicating an apparent
oversaturation between 500 and 600 mV on curve a) disappeared on curve
c), and the potential range corresponding to the anodic dissolution of the metal
was also diminished.

In subsequent measurements, the reference electrode (R) was placed at a
distance of 5, 10 and 15 mm, respectively, from the silver electrode (V) in a
0.1 n H2S04 solution, and in each case, the voltage across the ohmic resistance
was automatically compensated. The results are shown in Fig. 3. The polariz-
ing d.c. voltage is plotted on the abscissa of the diagram, while on the ordinate
the intensity of the d.c. current flowing through the cell.

The diagram shows that, regardless of the distance from the reference
electrode, the polarization curves were identical within the limits of the
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experimental error. Thus, by employing automatic compensation, it is pos-
sible to place the reference electrode relatively far from the electrode to be
studied and to eliminate errors arising from the approach of the reference
electrode capillary to the working electrode. The screening effect of the capil-

200 400 600 800 1000 1200
E [mV]

Fig. 3. The effect of increasing distance between the reference electrode and the silver electrode
in 0.1 n H2S04 solution, with automatic compensation of the voltage across the ohmic re-
sistance

lary can change the distribution of the current density on the electrode surface.
Moreover a capillary placed close to the surface of the electrode measures the
potential of a small part of the electrode only, and this may considerably differ
from the average electrode potential.

REFERENCES

1. Dévay, J., Lengyel, B. Jr.,, Mészaros, L.: Magy. Kém. Foly. (In press) Acta Chim. Acad
Sei. Hung. (In press)

2. Dévay,J., Lengyel, B. Jr., Mészaros, L.: Magy. Kém. Foly. (In press) Acta Chim. Acad.
Sei. Hung. (In press)

Béla Lengyel

3 Ir § Veszprém, gch'énherz Z.-u '19. Bungary.
Jozsef Devay

Acta Chim. Acad. Sei. Hung. 68, 1971



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 68 (1—2), pp. 65—73 (1971)

COMPUTER SIMULATION OF ROVIBRATIONAL
SPECTRA OF SLIGHTLY ASYMMETRIC PROLATE
TOP MOLECULES

EXTENSION TO ASYMMETRIC TOP TRANSITIONS

G. Jalsovszky and L. Nemes

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

Received December 15, 1969

A computer program is described for simulating the rotational structure of
perpendicular vibrational transitions of slightly asymmetric prolate top molecules.
In addition to jRz-type Coriolis interactions the asymmetric top transitions are taken
into account exactly up to K = 4. A sample calculation is given for r7of ethylene.

Introduction

A previous publication [1] dealt with the simulation of rovibrational
bands of symmetric and slightly asymmetric prolate top molecules. In the
calculations K2type Coriolis interaction was taken into account and by
fitting the computed spectrum to the experimental one the determination of
Coriolis £z constants was attempted. The symmetric top approximation used
in this program, however, led to serious discrepancies between the experimental
and computed spectra in the region close to the centre of the perpendicular
bands of asymmetric tops. If the Coriolis interacting bands are lying near to
one another and so their rotational structure is strongly blended, the sym-
metric top approximation gives insufficient or incorrect information on the
parameters to be determined.

In order to obtain the correct hand structure, the computer program
had to be extended to take into account asymmetry effects. Since in the case
of slightly asymmetric rotors (x cel — 1), asymmetry splitting and level shifts
play a significant role only up to K_x= 3* (or, in more asymmetric cases
K = 4), above this value the symmetric top approximation can be used.

The present work reports the extension of the simulation program to the
calculation of asymmetric top energy levels, transitions and intensities.

The theory of asymmetric rotors has been developed by King, Hainer
and Cross [2]. For a better understanding of the computer program, a brief
account of the theory is given here.

*In the following, whenever K is used, jK_, is meant.
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Energy levels and transition frequencies of asymmetric rotors

The energy of a rigid asymmetric rotor can he expressed as:

E(A,B,C) = ~ [AP~+ BPI + CP2] (1)
nr

where Pa, Pb and Pc are the components of the angular momentum along the

principal axes of the rotor, A > B C are the corresponding rotational
constants.

Considering the commutation rules of the angular momentum compo-
nents and using as basis the symmetric rotor wave functions chosen by Wang
3], Mulliken and Van Vleck [4], the following matrix elements are obtained:

<J, K, M|P21J, X, M> = <J,X, M |P2JJ, K, M} = — [J(J+ 1)- X7

w 2 >
<J, X2 M|P2J, X ,M> = —4-[(JTK)(J1K+I)(J"K~I)(J1K+2)]4*
<J, X ,M |P]]| = h2X2

The Cartesian axes x,y, z and the principal internal axes a, b, c can be identified
in 3! different ways, yielding six representations labelled by Ir, Ilr, I'l1lr,
I, 11 and Ill . In the case of nearly prolate symmetric rotors, representation
Iris the most convenient one, where x —mb, y —»c and z —ma.

By introducing the Ray asymmetry parameter: x = (2B—A—C)/(A—C),
simpler and generally usable expressions are obtained for the energy matrix
elements. The correlation between the reduced and effective energy is:

E(L* 1) = E(x) = — OE(A,B,C)- AniS_-I:J(J+ 1) (3)

Substituting the angular momentum matrix elements into Eq. (1), and perform-
ing the transformation given by Eq. (3),the following non-vanishing elements of
the E(x) matrix are obtained:

<I, K, M IE(X) I3, X, M >= FJ(J+ 1) + (G—F) X2
<J, K, M IE(X) I, X + 2, M >= [JQ + 1) — (X + 1) (X + 2)]14 (4)

[JJ + 1)- K(K + 1)]12
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where constants F, G and H depend on the representation used. For represen-
tation Ir:

F-y(*—1), G=1 andff=-y(*+1) (5)

For the limiting prolate top, where x = — 1, the above matrix elements
yield the well-known formulas of symmetric top energy levels:

<J, K, M IE(X) 1J, K, M >= — J(J + 1) + 2K* (6)

<J, K, MIBO IJ, X+ 2, M>=0

It is seen that for the symmetric top the energy matrix becomes diagonal also
in K.

Since — J < K < J, the energy matrices are of the order (2J + 1), by
a suitable transformation, however, they can be transformed into smaller
submatrices. The symmetric rotor wave functions, used as basis functions for
the calculation of energy matrix elements, can he transformed to new hasis
functions, to the so called Wang functions [3]. The transformation to a repre-
sentation based on these functions factors the energy matrix into four sub-
matrices:

X'EX = E+ 4 E- + 0+ + 0- @

The elements of the submatrices can be easily calculated from the
matrix elements givenin Eq. (5). By finding the eigenvalues of the above matrices,
asymmetric top energy levels are obtained. Several methods are recommended
for this procedure [2, 5], in programs, however, written for high-speed
computers the diagonalization by Jacobi’s method appears to be the most
suitable.

The selection rules governing the transitions between the energy levels
of an asymmetric top are: AJ =0+ 1 and for the perpendicular bands of
nearly symmetric rotors 1K — + 1. The above indicated changes in J give
rise to the P, Q and R branches which are divided into two sub-branches
according to the value of AK. Since among the submatrices obtained by the
Wang transformation E + and E~ contain only elements corresponding to
even K values, while 0 + and 0~ matrices involve only odd K levels, transitions
are allowed only between energy levels of different submatrices. Line frequen-
cies are calculated by forming the proper energy differences between the
levels, taking into account selection rules, and by combining these differences
with the corresponding Coriolis-perturbed band origin.

5* Acta Chim. Acad. Sei. Hung. 68, 1971



68 JALSOVSZKY NEMES: COMPUTER SIMULATION

Intensities of transitions

Rovibrational intensities are proportional to the square of the rovibra-
tional transition moment:

Irv~ N K», W VF\, R}\2 (8)

F

where ytis the molecular dipole vector, v and R stand for the vibrational and
rotational quantum numbers, respectively, while F represents the axes of
space-fixed Cartesian system. Assuming that rotational and vibrational
wave functions can be separated, the above expression can be written as the
product of the vibrational transition moment and of the matrix elements of
0 Fg direction cosines, so Eq. (8) is written as:

: k=rier b RPR=2 2 1<I’K*M K'MXWHgw>2  (9)

F F g, AFAT

where g represents the molecule-fixed axis system. Each direction cosine
matrix element is split into three factors:

<J, K, M\0OPg\J, K, M> = <J\0Fg\J><J. M\OFg\J, M ><J,K \OFg\J, K} (10)

Analytical expressions calculated for these matrix elements in the symmetric
rotor representation are listed in Table | [2]. For the calculation of asymmetric
rotor line strengths, direction cosine matrix elements are transformed to the
basis of w ang functions, by the same transformation that factors the energy
matrix into submatrices:

0Pg= X '0 FgX (11)

Thereafter a further transformation is required to the asymmetric rotor basis.
This is carried out using the matrix that diagonalizes the submatrices of E:

0$g= T2X'0OFgX T 1 (12)

where Txand T2are the eigenvector matrices of the energy blocks corresponding
to the ground and excited states, respectively. Since both transformations,
represented by X and T are diagonal inJ and M, only the last factor of Eq. (10)
should be transformed. These transformed matrix elements have been evaluat-
ed and published by Schwendeman [6]. The structure of the matrix which
contains several blocks corresponding to transitions between the energy levels
of different energy submatrices, is shown on Fig. 1. Each block contains
nonzero elements for only one g axis, letters a, b and c refer to this axis, blocks
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Table |

Direction cosine matrix elements in the symmetric top representation

Value of J' J+1 J
J-1
<I\4>Fg\J'> {40+1)[(23+1).
m(2]+3)]>/*}-* [43(3+1)]-i [4J(412—1)V2]-1
@), K\0OF2J'K) 2[(J+iy--K*Y1°- 2K -2(T— Knur
<J,K|0FyU 'K 1> = T[(IxK+1)- KJTK). TIUTK).
= Ti<J,K|0Fx[J'K £1> (JxK+2)]4* AJzxk i-i)]>/2 m(JTK-1)]12
2[(3+1)2 M 2U2 2M —2(J2—M 2 V2
<I,M1oyg\J'M+ 1>= [T M). Tt(IJTM).
(JxM +2)]*/2 w(J+xM+1)]42 (JTiw -1)]V2

labelled by zero correspond to forbidden transitions. The actual matrix ele-
ments are also given in [6], for saving place they are not presented here.

The remaining matrix elements in Eq. (10) need not be transformed, they
can be directly calculated for each transition using proper J, AJ, K and AK
values. In the absence of external field, the summation in Eq. (9) over F can be
replaced by a multiplication by 3; summation over M' and M" can be carried
out algebraically; i.e. instead of the matrix elements given in Table I, only
three quantities should be calculated depending on the value of AJ:

[J~drl)]-1for AJ="-1

2 1cL 8F\P>(J, m\<&F\J m>|2= [J(J-fI)]-1for JI=0 (13)
FMoM [(J+1)(23+1)]—4 for 47=1

Excited J I+ 1

Ground E+ E- 0+ 0- E+ o+ 0-
E+ 0 a c b a 0 6 c
E- a 0 b c 0 a c b

J 0+ c b 0 a b c 0
0- b c a 0 c b a
E+ a 0 b c
E- 0 a c b see ./ —j
O+ b c a 0 block
0- c b a

Fig 1. The block structure of the transformed direction cosine matrix

Acta Chim. Acad. Sei. Hung. 68, 1971



70 JALSOVSZKY, NEMES: COMPUTER SIMULATION

The square of the transformed direction cosine matrix element is then
multiplied by the corresponding expression of Eq. (13) giving the intensity factor
that depends only on the rotational states. It has been checked that for sym-
metric top molecules (where E is diagonal and therefore T+ and T2 are unit
matrices) these expressions yield the Honl-London coefficients. Therefore we
have labelled the above intensity factor also for the asymmetric top transitions
by AKJ.

Rovibrational line intensities can be then calculated from the following
expression:

Iv=P1l1e+2) 1)'g*AK -v-B (14)

where P11 is the perturbed vibrational intensity, g is the statistical weight for
the ground state arising from nuclear spin statistics, v denotes the computed
transition frequency, and B stands for the Boltzmann factor of the rota-
tional ground state.

Simulated and observed spectra

The correctness and performance of the program have been checked
using the r7 C-type hand of ethylene. The input data used by the simulation

program are listed in Table Il. Experimental spectra have been recorded on a
Perkin-Elmer Model 225 spectrometer. Experimental conditions for recording
are listed in Table Ill. On comparing the simulated spectrum to the experi-

mental one (Fig. 2), a reasonably good fit can he observed. The remaining
discrepancies are due to the neglection of centrifugal distortion effects and
to the lack of simulating ‘hot-bands’ which arise with slightly different rota-
tional constants. The rotational structure is analysed by Smith and Mills [9]
who give explanation for the regular features appearing in the band.

Table 11

Input data for the simulation program: molecular constants and
parameters of the C-type perpendicular v7 band of ethylene

T = 300°C «/max = 50 Kmax = 1O, asym. calc, up to K = 3
Ground state Excited state
4861 cm-1 4861 cm-1

B 1.0005 cm-1 0.9953 cm-1

0.8288 cm*“1 0.8236 cm-1

Band origin 9493 cm-1

Coriolis C 0.14

1,10
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Table 111

Experimental conditions for spectral recording

Pressure 10 mmHg

Cell thickness 10 cm

Spectral resolution 0.4 cm-1

Wn. range: 880—1000 cm™"1

Experimental and simulated spectra of of ethylene

Fig. 2

Description of the computer program

The program was written in Algol for an ICT 1905 computer. Segments
calculating the rotation-vibration interaction, symmetric top transitions and
intensities have been published in [1], so they are not dealt with here.

The first part of the program contains the necessary input instructions,
where in addition to the parameters (i.e. rotational constants, centrifugal
distortion constants*, unperturbed vibrational origins and intensities, the
range and the ‘resolution’ of the simulated spectrum, etc.) information bits
are read in giving whether symmetric or asymmetric approximation is request-
ed; moreover the terminal values of J and K are specified. Asymmetric top
transitions can be taken into account up to K = 3 or 4, above this limit sym-
metric top approximation is used.

The rovibrational Hamiltonian matrix is set up and diagonalized in the
same manner as described in [1], except for the fact that perturbed band
origins and intensities are calculated and stored in advance for each K value
involved in the asymmetric calculation. This is due to the fact that the energy
is not diagonal in K and so for each J an energy matrix should be constructed,
diagonalized and its eigenvalues are assigned to the different K’s.

*In the recent version of the program centrifugal distortion is taken into account only
in the symmetric top transitions.
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It should be noted here that even in the Wang representation the
matrices to be diagonalized are roughly of order J/2. We have found, on the
basis of Parkin’s idea [7] that since only the lowest eigenvalues are required
for the present approximation, and the matrix elements belonging to higher
K values hardly influence these eigenvalues, matrices of large dimension may
be truncated.

It has been found that the dimension of energy submatrices need not
be greater than 8. In such a way independently of the size of the computer
memory it is only computer time economy that limits the maximal value of J.

Having diagonalized the energy matrices, their lowest eigenvalues are
assigned to the corresponding K values and stored. As a matter of fact, energy
and eigenvector values corresponding to two consecutive J values are stored at
the same time. In P-type transitions level 1J -f~ 1’ is combined with the
vibrational ground state, level ‘J’ with the excited state, in R-type transitions
the situation is reversed, while in the case of C-type transitions level J’is
combined with both states. When all 84 transitions corresponding to a givenJ
level-pair have been calculated (transitions are specified in Table IV) the value
of J is increased by one, the previous ‘J -f- 1’ level is assigned to the new 9~
level, a new iJ -f- 1’ level is calculated and the whole procedure is reiterated.

Actual transitions are calculated by means of a subroutine which carries
out the following steps.

Table IV

Transitions taken into account in the simulation program

Branch el Type Changes in K_r
Q E+ —O0- b 0—1, 2«-1,2—3, 4—3
E- —0+ b 2—1, 2 —3, 4—3,
E+ — 0+ c 0—1I,2—12—34—3
E- —0- c 2—1 2—3,4—3
P *and R E+ — 0+ b 0—1,2—1 2—3, 4—3
E- —0- b 2—1,2—3,4—3
0+ -V E+ b 1—0,1—2 3—2 3—4
0- —E~ b 1—2,3—2 3—4
E+ —0- Cc 0—1,2—12—3 4—3
E- —0+ c 2—1,2—3,4—3
0- E+ c 1—0,1—2, 3—2 3—4
0+ — E- c 1—2,3—2,3—4

*These transitions are calculated twice in each J cycle; at first “J + 1”7 —4J” then
“J” — *J -j- 17 transitions are calculated between the indicated energy submatrices.
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Energies are transformed into E(A, B, C) using the appropriate (ground
or excited state) rotational constants. Term difference is formed and combined
with the perturbed band origin whose polarization corresponds to the polari-
zation of the actual rotational transition. Appropriate direction cosine matrices
are built up and transformed by means of the eigenvector matrices correspond-
ing to the ground and excited states. The element defined by K' and K" is
selected, squared and multiplied by the corresponding expression of Eq. (13).
Complete rovibrational strength values are then calculated on the basis of
Eq. (14).

The accumulation of the computed spectrum, the slit function simulation
and the conversion procedure to transmittance have been described in [1]. The
total spectrum can be printed out on a line printer or punched on paper tape.
In the latter case the conversion to transmittance is carried out by another
program which thereafter plots the spectrum in a form directly comparable to
the experimental one.
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The interaction of nitroso compounds and vinyl monomers was studied. The
reaction occurring between methyl methacrylate and p-nitrosoaniline has been found
pseudo-unimolecular for nitrosoaniline, with an activation energy of 15 kcal/mole.
The reaction of styrene with nitrosobenzene appears to be pseudo-bimolecular for the
latter compound with an activation energy of 7.5 kcal/mole. A number of experiments
were carried out with N-substituted p-nitrosoanilines and nitrosobenzene derivatives
substituted the aromatic nucleus, which were treated with methyl methacrylate or
styrene, and the reaction rates and their Hammett dependence were determined. Spec-
trophotometric and ESR studies have led to the conclusion that free radicals of nitro-
gen oxide type are formed in these reactions.

Introduction

A wide range of studies have been made lately of the effect of nitroso
compounds on the radical polymerization of vinyl monomers [1]. Aromatic
nitroso compounds were found to be much more effective inhibitors than the
widely applied types of quinone and hydroquinone. With nitroso compounds,
however, owing to their high reactivities, reactions proceeding in two directions
must be considered under the conditions of the polymerization: the first is a
radical addition process of nitroso compounds [2], and the other a direct
reaction with respective vinyl compounds.

Nitroso derivatives readily react with compounds containing double
bonds. This has been shown by Wichterte [3] and Kresze [4, 5]; the inter-
actions taking place between substituted butadiene derivatives and different
aromatic nitroso compounds were regarded as Diels-Adler reactions. The
experiments carried out by Hammer et al. [6] with olefins, as well as the
results obtained by Ingold and Gowenlock [7, 8], point to the formation of
azoxy compounds through a four-membered heterocyclic ring. The reactions of
substituted butenes with several derivatives of nitrosobenzene were studied
by Sutrivan [9]. All these investigations, however, were carried out under
experimental conditions substantially different from those used in the exper-
iments described below.

* Presented in a short form at the International Symposium on Macromolecular Chem-
istry, Rudapest, 25—30 August, 1969. Kinetics and Mechanism of Polyreactions, 3, 97 102
(1969).
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2. Experimental

Kinetic measurements were made with styrene and methyl methacrylate monomers.
The monomers were purified [10, 11], and stored at —70 °C. Their physical constants are given
in Table 1.

Nitroso compounds were prepared from the pure nitro compounds by Zn-dust reduction
in neutral medium, followed by oxidation with FeCl3, steam distillation, and subsequent re-
crystallizations. The nitroso compounds were stored in a refrigerator. The physical constants
of the nitroso compounds used and references to the synthetic methods are shown in Table II.

Table |

Physical properties of the vinyl monomers used

Refractive index

Monomer BJ)C" Ref.
Lit. Observed
Styrene 145.2
(760 torr) nf = 1.5439 n|8 = 15441 [12]
Methyl methacrylate 100- 100.1
(760 torr) nl°c = 1.4140 e = 1.4138 [13]
Table 11

Physical properties of the nitroso compounds used

s?bs(t?gjr:rzt Lit. e Observed et
-H 68 68 [14]
~coXH5 83-84 83 [15]
Cl 87-89 87.5—88 [16]
-CH3 485 46 —48 [17]
-OCH: 101.5 102 [18]
- nh2 173-4 173.5 [19]
-NHCH: 118 117-8 [14]
“N(CH s> 85 85 [14]
N (CHos 84 83—14 [14]
—NHPh 143-4.6 144 [14]
-NPh, 120.5 120 [30]

3. Kinetic measurements

The reactions of nitroso compounds with radicals and vinyl compounds
can be studied separately under suitable experimental conditions. In systems
containing noinitiator, the formation of macro radicals below 70 °C is practically
excluded, thus adirectstudy of the reactions with vinyl compounds is possible.
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Since in preliminary experiments oxygen was found to disturb the reaction,
the experiments outlined below were carried out in nitrogen atmosphere.

Photometric measurements were made with a Pulfrich photometer
between 30 and 70 °C in a thermostated cell-compartment. The measurements
required the construction of a special cell-compartment shown in Fig. 1. The
use of this vessel facilitated the examination of the samples in air-free nitrogen
atmosphere.

Fig. 1. Cell-compartment used in the photometric measurements

According to their behaviour, the nitroso compounds investigated may
he classified as follows:

1. p-nitrosoaniline and its derivatives substituted in the NH2 group;

2. other substituted derivatives of nitrosobenzene.

In support of the above grouping is the fact that marked differences
could be observed between these two kinds of compounds in their reactivities
towards styrene and methyl methacrylate, as well as in the reaction orders
and Arrhenius parameters.

On the basis of the characteristic visible spectra of nitroso compounds,
it was possible to follow the first step of the reaction by photometric measure-
ment of the consumption of the nitroso compound. The results can most
conveniently be described in the case of the p-nitrosoaniline derivatives, there-
fore these xvill be dealt with first.

Reaction of jp-nitrosoaniline derivatives with
methyl methacrylate

p-Nitrosoaniline derivatives actually fail to react with the slightly polar
styrene, whereas the reaction with methyl methacrylate proceeds at a meas-
urable rate. Kinetic measurements have shown that the process is of first
order with respect to both reaction components. The kinetic curve of the
consumption of p-nitrosoaniline (at a temperature of 50 °C) is shown in Fig. 2,
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where E denotes the optical density which is proportional to the concentra-
tion of the nitroso compound.

This kinetic behaviour is characteristic of all N-substituted p-nitroso-
and IV show the results of the experiments
and p-nitroso-N,N-

aniline derivatives. Tables

performed at 50°C with p-nitroso-N-methylaniline

diethylaniline, respectively.

Fis. 2. Kinetic curve of the reaction in the system methyl methacrylate-p-nitrosoaniline
at 50 °C

Kinetic data of the reaction of methyl methacrylate with p-nitroso-

Table 111

N-methylaniline at 50 °C c0= 1.16 ¢ 10-2 mole/l

t (min)

10
20
30
40
50

Kinetic data of the reaction between methyl methacrylate and p-nitroso-N,

E t (min)
1.225 80
1.105 100
1.015 120
0.951 150
0.878 180
0.815 220

Table 1V

0.647
0.535
0.478
0.336
0.287
0.220

N-diethylaniline at 50 °C c0= 6.90 « 10-3 mole/l

t (min)

10
20
30
40
50
60
70
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0.785
0.725
0.670
0.603
0.564
0.505
0.480
0.423

t (min)

80

90
100
110
120
130
140
150

0.407
0.380
0.362
0.318
0.296
0.282
0.256
0.235
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Table ¥

Bimolecular rate constants for the reaction

Substituent
<Q

nh:

n h2

—NHCH3
-N (CH 3)2
-N (C 2H 5)2
—NHPh
—NPh2

Fig. 3. Arrhenius dependence of the rate constants in reactions between methyl methacrylate
and p-nitrosoaniline

The bimolecular rate constants of the processes have been calculated
from the pseudo-unimolecular rate constants determined from
curves. These are shown

The activation energy has been determined in the case of /»-nitroso-
aniline in the temperature range between 30 and 70 °C.The Arrhenius depend-

NO

+tMMA —

Temperature
©)

30
40
50
60
70
50
50
50
50
50

in Table V.

K
10s (1 *mole-1 *min-1)

0.303
0.661
1.26
2.81
5.82
0.88
1.53
0.858
3.55
4.38

ence (Fig. 3) can be described by the following equation:

k' = 2.3 2107+e-i5°00IRT 1. mole“ lemin“1
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Reaction of other substituted derivatives of nitrosobenzene
with styrene

Other substituted derivatives of nitrosobenzene react with the highly-
reactive methyl methacrylate so rapidly that the reaction is almost instan-
taneous at the usual concentrations, therefore, it cannot he followed by pho-
tometry. On the other hand, while p-nitrosoaniline derivatives practically
do not react with styrene, the reaction of other substituted nitrosobenzene
derivatives proceeds at a measurable rate at about 50 °C.

Fig. 4. Kinetic curve of the reaction in the system nitrosobenzene-styrene at 50 °C

Another significant difference was observed in the reaction order with
respect to nitroso compounds. The reactions between p-nitrosoaniline deriva-
tives and methyl methacrylate follow first-order kinetics with respect to the
nitroso compound, while reactions of second order take place when the other
nitrosobenzene derivatives and styrene are allowed to react. For example,
Fig. 4 shows the kinetic curve of consumption of the nitroso compound in the
reaction of nitrosobenzene and styrene, in the representation E _1 = f(t),
corresponding to second-order Kkinetics.

The results of experiments with p-nitrosoanisole and p-nitrosobenzoic
acid ethyl ester are recorded in Tables VI and V II, respectively.

Table VI

Data of the reaction between p-nitrosoanisole and styrene at 50 °C
c0= 9.07 «10' 2 mole/l e = 11.97

t (min) E~I t (min) E-*
0 0.922 200 1.042
5 0.926 290 1.087
10 0.930 360 1.152
20 0.926 420 1.177
60 0.944 480 1.219
110 1.000
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Table VII

Data of the reaction between p-nitrosobenzoic acid ethyl ester and styrene at 50 °C

c0= 8.36 « 10_s mole/l e= 14.24
 (min) E-1 t (min) E-i

0 0.840 9 2.960
| 1.154 10 3.280
2 1.346 12 4.050
3 1.538 14 4.505
4 1.776 16 5.350
5 2.028 18 6.250
6 2.193 20 6.370
7 2.479 25 9.090
8 2.702

The rate constants (k") derived from the kinetic curves are listed in Table VIII.
W ith the exception of p-nitrosoaniline derivatives, nitroso compounds show a
tendency to dimerize in apolar medium. It may thus he assumed that the
nitroso compounds enter the reaction in the form of a dimer, which explains
the fact: the process is of second order with respect to the nitrosomonomer.
This assumption is in agreement with the other experimental facts, and will be
considered in the discussion of the reaction mechanism.

The compounds in question show a behaviour different from that of
the p-nitrosoaniline derivatives also in respect to their Arrhenius parameters.
The experiments referring to this were carried out with nitrosobenzene, which
may be considered the parent compound of the group, in the temperature
range 30—70 °C. The Arrhenius-dependence of the constant is described by
the following equation:

k" = 0.78 <10 ‘ee~7PIRT \- emole“2emin“1 2)

A comparison of Eqs (1) and (2) shows that in the latter case both the
activation energy and the preexponential factor are smaller, supporting the
assumption that a nitroso dimer is involved in the reaction. In this case, the
following dimerization equilibrium must be taken into account:

Z + Z"D, 3)
consequently,
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Table Vni

Rate constants of the reaction

NO
Substituent 1_Temperature K
Q eC) (12 » mole- 2 *min-1)
H 30.3 269 10-2
H 40 3.20 10-2
H 45 4.07 10-2
H 50 471 10-2
H 50 5.43 10-2
H 50 464 10-2
H 60 7.50 10-2
H 70 10.05 10-2
H* 50 490 10-2
H** 50 473 10-2
-OCH3 50 8.76 10-4
-COOC2H5 50 3.73 10-°
-COOC2H 5 50 3.70 io-1
-C1 50 1.01 10-1
-CH3 50 1.29 10-2

; : . [styrene]
*Experiment made in benzene solution: ——->-------- ==
[benzene]
** Experiment made in benzene solution: = -1
[benzene] a

Fig. 5. Arrhenius dependence of the rate constant in reactions of nitrosobenzene with styrene

Acta Chim. Acad. Sei. Hung. 68, 1971



SUMEGI et al.: CHEMISTRY OF FREE RADICALS, VII 83

where z and d denote concentrations of the nitroso monomer and nitroso
dimer, respectively. Considering Equilibrium (3), the Kkinetics equation for
the consumption of the nitroso monomer may be given as follows:

— kdm *22m = k"z22m, )

where m is the concentration of styrene, and k the rate constant of the reaction:
nitroso dimer -f- styrene. We must note that Eq. (5) can only be described
in this simple form if the dimerization is rather slight. In order to elucidate
whether this condition is satisfied or not, detailed investigations were carried
out with nitrosobenzene in benzene solution over a wide concentration range.
According to our measurements, the optical density of the solutions is a
strictly linear function of the concentration even at room temperature; in
other words, they very accurately satisfy the Beer-Lambert law, which
means that the dimer concentration cannot exceed the order of magnitude
0f 0.1%.

On the other hand, it seems probable that in methyl methacrylate,
which is considerable more polar than styrene, there is practically no dimeriza-
tion, which means that the reaction can only take place with the monomeric
nitroso compound. In view of these considerations, the different reaction
orders are easy to explain.

It appears from expression (5) that k" is not a real rate constant, as the
denominator also comprises the equilibrium constant, which, in turn, may
cause the decrease of both Arrhenius parameters. The marked difference in the
reaction order indicates probably dissimilar mechanism of the two reactions,
and the Arrhenius parameters may also differ owing to this reason.

The rate constants of the reaction between substituted nitrosobenzenes
and styrene have been plotted as log k" = /(cr+) in Fig. 6.

From this figure, the value of q is equal to -f- 2.3; in other words,
electron-withdrawing substituents rapidly increase the reaction rate. It is
remarkable that the rate constants show considerably less correlation as a
function of a. In making the choice between constants a and u+, the extremely
low rate constants of the p-OCH3 derivative had to be primarily considered.
These experiments lead to the conclusion that the part of the electrophilic
component is played by the nitroso compound in this reaction.

In our investigations the kinetic parameters of the reactions have been
determined, but the structures of the products have not been elucidated.
In the course of reactions, the originally green colour gradually becomes
brown and then turns bright orange-red. The colour of the product is similar to
that of stable free radicals of the nitrogen oxide type.

6* Acta Chim. Acad. Sei. Hung. 68, 1971
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P-OCH3  p-CHj -H p-Cl P-C02C2H5

B*

Fig. 6. Hammett-dependence of rate constants in the reaction of nitrosobenzene derivatives
and styrene

4. Study of the reaction mechanism

Elucidation of the nature of the reaction products was attempted by
spectrophotometric and ESR methods. In these studies we did not endeavour
to obtain quantitative results (the conditions did not correspond to those of
the photometric measurements), as it was not possible to carry out the measure-
ments in nitrogen atmosphere.

Curve 1inFig. 7shows the light absorption of the starting solution as a
function of the wave length. Curves 2—5 show the change taking place in the
course of the reaction. Observation of sections A and B of the light absorption
curves reveals thatlight absorption decreases in section A and increases at B as

Fig. 7. Curves 1—5 show the light absorption curve of the styrene solution (1.5 ¢ 10" 2 mole/1)
of nitrosobenzene, and curve 6 gives the light absorption curve ofthe benzene solution (2 » 10~2
mole/l) of the Banfield radical
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the reaction proceeds. The latter fact suggests an increase in the concentration
ofthe product. Curve 6 is the light absorption curve of the Banfield radical at a
radical concentration corresponding to that of the starting material, nitroso-
benzene. As it can be seen in the figure, the light absorptions of both the

Fig. 8. ESR spectrum of radicals formed at the beginning of the reaction of nitrosobenzene
with styrene

Fig. 9. ESR spectrum of radicals formed in the course of the reaction of nitrosobenzene with
styrene. The period of reaction was 5 min at 100 °C

Banfield radical and the reaction product show a sudden rise below 550 /rT.

These experimental results lead to the assumption that in the reaction
of vinyl monomers and nitroso compounds a free radical of the nitrogen oxide
type may be formed.

A study of the system nitrosobenzene—styrene at room temperature
revealed an ESR signal at the initial phase of the reaction indicating the
formation of free radicals in the course of the reaction.

The intesity of this absorption signal increases with time, while the
spectrum also shows a structural change. The ESR spectrum of the free radical
is first rather asymmetrical, then it changes gradually, as it is shown in Fig. 9.

Fig. 8 shows that the structure of the spectra of the radicals formed in
the initial phase of the reaction has mainly doublet character. At the end of
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the reaction, however, the structure turns out to be essentially a triplet which
shows further hyperfine splitting and some signs of asymmetry (see Fig. 9).

The stable free radicals formed as the end-product of the reaction were
detectable by ESR even after storage for several months at room temperature.
It is thus evident that stable free radicals of the nitrogen oxide type are
formed during the reaction.

ESR studies of these systems and the reaction mechanisms will he
discussed in detail in a forthcoming publication.

*
We wish to express our thanks to Mr. L. JOKAY and Mr. J. Heidt for the preparation

of several nitroso compounds, as well as to Mrs. E. Rockenbauer and Mrs. J. Timar for their
assistance in the experimental work.
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The calculation of approximate force fields for SiH3NCS and SiH3NCO was
attempted by the methods suggested by Torkington and Herranz and Castano.
It is shown that Torkington’s method gives a better set of potential energy constants,
mean amplitudes of vibration and Coriolis coupling constants which agree well with
the observed experimental values.

Introduction

The exact nature of the force field of a molecule cannot be determined
unambiguously from the vibrational frequencies alone. To fix the force field
completely additional data like isotopic frequencies, rotation-vibration inter-
action constants, and mean amplitudes of vibration are often necessary. How-
ever, approximate force fields can be determined using the kinematic methods
suggested by Torkington [1], Herranz and Castano [2], Billes [3] and
Strey [4]. Freeman [5], Sawodny [6] and Pfeiffer [7] have shown the
validity of these methods in fixing the force fields for simple molecules. These
kinematic methods were applied to a number of molecules of different sym-
metry and interesting results have been obtained [8—11].

The present paper deals with the analysis of the molecular force fields
of silyl isothiocyanate and silyl isocyanate using the methods of ‘characteristic
set of valence co-ordinates’ of Herranz and Castano and ‘progressive rigid-
ity’ of Torkington. The applicability of the methods for the evaluation of
force constants for these molecules is also discussed on the basis of the repro-
ducibility of other molecular constants.

Potential energy constants

Both silyl isothiocyanate and silyl isocyanate belong to the C3V point
group with the fundamental vibrational frequencies falling under the irreduc-
ible representations T = 5«" ¢ 5e. In the present calculations the vibrational
assignments of Ebsworth et al. [12] and the microwave data of Jenkins et al.
[13] and Gerry et al. [14] were used. They are presented in Tables | and II.
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Table |
Vibrational frequencies (in cm~') for SiHINCS and SiHANCO
«i Species € Spicies
SiHSNCS[12] SiH3aNCO* SiHjNCS SiHjNCO
513 577 2301 2203
1068 1455 739 716
2272 2299 989 954
2164 2198 54 35
980 961 501 621

*Private communication from Prof. Ebsworth.

Table 11
Internuclear distances (in A) and bond angles for SiH3NCS and SiH:INCO

SiH3NCS[13] SiH3NCO[14]

d(Si-H) 1.489 1.506

DASi-N) 1.714 1.699

D,(N-C) 1.211 1.150

D3C-X) 1.560 1.179
/4

a(H-Si-H) 111°22' 110° 24'
/4

B(H-Si-N) 107° 30' o

Using the following set of symmetry coordinates for the ax species

Rx =ADi

R2 =-~(AD2+ AD3J)

R3=-~(AD2 AD3J

R, = (Adl+ Ad2+ Ad3)

A5 = Tla o2 + ~aB+ 31+ V(ARL+ diR2+ AR,)]
yo + Ov-

where
R1 = Si—N; D2= N—C; D3= C—S(0)

d = Si—H; a= H—Si—H

1A3cos B

[ H-Si-N and
cos al2
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and with the set of coordinates given by Sathianandan and Margrave [15]
for the e species, the G matrix elements were constructed in the usual way
and the F matrix elements were obtained both by Torkington’s method and
by Herranz’ method.

In the method of Torkington the eigenvector L of the product of the
G and F matrices is triangular, the elements of which are obtained using the
relation

Grs= £ L raLSa(r£s) (2)
a

In the method of Herranz and Castano
L = BM12B* ®3)

where B is an orthogonal matrix which diagonalizes G. M is a diagonal matrix
whose elements are the reciprocals of the eigenvalues of G. The asterisk refers
to the transpose.

The symmetry force constant matrix is given by

F=L-ML-1 @)

where /1 is a diagonal matrix with Jlk= 4n02Cb>. vk is the k-th vibrational
wavenumber and C is the velocity of light in cm/sec. Using the above expres-
sions, the F matrix elements and hence the valence force constants were ob-
tained. The important valence force constants are presented in Table III.

Tabic 11

Important valence force constants in mdynes/A for SiH:iNCS and SiH"NCO

SiHjNCS SiHjNCO
Torkington Hkrrar/. Torkington Herranz
method method method method

fi 3.0271* 3.0238 2.7795 2.7902
/ di 3.1401 5.6053 3.5131 6.8028
102 13.7373 18.7027 17.1994 25.6781
fos 15.3944 18.4696 16.8575 19.5750
iDID2 2.3828 8.3725 2.3419 10.6066
fD1D3 1.7335 3.8503 0.9459 4.2802
fhid 0.0306 0.1464 0.0368 0.1569
h-faa. 0.2232 0.2290 0.2113 0.2169
fR-fR R 0.2584 0.2790 0.2474 0.2671
fe 0.3384 0.7917 0 4944 0.9542
j<P 0.0135 0.2653 0.0045 0.2289

*This number of significant figures is retained for internal consistency in the calculations
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The vibrational mean amplitudes of different bonds were calculated
by the method of Cyvin [16] and the nonbonded ones by the method of Rama-

swamy et al. [17]. The important mean amplitudes are given in Table IV.

mental values are given in Table V.

Table IV

Important vibrational mean amplitudes (in A) at 298.16°K
for SIH3NCS and SiH3NCO

SiHjNCS SiH.NCO
Atom
pair Torkington Herranz Torkington Herranz
method method method method
Si-H 0.0870* 0.0893 0.0887 0.0939
Si-N 0.0524 0.0614 0.0491 0.0567
= C 0.0375 0.0426 0.0357 0.0397
=S 0.0331 0.0323 — —
=0 —_ —_ 0.0348 0.0347
H 0.1307 0.1302 0.1495 0.1492
.N 0.1165 0.1510 0.1270 0.1808
*As under Table I11.
Table V

Coriotis coupling constants for SIH3NCS and SiH3NCO

SiHgNCS SiHgNCO
" methad” " “erathod it T mathod "
+0.0467* —0.0032 +0.034 +0.0463
+ 0.2434 + 0.1626 - + 0.2566
-0.1989 —0.1111 -0.15 —0.2094
+0.9294 + 0.9638 - + 0.9310
+0.9885 +0.9976 — +0.9909
2.0091 2.0091 - 2.0154

2.0091 2.0154

* As under Table III.
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The Coriolis coupling constants were calculated using the relation given
by Meal and Polo [18]. The principal axis was taken to be the 2-axis in both
molecules. The Coriolis coupling constants along with the available experi-

method

+0.0005
+ 0.1719
-0.1230
+0,9674
+0.9986

2.0154
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Results and discussion

The values of the SiH3group force constants in SiIH3NCS (fsi-H — 3.027
mdynes/A and f%— = 0.223 mdynes/A) and SiH3NCO (fsi-u — 2.780
mdynes/A and /a— fax= 0.211 mdynes/A) obtained by the method of Tor-
KINGTON compare favourably well with the values (/si_h= 3.021 mdynes/A and
/« —/aa = 0.182 mdynes/A) reported by Sathianandan [15] and with those
reported by Duncan [19]. Similarly the SiH3 group force constants obtained
by the method of Herranz agree well with the values reported by earlier
workers [15, 16]. This shows that the methods of Torkington and Herranz
are applicable to groups containing hydrogen atoms. This result is in agree-
ment with the observations made by Freeman [5] and Pfeiffer [7].

The values of the force constants obtained for the linear chain N—C—X
(X is S or O) were found to be very high in the Herranz method if individual
bonds were treated as internal coordinates. The potential energy distribution
also indicated high mixing between the modes. Hence a linear combination
of the internal coordinates was made. Even then the values of the major force
constants are found to have high values (/d2= 18.703 mdynes/A and fDi =
= 18.470 mdynes/A in SiH3NCS) as compared to the values of 12.423 mdynes/A
and 6.650 mdynes/A, respectively, obtained using Badger’s rule [20]. The
same is true in the case of SIH3NCO. This indicates that the matrix of transfor-
mation obtained by the Herranz method does not truly represent the normal
modes. However the values obtained by Torkington’s method are comparable
with the ones obtained by earlier workers [15].

The large difference in the /c=n values in SIH3NCS and SiH3NCO may
be traced to the large difference (0.061 A) in the bond lengths which is again
indicative of the highly polar nature of the oxygen atom. This is also reflected
in the relatively smaller values of the force constants pertaining to the linear
chain in SIH3NCS. The C= N bond length is very short, approaching the value
of the C=N bond distance. The high values of the force constants show the
probable likelihood of the following resonant structures

Si—N=C=X **Si—N+=C—X -

This structure is more prominent in SiH3NCS than in SiH3NCO. This is well
reflected in the values of the force constants.

The mean amplitudes of vibration for Si—H and N=C compare very
well with the values of 0.0888 A in SiH4and 0.038 A in HNCO and HNCS [21].
The vibrational mean amplitude 0.033 A for C= S is very low when compared
to the value of 0.040 A in HNCS [21]. The nonbonded H ... Il mean ampli-
tudes conform well with the value of 0.150 A reported by Cyvin [21].

As seen from Table Y the Ceand C7 values of 0.047 and —0.199 for

SiH3NCS obtained by Torkington’s method are close within experimental
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errors to the values of 0.034 and —0.15 respectively reported by Ebsworth
et al. [12] while the Herranz method gives low values. The f sum rule is veri-
fied.

This shows that the Herranz method is a poor approximation for the
determination of the molecular force fields for SiIH3NCS and SiH3NCO. Since
the Torkington method gives a reasonably close set of force constants which
reproduce (indirectly) the matrix of transformation between normal and sym-
metry coordinates, the Coriolis coupling constants and vibrational mean am-
plitudes, it is concluded that Torkington’s method gives a closer force field
for SIH3NCS and SiH3NCO.

The authors are thankful to Prof. Ebsworth (University of Edinburgh, Scotland) for
his kind permission to use his unpublished data. One of the authors (S. R.) is grateful to the
Council of Scientific and Industrial Research, New Delhi, for financial assistance through the
award of a Junior Research Fellowship.
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THIOKARBAMIDDERIVATE
MIT TUBERKULOSTATISCHER WIRKUNG,* |

VERBINDUNGEN MIT HETEROCYKUSCHEM THIOKARBAMIDSKELETT

S. S61yom, |. Koczka, G. Téth und L. Toldy
(Institut fur Arzneimittelforschung, Budapest)

Eingegangen am 3. November 1969

Die bei tuberkulostatisch wirksamen Thiocarbamidderivaten hinsichtlich der
Wirkung vorteilhafte I-(4-1soamyloxyphenyl)-thiocarbamylgruppe sowie analoge,
jedoch anders substituierte Thiocarbamylgruppen wurden mit Aminosduren als biolo-
gisch bedeutenden Tragermolekilen kombiniert.

Uber die aus a-, B- und y-Aminosauren und den entsprechenden lIsothiopyanaten
hergestellten Thiocarbamylaminosduren wurden cyclische Verbindungen und zwar
2-Thiohidantoine, 2-Thiohydrouracyle und 2-Thio-4-oxo-perhydro-1,3-diazepine synthe-
tisiert. AuBerdem wurden Verbindungen hergestellt, die das Thiocarbamidskelettim Ring
enthalten: 2-Thio-4-phenyl-1,2-dihydrochinazolin und 2-Arylimino-4-oxo-5-methyl-per-
hydro-1,3-thiazine. Die Struktur der Verbindungen wurde mit chemischen und spektro-
skopischen Methoden bestétigt.

Die 2-Thiohydantoine besitzen in vitro eine hohe tuberkulostatische Wirkung,
sind jedoch stark toxisch. Die Perhydro-1,3-diazepine zeigten dagegen eine tranquillie-
rende Wirkung.

Die in vitro bedeutende tuberkulostatische Wirkung einiger Thiocarba-
midderivate ist bereits seit etwa 20 Jahren bekannt. Einzelne Derivate aus
der groRen Zahl der untersuchten Verbindungen wurden auch in die Therapie
eingefihrt. Ihre klinische Wirkung ist jedoch keineswegs eindeutig Uberzeu-
gend, nicht einmal bei dem am meisten gepriften ISOXYL (4,4-Diisoamyloxy-
thiocarbanilid). Diese Tatsache kann u. a. auf die unsicheren Resorptions-
verhéltnisse oder vielleicht auf den zu inaktiven Metaboliten fihrenden schnel-
len Abbau zurlckgefihrt werden [1].

Aus diesem Grund beschlossen wir, weitere Vertreter der potentiell
antituberkulotischen Thiocarbamidderivate zu untersuchen.

In den synthetisierten neuen Verbindungen hielten wir meistens die bei
den Thiocarbamiden bereits als vorteilhaft festgestellte 4-Alkoxyphenyl, bzw.
im besonderen die 4-lsoamyloxyphenyl-Gruppe [2—5].

Daneben wiinschten wir das Thiocarbamidskelett mit irgendeinem biolo-
gisch bedeutenden Trdger zu verbinden. Fur diesen Zweck wéhlten wir die
Aminoséuren.

Aus oc-Aminosduren und 4-Alkoxyphenylisothiocyanaten ausgehend stell-
ten wir nach einem modifizierten Verfahren von Edman [6] 3-(4-Alkoxyphe-

* Die vorliegende Arbeit ist ein Teil der Dissertation von S. S6lyom, Eétvés Lorand
Universitdt, Budapest 1969.
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nyl)-2-thiohydantoine her. Dieser Weg schien uns auch deshalb erfolgverspre-
chend, weil die tuberkulostatische Wirkung einzelner 2-Thiohydantoine, so
z. B. des 5-ra-Heptyl-2-thiohydantoins [7] und des 3-(p-Sulfonamidophenyl)-
2-thiohydantoins [8] bereits bekannt war, sodall bei den durch uns hergestell-
ten neuen Substitutionen eine Steigerung dieser Wirkung erwartet werden
konnte. Die synthetisierten 3-(4-Alkoxyphenyl)-2-thiohydantoine sind in Tab. |
angefihrt.

Einige dieser Verbindungen wurden aus L-Aminosduren hergestellt.
Bekanntlich werden 2-Thio-hydantoine leicht racemisiert [9]. Diese Tatsache
wurde auch durch unsere eigenen Beobachtungen unterstitzt. Das optische
Drehungsvermdgen s&mtlicher Verbindungen — mit Ausnahme des aus L-nor-
Leucin hergestellten 2-Thiohydantoin-Derivats VI — nahm in alkoholischer
Ldsung schnell ab, wé&hrend in Chloroform selbst nach ldngerem Stehen keine
Anderung zu beobachten war. Diese Erscheinung diirfte damit zu erklaren
sein, dal der Protonenaustausch am asymmetrischen Kohlenstoffatom des
Thiohydantoin-Ringes durch Alkohol gefdrdert wird.

Aufgrund einer Literaturanalogie [10] wurde aus dem aus L-Glutamin-
sdure hergestellten Thiohydantoin VIII durch W asserentzug mit Essigsédure-
anhydrid das Lactam XV hergestellt.

Mit diesem Lactam wurden primdre und sekunddre Amine acyliert,
wobei einige /I-[3-(4-1soamyloxyphenyl)-2-ttiiohydantoin-5]-propionsdureamide
gewonnen wurden. Letztere sind in Tab. Il angefuhrt.

Neben ihrer in vitro bedeutenden tuberkulostatischen Wirkung (0,1—0,8
jug/ml auf Dubos N&hrboden) sind die in Tab. I und Il angefuhrten Thiohydan-
toine in vivo an Mé&usen stark toxisch. Die letztere Eigenschaft wird durch die
Substitution am C-5 Kohlenstoffatom nur unwesentlich beeinfluft. Um also
weniger toxische Représentanten dieser Verbindungsgruppe herzustellen,
&nderten wir die 3-Phenylsubstitution.
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Zu diesem Zweck wurden Verbindungen untersucht, welche durch die
Reaktion von 2,6-disubstituierten Phenylisothiocyanaten und x-Aminosauren
hergestellt wurden (Tab. lila und Illb). Unter den als Priméarprodukt ent-
stehenden N-Thiocarbamylaminosduren erfolgte jedoch ein spontaner oder
durch gelinde Erwdrmung hervorgerufener Ringschlu zu 2-Thiohydantoinen
allein bei den aus oc-Aminodicarbonsduren hergestellten Derivaten. Bei dem
Glycinderivat XXXIII erfolgte der RingschluB durch saueres Kochen,
wéhrend die aus sonstigen Aminosduren hergestellten N-Thiocarbamyl-
verbindungen XXXIV—XL selbst bei S&ureeinwirkung keine Thiohydantoine
lieferten.

Die antituberkulotische Aktivitdt der in Tab. lila und Illb angefiihrten
Verbindungen war in vitro geringer als die Wirkung der Verbindungen in
Tab. I und Il (50— 100 jUg/ml, Dubos), wahrend ihre Toxizitdt unverdndert
blieb.

Die angefuhrten Ergebnisse zeigten also, dall die 4-Alkoxyphenylgruppe
zwar hinsichtlich der tuberkulostatischen W irkung auch bei Thioliydantoinen
glnstig ist, die Toxizitdtsverhé&ltnisse bei dieser Verbindungsgruppe jedoch
unglnstig liegen.

Eine weitere Mdglichkeit zur Eliminierung der toxischen Nebenwirkung
der Thiohydantoine ergab sich aus der Steigerung der Ringgliederzahl. Die den
3-(4-Alkoxyphenyl)-2-thiohydantoinen analogen 3-(4-Alkoxyphenyl)-2-thio-
hydrouracyle waren bereits bekannt [11]. (Diese Verbindungen weisen in
vitro auf Dubos-Ndhrboden in Konzentrationen von 10—20 /ig/ml eine tuber-
kulostatische Wirkung auf.) Wir stellten das 3-(2,6-Dimethylphenyl)-2-thio-
hydrouracyl ebenfalls her (XLI), dessen antituberkulotische Wirkung in vitro
— d&hnlich den Thiohydanotinen mit verwandter Struktur — nur 50 ,iig/inl
betragt.

Auch bei der Hydrolyse mit KHCO03 des in der Reaktion von o-Amino-
benzophenon und Benzoylisothiocyanat erhaltenen N-Benzoylthiocarbamids
wurde eine Verbindung erhalten, welche das Thiocarbamidskelett in einem
sechsgliedrigen Ring enthé&lt. Bei der Hydrolyse entsteht anstelle des zu erwar-
tenden monosubstituierten Thiocarbamids das 2-Thio-4-phcnyl-1,2-dihydro-
chinazolin XLII.
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Nummer

IvV*

VI*

Vil

VIH*

X1

Bezeich-
nung**

T578

T602

20083

T546

T605

20182

T606

T621

20079

20055

20054
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CH,

/ICH,
—CH<
\CH3

ICH,
— CH2—CH<
\CH,

/ICH,
— CH<
\CH2CH3

—CH2CH2CH2CH3
. N\
- dM”3)
—CH2CH2—COOH
—CH2—COOH

- CHDOH

—CH2CH2—-S—CH3
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Tabelle

5-R-3-(4-Alkoxyphenyl)-2-thyohydantoine

C5Ha-

CSH U-

CHH U-

C5H U-

C5H U-

CSH U-

C5H U—

C6H U-

C6H U-

CSH U-

C6H n -

Schmelzpunkt

226—227 °C

179 °C

197—198 °C

149—150 °C

152—153 °C

124 °C

181 °C

142 °C

Benzol

219 °C
Zers.

161—162 °C

140 °C

OR'

Bruttoformel

N14n18N212N

A151r20M2721

cith mn202s

cish 26n 20 2s

n181r2672721

n18M26-N2M20

c21h 24n 20 2s

Ci7TH 22N20 4S

AL6A20-A2A4N

A157-2072730

Am*17/24"202"2



Molekular-

gewicht

278,36

292,39

320,44

334,49

334,49

334,49

368,48

350,42

336,40

308,39

352,50

60,40

61,61

63,71

64,63

64,62

64,62

68,44

58,26

57,12

58,42

57,92
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Berechnet

6,51

7,83

7,83

7,83

N

10,06

8,38

8,37

8,37

7,60

Analyse
Gefunden Verfahren
Bemerkung
S C H N S

A
Literatur des ver-
11,51 60,80 6,90 10,12 11,39 wendeten 4-1so-
amyloxy-phenyliso-
-thiocyanats [41]

10,96 61,80 7,10 9,70 10,98 A
10,00 63,68 7,52 8,70 10,20 A
9,58 64,50 7,69 8,56 9,79 A
9,58 64,62 8,05 8,38 9,78 A
9,58 64,75 7,92 8,43 9,74 A
8,70 68,30 6,88 7,61 8,91 A
9,14 58,27 6,52 7,94 9,34 A
9,53 57,05 6,14 8,40 9,70 A
10,39 58,37 6,70 9,15 10,52 A
18,19 57,82 6,99 8,01 18,02 A
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Nummer

X1™*

XH*

X1

Bezeich-

nung**

20230

20129

T607
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ICH2

iC5H ,t—0 —
C=S

1
~(CH2#-NH

* Aus L-Aminosdure hergestellt.
Institut fir Arzneimittelforschung, Budapest

** Im

XLII
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i C5H U-

i C5H U—

C2H5

Schmelzpunkt

169—170 °C
Zers

153 °C

196 °C
Zers

Tabelle 1 (Forts.)

Bruttoformel

N18A22-A4N2N

C,dH42N40 A

tbliche Bezeichnungen.

XLHI
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Analyse

Berechnet Gefunden Verfahren
Molekular- Bemerkung
gewicht

C H N S C H N S

358,45 60,31 6,18 15,63 8,94 60,24 6,22 15,43 8,79 A
570,79 63,12 7,41 9,81 11,23 63,24 7,59 9,72 11,20 A
236,28 5591 511 11,85 13,56 56,06 5,30 11,86 13,85 A

Literatur des ver-
wendeten  4-Atho-
xyphenylisothiocya-
-nats [31]

Im IR-Spektrum in Chloroform der Verbindung XLII befinden sich ndhm-
lich weder die fir Carbonyl, noch die fiir monosubstituierte Thiocarbamide cha-
rakteristischen Banden, wéhrend die Gegenwart der Banden bei 3380 cm ~1fir
VNH und bei 1625 cm-1 fur rC=N sowie die Elementaranalyse die Struktur
XLIl bestdtigen. Im Spektrum des Carbdthoxyderivats XLIII ist die Bande
rNH nicht vorhanden, wéahrend die Bande i>C=0 bei 1730 cm 'l zugegen ist.
Da in den UV-Spektren kein Anstieg der Konjugation bei XLIII im Vergleich
zu XLII zu beobachten ist, ist die Acylgruppe offensichtlich an das Stickstoff-
atom gebunden.

In vitro zeigten die Verbindungen XLII und XLIIl keine wesentliche
tuberkulostatische Wirkung.

W ir stellten auch sechsgliedrige Heterocyclen her, in denen das Schwefel-
atom des Thiocarbamidskeletts im Ring enthalten ist.

Bekanntlich werden Thiocarbamid bzw. seine N,N'-disubstituierten
Derivate in saurer Ldsung an a,/3-ungesdttigte Carbonylverbindungen addi-
tioniert [12, 13] und aus dem entstandenen Isothiocarbamid wird in bestimm -
ten Féllen durch RingschluB 4-Oxo-I,3-thiazin gebildet. Diese Reaktion war
bei symmetrisch disubstituierten Thiocarbamiden mita,M-ungeséattigten S&ure-
chloriden bekannt und fihrt eindeutig zu der Struktur B/I, wé&hrend bei
monosubstituierten Thiocarbamiden drei Isomere A, B und C entstehen
kdnnen.
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Nummer

XV

XVH

XV Il

XIX

XX

XXI

XX

XX 111

Bezeichnung

20133

20134

20132

20168

20169

20170

20184

20185
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Tabelle U
B-[3-(4i-1soamyloxyphenyl)-2-thiohydantoin-5]-propionsaureamide
0
1
Q—C—(CH22—CH—NH
1 I
0=C C=S

Q Schmelzpunkt
Bruttoformel
nh2- 174—175 °C cl/h 20 30 3s
CH2=CH—CH2— 167 °C
o
CH5—0—C— \ - 167— 168 °C c2h 3n 4o 5s
W
i cbhu- o-"Q ")-nh- 204—205°C ~28H37N 30 4S
CH3
CH2—CH—NH— 162 °C c26h Bn 30 3s
n-CI2HI5-N H - 142 °C c2n 4/ 30 3s
/ICH3
220—224 °C
b) nach mehr- % 31n 30 3s

fachem Kochen
mit Alkohol

Yy CH3

© l | 191—192 °C c2h 2%6n 4o 3s
N n-Propanol
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Analyse
Berechnet Gefunden Verfahren
Molekular- Bemerkung
gewicht H N s c N
C H S
349,44 58,42 6.63 12,02 9,17 58,43 6,67 12,11 9,19 C
389,52 61,66 6,98 10,79 8,23 61,55 7,17 10,75 8,19 c

G,
Schmelzen, Literatur
des verwendeten 1-

490,61 58,75 6,98 11,42 6,53 5890 6,94 11,34 6,46 Carbathoxypipera-

zins [42]

511,66 65,72 7,29 8,21 6,26 65,90 7,40 8,25 6,41 o
467,61 66,77 7,11 8,98 6,85 66,96 7,12 8,95 7,01 C
517,75 67,26 9,15 8,11 6,19 67,34 9,30 8,13 6,39 C
453,59 66,19 6,89 9,26 7,07 66,5 7,03 9,25 7,23 C

Schmelzen
426,53 61,94 6,14 13,14 7,51 62,10 6,29 12,99 7,42 C

Schmelzen
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Tabelle 11 (Forts.)

Nummer Bezeichnung Schmelzpunkt
« Bruttoformel
XX1V 20228 CH—AH— 188 °C C24H29N 303S
XXV 20229 186— 187 °C ~oH”~NgOgS
XXVI 20241 HO—(CHz2)e— NH — 167 °C CltH27N 30 4S

XXxvn 20206 NH- NH 178—179 °C
XXvin 20213 H:N—NH— 174— 175 °C cith 24n o0 3s

O
A B x=H c
B/IX'=Q

In unseren eigenen Untersuchungen verwendeten wir als sc,/?-ungesat-
tigte Carbonylverbindung Methacrylsdure, wobei mit monosubstituierten
Thiocarbamiden — &hnlich der bekannten Reaktion, das Isomere B (R =
= — CHDJ) entstand. Der Strukturbeweis ergab sich folgenderart:

a) Die Carbonylbande erschien im IR-Spektrum sdamtlicherVerbindingen
bei 1710— 1715 cm-1. Die Carbonylfrequenz weist bei dem aus 1,3-Diphenyl-
thiocarbamid gewonnenen analogen Ketothiazin (Typ B/1) einen &hnlichen
Wert (1700 cm X auf [13], wdhrend die Carbonylbande im Fall einer Struktur
C infolge der auftretenden Konjugation bei niedrigeren Wellenzahlen liegen
sollte.

b) Aufgrund der in den IR-Spektren erscheinenden intensiven und ziem-
lich diffusen rNH-Randen kann auf eine dimere Assoziation gefolgert werden.
In den in Lésung aufgenommenen IR-Spektren &ndert sich die Carbonyl-
frequenz gegenliber den in fester Phase aufgenommenen Spektren nicht
(1710 cm-1) und die rNH-Bande des Monomeren tritt um 3360 cm-1 auf.

Diese Befunde weisen daraufhin, daR bei der in fester Phase auftretenden
Bildung von Wasserstoffbriicken nicht die Carbonylgruppe, sondern das
Iminostickstoffatom der Elektrondonor-Partner ist. Bei der Struktur C kann
die Bildung von &hnlich starken Wasserstoffbricken kaum erwartet werden,
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e T N .
4066 B 66/ 9% 70 &P 671 9IA 717 C
3DBD 66/ 68 10O 88 6164 70O 108 829 o
3BHO 5P 691 1068 814 5FH 714 1080 8k c
M0 &0 640 122 7277 @38 640 1280 74 c
HAdb HX® 6683 1537 80 BBV 65 1540 877 o

wéhrend bei der Struktur A die Mdglichkeit ihrer Bildung Uberhaupt nicht
besteht.

C) Die Verbindungen konnten mit Hilfe der gebrduchlichen Acylierungs-
verfahren nicht acyliert werden.

Die synthetisierten Verbindungen mit der Struktur B sind in Tab. IV
zusammengefalt.

Bei dem aus Acrylsdureédthylester und I-(4-lIsoamyloxyphenyl)-thiocar-
bamid auf analoge Weise hergestellten Produkt erfolgt jedoch keine Ring-
schluBreaktion und das erhaltene Produkt XLIX hat eine Zwitterionenstruktur.
Demgemé&R erscheinen im IR-Spektrum der Verbindung die der protonierten
Isothiocarbamidgruppe entsprechenden Banden fir i>NH (2800 cm-1) und
rC=N (1650 cm-1).

XLIX

Die in Tab. IV zusammengefaBten Perhydro-1,3-thiazine besitzen in
vitro keine wesentliche tuberkulostatische Wirkung (50— 100 /Lg/ml, Dubos),
wogegen die Verbindung XLIX einen Titer von 1,6 jUug/ml aufwies. Aufgrund
dieses Befundes stellten wir einige N-(4-lsoamyloxyphenyl)-S-alkylisothiocar-
bamidsalze (Tab.V) her, welche in Konzentrationen von 1—8/tg/ml aktiv waren.
In vivo erwiesen sich diese Verbindungen jedoch als inaktiv.

Zur Herstellung von siebengliedrigen Ringen, die das Thiocarbamidske-
lett enthalten, wurde y-Aminobuttersdure mit verschiedenen Isothiocyanaten
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Tabelle Illa
5-R-3-(2,6-Di-R'-phenyl) -2-thiohydantoine

R—CH—NH
| |
0=C C=S
Nummer B- Zeichnung R R Schmelzpunkt
Bruttoformel
XXIX 20081 H CH3— 228 °C c,h12n2s
Zers. Alkohol
K
XXX 20095 HOOC—CH2— CH3 258—260 °C cl3hun20 3
Zers. Alkohol
XXXI 20080 HOOC—CH2—-CH2— CH3- 205 °C cldh 16n 20 =
aus Wasser und
danach aus
Alkohol
XXX 20145 HOOC—CH2—CH2— Cl— 217—218 °C C12H 10CI2N D 35
Alkohol-

Petrolather

in Reaktion gebracht und die so erhaltenen y-(N-Thiocarbamyl)-aminobutter-
sdauren mit Polyphosphorsdure, bzw. mit Polyphosphorsduredthylester behan-
delt, wobei durch Ringschlufl die Md&glichkeit der Bildung von drei Produkten,
(D, E, F) besteht:

CH2CH 2
/ n
Q-NCS CH?2 NH CH2 NH
+ - COOH - > \
H2N -(C H 23-COOH N 0 A N
+ D 9
CH2— CH?2 CH2— CH2
<h2— ch 2 / \
CH2 N CH?2 NH
N-C-NH-Q
\ /! \ /
ch2-
avY; 0'A AN -Q 0 A s AN -Q
H
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Analyse
Verfahren
Molekular- Berechnet Gefunden Bemer-
gewicht kung
[} H N 1 S C H N S
220,28 59,97 5,48 12,72 14,55 60,12 5,45 12,93 14,63 B
278,32 56.09 5,06 10,06 11,51 55,95 5,17 10,16 11,51 B
292,35 57,51 551 9,58 10,96 57,51 5,64 9,49 11,17 B
9,62 9,57
333,18 43,25 3,02 8,41 Cl: 43,33 3,28 8,32 Cl: B
21,27 21,09

Aufgrund der hohen Stabilitdt der hergestellten Verbindungen kann das
Perhydro-l,3-thiazepin E, bzw. sein Tautomer von vornherein ausgeschlossen
werden.*

Die IR-Spektren der erhaltenen Verbindungen sind einander sehr &hn-
lich, folglich kommt fir ihre Struktur einheitlich entweder Formel D oder
Formel F in Frage.

Da die Elektronendonor-bzw. Elektronenakzeptoreigenschaft der Gruppe
Q kaum einen EinflufR auf den Wert der rC=0 Frequenz ausubte, konnte
zwischen den Formeln D und F nur mit Hilfe von Modellverbindungen bekann-
ter Struktur entschieden werden. Zu diesem Zweck wurden die N-Methyl-
derivate von D und F hergestellt (LUI), bzw. (LIV) und zwar nach folgendem
Schema:

* Dies ist eine S-Acylisothiocarbamidstruktur, welche bekanntlich nur in Form von
Salzen stabil ist und sonst durch Acylwanderung zu N-Acylthiocarbamid umgesetzt wird
133, 34, 35]. Auch das durch EDMAN hergestellte, der Struktur E analoge fiinfgliedrige
a-Anilino-f-isobutyl-d”-thiazolin-S-on bzw. dessen Salz ist &uRerst zersetzlich [36].
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LXXIX

i>C=0:1695 cm*“'

noo
N-C -N
CH3
W
(0]

LIV MC*=0:1720cm-1

LV vC=0:1700 cm-1
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Es soll bemerkt werden, dafl der RingschluB bei LIIl und LIV nur mit
Trifluoressigsdureanhydrid durchgefihrt werden konnte [43].*

ErwartungsgemdlR ist die Frequenz i'C=0 im Spektrum von LIV wegen
der Ringspannung um 25 cm-1 héher, als bei LIIl, w&dhrend der Wert fur diese
letztere Verbindung kaum von der Frequenz vC=0 bei LV abweicht. Da auch
in den IR-Spektren der durch uns hergestellten Ubrigen Verbindungen keine
C =0 Frequenzen hdher als 1710 cm-1 gefunden wurden, besitzen die durch
Ringschlufl der y-(N-Q-Thiocarbamyl)-aminobuttersduren hergestellten Pro-
dukte (deren Spektren analog den Spektren von LIIlI und LV sind) die Struk-
tur D. Es handelt sich also um 2-Thio-3-Q-4-oxo0-perhydro-1,3-diazepine.

Die Abweichung von der Struktur F wird auch durch die UV-Spektren
unterstutzt. Bei LIIl und LV, die der Struktur D entsprechen, liegen zwei
Amax vor, bei 243 und 285 nm bzw. bei 259 und 295 nm. Bei LIV (Struktur F)
tritt dagegen nur ein Amax bei 296 nm auf.

Die hergestellten 2-Thio-3-Q-4-oxo-perhydro-l,3-diazepine sind in Tab.
VI, die bei der Herstellung dieser Verbindungen als Intermediédre erhaltenen
y-(N-Q-Thiocarbamyl)-aminobuttersduren in Tab. VIl angefihrt.

Die antituberkulotische Wirkung der in Tab. VI enthaltenen neuen Dia-
zepine ist gering. Einige Vertreter (z. B. LVII und LVIII) besitzen dagegen eine
tranquillierende Wirkung.**

Experimenteller Teil***

Verfahren A

5-R-3-(4-Alkoxyphenyl)-2-thiohydaiitoine |— X1V (Tab. I). N-(2,6-Di-R/-phenylthiocarbamyl)-
aminosduren XXXIII—XL (Tab. Ill/b),
a-(N-Q-Thiocarbamyl)-amino- bzw. -methylaminobuttersduren LXXIX—CI (Tab. VII),

0,05 M Aminosdure werden in ca. 2/3 einer 10%igen Alkalilosung, welche eine dquiva-
lente Menge NaOH enthdlt, gelést und mit 40 ml Alkohol verdinnt. Das Gemisch wird auf
40—50 °C erwdarmt und eine alkoholische L&ésung von 0,05 M des entsprechenden Isothio-
cyanats wird unter Riuhren im Laufe einer halben Stunde tropfenweise zugefiigt. Das Gemisch
wird weitere 2 bis 3 Stunden lang bei 40—50 °C gerthrt. Der pH des Reaktionsgemisches
wird sowohl wahrend dem Zutropfen, als auch wéahrend dem nachfolgenden Rihren kontrol-

liert und — falls n6tig — mit dem Rest der Alkalildsung auf 9—9,5 eingestellt.
Danach wird die Losung eingedampft und 10%ige Salzsdure zum viskosen Riuckstand
zugegeben. Bei den Verbindungen | —XIV erhielten wir nach dem Ansduern in einigen Fallen

Syrupe. welche jedoch beim Stehen bzw. bei Reiben mit einem Glasstab ebenfalls kristalli-
sierten. Die Produkte koénnen im allgemeinen aus Athanol, die Verbindungen LXXIX—CI
(}'-(N-Q-Thiocarbamyl)-aminobuttersduren) aus einem Gemisch von Athanol und Petroldther
umkristallisiert werden. Die Anwendung eines davon abweichenden Ldsungsmittels ist in den
Tabellen angegeben.

* Auf ahnliche Art wurde die Analogverbindung zu LIIIl, das [-Methyl-2-thio-3-(2,6-
dimethylphenyl)-4-oxo-perhydro-1,3-diazepin LXXVIH hergestellt (Tab. VI/b).
** Die Wirkung dieser Verbindungen ist schwdacher als die Wirkung derin der Therapie
angewendeten Benzodiazepinskelett-Verbindungen [44].
*** Unkorrigiertc Schmelzpunkte.
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Tabelle 11lb

N-(2,6-Di-R'-phenyl) -thiocarbamylaminosauren

K

NH—C—

4R

NH- CH—COOH

|
R

Nummer Bezeichnung Aminosdure R’ Schmelzpunkt
Bruttoformel
XX X111 20164 Gly CH3 175 °C CiiH 14N 2028
Zers. Methanol
XXXIV 20082 D,L-Val CH3 165—166° C CuH 20N 202S
Zers.
XXXV 20094 L-Leu CH3 134 °C clbh Z2n202
Benzol-
-Petroléather
XXXVI 20090 D,L-Phe CH3 156 °C clBh 2n20%
Alkohol—
—Petrolather
XXXVII 20091 D,L-Met CH3 158 °C Zers. cl14h 20n 20 2
XXXV 20084 D,L-Ala CH3 171 °C clh 1n 20,s
XXXIX 20092 /S-Ala CH3 165— 166 °C CI2H N2 25
XL 20144 Gly Cl 147— 148 °C ch8izn 202

Zers. Aceton-
—Petrolather

Verfahren B

3-(2,6-Dimethylphenyl)-2-thiohydantoin XXIX; Reaktion von
2,6-Di-R -phenylisothiocyanaten, XXIX—XXXII (Tab. W /a)

1-Aminodicarbonsauren un

Das Verfahren ist mit Verfahren A identisch, jedoch erfolgt eine Ringschlufreaktion
der beim Anséduern des Reaktionsgemisches erhaltenen N-Thiocarbamylaminoséuren entweder
im Laufe des Umkristallisierens oder — bei XXIX — im Laufe eines einstindigen Erwdrmens
des angesduerten Reaktionsgemisches auf dem Wasserbad.

/9-[3-(4-1soamyloxyplienyl)-2-thiohydantoin-5]-propionsdurelactam XV

21 g Carbonsdure VIII (Tab. I) wird mit 80 ml Essigsdureanhydrid 2 Stunden lang
auf dem Wasserbad erwédrmt, die Losung anschlieRend eingedampft, der Trockenrickstand in
50 m| Athylacetat geldst und erneut eingedampft. Diese Operation wird einige Male wiederholt,
bis ein kristallines Produkt erhalten wird, welches in Petroldther suspendiert und abgenutscht
wird. Das derart erhaltene Rohprodukt (15,5 g) wird aus 35 ml Benzol — unter Entfarbung
mit Knochenkohle — umkristallisiert. Ausbeute: 13,7 g reines XV. Schmelzpunkt 178 °C.

Analyse: CITH20N203S (332,41).

Berechnet: C 61,42, H 6,06, N 8,43, S 9,64.

Gefunden: C 61,50, H 6,17, N 8,39, S 9,60.
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Analyse
B hnet fund Verfahren
Molekular* erechne Gefunden Bemer-
gewicht kung
C I N S C H N S
238,30 55,43 5,92 11,75 13,45 55,33 6,11 12,00 13,75 A
280,38 59,96 7,19 9,99 11,43 60,09 7,29 10,17 11,61 A
294,40 61,19 7,53 9,51 10,88 61,32 7,44 9,50 10,88 A
328,42 65,82 6,14 8,53 9,76 65,87 5,98 8,66 9,90 A
312,44 53,81 6,45 8,96 20,52 54,05 6,52 8,97 20,72 A
252,33 57,11 6,39 11,10 12,70 57,28 6,41 11,30 12,61 A
252,33 57,11 6,39 11,10 12,70 57,27 6,34 10,97 12,78 A
11,48 11,46
279,13 38,72 2,88 10,03 Cl: 38,78 3,02 10,05 Cl: A
25,40 25,63

Verfahren C
I™-|3-(4-1sOaiiiyloxy|)heiiyl)-2-tliiohy(laiiloin-5|-propionsdureaniide XVI—XXVIIl (Tab. Il)

3,32 g (0,01 M) Lactam XV werden mit 0,012—0,015 M des entsprechenden Amins
(im Fall von XVI mit 0,07 M Ammofiiumhydroxydldsung) im zehnfachen Volumen Benzol
oder Alkohol 1/2—1 Stunde lang im Sieden gehalten. Beim Piperazinderivat XVIII, dem
2,6-Dimethylanilinderivat XXII und dem a-Aminopyridinderivat XXIIl wurde kein Ldsungs-
mittel angewendet, sondern das Gemisch der Reaktionspartner wurde hei 120- 150 °C
geschmolzen und 10—15 Minuten lang hei dieser Temperatur gehalten, wobei eine klare
Schmelze erhalten wurde. Sowohl die Schmelzen als die aus der Reaktion in Ldsung durch
Eindampfen erhaltenen Rohprodukte kristallisieren heim Verreiben mit 5%iger Salzséure.
Die Produkte wurden filtriert, mit Wasser gewaschen und nach dem Trocknen aus Alkohol —
unter Entfarbung mit Knochenkohle — umkristallisiert.
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Nummer

XLIV

X1V

XLVI

XLVII

XLV

Bezeichnung

20325

20326

20407

20334

20388
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Tabelle IV

2-Arylimino-4-oxo-5-methylperhydro-I,3-thiazine

CSllIn

CHX

_|-O)

CH3*# .NO,

-

CH30x
_<0 >

Verfahren D

Schmelzpunkt

115 °C
165 °C
148—149 °C
182— 183 °C
165 °C

0]

Bruttoformel

rlrenr22n2n2n

c,3h I5n 3 3

CuH 10CIN 208

cln 14n202s

Molekular-
gewicht

306,41

248,34

293,34

289,17

250,31

3-(2,6-Dimethylphenyl)-2-thiohydrouracyl XLI und 2-Thio-3-Q-4-oxo-perhydro-1,3-diazepine

LV—LXXIV (Tab. Vi/a)

Aus dem entsprechenden Isothiocyanat und bei XLI aus B-Alanin, bei den Diazepinen
aus y-Aminobuttersdure, werden zuerst nach Verfahren A die N-Q-Thiocarbamylaminosaduren

XXXIX (Tab. IH/b) bzw. LXXIX XCIX (Tab. VH/a) hergestellt.
g N-Q-Thiocarbamylaminosdure werden bei 110— 140 °C zu ungefdhr 2 ml Polyphos-

5

phorsdure [14] zugegeben und das Gemisch wird 15—20 Minuten lang bei dieser Temperatur
gerihrt. Nach dem Abkuhlen werden 60 ml Wasser zugefiigt, das ausgeschiedene kristalline
Produkt wird abgenutscht, mit W asser neutral gewaschen und nach dem Trocknen aus Alkohol
umkristallisiert.
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Analyse

Berechnet Gefunden Verfahren
Bemerkung

F
62,71 7,23 9,14 10,46 63,06 7,27 9,23 1048 Literatur der verwendeten
Thiocarbamid-Verbin-
dung [29]

E

Literatur der verwendeten
Thiocarbamid-Verbin-
dung [40]

62,87 6,49 11,28 12,91 62,84 6,44 11,34 12,92

F

Literatur der verwendeten
53,22 5,15 14,33 10,93 53,43 5,24 14,46 11,14 Thiocarbamid-V erbin-

dung [30]
11,08 11,10 F
! - Literatur der verwendeten
45,68 3,48 9,69 2il:32 45,74 3,79 9,74 zalél Thiocarbamid-Verbin-
' ' dung [30]
F

57,57 5,63 11,19 12,81 57,76 5,85 11,35 12,74 Literatur der verwendeten

Thiocarbamid-Verbin-
dung [40]

Verfahren E

2-Thio-3-Q-4-oxo-perhydro-1,3-diazepine LXIX und LXXV—LXXVII (Tab. Vl/a)

Diese Verbindungen wurden nach dem Verfahren D hergestellt, mit der Abweichung,
daB die RingschluBreaktion mit Polyphosphorsaureathylester [15] durchgefihrt wurde.

5 g y-(N-Q-Thiocarbamyl)-aminobuttersdure werden mit 10 ml Polyphosphorsdure-
athylester vermischt und 2—3 Tage lang bei Raumtemperatur stehen gelassen. Danach
wird das Reaktionsgemisch mit der zehnfachen Wassermengc verrieben und mit Kaliumcarbo-
nat neutralisiert. Ein festes Rohprodukt wurde allein bei LXXV erhalten, wéhrend die lbrigen
Verbindungen in Syrupform ausgeschieden wurden. Die letzteren wurden mit Athylaeetat
aufgenommen, die Ldsung mit Wasser gewaschen, tber Natriumsulfat getrocknet und von dem
nach dem Eindampfen als Riickstand erhaltenen Ol wurde wenig absoluter Alkohol abdestil-
liert. Der Riuckstand kristallisiert beim Stehen bzw. beim Reiben.

Die Rohprodukte wurden aus absolutem Alkohol umkristallisicrt.
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Tabelle V
N-(4,-1soamyloxyphenyl)-S-alkyl-isothiocarbamide
SR

—NH—C=NH.HX

Nummer Bezeichnung R Schmelzpunkt Molekular-
Bruttoformel gewicht

L 20171 CH5 96—97 °C CuHMNMOS 394,32

L1 20172 i C5HU - 135 °C C[LH2BrN20S 389,49
LH 20173 i-C4H9% 95 °C CleH2/BrN 20S 375,36

2-Thio-4-phenyl-1,2-dihydrochinazoliii XLII

5,82 g (0,06 M) gepulvertes Kaliumrhodanid wurden in 30 ml absolutem Aceton geldst.
Im Laufe von ca. 10 Minuten werden unter Rihren 8,4 g (0,06 M) Benzoylchlorid tropfen-
weise zugefliigt. AnschlieBend wird das Gemisch 1/2 Stunde lang auf dem siedenden W asserbad
gerihrt. Nach dem Abkuhlen wird eine Lésung von 11,8 g (0,06 M) 2-Aminobenzophenon in
70 ml Aceton tropfenweise zugegeben und 1/2 Stunde lang im Sieden gehalten. AnschlieBend
wird erneut abgekihlt und das ausgeschiedene Produkt abfiltriert. Die acetonische M utter-
lauge wird auf das halbe Volumen eingedampft und eine fiinffache Wassermenge zugegeben.
Der dabei ausgeschiedene Niederschlag wird mit dem friher ausgeschiedenen Produkt vereinigt
und mit Wasser gewaschen. Die nutschfeuchte Substanz wird in einem Gemisch aus 50 ml
W asser und 250 ml Alkohol suspendiert, 12 g (0,12 M) KH CO03werden zugegeben und 1 Stunde
lang — von der vdlligen Auflésung gerechnet — wird zum Sieden erhitzt. Danach wird die
Losung ungefdhr auf ein Viertel ihres Volumens eingedampft und mit 10%iger Salzsdure
wird der pH auf 7 eingestellt, wobei ein Niederschlag ausgeschieden wird. Das ausgeschiedene
Produkt wird mit Wasser gewaschen, getrocknet und aus der I0Ofachen Alkoholmenge um-
kristallisiert. Ausbeute: 9,0 g (63%). Schmelzpunkt: 226 °C (unter Zersetzung).

Analyse: C14HION2S (238,30).

Berechnet: C 70,55, H 4,23, N 11,76, S 13,45%.

Gefunden: C 70,61, H 4,39, N 11,77, S 13,42%.

I-Carbéathoxy-2-thio-4-phenyl-I,2-dihydrorliinazolin XLIII

2,38 g (0,01 M) XLII werden im Gemisch von 50 ml absolutem Aceton und 1,40 ml
Tridthylamin suspendiert. Unter Kihlen mit kaltem Wasser werden 1,08 g (0,01 M) Chlor-
kohlensaureathylester tropfenweise zugegeben. Das Gemisch wird 5 Stunden lang bei Raum-
temperatur gerihrt, iber Nacht stehen gelassen, das ausgeschiedene Tridthylaminchlorhydrat
filtriert und mit zweimal 10 ml absolutem Aceton gewaschen. Nach dem Eindampfen der
acetonischen Lésung werden 2,20 g des gelben kristallinen Rohprodukts erhalten. Durch
Umkristallisieren aus 28 ml Methanol wurden 1,70 g des reinen Produktes erhalten. Schmelz-
punkt: 103— 104 °C.

Analyse: CITH2N20 2S (310,36).

Berechnet: C 65,78, H 4,54, N 9,03, S 10,33%.

Gefunden: C 65,79, H 4,68, N 8,92, S 10,25%.
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Analyse
Berechnet Gefunden Verfahren
Bemerkung
C H N s X C H N S X
G
J: J: Umkristallisieren

4264 588 7,10 813 3218 42,87 598 7,23 821 3233  aus Wasser

G
Br: Br: Reinigung durch
52,42 753 7,19 8,23 20,52 5254 759 7,20 7,95 20,22  Fillen mit Ather
aus Alkohol
G
Br: Br: Reinigung durch
51,19 725 7,46 854 21,29 5130 7,22 7,36 8,62 20,92 Kochen in Petrol-

ather

Verfahren F
2-Aryliinino-4-oxo0-5-methyl-perhydro-1,3-thiazine XLIX—XLVIII (Tab. 1V)

0,1 M monosubstituiertes Thiocarbaniid wird in der zehnfachen Menge n-Butanol
suspendiert und unter RiUhren mit gasformiger Salzséure geséttigt, wobei das Thiocarbamid
geldst wird. Es werden 17,2 g (0,2 M) Methacrylsdure zugegeben und das Gemisch 12—14
Stunden lang im Sieden gehalten. Nach dem Eindampfen wird das zurickbleibende 61 in
300 ml Wasser gelést und mit NaHCO03 wird neutralisiert. Die erhaltene Emulsion wird mit
3X 100 ml Athylacetat ausgeschittelt, die vereinigten Athylacetatphasen werden mit 10%iger
NaHC03Ldésung und anschlieRend mit Wasser gewaschen und tGber Natriumsulfat getrocknet.
Von dem nach dem Eindampfen zuriickbleibenden Ol wird wenig absoluter Alkohol abdestil-
liert. Der Rickstand kristallisiert beim Verreiben mit Petroldther bzw. beim Stehen.

Das Produkt wurde aus Alkohol umkristallisiert.

N-(4-1soamyloxyphenyl)-S-B-carboxydthylisothiocarbamid XLIX

Diese Verbindung wird aus I-(4-lsoamyloxyphenyl)-thiocarbamid [16] und Acrylsaure-
dthylester im wesentlichen nach Verfahren F hergestellt. Die Reaktion wurde jedoch in
Athanol durchgefiihrt und die Reaktionspartner wurden in dquivalenten Mengen verwendet.
Nach b5stindigem Kochen wurde das Reaktionsgemisch eingedampft und anschlieRend 2
Stunden lang mit 10%iger wéaBrigen Salzsaureldsung gekocht.

Der beim Neutralisieren des Gemisches abgeschiedene Niederschlag wird durch mehr-
faches Auskochen mit Alkohol gereinigt. Schmelzpunkt: 156 °C (unter Zersetzung).

Das Produkt kann aus Alkohol mit 10% Dimethylformamidgehalt umkristallisiert
werden. Schmelzpunkt: 159—160 °C (unter Zersetzung).

Analyse: CI15H22N20 3S (310,40).

Berechnet: C 58,04, H 7,14, N 9,02, S 10,33%.

Gefunden: C 57,92, H 7,26, N 9,18, S 10,36%.
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Tabelle Vl/a

2-Thio-3-Q-4-oxo-perhydro-I,3-diazepine

NH

*N» ]|

Q
\
Nummer Bezeichnung Q Schmelzpunkt Molekular-
Bruttoformel gewicht
LV 20690 100 °C CnHINN2S 220,28
LVI 20212 a 83 °C CleH2N2 25 306,41
1

O—iC6Hu

1
CH
/
C
LVII 20215 72 °C  "~uH"gNgOS$S 262,36

CH H3
LVIT 20217 128 °C  CI3H16N20S 248,34
u X 20639 @ 112 °C  CI3H 1gN20S 248,34
/

CHE3 Cld 3
LX 20242 134—135 °C ¢ 13 15n 30 3s 293,34
n
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59,97

62,71

64,08

62,87

62,87

53,22

8*

5,49

6,91

6,49

6,49

5,15

Berechnet

N

12,72

9,14

10,68

11,28

11,28

14,33
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14,55

10,46

12,22

12,91

12,91

10,93

Analyse

59,75

62,70

64,17

63,00

62.90

53,33

5,61

7,32

6,91

5,23

Gefunden

N

12,68

10,63

11,26

11,28

14,39

Verfahren

Bemerkung
S
14,69 D
10,45 D
12,25 D
13,08 D
12,62 D
11,08 D
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Nummer

LXI

LX11

LXI1

LXTV

LXV

1.XVI

LXVII

LXVni

I X1 X

Bezeichnung

20248

20286

20285

20634

20478

20479

20480

20568

20524
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CH3

Cl

Cl

C2H6

(Q

f
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, CH3

1 C2H6

fO )

J Schmelzpunkt

141—142
191-192
76

95
161—162
89 90
154
184—185
86

°C

°C

°C

°C

°C

°C

Tabelle Yl/a (Forts.)

Bruttoformel

C13H 16BrN 20S

CuH 10C12N 208

C12H 11IF 3N20S

C12H ioC1F3N 20S

c1?h 13cin2os

ClsH 4N 20S

C16H 16N 20S

CIH IeN20S

Molekular-
gewicht

327,24

289,17

288,29

322,73

268,75

280,33

270,34

284,37

296,38



47,71

45,68

49,99

44,65

53,62

68,54

66,64

67,58

68,88

Berechnet

4,62

3,48

3,84

3,12

4,87

4,31

5,22

5,44

N

8,56

9,69

8,68

10,42

10,36

9,85

9,45
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9,79

24,42

11,08

24,52

11,12

11,43

11,86

11,27

10,81

Analyse

47,70

45,82

49,86

44,80

53,57

67,98

66,57

67,58

68,76

4,65

3,60

4,12

3,23

4,95

4,63

5,33

N S
9,72

8,71 Br:
24,67
10,94

9,73 Cl:
24,43
9,75 10,97
8,74 10,04
11,97

10,49 Cl:
13,25
10,00 11,46
10,44 11,78
9,92 11,34
9,40 10,83
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Tabelle VI/a (Forts.)

Nummer Bezeichnung 0 Schmelzpunkt

Molekular-
Bruttoformel gewicht
(CH2)2
1
CH i
LXX 20362 116— 117 °C  nppnrpanpnan 338,45
1
c
LXXI 20569 133 °c  CI18HIIN20S 311,41
(CH2)2
LXXIl 20389 108— 109 °C  c13h 16n s 248,34
1
CH2
LXX 111 20390 é 92 °C  C12HuN20S 234,31
V 4
LXXTV 20391 O 82 °C  ChHI18N20S 226,33
7’
LXXV 20515 143—144°C CAHAO S 278,40

V 4
LXXVI 20525 e 84 °C  cIth 220 % 336,44
OC2H5

OC2H5

(CH2)2
LXXVIl 20528 64— 65 °C ni5rz0n2n3n 308,39

0CH3



70,97

69,42

62,87

61,51

58,37

64,71

60,68

58,41

6,55

6,15

6,49

6,02

8,01

Berechnet

11,28

11,96

12,38

10,06

8,33

9,08
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9,47

10,29

12,91

13,68

14,16

11,51

9,53

10,39

Analyse

70,90

69,46

62,90

61,46

58,31

64,63

60,63

58,37

6,02

6,07

7,97

7,29

Gefunden

N

8,40

11,27

12,01

12,42

10,06

9,10

9,27

10,28

12,97

14,03

14,33

11,50

9,45

10,36

119

Verfahren
Bemerkung

E

Die im Laufe der
Synthese gewonne-
nen N-Thiocarba-
mylsduren konnten
nicht in kristalliner
Form isoliert wer-
den, deshalb wurde
das oOlige Rohpro-
dukt, welches aus
ihrem Extrakt mit
Athylacetat durch
Eindampfen erhal-
ten wurde, unmit-
telbar mit Poly-
phosphorsaureéthyl-
ester behandelt.
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Tabelle VI/b

I-Methyl-2-thio-3-Q-4-oxo-perhydro-1,3-diazepine

N —CH,
» X
|

Nummer Bezeichnung Q Schmelzpunkt Molekular-

Bruttoformel gewicht

LI 20700 96 °C  CI2H 14N 20S 234,31

CH, 1 CH3
LXXVIII 20641 126— 127 °C cldh 180 20s 262,36
w

Verfahren G

N-(4-1soainyloxyphenyl)-S-alkyl-isothiocarbamidsalze L—LII (Tab. V)

Diese Verbindungen wurden aus I-(4-lsoamyloxyphenyl)-thiocarbamid auf bekannte
Weise [171 hergestellt.

y-(N-Methyl-]4-plienylthiocarbainyl)-arninobuttersduremethylester CII

8 g (0,05 M) y-Isothiocyanatobuttersduremethylester [18] wurden mit 5,35 g (0,05 M)
N-Methylanilin vermischt und am Wasserbad 1 Stunde lang erwdrmt. Dann wird abgekihlt,
das kristallisierte Produkt filtriert und mit Petroldther gewaschen. Das Produkt wird aus
einem Gemisch von 17 ml Alkohol und 100 ml Petroldther umkristallisiert.

Ausbeute: 8,1 g. Schmelzpunkt: 54—55 °C.

Analyse: CI3H18N22S (266,35).

Berechnet: C 58,62, H 6,81, N 10,52, S 12,03%.

Gefunden: C 58,76, H 6,85, N 10,41, S 12,14%.

y-(N-Methyl-]4-phenylthiocarbamyl)-aimnobuMersaure ClII

19,3 g y-(N-Methyl-N-phenylthiocarbamyl)-aminolmttersduremethylester werden mit
190 ml Aceton und 15 ml cc. Salzsdure vermischt und 2,5 Stunden lang zum Sieden erhitzt.
AnschlieBend wird das Losungmittel abgetrieben und der Rickstand mit 10%iger NaHCO03-
Losung auf pH 8 eingestellt. Die abgeschiedene 6lige Substanz wird mit 200 ml Athylacetat
aufgenommen und diese Losung mit 3X80 ml 10%iger NaHCO03Losung extrahiert. (Aus der
Athylacetatphase kann, nach Waschen mit Wasser und Trocknen, 7 g Substanz durch Ein-
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Analyse
Berechnet Gefunden Verfahren
Bemerkung
c H N s c H N S
H
Die Substanz wurde
61,51 6,02 11,96 13,68 61,55 6,12 11,85 13,66 nach einigen Wo
chen o6lig.
64,08 6,91 10,68 12,22 63,91 6,95 10,69 12,23 H
dampfen erhalten werden. Diese enthdlt — gemdB einem dinnschichtchromatographischen
Vergleich — hauptsdchlich den Ausgangsester und kann erneut der Hydrolyse unterworfen

werden.)

Die urspriingliche Loésung sowie die zur Extraktion verwendeten NaHCO3Ldsungen
werden vereinigt, mit Salzsdure angesduert und das ausgeschiedene Ol wird mit 3X80 ml
Athylacetat extrahiert. Diese Ldsung gibt, nach Trocknen und Eindampfen, 6 g kristallines
Produkt (Schmelzpunkt 92 °C).

Die Sé&ure kann aus einem Gemisch von Aceton und Petroldther 1:4 umkristallisiert
werden. Nach mehrfachem Reinigen zeigte sie den Schmelzpunkt von 95°.

Analyse: CI21116N20 25 (252,33).

Berechnet: C 57,11, H 6,39, N 11,10, S 12,70%.

Gefunden: C 57,27, H 6,50, N 11,13, S 12.83%.

I-(N-Methyl-N-phenylthiocarbainyl)-pyrrolidon-2 L1V

2,3 g (0,0091 M) y-(N-Methyl-N-phenylthiocarbamyl)-aminobuttersdure werden in
15 ml Chloroform gelést und eine Lésung von 6,3 g (0,03 M) Trifluoressigsdureanhydrid in
10 ml Chloroform wird bei — 10 °C im Laufe einer halben Stunde tropfenweise zugegeben.
Dann wird 24 Stunden lang bei Raumtemperatur und anschlieBend 4 Stunden lang bei 60 °C
geriihrt, bei derselben Temperatur eingedampft, der Riickstand in 60 ml Athylacetat auf-
genommen und mit 10%iger NaHCO03L06sung und danach mit Wasser neutral gewaschen.
Nach dem Trocknen und Eindampfen wird wenig absoluter Alkohol vom Riickstand abdestil-
liert. Das erhaltene Ol kristallisiert beim Stehen. Ausbeute: 1,40 g.

Aus Aceton mehrmals umkristallisiert, ergibt sich ein Schmelzpunkt von 117—118 °C.

Analyse: C,2HI4N20S (234,31).

Berechnet: C 61,51, H 6,02, N 11,96, S 13,68%.

Gefunden: C 61,46, H 6,18, N 12,00, S 13,73%.
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Tabelle ¥YM/a

y-(N-Q-Thiocarbamyl)-aminobutterséduren

Nummer j Q Schmelzpunkt

LXXIX 136— 137 °C

LXXX (g | B T
1
0-iC 6—In
1
CH
I\
CHj cH3
LXXXI 114 9C
a
CH 1 CH
LXXXII 145°C
1 CH3
LXxxxm 120°C
CH3
CH3 1 CH,
LXXXIV X © 152°C
CH3 1 CH3
LXXXV W 176°C
1
Br
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Molekular-
Bruttoformel gewicht
cnn ¥ Dos 283,30
ABAW A0 gS 324,43

C14—|Z)\12)% 280,38

A13A.18A2A2A 266,35
c1d 18 Dos 266,35
cidiitDas 311,35

C]3-|I7BIN2DZS 345,25
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Analyse
Berechnet Gefunden Verfahren
Bemerkung
C H N S C H N S
55,44 5,92 11,76 13,45 55,40 6,05 11,82 13,50 A
A
59,23 7,45 8,63 9,88 59,38 7,59 8,68 10,02 Literatur des verwendeten
Isothiocyanats [41]

59,97 7,19 9,99 11,43 60,01 7,26 10,10 11,47 A

A

Literatur des verwendeten
58,62 6,81 10,52 12,03 58,68 6,96 10,64 12,00 |sothiocyanats [40];

hergestellt nach [20].

A
Literatur des verwendeten
Isothiocyanats [39];
hcrgestellt nach [20].

58,62 6,81 10,52 12,03 58,55 6,95 10,56 12,10

50,14 5,50 13,50 10,29 50,24 5,64 13,58 10,23 A
9,2 9,2
45,22 4,96 8,11 Br: 45,37 5,07 8,20 Br: A
23,14 23,10
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Tabelle VIl/a (Forts.)

Nummer Q Schmelzpunkt | Molekular-
Bruttoformel ; gewicht
Cl 1 Cl
LXXXVI 122— 123 °C CUH 1I2CI2N 2D 25 307,18
LXXXVII 139 °C Ni2HI3F3N2 25 306.30
Cl 1
LXXXVIII 171 °C c12h 2cif3n 202 340,74
Zers.

Cl 1 CH,

LXXX1X W 142— 143 °C ¢ cinZo 2 286,76

CH6 ! C2H6
XC 112— 113 °C N1BAQ2NAQNIN 294,40
XClI 165 °C c 15h 16n 20 2s 288,36
Zers.
XClIl 185 °C ClH 18N20 25 302,38
Zers.
N\ o
137—138 °C  c17h 181 202 314,39
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Analyse
Berechnet Gefunden Verfahren
Bemerkung
c H N S c H N S
10,43 10,53 A
43,00 3,93 9,12 Cl: 43,00 3,98 9,23 Cl: Literatur des verwendeten
23,08 23,21 Isothiocyanats [23].
A
47,05 4,27 9,15 10,46 47,28 4,35 9,25 10,58 Literatur das verwendeten
Isothiocyanats [22].
9,41 9,48 A
42,29 3,55 8,22 Cl: 42,35 3,65 8,26 Cl: Literatur des verwendeten
10,40 10,45 Isothiocyanats [37];]
hergestellt nach [20].
11,18 11,20
50,26 5,27 9,77 Cl: 50,35 5.40 9,85 Cl: A
12,36 12,27
61,19 7,53 9,51 10,89 61,21 7,68 9,50 11,00 A
62,47 5,59 9,71 11,12 62,46 5,70 9,70 11.10 A
Literatur des verwendeten
Isothiocyanats [26].
63,55 6,00 9,26 10,60 63,60 6,12 9,35 10,69 A
64,94 5,77 8,91 10,19 64,90 591 9,02 10,22 A

Literatur des verwendeten
Isothiocyanats [28],
hergestellt nach [20].
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Tabelle YIl/a (Forts.)

Nummer Q Schmelzpunkt Molekular-
Bruttoformel gewicht
!
(CH2)2
1
CH °
XCIV P 116 °C c20h 24n202s 356,47

158 °C Ci1sH2iN ,02S 329,43

XCVII 138 °C c12h 16n202s 252,33

XCVIII 117 °C CuH20N2025 244,35

1
CH
1
(CH2)2

XCVI M 133— 134 °C  Cish 1sn202s 266,35
Vd

XCIX 160— 162 °C  ClsH21N20 S 296,42
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67,38

65,62

58,62

57,11

54,06

60,77

Berechnet
H N
6,78 7,86
6,42 8,50
6,81 10,52
6,39 11,10
8,25 11,46
8,16 9,45
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Analyse
- Verfahren
Gefunden Bemerkung
S C H 1 N 1 S
8,99 67,32 6,86 7,85 9,07 A
A

9,73 65,66 6,56 8,45 9,80 Literatur des verwendeten
Isothiocyanats [38].

A
Literatur des verwendeten
Isothiocyanats [24],
hergestellt nach [21].

12,03 58.53 6,85 10,49 11,98

A
Literatur des verwendeten
Isothiocyanats [24],
hergestellt nach [21].

12,70 57,14 6,40 11,17 12,76

A
Literatur des verwendeten
Isothiocyanats [25],
hergesteilt nach [21].

13,12 54,02 8,26 11,50 13,12

A
Literatur des verwendeten

10,81 60,85 8,28 9,43 10,75 Isothiocyanats [27].
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128
Tabelle VIlb
y-(JA-Q-Thiocarbamyl)methylaminobuUersdauren
S
1l
Q—NH—C—N—(CH23—COOH
I
CH3
Nummer Schmel kt -
Q chmelzpun Bruttoformel Mg‘lz'fﬁa'ﬁr
C 103 °c Ci2HieN20 25 252,33
CH3 ! CH3
Cl 121 °C ALAA-20A2A2A 280,38

Verfahren H

I-M ethyl-2-thio-3-Q-4-oxo-perhydro-I,3-diazepine LIIl und LXXVIII (Tab. VI/b)

Aus y-Methylaminobuttersdure [19] und aus dem entsprechenden Isothioeyanat werden
nach Verfahren A die y-(N-Phenylthiocarbamyl)-methylaminobuttersauren C und CI (Tab.
VIT/b) hergestellt. Diese w'erden unter Kihlen mit Eiswasser in der 2—3fachen Menge von
Trifluoressigsaureanhydrid gelést und die Lésung wird 2—3 Tage lang stehen gelassen. Dann
wird das Reaktionsgemisch mit der zehnfachen Wassermenge versetzt und durch Zugabe von

NaH CO03 neutralisiert.
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Analyse
Berechnet Gefunden Verfahren
C H N s C n N s
57,11 6,39 11,10 12,70 57,10 6,48 11,03 12,71 A
59,97 7,19 9,99 11,43 59,92 7,28 10,03 11,48 A

Das rohe LXXVIII wird in Form eines festen Niederschlages abgeschieden; das in &liger
Form abgeschiedene LUI wird mit Athylacetat aufgenommen. Die letztere Lésung wird mit
10%iger NaHCO03Ldsung und danach mit Wasser gewaschen und Gber Natriumsulfat getrock-
net. Nach dem Eindampfen bleibt ein Ol zuriick, welches durch Reiben zum Kristallisieren
gebracht werden kann. Die Rohprodukte werden aus Athanol umkristallisiert.

Die bei den Synthesen nach Verfahren A, B, C, D, E und H verwendeten, in der Lite-
ratur bisher nicht geschriebenen Isothiocyanate sind in Tab. V11l angefiihrt. Sie wurden nach
bekannten Verfahren [20, 21] hergestellt.

Die Infrarotspektren wurden auf dem Zeiss Spektrophotometer IR-10 aufgenommen.

*

Fir die Hilfe in der Auswertung der Spektren sei Herrn Dr. P. Sonar, fur die Aus-
fuhrung der Mikroanalysen Frau Dr. L. Szabs an dieser Stelle gedankt.
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Tabelle VIII

Isothiocyanate

Q—N=C=S

Siedepunkt _

Q Bruttoformel l\gg\lzrcuhléar
/S-Phenyl-isopropyl- 105—110 °C/0,7 mm C,,HUNS 177,26
y, y-Diphenylpropyl- 190—195 °C/0,4 mm cl6h Bns 253,35
/?-(3,4-Dimethoxyphenyl)-atliyl- 160—163 °C/0,6 mm cuh I3ho2s 223,28
/5-(3,4-1)iathoxyphcnyl)-dthyl- 160—168 °C/0,1—0,2 mm clh Ino2 251,33
2-Methyl-6-chlorphenyl- 106—108 °C/0,7—0,8 mm c8bcins 183,65
2,6-Dimethyl-4-bromphenyl- — CgHgBINS 242,13
2,6-Dimethyl-3-nitrophenyl- 140— 144 °C/0,2 mm c% 8n 202s 208,23
2,6-Diathylphenyl- 106— 108 °C/0,3 mm CnHINS 191,28
2-Methylnaphtyl-1- 146—148 °C/0,1 mm CI2H8N S 198,25

* Die monosubstituierten Thiocarbamide wurden nach [32] hergestellt.
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6,27

5,57

7,63

578

13,45

7,06

Berechnet

18,08

12,65

14,36
12,75
17,4

Cl:
19,30

13,2
Br:
33,00

15,39

16,76

16,17
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Analyse

7,87

5,45

6,22

5,65

7,55

572

13,34

Gefunden

17,94

12,50

14,22
12,60

17,3
Cl:
19,15

13,15

32,82

15,30

16,49

16,22

Verfuhren, Bemerkung

nach [21]

nach [21]
Nach Fraktionierung fest. Schmelzpunkt
60 °C

nach [21]
nach [21]

nach [20]; l6stundiges Kochen mit Chlor-
benzol. Das verwendete I-(2-Methyl-6-
chlorphenyl)-thiocarbamid war unbe-
kannt.* Schmelzpunkt 166— 168 °C.

nach [20]; 8stindiges Kochen mit Chlor-
benzol. Reinigung durch Extraktion mit
Petroldther. I-(2,6-Dimethyl-4-brom-
phenyl)-thiocarbamid [30].

nach [20];
I-(2,6-Dimethyl-3-nitrophenyl)-thiocarba-
mid [30]

nach [20]; l6stindiges Kochen mit Chlor-
benzol. Das 1-(2,6-Diathylphenyl)-thio-
carbamid war unbekannt.* Schmelzpunkt
196 °C. Zers.

nach [20]; 18stindiges Kochen mit Chlor-
benzol. Das I-(2-Methylnaphtyl-1)-thio-
carbamid* war unbekannt. Schmelzpunkt
165 °C.
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NAHERE UNTERSUCHUNG DES VERUAUFS
DER MILLONSCHEN REAKTION*

J. Lazar, L. Méd und E. Vinkler

(Pharmazeutisch-chemisches Institut der Medizinischen Universitat, Szeged)

Eingegangen am 15. November 1969

Die Millonsche Reaktion der substituierten Phenole wurde an den Modell-
verbindungen 4-Hydroxybenzoesaure (Ib), 4-Hydroxybenzoesauremethylester (Ib) und
Tyrosin (Ib) untersucht.

Nach einer ausfihrlichen Literaturibersicht wird die Synthese der in der Millon-
sehen Farbreaktion eine Rolle spielenden Verbindungen beschrieben. Durch Umset-
zung dieser Verbindungen ineinander konnte der Verlauf der Millonschen Reaktion
geklart werden.

Verfasser stellten fest, daR die gefarbten Verbindungen die Quecksilber(ll)-
Komplexe der o-Nitrosophenole sind, u. zw. Bis-o-nitrosophenolmerkurat(ll) (1V) und
o-Nitrosophenolinerkurat(ll)nitrat (V). Als erste Stufe verlduft durch Einwirkung von
Wérme oder bei Zimmertemperatur nach ldngerem Stehen eine Merkurierung. In der
zweiten Stufe reagiert das entstandene Produkt (Il) mit salpetriger S&ure und es
werden das o-Nitrosophenolderivat (I11) bzw. dessen erwdhnte geférbte Queck-
silberkomplexe (IV und V) gebildet.

Ferner wurde festgestellt, dal die Komponente des Millonschen Reagens, welche
die Farbreaktion hervorruft, das Quecksilber(ll)nitrit ist.

Millon teilte im Jahre 1849 mit, dal bestimmte Proteine beim Erwar-
men mit einer salpetersauren Ldsung von Quecksilber eine rote Farbreaktion
liefern [1, 2].

Spéter wurden in zahlreichen Arbeiten [3—23] Reagenzien d&hnlicher
Zusammensetzung — teilweise unabh&ngig von Millon, teilweise mit seiner
Arbeit im Zusammenhang — zum Nachweis von Proteinen bzw. Tyrosin und
spdter von verschiedenen Phenolen empfohlen.

Seit den 1910-er Jahren bis in unsere Tage wurden durch zahlreiche Ver-
fasser Verfahren zum Nachweis bzw. zur photometrischen Bestimmung von
Phenolen, Kresolen, Vanillin [24—31], Tyrosin, Thyroxin [32—77] auf dem
Gebiet der Biochemie [32—63], der Histochemie und Cytochemie [64—77],
von verschiedenen, phenolische Hydroxylgruppen enthaltenden Arzneimitteln
(Tubocurarin [78—80], Oestradiol [81], »Oxyphedrin« [82], »Phenylephrin«
[83, 84]), von verschiedenen Estern der p-Oxybenzoesdure [85—96], von
Protein- bzw. Aminosdurezersetzungsprodukten im Harn [97, 98] und von

*Zum Teil vorgetragen durch E. Vinkter auf der Sitzung des Komitees fiir orga-
nische Chemie der Ungarischen Akademie der Wissenschaften am 28. Mé&rz 1967. Erschie-
nen in Kémiai Kdzlemények 29, 257 (1968).
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4-Oxyphenylbrenztraubensdure [99—102] mit dem Millonschen Reagens ent-
wickelt.

Schon von der Jahrhundertwende angefangen waren Forscher damit
beschéftigt, den Verlauf der Millonschen Reaktion zu kladren. Im Ruch von
Nickel aus dem Jahre 1890 [16] werden Nitrosophenole fir das Zustande-
kommen der roten Farbreaktion verantwortlich gemacht. Im Zusammenhang
mit der Millonschen Reaktion der Salicylsdure schrieb Lintner 1900 [21],
daBR die Komponenten, welche die Farbreaktion hervorrufen, die merkurierte
Salicylsdure und die salpetrige Sdure sind. Reim Prufen auf Salicylsdure soll
demgemé&R das Reaktionsgemisch zuerst mit Quecksilber(ll)nitrat erwéarmt
werden; nach dem Ansduern und Versetzen mit Natriumnitrit-Lésung ent-
stehen dann — gema&R seiner Mitteilung — die fir die Farbreaktion verant-
wortlichen Nitrosoverbindungen. In demselben Jahr erschien die Arbeit von
Vaubel [22], der einen zweistufigen Verlauf der Reaktion annahm: in der
ersten Stufe verlduft die Nitrosierung, in der zweiten entsteht der Quecksilber-
komplex.

Der Verlauf der Millonschen Reaktion wurde von Gibbs [103, 104],
McFARLANEuUnd Fulner [37], Nilssen [105], und spétervon Schreiber [106],
Katsumata [107, 108], Sakakibara und Mitarbeiter [109, 110] sowie
Neuzil [30] untersucht. All diese Verfasser sind einstimmig der Ansicht, daf
es die Quecksilberkomplexe der im Laufe der Reaktion gebildeten Ortho-
nitrosophenole sind, die die Farbreaktion hervorrufen. Ihre Folgerungen sind
jedoch — &hnlich ihren Vorgédngern vom Beginn des Jahrhunderts — durch
experimentelle und analytische Angaben ungentgend unterstitzt. Ihre Annah-
men stiitzen sich auf UV-Absorptionsmaxima, papierchromatographische Kon-
stanten, theoretische Uberlegungen und Analogien.

Unser Ziel war die Isolierung und Charakterisierung der im Laufe der
Millonschen Reaktion entstehenden Verbindungen, um daraus mit Hilfe
der heutigen organisch-chemischen und komplex-chemischen Kenntnisse auf
den Verlauf der Reaktion schlieBen zu kénnen.

Die Mitteilungen von Baudisch [111—114] und Cronheim [115—117]
erwiesen sich als wertvolle Hilfe in der Untersuchung der Farbreaktion, inso-
fern als sie Angaben Uber die Herstellung, Eigenschaften und Komplexbildung
der o-Nitrosophenole enthalten, ohne jedoch auf die Millonsche Reaktion
hinzuweisen.

Als Modellverbindung wurde fur unsere Versuche einerseits die p-Hyd-
roxybenzoesdure (la) und deren Methylester (Ib), anderseits das in bioche-
mischer Hinsicht interessante Tyrosin (Ic) gewé&hlt. Die Verbindungen la und Ib
erwiesen sich als besonders geeignet, da die Reaktionen von keinen stérenden
Nebenreaktionen begleitet werden.

Zum Hervorrufen der Millonschen Farbreaktion wurden durch die ein-
zelnen Verfasser verschiedene Reagenzien verwendet, welche jedoch darin
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Ubereinstimmen, daBR sie alle Quecksilber(ll)- und Nitritionen enthalten. So
wurden z. B. salpetersaure Lésungen von metallischem Quecksilber bzw.
Quecksilber(ll)oxyd, sowie Gemische von Quecksilber(ll)salzen z. B. Queck-
silber(ll)nitrat, Quecksilber(ll)sulfat, Quecksilber(ll)chlorid, Quecksilber(ll)-
acetat mit Losungen von Kalium- bzw. Natriumnitrit verwendet.

Anfangs wurde die Reaktion gem&R der urspringlichen Vorschrift von
Millon ausgefihrt; eine geringe Menge der genannten Modellverbindungen
wurde mit Millonschem Reagens* erwdrmt, wobei eine dunkelrotc Farbreaktion
auftrat. Eine dhnliche Reaktion — wie bereits seit langem bekannt ist — wurde
mit tyrosinhaltigen Proteinen (z. B. mit Eiklarldsungen) und mit in verschie-
denen Stellungen substituierten Phenolen erhalten [1—23].

Bei der Untersuchung der Zusammensetzung unseres Millonschen Rea-

gens fanden wir — im Gegensatz zu der Mitteilung von Deniges [119], dal
Quecksilber(ll)- und Quecksilber(l)-lonen ungefdhr im Verhdltnis 3 : 2 vor-
liegen — daR das Reagens Uberwiegend Quecksilber(ll)nitrat und -nitrit

enth&lt, wobei die letztere Verbindung aus der bei der Auflésung des metalli-
schen Quecksilbers in groRen Mengen entstehenden salpetrigen Sdure gebildet
wird. Die Rolle der im Reagens in geringen Mengen zuriickbleibenden Salpeter-
sdure besteht darin, dafl sie die Hydrolyse der entstehenden Quecksilbersalze
und die Bildung von Quecksilber(l)-lonen zuriickdrdngt. Dafur wird eine
optimale Menge an Salpeterrdure bendtigt; ein UberschuR wiirde namlich das
wirksame Agens Quecksilbes(ll)nitrit zerstéren. Die im Reagens entstehende
geringe Menge von Quecksilber(l)-lonen kristallisiert als schwerlésliches
Quecksilber(l)nitrit in Form eines gelben Niederschlages allmé&hlich aus dem
Reagens aus.

Mit Modellversuchen wurde festgestellt, daB unter den Komponenten
des Reagens eigentlich nur das Quecksilber(ll)nitrit die Farbreaktion her-
vorruft. Das im Reagens vorhandene Quecksilber(ll)nitrit kann einerseits in
dem einleitenden Schritt der Farbreaktion, der Merkurierung und anderseits
in der Komplexbildung teilnehmen und trdgt durch die Steigerung der Queck-
silber(ll)-lonenkonzentration zu der Bildung der in Wasser leicht ldslichen
Komplexverbindung (V) bei, die im weiterem diskutiert wird.

Das Reaktionsgemisch aus Millonschem Reagens und p-Hydroxybenzoe-
sdure bzw. deren Methylester sowie ausTyrosin sollte nun in prdparativem MaR-
stab hergestellt und die gebildeten Produkte sollten isoliert und identifiziert wer-
den. Es zeigte sich, daf die Anwendung einer waRrigen Lésung aus 1 Mol Queck-
silber(ll)nitrat und 2 Mol Kaliumnitrit anstelle des Millonschen Reagens,
dessen Zusammensetzung sich geringfugig &ndert, Vorteile hat. Es wurde

* 10 g Quecksilber werden entweder unter Kihlung in 10 g kalter rauchender Salpeter-
saure oder unter gelindem Erwéarmen in 10 g Salpetersdaure (d = 1,4) geldst und die ent-
stehende Losung mit 20 ml dest. Wasser verdinnt. Nach dem Absetzen der ausgeschiedenen
Kristalle wird der Reagens dekantiert [118].
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festgestellt, daB in der ersten Reaktionsstufe die p-Hydroxybenzoesdure, ihr
M ethylester bzw. das Tyrosin beim Erw&rmen unter der Einwirkung des
Quecksilber(ll)nitrits bzw. -nitrats merkuriert wird. Die entstehende Ver-
bindung kann durch Unterbrechen der Reaktion im entsprechenden Zeitpunkt
isoliert werden, jedoch hydrolisiert sie unter den Umstdnden der Verarbeitung
zur Quecksilber(ll)-hydroxyVerbindung (I1).

la: R=—COOH X"= “N02, —NO3ill. “OH
Ib: R=—COOCHS3
IC: r=-ch2- ch- cooh

nh?2

Im Fall vonp-Hydroxybenzoesduremethylester erwiessich die\ erbindung
Ilc als identisch mit dem auf andere Art [120— 122] hergestellten 3-Queck-
silber(ll)-hydroxy-4-hydroxybenzoesduremethylester. In dem entstehenden mer-
kurierten Derivat Il wird die quecksilberhaltige Gruppe durch die Wirkung der
entweder urspringlich im Reagens enthaltenen oder im Laufe der vorangehen-
den Merkurierungsreaktion entstandenen salpetrigen Sdure mit der Nitroso-
gruppe ausgetauscht [123— 125].

Im Zusammenhang mit dieser Reaktion soll bemerkt werden, da D im -
both [123] bei der Reaktion von salpetriger Sdure mit dem durch Merkurierung
von Phenol erhaltenen 2-Quecksilber(ll)-hydroxyphenol eine dunkelrote Farb-
reaktion beobachtete. In seiner Mitteilung bemerkt er, dal das Wesen dieser
Reaktion ungeklart sei, daR sie jedoch an die Millonsche Reaktion erinnere
und nimmt an, daB letztere in jedem Falle mit der Bildung von organischen
Quecksilberverbindungen in Zusammenhang stehe.

Das auf diese Weise entstehende, in statu nascendi nicht isolierbare
o-Nitrosophenolderivat Il bildet mit den im Reaktionsgemisch vorhandenen
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Quecksilbersalzen, in Abh&ngigkeit von den Molverhéltnissen bzw. Konzentra-
tionsverhdltnissen zweierlei Komplexverbindungen, IV und V [115, 116].

Das o-Nitrosophenolderivat kann aus dem Komplex freigesetzt werden
und kann sogar im Fall vonp-Hydroxybenzoesduremethylester aus dem schwach
sauren Millonschen Reaktionsgemisch, infolge der Zersetzung der Komplexe,
mit Petroldther ausgeschuttelt werden.

Die Komplexbildung kann auch mit dem isolierten o-Nitrosophenol-
derivat durchgefihrt werden und ebenso auch mit dem isolierten merkurierten
Produkt durch Reaktion mit salpetriger S&ure [21], [123]. In Abhdngigkeit
von der Konzentration der Quecksilbersalze entstehen zweierlei Typen von
Komplexverbindungen und zwar das Bis-o-nitrosophenolmerkurat(ll) 1V bzw.
das o-Nitrosophenolmerkurat(ll)nitrat V.*

Bei p-Hydroxybenzoesduremethylester kann das in Wasser unldsliche
Bis-o-nitrosophenolmerkurat(ll) IV leicht isoliert und unter Einhalten der
entsprechenden Molverhdltnisse auch hergestellt werden.

Das o-Nitrosophenolmerkurat(ll)nitrat V ist nur bei entsprechend hohen
Quecksilber(ll)salzkonzentrationen existenzfadhig, da wunter abweichenden
Molverhdltnissen der Komplex IV, d. h. Bis-o-nitrosophenolmerkurat(ll), ent-

I (a. I>e) IV (a. b. ¢)

viel Hg2*
n

r

I

IV (a. b. c) V (a. b. 1)

* Infolge der Tautomerie der o-Nitrosophenole kdnnen diese Komplexvcrbindungen
sowohl als sechsgliedrige, als auch als finfgliedrige Chclatringe geschrieben werden [126].
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steht bzw. das entstandene o-Nitrosophenolmerkurat(ll)nitrat Y zu o-Nitroso-
phenolmerkurat(ll)hydroxyd hydrolisiert VI.

Die Ldslichkeitsverhéltnisse und Farben der Komplexe sind ver-
schiedenartig. Die in W asser unldslichen Komplexe IV (violett) und VI (kirsch-
rot) werden unter der Wirkung von Quecksilber(ll)nitratlésung zum wasser-
I6slichen kirschroten Komplex V umgesetzt.

Bei dieser Farbreaktion verschiebt sich das Gleichgewicht infolge der
hohen Quecksilberionkonzentration in Richtung der Bildung der Komplexe V;
unter Einhaltung der entsprechenden Molverhéltnisse entsteht praktisch nur
der losliche, kirschrote Komplex V.

Wir halten es fir wahrscheinlich, daB K atsumata UNd Sakakibara
[107, 109] diese bei der Komplexumsetzung erfolgende Farb&nderung falsch
deuteten und die Erscheinung durch eine wiederholte Nitrosierung der Metall-

komplexe der o-Nitrosophenole mit der Einwirkung von salpetriger Sdure
erklarten (VII):

Aus der dargestellten Umsetzung der Komplexe geht hervor, wie wichtig
der hohe UberschuR des »Millonschen Reagens« gegeniber einer sehr geringen
Menge der zu bestimmenden Verbindung bei der photometrischen Anwendung
der Reaktion ist, um gut reproduzierbare MeRergebnisse zu erhalten.

Der kirschrote Komplex V kann mit Ather und Athylacetat aus der waR-
rigen Ldsung ausgeschittelt werden. Versucht man jedoch, das Lésungsmittel
neutral zu waschen, so hydrolysiert die Verbindung und das o-Nitrosophenol-
Quecksilber(ll)hydroxyd wird in Form eines roten unldslichen Niederschlages
ausgeschieden.

Bei p-Hydroxybenzoesduremethylester kristallisiert der Komplex V aus
seiner heill geséttigten, Quecksilber(ll)nitrat enthaltenden Lésung beim Abkih-
len und kann filtriert werden. Nach dem Trocknen zersetzt sich der Komplex
jedoch in kurzer Zeit unter Entwicklung von nitrosen Gasen, wéhrend die
Nitrosoverbindung zur Nitroverbindung oxydiert wird.

Bei p-Hydroxybenzoesdure erwies sich der Komplex V als viel stabiler
und kann ohne besondere Schwierigkeiten aufbewahrt werden.

Wird die Reaktion mit dem urspringlichen Millonschen Reagens aus-
gefuhrt, so wird ein geringer Teil der Nitrosoverbindung in der schwach sal-
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petersauren Losung — nach unseren Untersuchungen mit Frau G. Simon —
zu der Nitroverbindung VIII oxydiert. Dieser Vorgang kann nach B irackari
und Mitarbeiter [127] gedeutet werden. Die isolierten trocknen Metallkomplexe
werden durch Luftsauerstoff bei ldngerem Stehen ebenfalls oxydiert; dieser
Vorgang wird durch das Erscheinen der gelben Farbe des Quecksilberoxyds
und der betreffenden Nitroverbindungen angezeigt.

Bei der Farbreaktion entstehen vermutlich aufRer den bereits behandelten
Verbindungen in &duferst geringen Mengen Quecksilber(l)-Komplexe, infolge
der eventuellen Gegenwart von geringen Mengen an Quecksilber(l)-lonen im
Reagens. Diese Annahme wird durch unsere Beobachtung unterstiutzt, dal
das Nitrosoderivat Ill, mit Quecksilber(l)nitrat in Reaktion gebracht, zu Bis-
o-nitrosophcnolmerkurat(l) umgesetzt wird (IX). Diese Verbindung konnte
jedoch nicht aus dem Farbreaktionsgemisch isoliert werden.

Die Gewinnung des Nitrosoderivats von Tyrosin* stiel auf Schwierig-
keiten. Es gelang uns aber, die in reinem Zustand herstellbaren Silberkomplexe
sowohl des Tyrosins als auch des p-Hydroxybenzoesauremethylesters (X, XI)
herzustellen.

..Ag
I |
1
COOCHs GH-NH2
X C.00Ag

XI

Die analytischen Angaben dieser Verbindungen bestdtigen die Zusam-
mensetzung der analogen Quecksilberkomplexe in vollem MaRe.

* Bei Tyrosin wurde ein fast neutrales Reagens mit Pufferwirkung verwendet (her-
gestellt durch Mischen von Quecksilber(ll)nitrat und Kaliumnitritlésungen), womit es uns
gelang, die Umsetzung der Aminogruppe zu vermeiden.
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Die Lichtabsorption des Farbreaktionsgemisches stimmt mit der Licht-
absorption der Lésung des auf prdparativem Wege hergestellten Komplexes
V Uberein, womit die Richtigkeit unserer mittels chemischer Methoden fest-
gestellten Schlusse sowie die Folgerung, daR die Farbreaktion durch die kirsch-

Abb. 1. Absorptionsspektrum des Millonschen Farbreaktionsgemisches und der Verbindungen
IHb. IVb und Vb

rote losliche Komplexverbindung V hervorgerufen wird, eindeutig bewiesen
werden konnte (Abb. 1).

Auf Grund unserer Versuchsergebnisse halten wir es fir wahrscheinlich,
dall die Millonsche Reaktion der Proteine auch im Fall des im Protein-
molekil eingebauten Tyrosins auf dem Wege der erlduterten Reaktionen
zustande kommt.

Herrn Prof. Mihdly Beck sei fir die wertvollen Diskussionen komplexchemischer Pro-
bleme bei unserer Arbeit gedankt. Frau G. Simon danken wir fir ihre Arbeit bei den Vor-
versuchen, Frau E. Csapo, und Frau |. Dozsat fur die Analysen.
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Experimenteller Teil

(Unkorrigierte Schmelzpunkte)

A) Untersuchung des Millonschen Farbreaktionsgemisches

Zu 0,15 g (0,001 JVf) 4-Hydroxybenzoesduremethylester wurden 2—3 ml Millonsches
Reagens [118] zugegeben. Nach einigen Minuten Erwéarmen farbte sich das Reaktionsgemisch
dunkelrot.

UV-Absorptionsmaxima:

Amax: 490, 340, 256 nm.

1) 3-Nitroso-4-hydroxyl>enzoesdureniethylester (I111b)

Aus dem obigen Farbreaktionsgemisch wurde nach Verreiben mit 5 g Natriumchlorid
eine smaragdgrine Verbindung mit Petrolather extrahiert. Aus dem Extrakt wurde durch
Schitteln mit waBrigen Losungen verschiedener Schwermetallsalze (Silber, Kupfer, Queck-
silber™), Quecksilber(ll) usw.) ein roter Niederschlag abgeschieden.

2) 3-Nitroso-4-hydroxybenzoesdure (lila), 3-Nitro-4-hydroxybenzoesauremethylester (VHIb),
3-Nitro-4-hydroxybenzoesédure (Villa)

Das nach 1) mit Petroldther bereits extrahierte wéafrige Reaktionsgemisch wurde mit
Ather weiter extrahiert, wobei die 3-Nitroso-4-hydroxybenzoesidure sowie das Gemisch des
3-Nitro-4-hydroxybenzoesduremethylesters und der 3-Nitro-hydroxybenzoesdure extrahiert
wurden. Die atherische Lésung wurde mit der waRrigen Ldésung eines Schwermetallsalzes —
zweckmdBig Silbernitrat oder Kupfersulfat — geschittelt, wobei die 3-Nitroso-4-hydroxy-
benzoesdure als unldsliche Komplexverbindung des Silbers bzw. Kupfers entfernt wurde,
wdhrend das Gemisch der Nitroverbindungen in der dtherischen Ldsung blieb. Die Trennung
bzw. Identifizierung letzterer wnrde mittels Dinnschichtchromatographie durchgefiuhrt. Als
Adsorbens wurde Silikagel G verwendet, als Laufmittel diente ein Gemisch von Benzol und
Ather im Verhéltnis 8 : 2.

3-Nitro-4-hydroxybenzoesauremethylester (VHIb) Rf = 0,56.

3-Nitro-4-hydroxybenzoesdure (Villa) Rf = 0,16.

Die im Farbreaktionsgemisch vorkommenden Verbindungen wurden durch Vergleich
der aus dem in prdparativen MaRstab hergestellten Gemisch nach B) isolierten Verbindungen
mit authentischen Verbindungen charakterisiert, wobei die Schmelzpunkte, Mischschmelz-
punkte, UV-Lichtabsorption bestimmt und Elementaranalysen durchgefihrt wurden.

B) Synthese und Charakterisierung der in der Millonschen Farbreaktion eine Rolle spielenden
Verbindungen

1) 3-Quecksilber(ll)hydroxy-4-hydroxybenzoeséduremethylester (l11b)

a) 1,52 g (0,01 M) 4-Hydroxybenzoesauremetliylester (Ib) wurden in 10 m| Athylalkohol
gelést und mit einer Lésung von 3,2 g (0,01 M) Quecksilber(ll)acetat in 1 ml Eisessig und
25 m| Wasser versetzt. Das Reaktionsgemisch wurde 30 Minuten lang am Dampfbad erwarmt.
Das ausgeschiedene Reaktionsprodukt wurde abfiltriert und der teilweise hydrolysierte Ester
durch Waschen mit verdinntem Ammoniak entfernt, wobei das merkurierte Produkt zuriick-
blieb.

Ausbeute: fast quantitativ.

b) Das Derivat Ilb kann auch aus dem Millonschen Farbreaktionsgemisch isoliert
werden, sofern das Gemisch im richtigen Zeitpunkt — wenn sich das Gemisch eben blaRrosa
farbt — abgekihlt und das merkurierte Produkt abfiltriert wird. Das Produkt besitzt keinen
reproduzierbaren Schmelz- bzw. Zersetzungspunkt.

CgHgOjHg (368,753).

Berechnet: Hg 54,4%.

Gefunden: Hg 54,2%.
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2) 2-Nitroso-4-hydroxybenzoesduremethylester (IHb)

1,52 g (0,01 M) 4-Hydroxybenzoesduremethylester wurden in 7 ml Athylalkohol gelést
und mit einer Lésung von 1,78 g (0,0055 M) Quecksilber(ll)nitratund 0,93 g (0,011 M) Kalium-
nitritin 15 ml Wasser versetzt. Das Gemisch wurde 30 Minuten lang vorsichtig aufdem Dampf-
bad erwé&rmt, wobei ein roter Niederschlag ausgeschieden wurde. Der Niederschlag wurde
abfiltriert, 20%ige Salzsaure portionsweise zugegeben und die Losung mit mehreren Portionen
Petrolather extrahiert. Das Zufiigen von Salzsaure und die Extraktion mit Petroldther wurde
solange fortgesetzt, bis sich der Extrakt kaum mehr farbte. Die grinen Petroldther-Extrakte
wurden vereinigt, mit gesattigter wéaBriger Natriumchlorid-L6sung gewaschen und anschlies-
send mit 70 ml 5%igen Ammoniakldsung ausgeschittelt. Die dunkelorangerote walrige Lésung
wurde filtriert, mit Schwefelsdure angesauert und mit Petroldther extrahiert. Das Extrakt
wurde mit gesattigter walriger Natriumchlorid-Lésung gewaschen, Gber geglihtem Natrium-
sulfat getrocknet und in Stickstoffatmosphare auf ein Volumen von 5 ml eingedampft. Die
Lésung wurde bei Zimmertemperatur und danach im Kihlschrank stehen gelassen, wobei die
Kristallisation erfolgte. Anfangs wurden Verunreinigungen in Form eines gelbbraunen Oles
an der Kolbenwand abgeschieden. Die Mutterlauge wurde von diesen Verunreinigungen
abgegossen, das in griinen Nadeln kristallisierende Produkt wurde filtriert und in Stickstoff-
atmosphdre getrocknet. Im Kihlschrank, vor Sauerstoffund Licht beschitzt, bleibt es langere
Zeit stabil.

0,96 g, Schmelzpunkt 54—55 °C, Ausbeute 53%.

C8H 7N 04 (181444).

Berechnet: C 53,04, H 3,89, N 7,73%,

Gefunden: C 52,84, H 3,69, N 7,85%.

UV-Absorptionsmaxima (in n-Hexan):

Amax 385, 296, 240 nm.

log e: 3,35, 3,96, 4,28.

3) Silber(l)-Komplex von 3-Nitroso-4-hydroxybenzoesauremethylester (X)

Die Lo6sung von 3-Nitroso-4-hydroxybenzoeséduremethylester in Petroldther wurde mit
10%iger Silbernitrat-Losung geschittelt, wobei sich ein violettroter kristalliner Niederschlag
ausschied. Der Niederschlag wurde filtriert, mit Wasser und anschlieBend mit Athylalkohol
gewaschen und getrocknet. Das Produkt zersetzte sich unter der Einwirkung von Licht.

Ausbeute: fast quantitativ.

Schmelzpunkt 210 °C (unter Zersetzung).

C8H 6N 04Ag (288,016).

Berechnet: C 33,36, H 2,10, Ag 37,46%.

Gefunden: C 33,24, H 2,05, Ag 37,24%.

4) Bis-3-nitroso-4-hydroxybenzoesauremethylestermerkurat(ll) (1Vb)

a) Die Ldsung von 3-Nitroso-4-hydroxybenzoesduremethylester (Ulb) in Petroldther
wurde mit einer walirigen Lésung von Quecksilber(ll)nitrat oder Quecksilber(ll)acetat geschit-
telt (Molverhaltnis 2 :1). Ein bronzeroter, in Wasser unldslicher Niederschlag wurde
abgeschieden, der in Alkohol, quecksilber(ll)nitrathaltigem W asser und in konz. Schwefelsgure
16slich war.

Ausbeute: fast quantitativ.

Schmelzpunkt 173 °C.

C16H I2N20 8Hg (560,886).

Berechnet: Hg 35,76%.*

Gefunden: Hg 36,05%.

UV-Absorptionsmaxima (in Athylalkohol):

Amax: 496, 339, 256 nm.

log e: 3,69, 3,97, 5,20.

b) Die Lo6sung von 3-Nitroso-4-hvdroxybenzoesauremethylester (Illb) in Petrolather
wurde im Molverhéltnis 1 : 1 mit einer walrigen Ldsung von Quecksilber(ll)nitrat geschuttelt,
wobei Bis-3-nitroso-4-hydroxybenzoesduremethylestermerkurat(ll) (1Vb) ausfiel.

* Der Quecksilbergehalt wurde nach Zerstdren mit konz. Schwefelsdure und Wasser-
stoffperoxyd durch Titrieren mit 0,1 n Kaliumrhodanid bestimmt.
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5) 3-Nitroso-4-hydroxybenzoesduremethylestermerkurat(ll)nitrat (Vb)

a) Die Ldésung von 3-Nitroso-4-hydroxybenzoesduremethyle9ter (IHb) in Petroldather
wurde mit einem groBen UberschuB von 20%iger waRriger Quecksilber(ll)nitratlésung versetzt.
Der kirschrote Niederschlag war 3-Nitroso-4-hydroxybenzoesduremethylestermerkurat(ll)nit-
rat (Vb). Der zersetzliche Niederschlag wurde filtriert, mit wenig verdinnter Salpetersdure
gewaschen und in Stickstoffatmosphéire sofort getrocknet. Der UberschuB des Reagens kann
nicht vollig aus dem Reaktionsprodukt entfernt werden, da das Produkt schnell hydrolysiert.
Es zersetzt sich bereits bei Zimmertemperatur unter Entwicklung von nitrosen Gasen und
besitzt keinen reproduzierbaren Schmelz- bzw. Zersetzungspunkt.

C8H,,N20,Hg (442,762).

Berechnet: Hg 46,66%.

Gefunden: Hg 47,72%.

UV-Absorptionsmaxima (in Ather):

Amax: 500, 340, 246 nm.

b) Die Verbindung Vb wird auch erhalten, wenn Bis-3-nitroso-4-hydroxybenzoesdure-
methylestermerkurat(ll) (IVb) unter Erwédrmen mit 30%iger Quecksilber(Il)nitratlésung auf-
gelést wird. Das beim Abkihlen auskristallisierende Reaktionsprodukt (Vb) ist jedoch beim
Erwarmen entstehenden Zersetzungsprodukten verunreinigt.

6) 3-Nitroso-4-hydroxybenzoesduremethylestermerkurat(ll)-hydroxyd (VIb)

In Wasser verteilt, hydrolysiert das 3-Nitroso-4-hydroxybenzoesauremethylestermer-
kurat(ll)nitrat bei Raumtemperatur langsam, bei 40—50 °C schnell. Der ausgeschiedene
pulverartige, schwere, bronzefarbige Niederschlag istin Wasser und organischen Ldsungsmit-
teln unldslich und I8st sich in konz. Schwefelsdure unter Violettrotfarbung.

Ausbeute: fast quantitativ. Das Produkt besitzt keinen reproduzierbaren Schmelz-
bzw. Zersetzungspunkt.

CslI7NO5Hg (397,739).

Berechnet: Hg 50,43%.

Gefunden: Hg 50,13%.

7) Bis-3-nitroso-4-hydroxybenzoesdurcmethylestermerkurat(l) (IX)

Die Losung von 3-Nitroso-4-hydroxybenzoesauremethylester (I1lb) in Petrolather wurde
im Molverhéltnis 2 : 1 mit einer wéRrigen Quecksilber(ll)nitratlésung geschittelt. Es entstand
ein in organischen Ldsungsmitteln unléslicher violettroter Niederschlag.

Ausbeute: fast quantitativ.

Schmelzpunkt: 140 °C.

Ctr,HIZN20 8Hg2 (761,496).

Berechnet: Hg 52,69%.

Gefunden: Hg 52,65%.

8) 3-Nitro-4-hydroxybenzoesduremethylcster (VHIb)

a) 3-Nitroso-4-hydroxybenzoesduremethylester (Il1lb) wurde ldngere Zeit an der Luft
stehen gelassen oder es wurde Sauerstoff bzw. Luft durch seine alkoholische Ldsung geleitet.
Aus 50%igem Alkohol umkristallisiert wurden gelbe nadelférmige Kristalle erhalten. Schmelz-
punkt 71 °C. Das Produkt VHIb war mit der aufanderem Wege [128] hergestellten Verbindung
identisch (Schmelzpunkt, Mischschmelzpunkt).

UV-Absorptionsmaxima (in Methanol):

onax 287, 340, 395 nm.

b) Nach der durch langerem Stehen an der Luft bewirkten Zersetzung der Metall-
komplexe Vb, VIb, IX, X wurde durch ihre Extraktion mit Ather ein gelbes 6liges Produkt
isoliert. Aus 50%igem Alkohol umkristallisiert, erhielten wir die Verbindung VHIb.

c) Das produkt VHIb kann in geringen Mengen auch aus dem mit salpetersdurehaltigem
Millonschen Reagens hergestellten Farbreaktionsgemisch nach A/2 isoliert werden.9

9) 3-Quccksilber(ll)hydroxy-4-hydroxybcnzocsaure (Ha)

Die Merkurierung von 4-Hydroxybenzoesdure la erfolgte nach B/I. Das Produkt
war in Natriumhydroxyd und Ammoniak leicht, in Athylacetat wenig lgslich.
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Ausbeute: fast quantitativ. Das Produkt besitzt keinen reproduzierbaren Schmelz-
bzw. Zersetzungspunkt.

C7THcO04Hg (354,716).

Berechnet: Hg 56,55%.

Gefunden: Hg 56,84%.

10) 3-Nitroso-4-hydroxybenzoesaure (lila)

1,38 g (0,01 M) 4-Hydroxybenzoesaure la wurden in 10 ml Athylalkohol gelést und mit
einer Losung von 1,78 g (0,0055 M) Quecksilber(ll)nitrat und 0,93 g (0,011 M) Kaliumnitrit in
15 m1 W asser versetzt; nach 30 Minuten dauerndem vorsichtigem Erwédrmen auf dem Dampf-
bad wurde ein roter kristalliner Niederschlag abgeschieden, der nach dem Abfiltrieren mit
Salzsdure zersetzt und mit Ather extrahiert wurde. Der Extrakt wurde mit 5%iger Natrium -
hydroxydlésung geschittelt, die walrige Phase filtriert, mit verdinnter Schwefelsdure ange-
sduertund mit Ather extrahiert. Aus dem Extrakt wurde der Kupfer(ll)-Komplex des Nitroso-
phenols durch Schitteln mit 5%iger waBriger Kupfer(ll)sulfatlosung abgeschieden. Der
Kupferkomplex wurde mit Salzsdure zersetzt, mit Alkali in die wéaBrige Phase uUbergefihrt,
angesauert und erneut mit Ather extrahiert, wobei eine dunkelgriine Lésung erhalten wurde.
Aus dieser Losung konnte durch Eindampfen auf ein geringes Volumen oder durch Féllen mit
Petrolather das griine kristalline Produkt gewonnen werden.

0,96 g; Schmelzpunkt 153 °C; Ausbeute: 56,29%.

C7TH5N 04 (167,123).

Berechnet: C 50,31, H 3,02, N 8,38%.

Gefunden: C 50,12, H 3,17, N 8,51%.

11) 3-Nitro-4-hydroxybenzoesaure (Villa)

Die 3-Nitroso-4-hydroxybenzoesdure IHb wurde langere Zeit an der Luft stehen gelas-
sen. Das gelbbraune Rohprodukt lieferte nach Umkristallisieren aus 50%igem Alkohol gelbe
Kristalle.

Schmelzpunkt 185 °C.

Das Produkt war mit der auf anderem Wege [129] hergestellten Verbindung identisch
(Schmelzpunkt, Mischschmelzpunkt).

12) Bis-3-nitroso-4-hydroxybenzoesauremerkurat(ll) (IVa)

1,67 g (0,01 M) 3-Nitroso-4-hydroxybenzoesdure lila wurden in 80 ml Ather geléstund
mitder Lésung von 1,62 g (0,005 M) Quecksilber(ll)nitratin 15 m| Wasser geschiittelt. Die Ather-
phase farbte sich braunlichrot und ein violettroter Niederschlag wurde abgeschieden. Nach
Abkihlen zu 0 °C wurde filtriert und mit Wasser gewaschen. Das Produkt war in Wasser,
Ather, Alkohol unter Rotfarbung geringfiigig léslich. Es besaR keinen reproduzierbaren
Schmelz- bzw. Zersetzungspunkt.

C14H 8N 20s (532,813).

Berechnet: Hg 37,7%.

Gefunden: Hg 37,5%.

13) 3-Nitroso-4-hydroxybenzoesduremerkurat(ll)nitrat (Va)

1,67 g (0,01 M) 3-Nitroso-4-hydroxybenzoesaure lila wurden in 60 ml Ather geldst
und mit 30 ml einer 30%igen Quecksilber(ll)nitratlésung 15—20 Minuten lang geschittelt.
Ein kirschroter Niederschlag wurde abgeschieden, welcher filtriert, mit verdinnter Salpeter-
sdure und anschlieRend mit wenig Alkohol gewaschen wurde.

Das Produkt war in Wasser und Alkohol unter Rotfarbung geringfiigig ldslich.

In Wasser von 40—50 °C suspendiert, hydrolysiert das Produkt langsam zu 3-Nitroso-
4-hydroxybenzoeséduremerkurat(ll)hydroxyd.

Schmelzpunkt 142 °C (verknallt).

CTH4AN20 THg (428,706).

Berechnet: Hg 46,44%.

Gefunden: Hg 47,86%.
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14) 3-Nitrosotyrosinsilber(l) (XI)

1,82 g (0,01 M) Tyrosin wurden in 10 ml Wasser suspendiert und mit der Ldsung von
487 g (0,015 M) Quecksilber(ll)nitrat und 0,85 g (0,01 M) Kaliumnitrit in 15 ml Wasser
versetzt. Das Gemisch wurde 30 Minuten lang im Wasserbad bei 80 °C gehalten. Ein violett-
rotes Produkt (4,0 g) wurde abgeschieden. Dieses wurde in 10%igem Ammoniak suspendiert,
1—2 Minuten lang geschitteltund zentrifugiert. Dievom Niederschlag abgesehittete Lésungwur-
den mit Salpetersédure neutralisiert und mit Essigsdure schwach angesduert. Mit 10% iger Silber-
nitratldsung im UberschuB entstand ein schwer filtrierbarer, rotbrauner Niederschlag, der mit
heilem Wasser silberionenfrei gewaschen wurde.

Schmelzpunkt 166— 167 °C (unter Zersetzung).

C,HeNt0 4Agt (423,93).

Berechnet: C 25,52, H 1,90. Ag 50,94%.

Gefunden: C 25,13, H 1,95, Ag 51,33%.

15) 3-Nitrosotyrosinmerkurat(ll)nitrat (Vc)

Die nach 14) hergestellte und angeséduerte Losung des 3-Nitrosotyrosins wurde anstelle
von Silbernitratlosung mit einem UberschuR von 20%iger Quecksilber(Il)nitrat 16sung geschiit-
telt. Ein violettroter kristalliner Niederschlag wurde erhalten. Das Produkt besal keinen repro-
duzierbaren Schmelz- bzw. Zersetzungspunkt.

COHBN30 7THg2 (671,36).

Berechnet: Hg 52,7%.

Gefunden: Hg 52,4%.

16) 3-Nitrotyrosin (Ville)

Bei der Herstellung des Silber- bzw. Quecksilberkomplexcs des 3-Nitrosotyrosins
gemaR 14) wurde aus der Mutterlauge, die nach dem Filtrieren des Millon-Reaktionsproduktes
des Tyrosins zuriickbleibt, beim Stehen ein gelbes kristallines Produkt ausgeschieden, welches
nach dem Filtrieren in Ammoniak geldst wurde. Mit Essigsdure angeséauert, wurden gelbe
nadelformige Kristalle abgeschieden (0,15 g). Das Produkt war identisch mit auf anderem
Wege [122] hergestelltem Nitrotyrosin (Schmelzpunkt, Mischschmelzpunkt).

17) 3-Quecksilber(ll)hydroxytyrosin (Ilc) (aus dem Farbreaktionsgemisch)

Die Millonsche Farbreaktion des Tyrosins wurde im entsprechenden Zeitpunkt — als
sich die Farbe des Gemisches eben nach blaRrosa veranderte — durch Abkuhlen unterbrochen,
wobei das merkurierte Derivat des Tyrosins erhalten wurde. Das Produkt erwies sich aufgrund
analytischer Daten und chemischer Eigenschaften als identisch mit dem auf anderem Wege
[120, 121, 122] hergestellten 3-Quecksilber(ll)hydroxytyrosin. Es besaB keinen reproduzier-
baren Schmelz- bzw. Zersetzungspunkt.

Die wéalrige Suspension des merkurierten Produktes gab mit Kalium- bzw. Quecksilber-
nitrit bereits bei Zimmertemperatur die fur die Millonsche Reaktion charakteristische Far-
bung.

C,H,,04NHg (397,70).

Berechnet: Hg 50,44%.

Gefunden: Hg 51,20%.
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EFFECT OF SUBSTITUENTS ON THE BASE-CATALYZED DARZENS CONDENSATION
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Darzens condensations of several p-substituted phenacyl halides and benzalde-
hydes have been achieved in dioxan using sodium methoxide as the catalyst. Based on
the yields of the epoxy ketones, qualitative conclusions have been drawn regarding
the influence of the substituents on the condensation. It has been found that the effect
of the substituents is the same in the acid-catalyzed and the base-catalyzed Darzens
condensation. However, the effect of the substituents in the phenacyl halides on the
Darzens condensation is the opposite to that observed in the base-catalyzed aldol con-

densation.

The effect of substituents on the base-catalyzed Darzens condensation
has hardly been studied. In the reactions of phenacyl bromide with different
substituted henzaldehydes Bodforss demonstrated that the presence of elec-
tron-withdrawing substituents (‘negative groups’) in the benzaldehyde com-
ponent favour the condensation [1]. This statement has been confirmed by
other authors [2, 3].

In Jérlander’s experiments, the condensation of 4-acetamino-5-nitro-
phenacyl chloride with m-nitrobenzaldehyde failed to take place; from this
result it was concluded that the presence of a nitro group in the phenacyl halide
component hinders the condensation [4].

The reaction components used in our experiments are shown in Table I.

Table |

Reaction components of the base-catalyzed Darzens condensation

Phenacyl halide Benzaldehyde

. Benzaldehyde

. 4-Methoxybenzaldehyde
. 4-Methylbenzaldehyde

. 4-Chlorobenzaldehyde

. 4-Nitrobenzaldehyde

. Phenacyl chloride and bromide

. 4-Methoxyphenacyl chloride and bromide
. 4-Methylphenacyl chloride and bromide

. 4-Chlorophenacyl chloride and bromide

g or W N e

. 4-Bromophenacyl chloride and bromide

o A W N e

. 4-Nitrophenacyl chloride and bromide

* Part |I: Gy. Sipos, Gy. Schobel and L. Balaspibi: J. Chem. Soc. 1976, 1154.

Acta Chim. Acad. Sei. Hung. 68, 1971



Table 11
Epoxyketones from the Darzens condensation

TL6T ‘89 "BunH ‘18 "peoy "wiyd ey

10.

11.*

12.

13.

14.

15.

16.

17.

18.

Carbon Hydrogen Nitrogen M.p., °C
Ethylene oxide Formula Mol. Twt.
Calcd. Found Calcd. Found Calcd. Found Found Lit.

I-Benzoyl-2-phenyl C15H 120 3 225.1 80.3 80.4 5.4 55 - 88 90 [3,24]
I-Benzoyl-2-p-chlorophyl  C1SH UC102 258.6 69.6 69.7 4.3 4.3 — — 76 80 [3,25]
I-Benzoyl-2-p-nitrophenyl Ci5HuNO, 269.2 66.9 67.0 4.1 4.2 5.2 5.3 150 148 [3,25]
1-p-Methoxybenzoyl-

-2-phenyl CiH 140, 254.2 75.5 75.7 5.5 5.6 80 82 [26]
1-p-Methoxybenzoyl-

-2-p-chlorophenyl Cir.H1C10, 288.7 66.5 66.5 45 4.6 - 119 117 [5]
1-p-Methoxybenzoyl-

-2-p-nitrophenyl CuHI|3N 05 299.2 64.2 64.3 4.3 4.4 4.7 4.8 146 168+ [27]
1-p-Methoxybenzoyl-

-2-p-methylphenyl CuH 100 1 268.1 76.1 76.3 6.0 6.1 81
1-p-Methylbenzoyl-

-2-phenyl c,«H1¥b 2 238.2 80.6 80.8 5.9 5.8 85 85 [28]
1-p-Methylbenzoyl-

-2-p-chiorophenyl C,HRtor 2727 70.4 70.4 4.8 « 106 105 [5]
1-p-Methylbenzoyl-

-2-p-nitrophenyl c,6h 13no4 283.2 67.8 67.6 4.6 4.5 4.9 5.0 152 150 [5]
1-p-Methylbenzoyl-

-2-p-methylphenyl C,HIr02 252.1 80.9 80.6 6.3 6.4 101
1-p-Chlorobenzoyl-

-2-phenyl C,5H,,C102 258.6 69.6 69.7 4.3 4.3 123 123 [29]
I-p-Cblorobenzoyl-

-2-p-chlorophenyl C15H I0C120 2 293.1 61.4 61.3 34 3.5 119 121 [30]
1-p-Chlorobenzoyl-

-2-p-nitrophenyl C15H ioC1N04 303.6 59.3 59.2 3.3 3.3 4.6 4.7 162 160 [5]
1-p-Bromobenzoyl-

-2-phenyl ClaH ,Br02 303.1 59.4 59.2 3.6 3.7 123 125 [5]
1-p-Bromobenzoyl-

-2-p-chlorophenyl C15H 1(BrC102 337.6 53.3 53.3 2.9 3.0 130 131 [5]
I-p-Broinobenzoyl-

-2-p-nitrophenyl C15H 10BrNO4 348.1 51.7 51.5 2.9 2.8 3.9 4.0 165 165 [5]
1-p-Nitrobenzoyl-

-2-p-nitrophenyl A15A10A246 314.2 57.3 57.4 3.2 3.1 8.9 9.0 184 184 [5]

* New compounds
+ Probably misprint

le 10 SOdISs
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These reactants are the same as those used in the acid-catalyzed Darzens
condensation [5].

Except for two compounds, also the epoxy ketones obtained in the pres-
ent experiments are the same (Table II).

The base-catalyzed reactions were carried out by allowing the reactants
to stand at 10 °C for ten minutes in dioxan solution in the presence of sodium
methoxide catalyst. In the condensations a 10% excess of the benzaldehyde
component was used in order to avoid self-condensation [6—38]. Table II1I lists
the yields of the epoxy ketones.

It is seen that highest yields were obtained with js-nitrobenzaldehyde.
The yields are lower with jp-chlorobenzaldehyde and the lowest with benzalde-
hyde: however, in two cases (with phenacyl chloride and bromide) the yields
are the same, and in one case (with p-clilorophenacyl chloride) benzaldehyde
gave a higher yield. p-Methylbenzaldehyde reacted only with p-methoxy-
and p-methylphenacyl chloride and bromide.

On the basis of the results it can be concluded that the substituents
attached to the benzaldehyde promote the condensation in the following
order:

4-NO, > 4-C1 > H > 4-CH., and 4-OCH,,

Table 111

Yields (%) of the epoxikelones at 10 °C

Phenacyl chloride, p-substituent

Benzaldehyde,

p-substituent H MeO Me a Br NO,
OMe - - - — —
Me — 9 34 — - —
H 9 41 27 16 n
Cl 9 57 30 9 24 —
NO, 40 66 50 21 29

Phenacyl bromide, p-substitucnt

Benzaldehyde,

p-substituent H MeO Me cl Br NO,
OMe — — - — - -
Me - 12 32 — — —
H 28 49 30 30 28 —
Cl 28 55 63 35 32 —
NO, 54 63 82 54 52 18
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The above order means that the presence of electron-withdrawing substi-
tuents in the benzaldehyde component is favourable, while electron-releasing
substituents are unfavourable in the base-catalyzed Darzens condensation
of substituted benzaldcliydes with phenacyl halides. This effect of the substi-
tuents is the same as in the acid-catalyzed Darzens [5] and the base-catalyzed
aldol condensations [9— 18]. Owing to the similarity of the base”catalyzed
Darzens [20—22] and base-catalyzed aldol condensations [9—23], this result
is to be expected.

It is well known that electron-withdrawing substituents of benzaldehyde
increase the pXBH+ values, thereby increasing the electrophilic character of
the carbon atom in the carbonyl group (supposing that p KBH+ is directly re-
lated to electrophilicity). In consequence of this, the rate of the condensation
is accelerated in the aldolization step by electron-withdrawing, and retarded by
electron-releasing, substituents. These considerations are in agreement with the
experimental results.

On the basis of the yields in Table 11l conclusions could also be drawn
concerning the influence of the substituents of the acetophenone component
on the condensation. p-Methoxyphenacyl- and p-methylphenacyl chloride and
bromide gave the best yields with each aldehyde. They could be brought into
reaction also withp-methyl-and p-metlioxy-benzaldehyde which did not react
in the acid-catalyzed Darzens condensation [5]. p-Nitrophenacyl chloride did
not give an epoxy ketone with any one of the aldehydes used. p-Nitrophenacyl
bromide reacted only with p-nitrobenzaldehyde, — like in the acid-catalyzed
Darzens condensation [5]. These results prove that thep-methoxyl and p-methyl
groups as substituents of the phenacyl halide have favourable effect, while
the p-nitro group has a retarding influence on the condensation [4]. The yields
obtained from the other phenacyl halides are lower than in the reactions of
p-methoxyphenacyl and p-methylphenacyl halides, but they are much higher
yields than in the case of p-nitrophenacyl bromide. Thus the following order
seems to be correct concerning the favourable effect of substituents of the
acetophenone component:

4-OCHg and 4-CH3}> 4-Cl, 4-Br and H 4-N02

According to the above order, the electron-releasing p-methoxyl and p-methyl
groups are advantageous, while the electron-withdrawing p-nitro substituent
is disadvantageous on the condensation. This effect of the substituents is the
same as in the acid-catalyzed Darzens condensation [5] and it is just opposite
to the effect observed in the base-catalyzed aldol condensation [9—18].
A probable explanation of this fact is the following:

On the basis of the reaction mechanism of the two base-catalyzed reac-
tions, it is expected that the influence of the substituents on the first two
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steps (enolization and aldolization) must be the same both in the Darzens
and aldol condensations.

In the final step of the Darzens condensation a chloride ion is eliminated
from the neighbouring carbon atom of the carbonyl group of the chlorohydrin
molecule. In the aldol condensation a proton must leave the ketol molecule
from the same carbon atom. As in the first case it is a chloride ion and in the
second a proton which is eliminated from the same carbon atom, it seems reason-
able that the effects of substituents in the ketonic component should be oppo-
site in the Darzens and aldol condensations. Thus it is expected that electron-
releasing substituents present in the ketone are favourable for the elimination
of the chloride ion in the Darzens condensation, whereas electron-withdraw-
ing substituents are advantageous for the removal of the proton in the aldol
condensation.

Darzens [20 22]

ROH
-C-CH-CH + Cl©
\
(¢} 0
Aldol [9-23]
-C - CH3+ORO -c=ch2 roh
I
o) 00
-ti- CH2-CH - -C-CH=CH - + OHO®

1 |
0 0© 0
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Experimental

1 mmole of the phenacyl halide (chloride or bromide) and 1.1 mmole of the benzaldehyde
were dissolved in 10 ml of dioxan at 10 °C. A solution containing 2 mmoles of sodium methoxide
in methanol was added, and the reaction mixture was allowed to stand at 10 °C for 10 min.
The reaction was stopped by diluting the mixture with water to 40—50 ml, and neutralization
to pH 7 with aqueous hydrochloric acid. After allowing the mixture to stand several days at
room temperature, the precipitate was filtered off and recrystallized from 95% ethanol or
acetone.

REFERENCES

1. Bodforss, S.: Ber. 51, 192 (1918)

2. Ballester, M.: Anales real. soc. espan. fis. y quim. 50B, 759 (1954); C. A. 49, 8177 (1955)
3. Roth, H. J., Schwartz, M.: Arch. Pharm. 294, 478 (1961)

4. J6rtander, H.: Ber. 50, 1457 (1917)

5. Sipos, Gy., Schébel, Gy., Balaspiri, L.: J. Chem. Soc. 1970, 1154

6. Fritz, Z.: Ber. 28, 3028 (1895)

7. Paar, C, Stern, H.: Ber. 32, 530 (1899)

8. Paal, C., Schulze, H.t Ber. 36, 2405 (1903)

9. Coombs, E., Evans, P. D.: J. Chem. Soc. 1940, 1295

10. Schraufstatter, E., Deutsch, S.: Ber. 81, 489 (1948)

11. Walker, E. A.,, Young, J. R.: J. Chem. Soc. 1957, 2041

12. Szeénn, T.: Ber. 91, 2609 (1958)

13. Sipos, Gy., Széll, T.: Acta Phys, et Chem. Szeged, 6, 109 (1960)

14. Dhar, D. N.: J. Indian Chem. Soc. 37, 799 (1960)

15. Sipos, Gy., Furka, A., Széll, T.: Monatsch. 91, 643 (1960)

16. Széll, T., Eastham, A. M., Sipos, Gy.: Can. J. Chem. 42, 2417 (1964)

17. Sipos, Gy., Széll, T.: Acta Phys, et Chem. Szeged. 11, 43 (1965)

18. Széll, T., Sohar, I.: Acta Chim. Acad. Sei. Hung. 62, 429 (1969)

19. Sipos, Gy., Cseh, I., Kalmar, A.: Acta Phys, et Chem. Szeged, 16, 45 (1970)

20. Ballester, M., Bartlett, P. D.: J. Am. Chem. Soc. 75, 2042 (1953)

21. Ballester, M.: Chem. Rev. 55, 283 (1955)

22. Ballester, M., Perez-Blanco, D.: J. Org. Chem. 23, 652 (1958)

23. Noyce, D. S.,, Pryor, W. A., Bottini, A. H.: J. Am. Chem. Soc. 77, 1402 (1955)
24. Widman, O.: Ber. 49, 477 (1916)

25. Bodforss, S.: Ber. 49, 2795 (1956)

26. Jortander, H.: Ber. 49, 278s (1916)

27. Ballester, M.: Anales real. sec. espan. fis. y quim. 50B, 475 (1954); C. A. 49, 8901 (1955)
28. House, H. 0., Ryerson, D. G.: J. Am. Chem. Soc. 83, 979 (1961)

29. J6rlander, H.: Ber. 50, 406 (1917)

30. House, H. 0.; J. Am. Chem. Soc. 78, 2298 (1956)

Gyorgy Sipos

Gyodrgy Schobel Szeged, Béke-épiilet, Rerrich tér, Hungary.
Lajos Balaspiri

Acta Chim. Acad. Sei. Hung. 68, 1971



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 68 (1—2), pp. 155—159 (1971)

STRUCTURE ELUCIDATION OF TWO
TETRABROMO-TETRADEOXYHEXITOL
ISOMERS BY MASS SPECTROMETRY

(SHORT COMMUNICATION)

Gy. Horvath and J. Kuszmann

(Research Institute for Pharmaceutical Chemistry, Budapest)

Received May 20, 1970

The structure of two tetrabromohexitols obtained via the reaction of 1,6-di-
bromo-I,6-dideoxy-2,3:4,5-dianhydrogalactitol with hydrogen bromide was elucidated
by mass spectrometry, as being 1,3,4,6-tetrabromo-1,3,4,6-tetradeoxyallitol and 1,2,4,6-
tetrabromo-1,2,4,6-tetradeoxy-D,L-mannitol, respectively.

Cleavage of the epoxy rings in |,6-dibromo-1,6-dideoxy-2,3 :4,5-dian-
hydrogalactitol (I) by hydrogen bromide yielded two compounds A and B,
both being tetrabromo-tetradeoxyhexitols as shown by their analytical
data [1]. According to the attack of the bromide ions on the different bridge
atoms, four isomers II, Ilia, Illb and IV may be formed theoretically. As the
possibility of an epoxy migration [2] cannot be excluded, the appearance of
further four compounds Va, Vb, Via and VIb has to be taken into consideration.

The mannitol derivatives llia -|- Illb and the two pairs of the tallitol deriva-
tives Va -f- Vb and Via -(- VIb, respectively, being antipodes, will form the
corresponding racemates Ill, V and VL.

For elucidating the structure of the separated compounds A and B
mentioned above, their mass spectra were taken. As compounds differing
only in their configuration give identical mass spectra [3], the tetrabromo-
hexitols 11—V are all included in the four structure isomers VII—X, which
are expected to give different fragmentation patterns.

The fission of bonds being in oc-position to the hydroxyl groups will
strongly influence the mass spectrometric behaviour of alcohol derivatives
[4]. Accordingly it can be predicted, which fragment ions must be among
others of considerable abundance in the spectra of the isomeric structures
VIl -X.
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In the spectrum of structure VII:

A3 25

Ml

the ions m/e = 337; 245; 215 and 123.*
In the spectrum of structure VIII:

OLH
BrCH.-ch-< wu —cum

Vi

the ions m/e = 337 and 123.*
In the spectrum of structure 1X:

oln OH
BrCH: —(.HBr —CH +CH -fCHB -CHiBr

the ions m/e = 245 and 215,* the latter with high abundance [5].
In the spectrum of structure X:

307 123
OH <OH

BrCH:—CIIBr—CHBI rl\}

15;i

the ions m/e = 337; 307; 153 and 123.*

Comparing these considerations with the two spectra obtained, it can he
seen that the spectrum of compound A (Fig. 1) belongs to structure VIII and
that of compound B (Fig. 2) to structure VII. The latter corresponds to the
isomers |11 and VI, but structure VIII isdue to compound Il only. The isomers Il
and Il are formed via the same route (1) while route 2 ought to give, besides
isomer VI, at least some of isomer V, which was not detectable. Accordingly,
route 2 can be ruled out, and so the structure of compound A corresponds to
1.3.4.6- tetrabromo-1,3,4,6-tetradeoxyallitol (I1) and that of compound B to
1.2.4.6- tetrabromo-1,2,4,6-tetradeoxy-D,L-mannitol (lIl). The absence of the

*Each with the corresponding bromine isotope-peak distribution.
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allitol derivative IV, which also should be formed by the same route (1), can be
explained by conformational considerations [1].

The rearrangements leading to the loss of water and the fragmentations
connected with them will be discussed in detail later.

Experimental

Mass spectra were recorded on a MAT-CH-4 instrument with TO-4 inlet system at an

evaporation temperature of 70 °C. -

Compounds A and B were obtained according to the literature [1] by treating com-

pound | with hydrobromic acid. The crude mixture of the tetrabromo derivatives (A -j- B)
was separated by column chromatography on silicic acid, using chloroform-ethyl acetate
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(3 : 1) as solvent. The fractions containing the separated components were evaporated
and the residues recrystallized from ethyl acetate-ether to give pure compound A (Il), m. p.
127—128 °C, (found: C 16.98; H 2.37; Br 73.58%) and B (Ill), m. p. 125—126 °C, (found:
C 16.72; H 2.39; Br 73.42%; calcd. for C6H 1002Br4: C 16.61; H 2.32; Br 73.68%). Both com-
pounds gave single spots on thin-layer chromatograms (Kieselgel G, chloroform-ethyl acetate
3:1) A — Rf 0.45 and B = Rf 0.35. They were optically inactive (acetone) and consumed
no periodate.

Our thanks are due to Prof. G. Snatzke (Bonn) for providing us with the mass spectra.
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POLYMERISATION DES METHYLMETHACRYLATS
REI HOHEN UMSATZEN, V

UNTERSUCHUNG DER VERZOGERUNGSWIRKUNG VON DINITRORENZOLEN

I. Mondvai, L. Halasz und A. Keschitz

(Lehrstuhl fur die Plast- und Gummiindustrie der Technischen
Universitat, Budapest)

Eingegangen am 3. Oktober 1969

Die Blockpolymerisation von Methylmethacrylat wurde bei unterschiedlichen
Temperaturen in Gegenwart von o-, m- und p-Dinitrobenzol untersucht. Es wurden
die relativen Geschwindigkeitskonstanten fc5/fc2 und die fiir das Absinken der Polymeri-
sationsgeschwindigkeit bei hohen Umsdtzen charakteristischen K, rii-W erte bestimmt.
Beim Vergleich fallt auf, daB von der untersuchten Verzdgerern das o-Dinitrobenzol
der wirksamste ist. Die Verzdgererwirkung aller drei Isomere ist dem Effekt der Mono-
nitrophenole é&hnlich.

Die Polymerisation von mit Azo-diisobuttersdurenitril initiiertem
Methylmethacrylat in Gegenwart von p-Dinitrobenzol ist durch Kice [1]
untersucht worden. Bei der Polymerisation von Methylacrylat wurde neben
dem erwdhnten Dinitrobenzol [2, 3, 4] auch die verzégernde W irkung des
o-Dinitrobenzols [3] studiert. In Gegenwart aller drei Dinitrobenzol-lIsomere
untersuchten die Styrolpolymerisation Tuadés und Mitarbeiter [5], wéhrend
die Vinylacetatpolymerisation von mehreren Autoren [4, 6, 7, 8] bearbeitet
wurde. Im Falle des letztgenannten Monomers sind die Werte von k5k2 so
groB, daBR man anstelle von Verzdégerung besser von Inhibierung sprechen
sollte.

Experimenteller Teil

Uber die Versuchsmethodik sowie die Monomer- und Initiatorreinigung wurde bereits
in der vorangegangenen Arbeit [9] berichtet.

Alle drei verwendeten Dinitrobenzole waren von handelsiblicher analytisch reiner
Qualitat und besaBen folgende, nach der Mikromethode von Kofler bestimmte Schmelz-
punkte:

o-Dinitrobenzol: 117 °C,

m-Dinitrobenzol: 90 °C,

p-Dinitrobenzol: 172 °C.

Ergebnisse

Unsere Versuche wurden neben gleicher Initiator-Konzentration
(7,48 « 10“2Mol 1" 1 bei 50 °C, 3,31 «10"2 Mol I"1 hei 60 °C und 6,61 « 10~3
Mol 1“1 hei 70 °C), aber verschiedenen Verzogerermengen durchgefihrt.
Unter den Zeit-Umsatz-Kurven stellen wir die in Gegenwart von /J-Dinitro-
benzol erhaltenen Kurven in Abb. 1 vor. Die mit den anderen zwei Dinitro-
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benzolén erhaltenen Kurven haben einen dhnlichen Verlauf. Zur Bestimmung
der Anfangsgeschwindigkeit der Polymerisation wurden die Werte von lg ---—--—---

1— X
als Funktion der Zeit dargestellt. Die erhaltenen Geraden, aus deren Anstieg
die Anfangsgeschwindigkeit der Polymerisation berechnet wurde, sind aus
Abb. 2 ersichtlich. Die Zahlenwerte fiur die Anfangsgeschwindigkeit der Poly-
merisation enthalten die Tabellen I, Il und III.

Abb. 1. Zeit-Umsatz-Kurven in Gegenwart von verschiedenen Mengen p-Dinitrobenzol

Temperatur 50 °C Temperatur 60 °C Temperatur 70 °C

Benzoylperoxydkonzen- Benzoylperoxydkonzentration: Benzoylperoxydkonzentration :
tration: 7,48 «10“2 3,31 «10“2 Mol 1”1 6,61 «10"2Mol I"1

Mol 1-1

Verzégererkonzentrationen:

2,66 «10-2Moll“ 1 m 3.02 «10-2Moll” 1 a 2,79 +10“2Mol 1-1
3,99 ¢«10-2Moll*1 * 559 «]10“2Moll-1 a 436+10-2Moll"1
5,33 ¢10~2Moll"1 A0,112 Mol I1 n 59210 2Mol I_|I

=00

0.100

0.075

0.050

0.025

Abb. 2. EinfluR der Anderung der Konzentration des p-Dinitrobenzols auf die Anfangs-
geschwindigkeit der Polymerisation
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Tabelle 1

Charakteristische Daten der Polymerisation in Gegenwart von o-Dinitrobenzol

Benzoylperoxydkonzentrationen: 7,48 « 10-2 Mol 1_1 bei 50 °C, 3,31 ¢ 10~2 Mol
| _1bei 60 °C, 6,61 - 10-3 Mol -1 bei 70 °C

Temperatur Mol 1o Mol I-1 sec-1 i
A

50 °C 9,45 =« 10"3 2,000 = 10-* 0,061 0,28 0,90
50 °C 1,42 « 10-* 1,898 - 10 0,046 0,24 0,86
50 °C 1,89 . 10-* 1,803 - 10-4 0,033 0,20 0,82
60 °C 7,45 ¢ 10-3 3,481 io-4 0,113 0,30 0,85
60 °C 1,49 . 10-* 3,339 m|0O"4 0,054 0,22 0,87
60 °C 2,97 = 10-* 3,245 10-* 0,022 0,13 0,91
70 °C 1,19 . 10-* 3,056 - 10- 4 * * "
70 °C 1,79 = 10-~* 2,638 - 10-4 " " >
70 °C 238 .« Ju~* 2,284 . 10- 4 * * -

* Bei hohen Umsétzen sank die Polymerisationsgeschwindigkeit so weit ab, da keine
Daten mehr bestimmt werden konnten.

Tabelle 11

Charakteristische Daten der Polymerisation in Gegenwart von m-Dinitrobenzol

Benzoylperoxydkonzentrationen: 7,48 « 10-2 Mol | -1 bei 50 °C, 3,31 « 10-2
Mol |- 1 bei 60 °C, 6,61 « 10"2 Mol 1-1 bei 70 °C

z

Temperatur Mol I-> Mol Iviliéec_l xt
50 °C 5,64 « 10-* 2,142 + 10-4 0,095 0,28 0,85
50 °C. 8,46 » 10-* 2,111 - 10“4 0,071 0,26 0,84
50 °C 0,113 2,079 «10-4 0,054 0,25 0,84
60 °C 4,13 « 10-* 3,323 «10-4 0,127 0,30 0,86
60 °C 8,25 . 10-* 3,197 . 10-4 0,060 0,22 0,89
60 °C 0,165 2,945 . 10 0,026 0,13 0,88
70 °C 3,55 « 10-* 3,733 - 10-4 0,039 0,23 0,92
70 °C 5,33 - 10-* 3,701 - 10“4 0,035 0,18 0,90
70 °C 7,10 - 10-* 3,670 - 10-~4 0,029 0,13 0,88

Aus den Anfangsgeschwindigkeiten berechneten wir die von Bagdasar-

JAN [10] eingefuhrten Verzdgerungsparameter. Unter diesen haben wir die

aus den in Gegenwart von p-Dinitrobenzol vorgenommenen Messungen

berechneten Werte auf Abb. 3 aufgefuhrt. Aus den Verzégerungsparametern

lassen sich die Werte von kjk.zmit Hilfe der folgenden Gleichung berechnen [10]
FWOo & Kina

' (1)
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Tabelle 111

Charakteristische Daten der Polymerisation in Gegenwart von p-Dinitrobenzol

Benzoylperoxydkonzentrationen: 7,48 ¢ 10-2 Mol | -1 bei 50 °C, 3,31 ¢ 10-2
Mol 1-1bei 60 °C, 6,61 «10-2 Mol |-1 bei 70 °C

Temperatur MUIZI"l Mol I-'sec-1 *1 *1 *1
50 °C 2,66 « 10" 2 2,095 - io-1 0,176 0,33 0,86
50 °C 3,99 < 10-2 2,048 - 10 4 0,127 0,32 0,86
50 °C 5,33 «10"2 2,000 «10~4 0,100 0,31 0,86
60 °C 3,02 - 10"2 8> ¢ o™ 0,210 0,33 0,86
60 °C 5,59 . 10—=2 3,260 - 10-1 0,105 0,28 0,90
60 °C 0,112 2,898 u10-4 0,047 0,23 0,92
70 °C 2,79 u10-2 3,504 . 10-4 0,068 0,23 0,95
70 °C 4,36 - 10-2 3,347 - 10-4 0,059 0,20 0,89
70 °C 592 - 10-2 3,197 =10-4 0,049 0,18 0,83

wobei F der Verzdgerungsparameter, WO die Anfangsgeschwindigkeit der
Polymerisation in Abwesenheit des Verzdgerers, 2die Verzdgererkonzentration,
k2,kiund f5 die Geschwindigkeitskonstanten der Wachstums-, Abbruchs- und
Verzogerungsreaktion und m die Monomerkonzentration ist. Die Werte von a
gibt der folgende Ausdruck an:

«= (1-q) @+ A) )

Hier bedeutet q die Wahrscheinlichkeit der Kettenregenerierungsreaktion,

fisrz A ke22

wobei r die Radikalkonzentration und kedie Geschwindigkeitskonstante der
bimolekularen Abbruchsreaktion der aus den Verzégerermolekiilen gebildeten
intermedieren Radikale ist.

Die Geschwindigkeit der letztgenannten Reaktion ist — allgemein aus
chemischen Griinden gewdhnlich viel kleiner als die der Reaktion zwischen
den intermedidren Radikalen und den Polymerradikalen (gemischte Rekom-
bination) und ist deshalb nicht konkurrenzfédhig. Dem ist es zuzuschreiben, dal
sie meist unberiicksichtigt bleibt, in welchem Falle der Wert von 4 definitions-
gem&R A= 1 ist. Wenn F dem Bruch zjWO0 proportional ist, gibt es keine
Regenerierung der Ketten (Q= 0 und a — 2).

Auch in Gegenwart der anderen beiden Dinitrobenzole erhielten wir
&hnliche Ergebnisse wie der auf Abb. 3 gezeigte Zusammenhang. Die Anstiege
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der erhaltenen Geraden und die berechneten Werte von k*k., enthédlt Tabelle
IV. Zur Berechnung der Verzégerungsparameter wurden die zu den bei ver-
schiedenen Temperaturen benutzten Benzoylperoxydkonzentrationen gehdren-
den Werte der Anfangspolymerisationsgeschwindigkeit aus Zitat [9] Uber-
nommen. Auf Grund der Arbeiten [11, 12] berechneten wir die Werte fur
k:Jk4, die bei 50 °C 5,40 « 10 3, bei 60°C 1,04 « 10~2und bei 70 °C 1,80 « 10-2
Mol-11sec-1 betragen. Es sei bemerkt, dal bei einer Temperatur von 60 °C die

Abb. 3. Abhangigkeit der Yerzégerungsparameter von den z/ITn-Werten, in Gegenwart von
p-Dinitrobenzol O: Temperatur 50 °C, «: Temperatur 60 °C, 3 : Temperatur 70 °C

Konzentrationserhéhung von o- und m-Dinitrobenzol eine Abweichung von
der Geraden bewirkt. Wenn A= 1angenommen wird, so ist in Gegenwart des
o-Dinitrobenzols bei einer Verzdgererkonzentration von 1,49 m10~2 Mol I_I
( = 0,14 aus der Abweichung berechnet, wé&hrend fur eine Verzdgererkonzen-

Tabellr 1V

Verzégerungswirkung von Dinitrobenzolen
im Anfangsabschnitt der Polymerisation

Fow, o
Temperatur z K
103 102
50 °C 4,60 4,51
o-Dinitrobenzol 60 °C 5,72 2,90
70 °C 15,8 4,65
50 °C 0,23 0,225
m-Dinitrobenzol 60 °C 1,85 0,939
70 °C 0,36 0,106
50 °C 0,84 0,824
p-Dinitrobenzol 60 °C 1,61 0,817
70 °C 2,20 0,647
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tration von 2,97 «10-2 Mol I-1 g = 0,44 ist. Ahnlich ist in Gegenwart des m-
Dinitrobenzols bei einer Yerzégererkonzentration von 8,25 m10-2 Moll-1g =
0,33, wéhrend fir eine Yerzdgererkonzentration von 0,165 M oll-1 q = 0,69 ist.

Ahnlich wie bei den in friilheren Arbeiten untersuchten Verzoégerern
[13, 14] werteten wir den Polymerisationsabschnitt nach Auftreten des Gel-
effekts mit Hilfe der Gleichung von Sawada [15] aus. Wenn wir gemaR

der Gleichung dieWertevon In —als Funktion der Zeit darstellen,
X2 — XX x2— X

Abb. 4. EinfluR der Anderung der Konzentration von p-itinitrobenzoi auf die Polymerisation

bei hohen Umsatzen

so erhalten wir Geraden, die auf Abb. 4 gezeigt sind. Die Steilheit der Geraden
liefert die flr die durch den Geleffekt verursachte Geschwindigkeitserhéhung
charakteristischen K1Werte, die zusammen mit den Werten und x2 in den
Tabellen I, Il und 11l zusammengefallt sind. Wie aus den Tabellen hervorgeht,
wird mit der Zunahme der Verzdgererkonzentration der Umsatz xv bei dem der
Geleffekt auftritt, kleiner. Der Grenzumsatz (x2) stellt keine eindeutige Funktion
der Verzdgererkonzentration dar, in den meisten Fé&llen erreicht er innerhalb
eines gegebenen Bereiches der Verzégererkonzentration ein Maximum, dessen
W ert gleich oder groRer ist als der in Anwesenheit dergleichen Initiatormenge,
jedoch ohne Verzdgerer gemessene Wert. Die Temperaturabhé&ngigkeit des
Grenzumsatzes besitzt auch hier den gleichen Charakter wie bei den fruher
untersuchten Verzdgerern [13, 14]. Es sei erwdhnt, dal in Gegenwart von
o-Dinitrobenzol bei 70 °C der Grenzumsatz Uberraschend Kklein ist. Der durch
Extrapolation der Zeit-Umsatz-Kurven erhaltene Wert betrdgt bei einer
Konzentration von 2,38 «10-2 Mol I-1 0,12 und auch im Falle einer Ver-
z0gererkonzentration von 1,19 «10-2 Mol I-1 nur 0,5.

Zur Charakterisierung der Wirksamkeit der untersuchten Verzdgerer bei
hohen Umsétzen wurden auch hier die 7C, rej-Werte (der Quotient der in Gegen-
wart bzw. in Abwesenheit des Verzogerers gemessenen Kj-Werte) verwendet,
die,aM EnAbRaoSsdn AP hangigkeit von der Yerzogererkonzentration dargestellt
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Abb. 5. EinfluB der Konzentrationsdnderung des Verzogerers auf die Kt rel-Werte

O'. o-Dinitrobenzol bei 50‘C *: bei 60 °C
0O: m-Diuitrobenzol bei 50 °C m bei 60 °C 9: bei 70 °C
J1: p-Dinitrobenzol bei 50 °C A: bei 60 °C O: bei 70 °C

sind. Ubereinstimmend mit unseren fritheren Untersuchungen fallen die
fCj rei‘Werte beim Anstieg der Verzdgererkonzentration stark ab [13, 14].
Ebenso ist das Absinken der Polymerisationsgeschwindigkeit im Anfangsab-
schnitt der Reaktion bedeutend geringer als bei hohen Umsétzen.

Ein Vergleich der Wirksamkeit der untersuchten Verzdgerer sowohl im
Anfangsabschnitt der Polymerisation als auch bei hohen Umsétzen zeigt,
dafl das o-Dinitrobenzol am aktivsten ist. Zwischen der Wirksamkeit der
anderen beiden Dinitrobenzole gibt es keinen wesentlichen Unterschied.
Beim Vergleich des mit m-Dinitrobenzol erhaltenen kjk.,-Wertes mit dem von
Kice [1] bei 44,1 °C gemessenen Wert von 4,8 « 10~3wurde gute Ubereinstim-
mung erhalten.
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POLYMERISATION DES METHYLMETHACRYLATS
BEI HOHEN UMSATZEN, VI

ZUSAMMENFASSENDE WERTUNG DER ERGEBNISSE

I. Mondvai und L. Halasz

(Lehrstuhl far die Plast- und Gummiindustrie der Technischen Universitat.
Budapest)

Eingegangen am 3. Oktober 1969

Bei der Untersuchung der Blockpolymerisation von Methylmethacrylat wurden
Zusammenhdnge festgestellt zwischen den fir die Polymerisation bei hohen Umséatzen
charakteristischen Werten und der Anfangsgeschwindigkeit der Polymerisation. Es
wurden die in den Gleichungen angefiihrten Koeffizienten und Potenzen in Gegenwart
der untersuchten Initiatoren und Verzdégerer bestimmt. Zwischen der chemischen
Struktur und der Reaktionsfahigkeit der untersuchten Verzégerer wurden Zusammen-
hédnge gefunden.

Bei der Polymerisation verschiedener Monomere (Styrol, Methylmetha-
crylat, Vinylchlorid) wurde festgestellt, dal die momentane Geschwindigkeit
des Vorganges in einem ziemlich breiten Umsatzgebiet der im System befind-
lichen Polymermenge proportional ist. Im Falle von Styrol 14Bt sich der
Geleffekt nur durch den Umstand bemerken, daB die anfédngliche stationére
Geschwindigkeit der Polymerisation nicht dergestalt abnimmt, als auf Grund
der Verminderung der Monomerkonzentration zu erwarten wdére. Bei der
Polymerisation des Methylmethacrylats nimmt die momentane Geschwindig-
keit der Reaktion nach Erreichen eines gegebenen Umsatzes stdndig zu. Die
Differenz zwischen der maximalen Geschwindigkeit und der anfénglichen
Geschwindigkeit kann auch eine GréRenordnung betragen. Die Polymerisation
von Vinylchlorid verlduft in heterogener Phase vom Anfang an mit stdndig
zunehmender Geschwindigkeit.

Bei allen drei Monomeren besteht jedoch der erwdhnte lineare Zusam-
menhang zwischen Polymerisationsgeschwindigkeit und Umsatz. Dieser
Befund diente Burnett und Duncan [1] sowie Sawada [2] als Grundlage zur
Aufstellung ihrer Gleichungen fir die Polymerisation von Methylmethacrylat
bei hohen Umsétzen.

Zur [lllustration der Zusammenh&nge Polymerisationsgeschwindigkeit-
Umsatz beim Methylmethacrylat diente die Darstellung der mit verschiedenen
Mengen Benzoylperoxyd bei 50 °C erhaltenen Ergebnisse in Abb. 1. Die aus
den geraden Strecken gerechneten /AWjAx Werte sind charakteristisch fur
die bei hohen Umsdtzen erfolgende Polymerisation. Stellt man die Werte
AW jAx als Funktion der anfdnglichen stationdren Geschwindigkeit der Poly-
merisation dar, so erhdlt man die in Abb. 2 gezeigten Geraden. Ebensolche
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Geraden erh&lt man, wenn statt der Werte von AW/Ax die aus der Gleichung
von Sawada errechneten Kt-Werte dargestellt werden, nur ist die Streuung
der Versuchspunkte etwas grdBer.

!/ oo
y,P
:? *
/1l
Ll
* n
<//”/ /! n
r -*
L3, TY 0AA
0.2 0.4 0.6 0.8

X

Abb. 1. Polymerisationsgeschwindigkeit-Umsatzgrad-Zusammenhé&nge bei 50 °C, in Gegen-
wart verschiedener Mengen von Benzoylperoxyd. Initiatorkonzentrationen: « 11,24 «10“2
Moll"1, O 7,48 m10-2Moll“1; A 4,13 «10~2Mol 1"»; O 2,30 « 10“ 2Mol 1* 1

Abb. 2. Die Werte von AW/Ax als Funktionen der Anfangsgeschwindigkeit der Polymerisation.
Benzoylperoxyd bei 50 °C (o), bei 60 °C (¢), bei 70 °C (3); Lauroylperoxyd bei 50 °C (O),
bei 60 °C (m), bei 70 °C (d)

DemgemdlR lassen sich folgende Gleichungen zwischen der anfénglichen

Geschwindigkeit der Polymerisation und den Werten /IW/Ax bzw. auf-
schreiben:

AW/Ax = a Wit 1)

K, = b Wste (2)

Die numerischen Werte der Koeffizienten und der Potenzexponenten wurden
in Gegenwart von Benzoylperoxyd und Lauroylperoxyd als Initiatoren bei
verschiedenen Temperaturen errechnet (Tab. | und Tab. Il1). Die hierzu be-
nitzten Versuchsdaten sind in Verdffentlichungen [3] und [4] zu finden.
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Tabelle 1

Werte der Koeffizienten und Potenzexponenten
der Gleichung (1)

Initiator Te"“gé’a‘”' a 10« ™ n
50 214 1,22
Benzoylperoxyd 60 1260 1,45
70 397 1,37
50 158 1,22
Lauroylperoxyd 60 820 1,45
70 220 1,37
Tabelle 11

Werte der Koeffizienten und Potenzexponenten
der Gleichung (2)

Initiator Tem E(e:ratur b« 10-» n
50 11,2 1,22
Benzoylperoxyd 60 44,0 1,45
70 12,5 1,37
50 10,9 1,22
Lauroylperoxyd 60 59,6 1,45
70 14,8 1,37
Aus Tab. | und Tab. Il ist zu sehen, daB die Werte der Potenzexponenten

n nur von der Temperatur beeinfluBt werden. Die numerischen Werte der
Potenzexponenten und auch der Koeffizienten a und h sind bei 60 °C am
grofRten.

Mit steigender Temperatur nimmt auch die anfangliche Polymerisa-
tionsgeschwindigkeit zu, ebenso die Diffusionsgeschwindigkeit des Monomers im
monomeren-polymeren Gel. Unter solchen Umstdnden nimmt die Mdglichkeit
der Radikale zur Ansammlung ab, folglich auch die der spontanen Erhéhung
der Polymerisationsgeschwindigkeit bei hohen Umsétzen. Unter den ange-
wandten Reaktionsverhéaltnissen, d. h. wenn der isothermische Verlauf der
Polymerisation durch gegebene Versuchsbedingungen gesichert werden konnte,
wachst bei 60 °C der fur die Polymerisation bei hohen Umsétzen charakteri-
stische Wert AW/Axbzw. K lals Funktion der anfédnglichen Geschwindigkeit der
Reaktion am stadrksten. Durch die doppelte Wirkung der Temperaturerhéhung
1aBt sich auch der Befund erkldren, daBR der Hochstwert der zur gleichen
Anfangsgeschwindigkeit gehdrenden Werte AW/Ax bzw. Kx bei 50 °C liegt.
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In Gegenwart von Verzdgerern nimmt die Polymerisationsgeschwindig-
keit ab. Aus den im Anfangsstadium der Polymerisation gemessenen Reaktions-
geschwindigkeitswerten [5—7] wurden, in Kenntnis der fir die Verzégerungs-
reaktion charakteristischen Werte /e5k2 bzw. k2 [8, 9], die Werte k5 errechnet
(Tab. 111). Bei schwdacheren Verzdgerern, wie m-Nitrophenol bei 60 °C und
m-Dinitrobenzol bei 70 °C, hat man unwahrscheinlich kleine fc5W erte erhalten.
Hier muRte ndmlich eine hohe Verzdgererkonzentration angewandt werden,
um eine entsprechende Verminderung fir die K2Werte zu erhalten, wodurch
wahrscheinlich eine Kettenregeneration auftrat. Dadurch aber erhielt man
niedrigere k5Werte als die tatsdchlichen.

Hinsichtlich der Wirksamkeit der untersuchten Verbindungen ergab
sich bei beiden Temperaturen eine GrdBenordnungsdifferenz in folgender
Reihenfolge: Dinitrophenole S>o-Nitrophenol Dinitrobenzole und die beiden
anderen Mononitrophenole. Lage und Zahl der Nitrogruppen beeinflussen

Tabelle 111

Geschuindigkeitskonstanten von Verzégerungsreaktionen

Tempe- ks
Verzogerer ”’fc” ioz 1k022 1 Mol!(fsec-l

o-Nitrophenol 50 0,30 2,94 9.41

60 2,85 14,5 84,1
m-Nitrophenol 50 0,19 1,86 5,95

60 0,08 0,406 2,35
p-Nitrophenol 50 0.10 0,980 3,14

60 0,12 0,619 3,53
2,4-Dinitrophenol 50 4,10 40,2 129

60 9.80 49.7 288
2,5-Dinitrophenol 50 12,4 122 390

60 14,7 74.6 433
2,6-Dinitropheno] 50 5,14 50,4 161

60 11,0 55,8 324

50 0,460 4,51 14,4
o-Dinitrobenzol 60 0.572 2,90 16,8

70 1,58 4,65 44,6

50 0,023 0,255 0,72
m-Dinitrobenzol 60 0485 0,939 5,45

70 0.036 0,106 1.02

50 0,084 0,824 2,64
p-Dinitrobenzol 60 0,161 0,817 4.74

70 0,220 0,647 6,21
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folglich die Reaktionsfahigkeit der Verbindungen. Die gréfRte Rolle spielt die
zwischen den benachbarten Nitro- und phenolischen Hydroxylgruppen
zustandekommende W asserstoffbriicke. Das eine Sauerstoffatom der Nitro-
gruppe sitzt in diesem Falle locker, weshalb die Fahigkeit der Verbindungen,
Radikale zu akzeptieren, viel kré&ftiger wird. Die Einfuhrung einer zweiten
Nitrogruppe bringt nur dann eine bedeutend hohere Reaktionsfédhigkeit

Abb. 3. Die Werte von 11V ix als Funktionen der Anfangsgeschwindigkeit der Polymerisation

bei 50 °C 1. (a) o-Nitrophenol, 2. (A) m-Nitrophenol, 3. (A) p-Nitrophenol, 4. (0) 2,4-Di-

nitrophenol, 5. (<j) 2,5-Dinitrophenol, 6. (¢) 2,6-Dinitrophenol, 7. (O0) o-Dinitrobenzol, 8. (L)
m-Dinitrobenzol, 9. (m) p-Dinitrobenzol, 10. (0 ohne Verzdgerer

mit sich, wenn Mdglichkeit zur Bildung der W asserstoffbriicke besteht. Inner-
halb der einzelnen Gruppen verursachen struktiraié Verschiedenheiten keine
bedeutenden Differenzen in der Reaktionsbereitschaft, auch die Wirksamkeits-
Reihenfolge ist bis zu einem gewissen Grad eine Funktion der Temperatur.

Bei hohen Umsétzen 14Rt sich die Wirksamkeit der angewandten Ver-
zbgerer gut vergleichen, sofern die Werte AW/Ax und Kx als Funktion der
Anfangsgeschwindigkeit der Polymerisation dargestellt werden. In Abb. 3
ist als Beispiel die Abhéngigkeit der berechneten Werte AW/Ax als Funktion
der Anfangsgeschwindigkeit der Polymerisation bei 50 °C zu sehen. Die aus
Versuchen mit verschiedenen Verzdgerermengen berechneten Daten liegen
entlang einer Geraden und treffen sich im entsprechenden Punkt der Geraden,
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die erhalten wurde im Versuch mit gleicher Initiatorkonzentration jedoch ohne
Verzogerer. Ahnliche Zusammenhinge erhédlt man bei der Darstellung der
bei 60 °C gewonnenen Werte AW/Ax bzw. Kv Auch aus Abb. 3 geht hervor,
daB sich die bei hohen Umsétzen gemessene Reaktionsgeschwindigkeit bei
gleicher anfénglicher Polymerisationsgeschwindigkeit durch Anwendung von
Verzdgerern in erheblicherem MaRe vermindern 148t als durch Verminderung
der Initiatorkonzentration.

Zwischen der anfédnglichen Geschwindigkeit der Polymerisation und den
Werten AW/Ax bzw. Kz bestehen die folgenden Beziehungen:

1 1

(AW/AX)T™d  [WT I @)

4)
K hrei ~ ( BYel) ~

wo Wtei die relative Polymerisationsgeschwindigkeit (d. h. Quotient der in
Gegenwart und in Abwesenheit von Verzdgerern gemessenen Polymerisations-
geschwindigkeit) ist, wahrend (AW/zb;)rei und K ltre| die entsprechenden rela-
tiven Werte sind. Die numerischen Werte der Potenzexponenten sind in Tab.
IV und Tab.V enthalten. Wie ersichtlich, stehen die Werte von m und k, von
einigen Ausnahmen abgesehen, nahe zueinander, in der Wirksamkeit der
untersuchten Verzdgerer besteht also in der anfédnglichen Strecke der Poly-
merisation und bei hohen Umséatzen eine Ahnlichkeit.

Tabelle TV

Werte der Potenzexponenten der Gleichung (3)

™
Yerzogerer
bei 50 °C bei 60 °C
o-Nitrophenol 47 12
m-Nitrophenol 5 15
p-Nitrophenol 18 19
2,4-Dinitrophenol 20 18
2,5-Dinitrophenol 10 17
2,6-Dinitrophenol 20 19
o-Dinitrobenzol 15 39
m-Dinitrobenzol 42 14
p-Dinitrobenzol 15 12
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Tabelle V

Werte der Potenzexponenten der Gleichung (4)

Verzogerer ‘
bei 50°C bei 60°C
o-Nitrophenol 44 9
m-Nitrophenol 6 8
p-Nitrophenol 17 13
2,4-Dinitrophenol 29 17
2,5-Dinitrophenol 10 15
2,6-Dinitrophenol 25 17
o-Dinitrobenzol 16 11
m-Dinitrobenzol 44 13
p-Dinitrobenzol 15 1
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ACTA CHIMCA

TOM 68—BblN. 1—2

PE3IOME

OnpegeneHve cnefoB eBponus

M. ®ABUAH-MOXAW, 3. YNOP un Ab. HALDb

Bbin paspaboTaH MeTof onpefeneHns He60NbLW UX KONNYECTB eBponus. [lBe U3 Tpex pasHo-
BWAHOCTel 6epyT 3a OCHOBY JIOMUHECLEHLUIO, ONUCAHHYIO TMONY3KTOBbLIM; CeNeKTUBHOE OTAene-
HWe eBpONUSA C NOMOLLbLI0O aManbraMMpoBaHHOIo0 HaTPUA NO3BOAU/O, OHAKO, UCNONb30BaTb apce-
Ha3y 111 ana onpepfeneHuns cofepxaHwsa esponusa B oboraljeHHbIX o6paslax peAKO3eMenbHbIX
MeTannos.

OTpaeneHue oT NpuMeceli pefKo3eMeNbHbIX MeTannos, ABNAKOLWMNXCA NOMEXOW, 6bi10 oCy-
W ecTBNEHO C MOMOLLbIO OKCanaTHOro BblCaXAeHUs, aKCcTpakuuein AMb6YTUNGHOCHOPHON KMUCNo-
TOW M aHTaroHMCTUYeCKOW peaKcTpakuueid.

YyBCTBUTENbHOCTL MeTofa cocTaBnsaeT 1 ¢ 10~6% (cnnaBneHue-nlOMUHECLEHLNS),
2 ¢« 10~4% (o-theHaHTpONUH + HoBaTodaH) n 1 ¢ 10-3% (apceHasa Ill).

lMocne onncaHHOro pasfefneHns Bce TpM MeToAa MOTYT 6biTb MPUMEHUMbI ANS OJHOTO W
TOro e pactsopa. OnncaHHble MeTOAbl MOTYT 6bITb MPUMEHUMbI 418 OJHOFO W TOFO Xe pacTBoO-
pa. OnucaHHble MeTOAbl MOTYT 6bITb UCMNONb30BaHbl ANA ONpefeneHNs eBpOonNus B MOHaUMUTax,
anaTutax, MMHepaNbHbIX NOpPoAax W COeMHEHUAX PeAKO3EMe/ibHbIX MeTannos.

MonyyeHne wu uccnegosaHne CaSO-, Mn, npurogHoro Ans
LO3UMETPUYECKUX Liesiel

M. KAWA, N. MTOPYBCKWUN un N. KNLW

MN3yyanncb ycnoBuWs nonayvyeHwWs npenapata cynbdata Kanbluns—ddochopa, akTUBUPO-
BAHHOIO0 MapraHuem, MPUTroAHOTO AT [O3UMETPUUECKUX Lenell, 1 UX BAUSHUE Ha TepPMONOMU-
HeclleHTHble CBOCTBA NpenapaTtoB. bbin paspa6oTaH ONTUManbHbI cnocob BBeAeHUA aKTuBa-
Topa. Haunyuwwumu cpoiicTeamu o6nagailoT Te (ochopbl, NPW NONYyYEHUU KOTOPbIX BBefeHUe
akTMBaTopa NPOBOAMTCA Nepej ocaxfeHWem cynbdaTa KanbLua, B KWCAbIX cpedax. M3yuas
BNNAHWE aTMocdepbl TepmMoo6paboTKM Ha YyBCTBUTENbHOCTb, GbINO yCTAHOBNEHO, YTO OTBETCT-
BEHHbIMW 3@ MEHbLUYI YYBCTBUTENbHOCTb 06pa3L0B, MPOKAaNEHHbIX Ha BO3AYXe, ABNAIOTCA UOHbI
MapraHua, OKMCNIMBLUMECA [0 BaNeHTHOCTEl, NpeBblWal WX 2, NOCKOMbKY, NM60 nocneayto-
WKUM BOCCTAHOBNEHWEM WX A0 ABYXBaneHTHOro MapraHua, nubo yganeHuem, yaanocb [AOCTU-
THYTb, YTO CBETOMHTEHCUBHOCTb MU YYBCTBUTENbHOCTb TaKMX 06pa3L 0B, MPUFOTOBNEHHbIX Ha
BO3yXe, NpubanxaeTcs K 3HA4YeHUWAM, MOAYYEHHbIM MPWU NPUroTOBAEHUM 06pasLoB B BOC-
cTaHaBNMBal LW e atmocdepe. Bece o6pasybl, B u3yyeHHOM mHTepsane (10“2-r- 102R), fato T NUHeN-
HYI0 3aBMCMMOCTb OT fj03bl TaMMa-061yyeHNs.

O TepMOAVHAMUKE PeaKkLuMu, MPOTEKAOLLENA MeXay TPUX/IOPCUIaHOM
M XJIOPUCTBIM BUHW/IOM MpW BbICOKKMX TeMMepaTypax B rasoBoli (ase

0. KHAYC

Ha ocHOBe KOHCTaHTbl paBHOBeCUS peakLuMu, MNpoTeKalowed Mexay TPUXNOpCUNaHOM
N XNOPUCTbIM BUHUNOM, 6bina paccuumTaHa TemnoTa 06pa3oBaHWA 3TOro coefMHeHUs U 6bi10
YyCTaHOBMEHO, YTO AaHHOe 3HayeHne cornacyeTca C NUTepaTypHbIMU AaHHbIMKU 418 TennoT obpa-
30BaHNA POACTBEHHbIX COejMHEHWNI. BbiNy paccunmTaHbl BENMUYMHBI KOHCTaHTbl PaBHOBECUSA peak-
LMW NpU pasnMyHbIX TemnepaTypax, U Ha 0CHOBe UX 6blN NONyYeHbl 3HaYEeHUSA CpefHei TennoTbl
peakuuu n cpefHero N3MeHeHUs aHTePONUN peakunmn B MHTepBane TemnepaTtyp 600—821 °K.



M3yyeHne afcopbUMOHHBIX ABMEHWIA Ha MJATUHOBOW 3/1EeKTPOAe C
MOMOLLIbIO TEXHUKWU PafMOaKTUBHON WHAMKauuun, V

O 3aBWUCUMOCTU afICOPOLIMM XMOPUCTLIX MOHOB OT MOTEHLMana

Ob. XOPAHU, A. WONT w ®. HAAL

1. Aacopbuusa noHos Cl~ nsyuanach B IN pacteope HCHO, Ha nnaTMHOBOM 3neKTpoge C
NOMOLWbI0O TEXHUKU PagMoaKTUBHOW MHAMKALWUK.

2. 3aBucumocTb agcopbumum noHos Cl~ OT NoTeHLMana M3MeEHAETCA C U3MEHEHWEM COCTO-
AHWA 3N1eKTPOAA; Ha CBEXENPUIOTOBNEHHbIX W pereHepupoBaHHbIX 3NeKTpoaax HabnwgawTcs
fBe ANCKPeTHble CTYNeHN, KOTOPble CMbIBalO TCA CO «CTapeHMEM» 3NeKTpoja.

M3yueHne afcopbUMOHHBIX SIBMEHWA Ha MAATUHOBOWN 3/1EKTPOAe ¢
MOMOLLIbI0 TEXHWKW PaAN0aKTUBHOM MHAMKauuu, VI

Ponb afcopbLMOHHOrO paBHOBECKS B FTETEPOrEHHOM KaTaIUTUYeCKOM
rMOPMPOBaHNM B BOAHbIX Cpedax

Ob. XOPAHU, A. WONT n &. HAfb

Ha ocHOBe KOHKPETHbIX MPUMeEpPOB 6bl/I0 MOKa3aHO, YTO MPU KaTaNMTUYECKOM TUAPUPO-
BaHNUW W 3INeKTpormapupoBaHnnm B BOAHBLIX cpefax — B NPOTUBOMONOXHOCTb 6onee paHHNUM
B3rnanam — HenNb3d nonaratb 0 HaAM4vYnu a,ﬂ,COpGLU/IOHHOFO paBHOBeCKUA cy6c1’pa‘ra.

Ha ocHOBe 3TOro HEO6XOAMMO BHECTW MU3MEHEHUs U B KWHETUYECKYID KapTUHY peaku,mﬁ.
CornacHo aTomMy, NPUBOAATCA HEKOTOpPbIe o6l mMe NONOXEHUN.

I/I3y'-|eH|/|e ANEKTPOXNMUNYECKNX CBOWMCTB amuHoas3obeH3ona, |

MexaHU3M 3MeKTPOXUMMNYECKOTO BOCCTAHOBMEHNA 4-aMnHO0a306eH30/a,
2,4-AmammnHoazobeH3ona n 4’-aTokcu-2,4-anaMmHoasobeH3ona

N. NALAHbBW, M. BANAA u Ab. BAMOL

MexaHU3M 3N1eKTPOXMMUYECKOTO BOCCTAHOB/MIEHUA HEKOTOPbIX MNPOU3BOAHBLIX aMUHO-
azobeH3ona (4-amnHoaszobeH3on, 2,4-AnamMnH0a306eH30M, 4’-3TOKCH-2,4-AnaMnH0a306eH301) N3y-
Yyancs C NOMOLLbIO BONbTAaMETPUYECKOTO, NMOTEHLMOCTATUHYECKOTO U CNeKTPOo(hoTOMETPUYECKOTO
MeTOf0B. BbiNO ycTaHOBNAEHO, 4TO GPYTTO ABYX3/71eKTPOHHOE BOCCTAHOBAEHME a30-TPynnbl npeg-
CTaBnfeT cobOW ABYXCTyneHuYaTblii npoLlecc, KOTopbll npoTekaeT no ECE-mexaHu3my uyepes 06-
pa3oBaHMe MPOMEXYTOUHOrO COEfMHEHUS, ABNAOLWErocs NPOAYKTOM NPUCOEANHEHWUA OAHOTO
3N1eKTPOHa K a30-rpynne, u yepes gucnponopynoHuposBanue. flanbHeliwee AMCNPONOPLUOHNPO-
BaHWe rmapaso-hopmbl NPUBOAUT B 6GPYTTO K 4-eX 31eKTPOHHOMY BOCCTaHOBNeHUO. N3yuyeHue
31eKTPOXMMMNYECKMX CBOCTB apoMaTMyYeCKMX aMUHOB, 06pasylolnxcs B nocnefjHem npolecce,
(1,2,4-TpuamnHobenson, 1,4-heHuneHgnamMuH) NO3BONUNO OMNpPeAennuTb NOAPOGHBLIA MeXxaHWu3M
BOCCTAHOBNEHUSA.

YcTpaHeHue rnonspusalnum ConpoTmB/IEHUA B MOTEHLMOCTATUYECKNX
nccnegosaHunax, |l

6. TEHAbLEN, MN. nw N. REBAN

Bbln pa3pa60TaH MeTOo[ HENPEPbLIBHOIO M3MeEpPeEHUA N KOMNEHCUPOBaHUA nonapusaumm co-
NpOTUBNEHNA BO BPEMA N3SMEPEHNA B YCIOBUAX NOTEHUMOCTATUYECKUX nccnefoBaHunii. Ans npo-
BEPKWN MeTofa uccnegoBanacb aHogHada nonapusayna cepe6pa B Cyl'lb(;baTHbIX pactBopax. bbino
yCTaHOBNEHO, 4YTO B Cny4yae aBTOMAaTU4YECKOro KOMNEHCUMpPOBaHMA HanpaXeHUa Ha OMUYECKOM



COMPOTUBAEHUN WM3MEHSeTCs XapakKTep KPUBOW aHOAHON nonspusauuu. Momumo 3Toro, 6bi/10
YCTAHOB/EHO, YTO B CNyyae aBTOMATUYECKOrO KOMMEHCUPOBAHUA HET HEo6X0AMMOCTW B MoMme-
WeHNN 3N1eKTpoAa peepeHuUn B6IN3M M3MEPSEMOTO0 3NE€KTPOAA, a TEM CAMbIM MOXHO M36exaThb
MOrpelHOCTN, BO3HMKaIOLW e 38 CYET 9KPAHUPYIOLWero BANSHUS 3N1eKTPoAa pedepeHLmn.

CI/IMy}'IFlLI,I/IFl BpaLLl,aTefIbHO-KOI'Ie6aTeI'IbeIX CMEKTPOB MOJIEKY/T TUNa
cnerka aCMMMETPUYECKOro YAJIMHEHHOIO BO/IHKa C MOMOLLbHO OBM

PacnpocTpaHeHMe K MepexofaMm B acUMMETPUYHOM poTaTope
AOb. ANWOBCKWUA n N. HEMELW

OnucbiBaeTcs nporpaMmma Ans CUMynupoBaHns Ha IBM BpawatenbHOWi CTPYKTYpbl nep-
NeHANKYNAPHbIX KoNebaTenbHblX NEPEXOL0B B MOMEKY aX TUMa CNerka aCUMMeTPUUYHOTO YAN-
HEHHOro BONYKa. B fONONHeHWEe K KOPMONUCOBbLIM B3anMOZeACcTBUAM Tuna RS NpUHUMAOTCA BO
BHMMaHWe Nnepexofbl B aCMMMETPUYHOM POTATOpPe C TOUHOCTbIO BNNOTH A0 K 4. Pacyet unnwo-
CTPpUpyeTCs Ha NpUMepe V73TUNeHa.

Xumunsa cBobogHbIX pagukanos, VII

Peakuns B3aUMOAEWCTBUS HUTPO30COEAVMHEHUI A C BWMHW/IOBBIMKA MOHOMEPaMM

n. WOMEMM, ©. TOAEW v W. KEHAE

M3yyanacb peakuuns B3auMOAeiACTBMA HUTPO30COEANHEHUN C BUHUNOBLIMU MOHOMEpamMU.
Peakuyus meTunmetakpunata ¢ N-HUTPO30AHUIUHOM SBNSETCH NCEBAO-YHUMONEKYNAPHOW no
MHTPO30aHWUNHY, U BENINYNHA 3HEPTUM aKTUBaLMKN paBHa 15 Kkan/monb. Peakuns xe ctupona c
HUTPO306€H3010M ABNAETCA MNCEBAO-6MMONEKYNAPHOW NO HWTPO306EH301y, U BENUYUHA 3HEp-
rmn akTuBauun paBHa 7,5 kKkan/monb. MOMWUMO peakLUWil BbllEyNnOMAHYTbIX COeANHEHNIE, N3y-
Yyanucb peakunyu B3aMMOAENCTBUA HEKOTOPbIX N-3aMeljeHHbIX M-HUTPO30@HUAMHA U MHOTUX
NpPou3BOAHbIX HWTPO306eH30Ma, 3aMeleHHbIX B KO/blie, C MeTUAMETaKpuiaTtom U CTUPONOM;
onpeAensinNCb KOHCTAHTbl CKOPOCTeW 3TWX peakuWi U ux 3aBucumoctTm Tuna FammerTa. Ha
OCHOBE CMeKTPOPOTOMETPUUYECKUX NCCNeA0BaHMI U cneKTpoB DTMP MOXHO 6bIN0 3aKAOUYNTh, YTO
B TeyeHMe peakuuu obGpasytloTcs cBOGOAHbIE pajnKanbl TWMa OKUCKU a3oTa.

MOI'IeKy}'IFlpHOE CnNoBOE Mnosne anAa CUnIbHbIX M30TUOLMaHaToB
N CUNNNbHBIX MN3oUMaHaTOB

K. PAMACBAMW n C. PAHTAPALXAH

PacueT npu6nunxernHoro cunosoro nona SiH3NCS u SiH3NCO npou3Bognnca MeTOLOM,
npeanoXeHHbIM TOpKMHITOMOM, XepaH3em M KacTaHO, COOTBETCTBEHHO. BbiNo nokasaHo, 4TO
mMeTof TOPKMHITOHA faeT Ny4llyl Cepuio BeNNYMH KOHCTAHT NOTEHLNaNnbHOW aHepruun, cpegHux
aMnAnTys KonebaHWn M KOPUONMCOBLIX NOCTOAHHBIX, KOTOPble XOPOLO COrnacyTca ¢ Habno-
faeMbIMU 3KCMEPUMEHTaNbHbLIMU BeANUYNHAMU.

O 6onee AeTa/IbHOM WM3Yy4YEHNN MPOTEKaAHNA peakunmn MwnnoHa

A. NTA3AP, . MOA u 3. BUHKNEP

Peakuyns MunnoHa Ans 3aMeljeHHbIX (EHONOB M3yyanacb Ha CHefylOWNX MOAENbHbIX
coefuHeHuax: 4-rugpokcubeHsoiinaa kucnota (la), meTunosbiii 3up 4-ruapoKCcUEeEH30IHOI
kucnotel (ID) u Tposun (1c).

Mocne ucyepnbiBatoLwero 063opa NMTepaTypHbIX AaHHbIX, OTHOCAWMXCA K flaHHOW Teme,
CMHTE3MPOBaNUCh COeAMHEHUS, UrpatloLme poib B BOSHUKHOBEHUW LiBETHON peakuyunm MunnoHa,
1 npeBpalleHneM NociefHUX APYT B Apyra AoKa3biBanocb NpoTekaHue peakyun MunnoHa.



BbiN0 yCTAHOBNEHO, YTO OKPalleHHbIMU COEANHEHUAMMN ABNAKTCA KOMNaekchbl pTyTu (M)
C 0-HuTpo3o(eHonamm: 6uc-o-HuTposodeHon-mepkypat(M) (1V) m o-HuTpo3odeHON-MmepKypaT
(M)-HuTpat (V). BHauane, nog BAUSHUEM Harpesa WAW NPU NPOAOMXKMUTENbHOM CTOSHWU NpU
KOMHaTHOW TemnepaType, NPOUCXOAUT MepKypupoBaHue, Bcaes 3a 4eM obpasylowmiics npogykT
(H), pearnpysa c a30THOW KWCNOTOW, NMpeBpaw,aeTca B NPOW3BOAHYI O-HMUTpo3ogeHona (I111) u
3aTeM B BblleYNOMAHYTble OKpalWeHHble KOMNNeKChl pTYyTH (1V, V).

BblN0 YCTAHOB/IEHO TAKXe, YTO KOMMOHEHTOM peareHTa MUINOHA Bbl3blBAOWMUM LBETHY IO
peakuuio, asnaerca HUTpuT TpyTuU(ll).

MpousBoaHble TOKap6amupa ¢ TyBepKy/nocTaTUYeCKON aKTUBHOCTbIO, |

W. WOoNbOM, . KOUKA, r. ToT v J1. TONAN

B Tuokap6amMuiHbIX NPOU3BOAHbLIX C Ty6epKynocTaTuyecKoli akKTUBHOCTbIO KOMOGUHMPO-
Banucb 1-(4-nsoammn-okcudeHnn)-tTuokapbamuibHble rpynnel, AnflWMecs Haubonee nop-
XOAAWMMMN C TOYKMN 3PEHNA OKA3bIBAEMOTO BIMAHMA, @ TAKXE aHaNorMyHble, HO MHaye 3aMell eH-
Hble TMOKap6amMuabHble TPYMNMNbl C aMUHOKUCNOTaMM, KaK 6MONOTMYECKN BaXHBIMW MONIEKynaMm
HocuTens.

N3 a-, B- N y-aMUHOKNCNOT U COOTBETCTBYIOLWMNX N30TUOLMNAHATOB Yepe3 Knokapbamuni-
aMUHOKUCNOTbl 6blNN MONYy4YeHbl CAefyloline LUKANYeCKUe COeAUHEHUsA: 2-TUOXUAAHTOUHBI,
2-Tno-rugpoypauunsl, a TakXe 2-TWo-4-oKcu-nepruppo-1,3-gnasenuHsl. NMOMUMO MNOCNEAHUX,
6bIMN CUHTE3UpOBaHbl ApPyrue WeCcTUUYNEHHble FTeTepOoLNKNNYECKUE COefMHEeHUs, copepixaliune
TMoKap6aMMAHbIA CKeneT B KONbLe, Takne Kak, 2-TNo-4-peHnn-1,2-AUrngpoxXnHasonnH n 2-apun-
UMWUHO-4-0KCO-5-MeTuN-Nneprnapo-1,3-tnasnHeol. CTpoeHne coefjMHeHNI [JOKa3blBaNoCb Ha OCHOBe
XUMUYECKUX U CMEKTPOCKOMMUYECKUX WUCCNef0BaHWIA.

2-TNOXMAaHTOWHLI 06nafaldT 3HAYUTENbHOW Ty6epKynocTaTM4yeCcKol aKTMBHOCTbIO in

Vitro, HO CUNbHO TOKCWYHbI, B TO BpeMS KaK Nepruapo-1,3-gnasenmHbl okasanucb ycrnokanBato -
WHUMN CcpefCcTBaMK.

KoHgeHcauuna [ap3seHca, Il

BnusHMe 3amMecTuTeneid Ha KoHAeHcauuio J[ap3eHca, KaTaau3vMpoBaHHYH
OCHOBaHUAMM

Ob. wunow, Ab. wE6en w N.canawnupm

MpoBofgunache peakuus KoHpjeHcauuwu [lap3eHca MexXAy ranoreHugamu mn-sameLy eHHblX
cbeHaumnos N n-3aMelleHHbIMKU GeH3anbAerngamm B UOKcaHe, B APUCYTCTBUK MeTUNaTa HaAaTpUa B
KayecTBe KaTanmsaTopa. Ha ocHOBe AaHHbIX BbiIXOf4a 3TOKCUKETOHOB AenaincCb KayeCTBEHHbIE
3aK/MI0OYEeHUS OTHOCUTENbHO BAUAHUS 3amMecTUTenell Ha peakuui KoHgeHcauumu. Bbino ycTa-
HOB/MIEHO, 4YTO BUSIHWE 3amecTuTenei Ha peakuuto KoHpeHcauuun [apseHca ABNAeTCA OfAUHa-
KOBbIM KakK B C/lyyae KMCNOT, TaK U B Cy4yae OCHOBaHWM, MCMONb30BaHHbIX B Ka4yecTBe KaTanu-
3aTopos. OfjHakKo, BNUAHNE 3amMecTuTenelt B raforeHmnpaax (*)eHaLI,I/I/'Ia Ha KOHfAeHcauuto [ap3eHca
ABNAETCA NPOTUBOMNONOXHbLIM NO CPaBHEHWK C UX BAUAHMEM Ha anbfO0/IbHYK KOHAeHcauwuto,
KaTannsnpoBaHHYH OCHOBaHUAMMW.

OnpegeneHve CTPYKTYpbl ABYX M30MEpPOB TeTPabpoMo-TeTpaLeoKc-
reKcMTona ¢ MOMOLLBI0 Macc-CNeKTPOMETPUM

OLb. XOPBAT u . KYCMAHH

CTpyKTypa ABYX TeTpabpomMoO-reKCMTonoB, MNONYYeHHbIX npu B3aumogehcteum 1,6-
nounépomo-1,6-guaeokcn-2,3: 4,5-aunaHrngpo-ranaktutona ¢ 6poOMUCTBIM BOLOPOAOM, oOnpeje-
nanacb C NOMOLWbIO Macc-CneKTpoMeTpuun. BbiNno ycTaHOBNEHO, YTO OHWM npeacTasBnaoT 1,3,4,6-
TeTpabpomo-1,3,4,6-TeTpageokcu-ananton un 1,2,4,6-tetpabpomo-1,2,4,6-tetpageokcn-0,b-maH-
HWTON, COOTBETCTBEHHO.



I'Ionvlmepmsau,vm METUNMETaAKpW/iaTa MNpu BbICOKNX CTEMEHAX KOHBEPCUW, Vv

M3yyeHne 3ameanstowiero sdekta AMHUTPOBEH30/10B

M. MOHABAW, 1. XANAC n A. KEW UL

N3yyanacb 6n104Has nonMmepusaLma MeTunMeTakpunaTa Nnpu pasnuyHbiX TemnepaTypax
B npucytcTBum 1,2-, 1,3- n 1,4-anHuTpob6eH30n08. OnNpeaeninncb OTHOLW EHUA KOHCTAHT CKOPO-
cTell Kji/k2n BenmumnH K,, OTH., XapakKTepusywlne yMeHblleHWe CKOPOCTM NONUMeEpU3aLLum npu
BbICOKUX CTeNeHAX npeBpaweHns. NMpu cpaBHEHUU UX MOXHO 3aKNOUYNUTb, YTO Hanbonee CUMb-
HbIM 3ameanuTenem apnsetca 1,2-auHuTpobeH3on. 3amefnsatolw,as CNOCOBGHOCTb BCEX TPeX U30-
MepoB nofobHa 3ameanatoLLel cNOCO6GHOCTU MOHOHUTPOGEHONOB.

Monumepusauma MeTUMeTaKpuiaTa Mpu BbICOKMX CTEMeHAX
npespatleHus, Vi

O6Lee 06Cy>KAeHWe MOMTYHEeHHbIX Pe3ynbTaToB

M. MOHABAW un J. XANAC

Mpn wnccnepoBaHWU 6GMOYHOW NoAMMepu3auunm mMeTunmeTakpunata 6biM yCTaHOB/EHbI
3aBUCMMOCTN MeXAy napameTpamMu, XapakTepusywwumu nonmmepusaynto npu BbICOKUX CTe-
neHAXx npespaweHna un HayanbHOM CKOpPOCTbIO nonmmepusaunuu. B npucyTcTBUM pasfinyHbIX
MHNUMATOPOB U 3amegnurtenei onpeapenanuMcb napameTpbl 3TUX 3aBUCUMOCTEN (KO3(1)(*]MLI,I/I€HTI:I n
nokasatenun CTeI'IeHeI7I). Bbina HaligeHa 3aBUCUMOCTb mMexnay peaKLI,I/IOHHOﬁ CMnoco6HOCTbIO 3a-
MeannTene u NX XMMUUYECKUM CTpoeHuem.
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THE SELECTIVITY OF ION-SPECIFIC
ELECTRODES, |

SILVER IODIDE MEMBRANE ELECTRODE
Z. Puchony, K. Tstn and E. Pungor

(Department of Analytical Chemistry, University of Chemical
Industries, Veszprém)

Received December 15, 1969

The selectivity of iodide membrane electrodes was studied in the presence of
various precipitate-forming anions, complexing agents and metal ions forming com-
plexes with iodide ions. The results prove the theoretical conception of the selectivity
constant.

It has been found that metal iodo-complexes show the same behaviour to an
iodide electrode as cyanide complexes to a cyanide electrode. Further research in this
field is in progress.

Introduction

The advent of precipitate membrane electrodes has opened new possibil-
ities in the field of potentiometry. They made possible the direct (p X determi-
nation) and indirect (titrimetric) determination of various anions and cations.

The selectivity of an ion-specific electrode is one of its characteristic
parameters. The selectivity of an electrode to anions forming precipitates with
the cation of the precipitate incorporated in the membrane has been studied
theoretically [1]. Furthermore, the membrane potential equation has been
interpreted for reactions other than the precipitate exchange reaction (e.g.
complex formation [2]).

Both homogeneous and heterogeneous membrane electrodes behave
electrochemically in the same way. A difference is only found between the
structures of the membranes. The membrane potential equation for 1:1
electrolytes is as follows:

where Eo = standard electrode potential,
i — the ion to which the electrode is reversible,
a, = activity of ion i in the solution,
a, = activity of ion i released by the complexing agent in the
boundary membrane layer, being equal to avn,
ax = activity of the complexing agent in the solution,
(ij — activity of ion j in the solution,

1 Acta Chim. Acad. Sei. Hung. 68, 1971



178 PUCHONY et al.: SELECTIVITY OF ION-SPECIFIC ELECTRODES,

Kj x = selectivity of the electrode to the complexing agent; this
value becomes equal to unity if the complexing agent dissolves
the precipitate in the membrane completely,

Kji = selectivity of the electrode to ion j, which gives only a precipi-

tate exchange reaction,

— number of ligands in the complex formed,

J = number of the ions taking part in the precipitate exchange
reaction.

=]

Many papers have dealt with the determination of the selectivity con-
stant of ion-specific electrodes [1, 3, 4]. The selectivity constant is defined as a
ratio which unambiguously shows the lowest concentration at which an ion can be
measured in the presence of another ion. The value of the selectivity constant
can be determined by a direct or indirect potentiometric method in solutions
containing both the ion measured and the interfering ion.

Rechnitz [3] determined the selectivity constant of ion-selective
electrodes in an analogous way to that used for glass electrodes. The selectivity
constant obtained in this way is called the apparent selectivity constant, and
cannot be used for theoretical conclusions.

The aim of this paper is to study the selectivity of iodide membrane
electrodes to various anions and cations. The selectivity constants ofthe
electrodes indicate the possible applications.

Experimental

The following ions were studied:

Anions: Br~, CI", CN-, SCN", OH", S ,0, SOS-, CrOf, AsOJ-, POT, Fe(CN)*

Cations: Ag+, Cd2+, Hg2+, Ph-"+.

Apparatus: a RADELKIS (Budapest, Hungary) Blood pH-Meter (Type OP-203) and
a RADIOMETER (Copenhagen, Denmark) Automatic Titrimeter (Type TTT 1) were used
for the measurements. The indicator electrode was a RADELKIS OP-1-711 electrode and the
reference electrode was a Ag/AgCl electrode with a KN 03 agar-agar bridge.

Reagents: AgN03, KBr, KCI, KCN, KSCN, NaOH, Na25203, Na,S03 K2Cr04, Na3As04,
Na2H P04, K4Fe(CN)G CdS04, Hg(N03),, Pb(N03)., of analytical grade were used for the solu-
tions and were standardized by classical analytical methods. The ionic strengths of the solu-
tions were kept constant by the addition of potassium nitrate.

Determination and the theoretical calculation of the
selectivity constants

In practice the determination of the selectivity constants can be carried
out in two different ways. If the values of the selectivity constants are low, the
measurements can be done in solutions containing a constant concentration of
iodide and various concentrations of the other ion studied. From the e.m.f.
values measured, the concentration of the other ion which begins to influence

Acta Chim. Acad. Sei. Hung. 68, 1971



Pl CHONY et al.: SELECTIVITY OF ION-SPECIFIC ELECTRODES I, 170

the behaviour of an iodide membrane electrode is determined. This concentra-
tion is given by the break point of the e.m.f. vs. log ax curve (axis the activity
of the other ion). The break point can be determined by the intersection of the
tangents to the curve.

in the other method, a solution containing iodide and another anion is
titrated with silver nitrate. Knowing the initial iodide concentration and the
potential jump, the iodide concentration at which co-precipitation of the other
ion starts can be determined. The selectivity constant is given by the ratio of
this iodide activity and the activity of the interfering anion:

I (1,Pa
= (1K)mn

where f and Ik are the activities of ions i and k in the solution at co-precipi-
tation,
a, b, m, n will be discussed later.
The theoretical calculation of the selectivity constant was carried out
using the following equation:

sVa
Kik= .
ci/n
where S-- isthe solubility product of the precipitate incorporated in the.
membrane (1j)c(1j)b,
Sjj- is the solubility product of the precicipitate formed during

the exchange reaction (l1j)n(1k)m,
a. b, n, m are the stoichiometric constants of the precipitates.

Results and discussion

The experimental results are summarized as follows:

1. Examination ofionsforming precipitates with silver ions, by means of the
titration method. The titration curves are shown in Fig. 1. The selectivity con-
stants calculated from these curves are compared with the theoretical values in
Table I.

2. Study on anions forming complexes with silver, by means of the direct
method. The results are given in Fig. 2 and Table I1I.

3. Examination of metal ions forming complexes or precipitates with
iodide ions. The results obtained are given in actual iodide concentration vs.
iodide mole fraction. The actual iodide concentration was calculated from
the potentials measured with the help of the electrode calibration curve.
Figs 3 and 4 show the results obtained in the presence of Hg2+ and Ag +.

1* Acta Chim. Acad. Sei. Hung. 68, 1971



180 PUCHONY et al.: SELECTIVITY OF ION-SPECIFIC ELECTRODES, I

The experimental results prove the theoretical conception of the selec-
tivity constant. On the basis of the experimental results it can be said that the
theory is valid for more complicated precipitates of anions with a valency
higher than one. The calculation of the selectivity constant for relatively

N
1 2
ml AgNC3
Fig. |. Potentiometrie tiration of solutions containing !0 - \! KI and X M of an interfering

ion, with 10 M AgNOa

Table 1

Measured and calculated selectivity constants

Anion KNg (measured) Kik (calculated)
cl- 9.6x 10-7 3.7x 10-7
Br- 1.9X10-4 1.8X 10“4
SCN- 3.0X 10-5 3.0X i0-J
OH- 9.1x10-9 1.0 X 10- 8
CrO;* 6.6X 10-11 5.0x 10-1
AsOjf 2.7x 1010 3.2x 10-10
PO* 0.2X 10-10 1.2X 10-10
t'e(Ci\)g- 3.5X 10-» 2.4x 10'b
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simple systems was facilitated, by assuming that the solubility products were
the same for the swollen boundary phases of the membrane as for the solution
phase. This assumption implies that the activity coefficients are the same in
the membrane swollen layer as in the solution.

In the presence of complexing agents, the selectivity constant cannot be
expressed by the equation derived for precipitate-forming ions. As the experi-
mental results show [2], the selectivity constant of the electrode for the com-

Fig. 2. Behaviour of an iodide-selective membrane electrode in a solution containing | and
S-08, and 1“ and CN~ ions, respectively

plex-forming ion is always equal to unity when the complex-forming ion dis-
solved the precipitate to an appreciable extent. The results obtained so far have
not indicated how it is possible to calculate theoretically these selectivity
constants to ions forming complexes. Experiments in this direction are in
progress.

A theoretically interesting problem is presented by the metal ions which
give complexes or precipitates with iodide ions. In the presence of precipitate-

TaMc 11

Selectivity constants of an iodide membrane electrode to some complexing agents

Anion Kfa (measured)
CN- |
SOr 42X 10-2
sor 5.5X 10~7

Ada Chim. Acad. Sei. Hung. 68, 1971
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forming ions there is no real problem; the electrode measures only the free
iodide in the solution as shown in Figs 3 and 4. Experiments carried out with
iodide complexes indicated that these complexes give a direct exchange reac-
tion with the precipitate in the boundary layer of the membrane. This result is
of importance, since the iodide electrode is not suitable for the determination
of the stability constants of these iodide complexes.

Fig. 3. Effect of Hg2+ on the potential value Fig. 4. Effect of Ag+ onthe potential value
of iodide ions, measured by iodide electrode of iodide ions, measured by iodide electrode

In the case of cyanide electrodes it was found that a cyanide electrode
can detect the cyanide released by the dissociation of cyanide complexes
having a B value* greater than that of silver dicyanide. Complexes with lower
B values than silver dicyanide give a direct exchange reaction with the precipi-
tate of the electrode. Allowance must be made for a slight shielding effect of the
central metal atom on the ligands.
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*is the negative logarithm of the overall dissociation constant (Kd) of a complex;
R = -log Kd
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A CRITICAL EXAMINATION OF THE STABILEIY
CONSTANTS OF SOME LANTHANIDE-x-
HYDROXYCARBOXYLIC ACID COMPLEXES

A. Gergely and |I. Nagypal
(Institute of Inorganic and Analytical Chemistry, L. Kossuth University, Debrecen)

Received January 16, 1970

On the basis of experimental data reported in the literature and using the curve-
reduction procedure, the stability constants of the equilibrium systems Nd(lIl)-methyl-
propylglycollate, Yhb(lll)-isobutylmethylglycollate, -isopropylmethylglycollate, and
-diethylglycollate, Er(lll)-a-hydroxycyclohexanecarboxylate and Sm(lll)-mandelate
were critically re-examined. By means of this procedure, the regions of the formation
curves suitable for the development of M Antype complexes were selected. From these
regions of the curves the exact values of the constants were calculated by the method
of least squares, and compared with the literature data.

The earliest applied complexing agents for the ion-exchange separation
of lanthanides were x-hydroxycarhoxylic acids. Accordingly, numerous
authors have studied the equilibrium relationships of these systems [1].
However, the literature of coordination chemistry up to the present time con-
tains relatively few data for the stability constants [2]. This is explained in
part by the experimental difficulties resulting from the low stabilities of the
complexes. In addition to the formation of mononuclear complexes, other
processes may also occur in these systems, for instance, hydrolysis of the
complexes, formation of polynuclear complexes, dissociation of the alcoholic
hydrogen from the bound ligand, etc. For example, according to Seyb [3], as a
consequence of this last process, M Af is formed too.

In the literature many contradictory data may be found for the stability
constants of various metal complexes. Hence a critical re-examination of these
data seems desirable. For the reasons mentioned above, a rc-exainination is
even more justified in the case of the lanthanide-x-hydroxycarboxylic acid
systems.

The purpose of the present work was such a critical re-examination of the
stability constants of some lanthanide-x-hydroxycarboxylic acid systems and
the calculation of the correct values on the basis of experimental data reported
in the literature.

Choppuw et til. [4, 5] made ion-exchange and electrophoretic studies on
lanthanide glycollate, -lactate and -x-hydroxyisobutyrate systems and
found that negatively-charged M Af complexes were also formed in these
systems. From the experimental potentiometric data they calculated three

Ada Ciliin. Acad. Sei. Hung. 68, 1971
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constants [6]; the fourth value was not evaluated, in all probability, because
of the reasons mentioned above.

Thun etal. [7, 8, 9], dealing with the equilibrium conditions of lanthanide
complexes of glycollic acid derivatives, generally calculated four constants
from the experimental data. In their calculations they did not take into account
that other processes may also take place besides the formation of mononuclear
complexes. Therefore, although the experiments were performed under well
controlled conditions, the values of the calculated constants and the ratio of
the successive constants sometimes do not appear reasonable. In the case of
a-hydroxyisobutyrate systems, for instance with the series Pr, Nd and Sm,
they obtained for log K2K3 0.55, 0.12 and 0.62 and for log Ks/K4 0.45, 0.96
and 0.19 [8]. The reason for the abnormal variation of the ratios can only be
the inaccuracy of the constants.

In an earlier publication [10] we proposed a new calculation procedure:
the curve-reduction method. This method can be used to select the portion of
the formation curve which is fully characterized by the Bjerrum function [11].
The simultaneously calculated constants afford a good approximation, and
the method of least squares is only applied to a selected section of the curve.
In the former publication [10] we determined all four stability constants of
the Ce(lll)-glycollate system on the basis of experimental data taken from the
literature. W ith this we supplemented [6] and corrected [12] the data published
earlier.

In the present work we employed this method for a critical examination
of the Nd(Ill)-methylpropylglycollate, Yb(Ill)-isobutylmethylglycollate, -iso-
propylmethylglycollate, -diethylglycollate [7], Er(Ill)-a-hydroxycyclohexane-
carboxylate [13] and Sm(lll)-mandelate [14] systems. By means of the
curve-reduction method we selected usable experimental data for the calcula-
tion of the constants, and then determined their precise values on the basis of
least squares principle.

The formation curve reduction was performed for each of the systems
listed above. In Fig. 1 can be seen the experimental formation curve and the
partial formation curves of the Yb(lll)-isopropylmethylglycollate system.

It can be seen that the experimental formation curve (1) approaches a
value of four. From this it might be concluded that up to n~ 3.8 only the
simple mononuclear complexes are important in the equilibria. We fitted the
partial formation curves to the Sitten [15] normalized group of curves (the
sections of the partial formation curves deviating from the best fit are drawn
with a broken line). The n(02*(pA) partial formation curve (2) is symmetrical
about the middle-point. It follows from this that in this pA range, apart from
the formation of M An type complexes, no other process plays a significant
part in the equilibrium reactions. From an analysis of the n**(pA) and
n@4)(pA) curves (3 and 4), however, it is clear that these are only symmetrical
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about the middle-point up to a definite pA value (pA 1.7, n~ 2.6). Below
this pA value it is necessary to consider the other processes in addition to the
formation of M An type complexes. However, the experimental data are not
sufficient for the identification of these other complex species. Hence, in our
calculations we ignored those sections of the curves which no longer fitted the

Fig. 1. Original and reduced formation curves of the Yb(Ill)-isopr methylglycollate
system. (1) Experimental formation curve; (2) rua2 (p.d); (3) n(, 3 (pd); (4) n*,4(pA) partial
ormation curves

Bjerrum formation curves. Accordingly, in the system under consideration
the values of log Kn were calculated only from the sections of the curves
extending to pA = 1.702.

The analysis of the formation curves and the calculations were performed
for all the systems under examination. The constants we obtained together
with the corresponding literature data are summarized in Table 1

The first line of the Table shows the limiting values of n up to which we
and the authors cited took into account the measured points. The number of
measured points used for the calculation of the constants is denoted by p, and
the last line of the Table gives the values of the mean square differences in
n. From the results obtained for the Nd(lll)-methylpropylglycollate, Yb(III)-
isobutylmethylglycollate, -isopropylmethylglycollateand -diethylglycollate sys-
tems it is evident that, as expected, the values of log Kj and log K2 are only
slightly affected by the fact that the cited authors used also the ill-defined
sections of the curves in their calculations. However, for log K3and log K4, the
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differences compared with our accurately calculated constants become increas-
ingly important. It follows that the other processes play a more and more
importantrolein the sections of the curves which correspond to MA3and MA4
formation. This is also shown by the fact that the value of log K3 is always

Table 1

Stability constants of some lanthanide-ot-hydroxycarboxylic acid systems as given in the literature
and calculated by the present method

Nd(111)-methyl, Yb(ll1)-isobuty1- Yb(ll)-isopropyl-

propylglycollate methylglycollate methylglycollate

[91 x m x m *
nlimit 3.502 3.025 3.408 2.893 3.816 2.602
p 24 20 15 13 15 9
log Aj 2.38 2.39 3.21 3.23 3.12 3.10
log K,, 1.85 1.81 2.74 2.70 2.44 2.41
0g X, 1.17 1.25 1.75 1.83 1.65 1.74
log Kt 1.06 0.97 1.40 1.27 1.39 1.23
log 8t 6.46 6.42 9.10 9.03 8.60 8.48
[4/1ny/p] *105 12 4 26 8 18 4

Y bglblgéﬂﬁghyl— cyEIréH;))(_ar:\)écc‘;?gggy- Sm(l11)-mandelate

late
1 m x [13] * MI x

n limit 3.514 2.878 1.728 1.918 1.918
p 15 12 13 23 23
log k ' 3.10 3.13 2.48 2.58 2.56 2.56
log ic2 2.26 2.22 2.35 1.94 2.00 2.01
log K3 1.31 1.40 — 1.96 1.38 1.37
log K1 1.09 0.82 — —
log Ri 7.76 7.57 — —
[£(An)../p] MEios 24 5 — 13 5 5

* Data calculated by the present method.

greater and the values of log K3 and log RAare smaller than the literature data.
The greater accuracy of our constants is proved in that the n mean square
difference shown in the last line of the Table are substantially smaller according
to our calculations.

In the systems discussed so far the use of the curve-reduction method is
justified by the occurrence of troublesome side reactions. For the Er(lll)-x-
hydroxycyclohexanecarboxylate system shotvn in the Table, the reported [13]
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n values are only about 1.7 because M Asseparated as a precipitate. According
to the measured data, the authors determined only log and log K2, disregard-
ing the formation of M A3 With the curve-reduction method it has been shown
that it is necessary to take into account the presence of MAs even at n > 1,
and at n ~ 1.7 the value of aiis as high as 0.25. Our value of log Kz is naturally
less accurate than log K, and log K2 since in the range studied M As is formed
in comparatively small amounts. Still it must be taken into consideration if
accurate values of log K1 and log K., are desired. Bearing all this in mind, we
calculated the constants once again, and the results differ significantly from
the previously reported data.

The last column of the Table shows the Sm(lll)-mandelate system
which had been examined by Powell and Neillie [14]. In their calculations
they took into account the formation of MA3 and thus the published data are
accurate.

From an investigation by the curve-reduction method of the Nd(Ill)-
methylpropylglycollate, Yb(Ill)-isobutylmethylglycollate, -isopropylmethyl-
glycollate and -diethylglycollate complex equilibrium systems it is evident
that different processes may play a part in the overall equilibria. Therefore,
the exact values of the constants are only obtainable if the ill-defined sections
of the curves are not considered in the calculations.
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The theoretical magnetic resonance spectra of AA'A" ... XX'X" ... —A%X,,
systems have been investigated in the limiting case where coupling between particles
A is strong in comparison to that between particles A and X and coupling between
particles X is negligible (limiting case of strong coupling). Our calculations can be ap-
plied for the description of both NMR and ESR spectra. We studied conditions result-
ing in ‘deceptively simple’ spectra, that is when the spectra of an A(,X)n system are
identical with those of an AnX msystem consisting of magnetically equivalent particles.
We found that the spectra of the A~X),, system are deceptively simple only if the sym-
metry point group of the A), subsystem is Abelian: in this case only the average of
coupling constants J gx can be obtained. However, when the symmetry point group
of the A), subsystem is non-Abelian, rather complex spectra were obtained from the
degenerate levels of the An subsystem and this kind of spectra provides additional
information about the coupling constants J ax-

We have calculated the theoretical spectra of a few strongly coupled A% X
systems and have reinterpreted the proton resonance spectra of a few phosphorns-
nitrogen compounds. The difference between the A and X parts in the spectra of the
AJXJ and A) X j systems is also explained by the non-Abelian character of the sym-
metry point groups.

Introd notion

Magnetically and chemically equivalent particles play an important part
in ihe theory of magnetic resonance spectra. The characteristic feature of
magnetically equivalent particles, viz. that coupling between themselves does
not affect the resonance pattern, applies for chemically equivalent particles
only in special limiting cases. This phenomenon was first studied by Abraham
and Hernstein [1] in connection with the AA'X X" spin system. These authors
showed that in the particular case when Jpga' & ,/gx — Jax | an<® the
coupling between particles X is negligibly small, both the A and X parts
of the spectrum will consist ofa 1:2:1 triplet with a spacing of 1/2 (JAX~\~Ja'x)’
i.e. the spectrum will be identical with that of the A,X,, system consisting of
magnetically equivalent particles.

This type of limiting case of strong coupling resulting in deceptively
simple spectra for the more complex XmMAA' X'mand APA'mX p spin systems
was investigated by Harris [2] and Diehl [3]. As in the previous case, the
spectra were found to consist of the same lines that are expected for the respec-
tive A2X2nand AnimXp systems; the line separations being the weighted
arithmetical mean of the coupling constants J AX and Ja'X-

Acta Ciliin. Acad. Sei. Hung. 68. 1971



190 ROCKENBAUER, RADICS: THEORETICAL MAGNETIC RESONANCE SPECTRA

No attempt has been made, however, to generalize these rules for systems
containing more than two kinds of magnetically non-equivalent but chemically
equivalent particles. By simple analogy, Musher and Corey [4] suggested
that the above conclusions apply for the system AX A'X' A"X" ... as well,
which, however, isnot the case. In studying the electron resonance spectrum
of a symmetrical nitroxide triradical. Hudson and Luckhurst [5] found that
the theoretical hyperfine spectrum, which is the ESR equivalent of the A reso-
nance pattern of an AA'ArXX'X" nuclear spin system is more complex than
could be expected by analogy with more simple systems, although the above
conditions leading to deceptive simplicity were included into their calculations.
As a result, the calculated spectrum contains, in addition to the lines charac-
teristic of the A3X 3 system, ‘irregularly spaced’ lines as well.

The occurrence of these lines in the spectrum seems to indicate that the
conditions imposed on the ratios of coupling constants are generally insuffi-
cient for resulting in deceptively simple spectra in case of more complex sys-
tems. One may intuitively suggest that the required additional conditions are
provided by the symmetry properties of the system.

In this paper we shall be concerned with the analysis of magnetic reso-
nance spectra arising from AA'A" ... XX'X" ... type spin systems in the
limiting case of strong coupling. In a recent publication Harris [6] reported
on the analysis of this system for a particular case in which the conditions of
strong coupling were not satisfactorily fulfilled. The sub-spectral breakdown of
AA'A"XX'X" has also been presented [7]. Its application for the above
limiting case, however, was not carried out as the degeneration of sub-spectra
can be determined only tediously. As pointed out by Jones and Walker [8],
and Diehl and Trautmann [9], the analysis of more complex systems, like
AA'A"A" XX'X"Xm. cannot be performed by means of sub-spectral trans-
formations owing to the existence of limitations in this method. In our calcula-
tions therefore, we made use of a different approach provided by the great
separability of the Hamiltonian in the limiting case of strong coupling.

Description of the system

In order to emphasize the analogy between magnetic equivalence and
chemical equivalence in the limiting case of strong coupling the system inves-
tigated will be designated as

AA'A" L XX'X" ..= a; xm

where the symbol -f- indicates that both A + and X + particles are magnetically
non-equivalent and chemical equivalence is due to the symmetry properties of
the system (A +and X + particles are symmetrically equivalent). This means
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that among the symmetry operations of point group R there is at least one
mwhich transforms AM\ arbitrarily chosen from particles A\ A~\ ... A”n\ into
the likewise arbitrarily selected A"K There must also be at least one such
symmetry operation where X~ arbitrarily chosen from XA* X*2A ... X T\ is
transformed into the arbitrary XK We do not predetermine what particular
permutation of X (1), X (2), ... X*m*corresponds to a permutation of X*I* AN
....AN™ and thus, instead of the whole point group R, the point groups Ra
and Rx ofthe Aa and Xx subsystems, resp. will be considered. The preceding
symmetry requirements are fulfilled when e.g. we have an A£ subsystem
with C3vsymmetry, or an Af subsystem with Td, Cdv, or Cy symmetry.

We shall confine our discussion to systems where anisotropy effects are
negligible, hence the spin Hamiltonian contains only isotropic terms:

X WL Wart K1 1)

M = 2
%12_1Lu =1 LA), (2a)
SKAA 2 JA(L)) T(A«>)-1(Aw), (2b)
>y=1
T
FX VXV /2AX<Y VKL (X), (2¢)
=1
n-T
XKax (2d)
i=1»%1

Here vA and vx are the respective Zeeman energies, I(A”) and J(X”) denote
the spin vector of A~ and X*y*nuclei (or unpaired electrons), Ja{i,j) and
JAX(i, j) are the appropriate coupling constants. As stated previously, inter-
actions between X** and X~ are neglected.

We shall assume that vA and |vA—vx ] are greater than the coupling
constants and all non-vanishing JA are greater than JAX. These conditions
can he fulfilled not only for special nuclear spin systems, hut also for systems
containing unpaired electrons, if the exchange coupling of unpaired electrons
is much greater than the hyperfine couplings. .

The eigenvalues in the strong coupling case

Since the first three members of the Hamiltonian commute, the eigen-
functions of XA

1A/I\MA > = ™p\p > (3
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192 ROCKENBAUER, RADIOS: THEORETICAL MAGNETIC RESONANCE SPECTRA

are simultaneously eigenfunctions of >»x and <¥AA. Since, furthermore,
vA JAXi it is sufficient to retain in >XAX only those terms that result in
non-vanishing matrix elements between eigenfunctions with the same mA.
Accordingly, from all scalar products,

it is satisfactory to consider the z components only. Let the truncated JfAX
be denoted by a”AX mwe then have:

n n m

Mx =2 rAX(@{) = 2 W Y >"Jax(iJ) 12x @) = (4)
1=1 =1 j=1

Contrary to the original J"AX, )XAX does commute with 3tfx. therefore, in
addition to WA and >XAA (which are greater than WAX) ¥x may also be
considered as part of the unperturbed Hamiltonian, irrespective of the relative
magnitude of WAX and Y7X. Thus the unperturbed Hamiltonian may be
written as

JTO= xa+ 7fx ~ Apa, (5)

where ~AA is the only term wdiere the eigenvalue problem cannot be solved
trivially. The eigenvalue equation for J*AA may be written in the form

Aaa =vAA(U)\mA, u, v > (6)

where un counts the rAA eigenvalues of XXAA, and v the degenerate eigenkets
corresponding to the same u and mA. Since >XXAA commutes with

"n "2
P(A) 2 f(A(>

d=1

and is, on the other hand, invariant under the symmetry operations, the vAA(u)
eigenvalues can be characterized by the 1 Aeigenvalues ofthe |1 {A) operator and
by irreducible representations Du of the symmetry point group R A It is easy
to see that the magnitude of vAA(u) pertaining to a given IA is independent
of mA [10]. If we exclude the possibility of accidental degeneracy, then the
number of functions belonging to the same vAA(u) and mA s equal to du, the
dimension of the appropriate D.t

The third term of the unperturbed Hamiltonian, Afx has common
eigenkets with 1Z4X):

1z(X)\mx > = mx\mx > . )
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Now the solution of the eigenvalue equation for the unperturbed >KO
Hamiltonian can be obtained from Eqs (3), (6) and (7):

#51mA, n, V> | mx > = [vAmA+vXx mx+ tU/t(u)]\m,v w,v>\m x > . (8)

Treatment of perturbation JfAX is facilitated through a special property
of the matrix JAX (i,j). This is based on the fact that XAX is invariant with
respect to the symmetry operation of point group R. Let R(1, i) be an operation
which transforms A*9into A\ i.e. I.(A") into I:(A"), and applied on 3Ikx (1)

Since operation A(l, i) results in some non-specified permutation of particles
X (,>. X<m> we have

m

R(I1J) TAX(\)R\I,i) = LA« J AX(l,j) W1, i) L(X@)_,(1,1)
J=I 9)
m m
IAAU)Y2 "3 ax(l,j)l:(Xa)) lz(A<i) 2 JAX (A i) 1z (X (K)-
7=1 k=1
It can be seen that the transform of (1) and
m
rkx(i) LWAQ) v jAX(i,k)I;(X<») (10)
k=1

differ only in the respective coefficients JAX(I,j) and JAX(i, k). Owing to
invariance of >XAX with respect to R(1, i) these coefficients have to be identical,
i.e. each row' of the matrix JAX(i,j) consists of the same elements, arranged,
however, differently in different rows. The transformation properties of X +
being the same as those of particles A +. the above applies also to the columns,
i.e. we have the same elements in every column as well. Hence the arithmetical
mean of the elements in each row and each column will be the sain«l

Jo= 1 >'34X(iy) = lJVIJAX(i,j). (11)

m j=i n

Note that if some of the particles are magnetically equivalent, a corresponding
number of rows and columns will have the elements in the same order.

J*AX can be conveniently re-written by making use of the following
summation rule:

. A : (12
1= 2 a>2b 1.2 {a>a" b< b9ym

2 Acta Chim. Acad. Sei. Hung. 08. 1971



194 ROCKENBAUER, RADIOS: THEORETICAL MAGNETIC RESONANCE SPECTRA

Omitting temporarily the second term, for the first part of 3fAX we have

Mx. - iz_llMé))tE”_){JAqu) L W) = .
= W) 2m "(XW)]— ; JAX(i,j) = 1 W ) 1AX).
7= 1 1=1

Since WAX obviously commutes with each operator in the remaining
Hamiltonian
wa + A 'x +3Maa+3Max (14)

the corresponding eigenvalues can be readily obtained:
VA mA+ vx mx +vAA(u)+JOmA mx . (15)

It can be seen that the eigenvalues thus obtained are identical with those
expected in the case of magnetic equivalence and the average coupling constant
JOcorresponds to JAX characterizing the interaction in the A nX msystem.

Deviations from the spectrum of the AnX m system may thus be due to
the second term of 3"AX™* in other words, we can expect deceptively simple
spectra for the A+X" system only if the matrix elements of 37AX between
degenerate functions of the unperturbed Hamiltonian are zero.

In order to find the conditions that cause the matrix elements to vanish,
first we write

I n

— 2 (o~ < U’\k)))tn21(JAx(iJ)-JAx(b,j))iz(x(i))— (16)
J:

n i>k=l
Then for the matrix elements between degenerate functions we have
(mA, u, KL X D)L .. (m(XA)\ Tjb\mA u, v)\m(X"))...mX<™>)>

= — (mAu,v'\Iz(AN) —1z(AiK)\mA,u,v}, " (17)
n i>k=i

— Y, Jax("A)) m(X(>» =0
J=1

for all u, v, v', indand m (X @), ...m(X() values. This equality is fulfilled
obviously if either
Jax (iJ) =JAx(k,j) (18

* Ishikawa [10] neglected this term in his calculations without offering an adequate
explanation.
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for each i and «k, i.e. when the particles are magnetically equivalent in sets A
and X, or

(rnA, n, v:\\I1Z(AM)\mA, u, v} — <mA, u, v'\l1z(Aw )\mA, u, v) (19)

for every i, k, u, v, v' and mA.

The latter case corresponds to what we call the criterion of deceptive
simplicity. Since it depends exclusively on particles A, its validity may he
iextended to more general AAXA"AY A ... systems, provided that restrictions
mpo sed on particles X + are fulfilled also with particles Y +.

Consider now how this criterion is affected by the degeneracy of [mA,
it, vA> states and the symmetry properties of sub-system A, t. If the state is
non-degenerate, i.e. if jmA, u, v )>= |mA, un ]> criterion (19) is always
satisfied. This can he shown as follows.

Among the operations of point group RA, there is at least one, R(i, fe), for
which we can write

R(i, k) 1r(A<0) R~i(i, K) 1r(A<*>). (20)

Since now Du is a one-dimensional representation, the transformational
properties of | rnA, un are:

R (i,k)\mA,u> =D u(R(i,k))\mA,u > (21)
and
R_1(i, k)\mA, u > - D+(R(i, k))\mA, n > . (22)

Substitution of Egs (21) and (22) into (19) gives:

(rn,m\1:(AM\TnH,n) =
= (mA, u\R~\i, k) R(i, k) IZAM) R~x(i, k) R(i, k)\mA, u>=
:<mA, uU\DE(R(i, k)) 1ZAW) Du(R(i, k))\mA, n> = (23)

= <A UM2Aw)\mA, u) .

In the case of degenerate |mA, u, v states, criterion (19) is generally
not fulfilled. (States with mA = 0 provide, in accordance with spin inversion,
an exception from this statement.) As a result of this, the position of lines
associated with degenerate states are determined by values of m(X”") (i = 1,
2,...r) as well. In complex spin systems the numbers of possible sets of
m(X (> may be very large, hence the same is true for the number of lines
obtained from degenerate states, consequently, their intensity is generally low
as compared to that of the ‘main lines’ arising from non-degenerate states.
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As we have seen the main factor determining the structure of the spectrum
in the limiting case of strong coupling is the degeneracy of eigenstates of the
unperturbed Hamiltonian. Thus we can expect deceptively simple spectra in
those cases where each and every state ofthe A,, sub-system is non-degenerate.
This is equivalent to the requirement that sub-group RA permuting the parti-
cles A be Abelian.

Actually, Ra can be only Abelian when n = 2 and this may explain why
calculations on A~X~ systems always yielded deceptively simple spectra in
the limiting case of strong coupling. If, however, n is greater than 2, RA may
be either Abelian or non-Abelian. Thus, for example, if n = 3, RA is of C3|,
symmetry which is non-Abelian, whereas, if n — 4 the symmetry point group
may be T(, Cor C2, among which C2ris Abelian.

At this point it is convenient to show what parameters, in addition to
the average coupling constant, can be derived from the spectra when the
conditions of deceptive simplicity are not fulfilled.

As an illustrative example, consider the A~ Xj system. In this case
deviation from deceptive simplicity may arise from the doubly degenerate
state u(1/2, E) characterized by the eigenvalue 1A and Du symmetry

species. Owing to the C3v symmetry, the perturbing operator contains
only two different coupling constants, the diagonal JAX (i, i) = J and non-
diagonal JAX (i,j) = J'. It is convenient to introduce the average coupling-

constant defined as JO= 1/3 (J-|-2 J') together with the parameter AJ =
= 1/3 (3 J )indicating the degree of deviation from magnetic equivalence.

Diagonalization of >XAX and subsequent determination of transition
probabilities result in the partial spectrum belonging to the degenerate u(1/2. E)
state. Fig. 1 shows the appropriate energy levels of the whole system, whereas
Fig. 2 gives the X resonance pattern for different values of AJ. In the particular
case when AJ = 0, calculations lead to a doublet with line separation Jn.
[This doublet, together with the quadruplet arising from the non-degenerate
w(3/2. A)) state, results in the simple 1:3:3 :1resonance pattern.] If, how-
ever, U 0, each component of the doublet splits into a 1:4 :6 :4:1
quintuplet. The spacing between the quintuplet lines being AJ, if the relative
signs are known, the spectrum provides both J and J ‘. Analysis of the A part
of the spectrum gives similar results concerning the determination of the
coupling constants, though the X and A parts of the spectrum have different
patterns.

Similar calculations on the A jX m system show that, depending upon
whether the symmetry of the RA point group is Td or C4, both of the two
different, or two of the three coupling constants, can be obtained from the
spectrum. This leads to the expected generalization, stating that the amount of
information that can be obtained on the couplings depends on the symmetry
of the system.

Acta Chim. Acad. Sei. Hung. 68, 1971



ROCKENBAUER, RADIOS: THEORETICAL MACNETIC RESONANCE SPECTRA 197

The second important consequence of the deviation from deceptive sim-
plicity is the different structure of the A and X parts of the spectrum. Differ-
ences expected to be in the systems even when n = m.

A B C D C D'

/'in. 1. Energy levels of the Aj X j system with strong coupling and transitions of X resonance
(ImA 0, .Imx = + 1)
A:)XA. B :)XXKAA, Cand C :Xx, D and D': XXAX

Consider for this purpose the partial spectra associated with the non-
degenerate un(/g, Du) states.
According to the selection rules for the A and X parts,

NATA =1 1 and Am(X*) = 0 for i=1,... m (24)
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and
ImA= 0, ZIm(X?) = ~ bu for i,j = 1,...m* (25)
13 =0
2 =3 -H
a3 }
Lad 0 e
3'0
1
b3 _A|| jil
2
10" a3
=jJ
y=] 1 1
<D 111 1jLL
n3=30 a3
3'=0 r
w3 3 -y30 frO

Fig. 2. X part of the spectrum of the A£X £ system with strong coupling
a) J J'i b) J 343: ¢) 3= 18J: d)yJ'=0

resjiectively. Hence, the resonance frequencies are given by

VA= "A+J0mx (L,
and

vXz= vX +J» mA. 27)

The relative intensities in the A part of the partial spectrum are governed by
the number of possible combinations of m (X ®) giving the same mx values, as
for the A part of the complete AnX mspectrum, and hence the A part of every

* In the limiting case of strong coupling there is no combinational line.
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partial spectrum associated with the non-degenerate u(lA, Du) states is identi-
cal with the A part of the AnX m spectrum. On the contrary, the relative
intensities in the X part are independent of mA, hence this part of the partial
spectrum will consist of 21A + 1 lines of equal intensity. If each state of the
system is non-degenerate, the resonance pattern obtained hy superposition
of these lines is identical with the X part ofthe AnX mspectrum. Consequently,
the A and X parts of the spectrum of an AnX” system (note n = m) are
identical when the symmetry point group is Abelian.

If, however, the RA symmetry point group is non-Abelian, the A and X
parts of A,, X + spectrum will certainly differ, since superposition of the partial
spectra obtained from the non-degenerate states does not result in an AnXn
spectrum in the X part, while it does in the A part. The partial spectra corre-
sponding to degenerate states cannot equalize this difference owing to the
irregular spacing of these lines. This difference between the A and X parts will
still persist if conditions for strong coupling are not valid, since a continuous
change in the ratios of coupling constants JAA, JAX and Jxx can result only
in continuous changes in the resonance pattern.

Consider now the An+X£ system. Since the symmetry point group is
C,,» i.e: non-Abelian, the A and X parts of the spectrum will be different in
agreement with the results of sub-spectral analysis [7].

The /i4 A, system represents a more interesting example. As it was
pointed out by Jones and Walker [8], the subspectral analysis cannot be
applied to this system, and thus it was not possible to show whether the A
and X parts of the spectrum are identical or not. Now we can state that if the
symmetry point group is Tdor C43 i.e. non-Abelian, then the A and X parts
are different. If, however, the symmetry point group is C2, i.e. Abelian, then
the A and X parts are identical in the limiting case of strong coupling. If the
conditions for strong coupling are not fulfilled, then the A and X parts will
again differ, since the C2A,symmetry can be produced by infinitesimal distortion
of the C4v symmetry.

Appearance of deceptively simple spectra in special systems

There is not much information in the literature about systems containing
more than two chemically equivalent hut magnetically non-equivalent par-
ticles with deceptively simple spectra. Let us take the cases where a well
resolved pattern could be observed in the A part of the spectrum, e.g. sym-
metrical multiradicals [5, 11] and the group Mn(ll1)4 embedded in a silicon
lattice [12], where the hyperfine pattern in the ESR spectrum represents the A
part of the spectra.

The iminoxy triradical studied hy Hudson and Luckhurst [5] can he
classified as of the AAX "™ type since splitting is caused by one 14N nucleus in
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each iminoxy group. The symmetry point group of the system is C3v. Hudson
and Luckhurst have derived the theoretical spectrum in the limiting case of
strong coupling, i.e. when the exchange coupling between the unpaired electrons
is strong in comparison to the hyperfine coupling constants. They found irregu-
larly spaced lines, too, besides the equidistant ones, which is in agreement
with our criterion: when the symmetry point group is non-Abelian the spectrum
is not deceptively simple. In the experimental spectrum only the equidistant
lines were observed. The authors explained this fact by a special relaxation
mechanism which is effective only in the degenerate states caused by the
modulation of coefficients JA.

A similar explanation can be given for the fact that Rozantsev et al. [11]
have found deceptively simple spectra for different tetraradicals (systems of
d 4X 4 type): even if the symmetry point group is non-Abelian (e.g. Td or
C4v) the above-mentioned relaxation mechanism prevents the observation of
irregularly spaced lines arising from the degenerate states.

The Mn(ll)4 group embedded in a silicon lattice [12] represents an
interesting example of the AJX”" systems. The ESR spectrum corresponds
to a typical deceptively simple spectrum. In this case, probably, the anisotropic
effects prevent the observation of irregularly spaced low intensity lines.

Relatively well splitted patterns can be observed in the X part of the
spectra in the proton resonance spectrum of some phosphorus compounds.
The following examples can be found in the literature for n = 3.

a) The complex

cis- [Mo(CO)3 (P(OCH23 CR}3],

studied hv Stanclift and Hendricker [13], where
R = CH3 C,HSor C3HT

b) The compound synthesized by Hewlett and Shaw [14]: ethoxy-
cyclotriphosphasatrien (P3N3(OCH.,CH36 (if the methyl groups are disre-
garded which may be attained by decoupling the methyl protons).

The first example may be classified as = A+(Xe)t, and the
second as AMX"N = AR(X 43" (coupling with nitrogens has been neglected due
to quadrupole relaxation). The symmetry point group is C3v in both cases.
i.e. the molecules satisfy the symmetry requirements.

The authors interpreted the proton resonance spectra in terms of
deceptively simple pattern with the intensity ratio 1:3 :3 :1. We expect,
however, deviations from this pattern, since the criterion of deceptive simplic-
ity is not fulfilled. In the first example the spectrum is not resolved adequately
to discuss this question and therefore only the spectrum of ethoxy-cyclo-
triphosphasatrien will be treated. Since the four lines in the experimental spec-
trum have about the same line-width, the conditions for strong coupling must
be satisfied.
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Taking into account J1?ax as perturbation, it has only to be diagonalized
between the degenerate u(l/2, E) states for all possible combinations of the
m(X *), ... m(X*2Y) values. The perturbation term has the form:

w T)iV ax(O01) w n)) 28
. 7.1 ( ) ( )
where

hax(I’j) = J ifthej-th proton isin one of the two ethyl groups coupled
with the i-th phosphorus atom, otherwise

Jax(i~j) = 0 te. the long-range JPH couplings are neglected. Then
JOo= J/3.

By performing the diagonalization and calculating the transitional
intensities, we obtain the partial spectrum arising from the u(l/2, E) degenerate
state. The other partial spectrum can be calculated from the non-degenerate

Fig. 3. X part of the system AJ (X4j with strong coupling when J0= 1/3J, that is J' 0.
Lines more than 100 times smaller than the four principal lines are not indicated here

u(3/2, Aj) state. As it was shown earlier, it constitutes an equidistant quadru-
plet, with the intensity ratio 1:1:1:1. The complete spectrum is shown in
'Fig. 3. Owing to the great number of non-equidistant lines and the large
line-width, the irregularly spaced lines cannot be detected, only their indirect
effect can be seen: by incorporating the unresolved lines into the four main
lines, a 1:1.34 :1.34 : lintensity ratio is obtained, which is in good agreement

with the experimental spectrum given by Hewilett and Shaw [14].
Acta Chim. Acad. Sei. Hung. 68, 1971
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Among phosphorus—nitrogen compounds, there are some with cyclic [15]
or cage structures [16— 18] that can be classified as of the A7 X~ type. The
spectra of these compounds contain generally a narrow doublet and a wide
central line. Harris [6] explained this pattern by supposing that JA and JAX
have about the same magnitude, i.e. the condition of strong coupling is not
fulfilled. The only exception is the spectrum of (SP)4NMe)6studied by Holmes
and Forstner [17], where three strong lines and several weak lines can be
observed. The authors interpreted the large tripletasa 1:2 :1pattern corre-
sponding to the proton spectrum coupled with two magnetically equivalent
phosphorus atoms, while the lines with small intensity were assumed to be due
to the long-range coupling 5 PH.

In our opinion it is more convenient to consider the proton resonance
spectrum of (SP)4(NMe)6 as derived from an (Xj)™ system, rather than
from an A2X 3system. The system in question would have the same pattern as
the A2X 3 system only if the Jp couplings were negligible in comparison to the
JPH couplings. For obtaining approximately the ratio of Jp and JPH let us
compare the spectra of the following analogous compounds: P2(NMe)e, P4(NMe)§,
(SP),(NMe)0 and (SP),(NMc)r In the first two cases the central line of the
deceptively simple triplet is wide, showing that Jp is approximately equal to
Jph, while in case of (SP)2(NMe)6it is narrow, i.e. the JP/JPH ratio is large.
The increase in phosphorus valency corresponds to nearly the same difference
of chemical shifts in case of the pairs P2(NMe)e, (SP)2(NMe),, and P4(NMe)e,
(SP)4(NMe)6 [16, 17, 18], which suggests a similar tendency for the values of
Jpi too, and therefore Jp has to be large in comparison to JPH in case of
(SP)4(NMe)e.

Assuming thus an A7(Xg)jf system with strong coupling between
particles A +, we may easily estimate the intensity of the principal lines in
the X part of the spectrum. The molecule in question has a tetrahedral sym-
metry, therefore diagonalization of XXAX must be carried out in the u(2, A)),
it(l, TO) and H(0, E) states. Since u(2, A) is non-degenerate, five equidistant
lines of equal intensity may be derived; in the u(0, E) and u(l, T2) states,
when m4 = 0, all matrix elements of 3fAX are zero, as a result of which the
intensity of the central line will be six times as high as that of the four outer
lines. There remains still the diagonalization of the third order >X'AX matrices
in the u(l, To) state when Tg = J*l for all different combinations of the set
m(X") m(X*2), ... m(X(@8). Due to the great number of sets, all giving
different eigenvalues, we may obtain so many lines from this state that the
intensity ofthe particular lines will be much smaller than that of the principal
lines and will thus slightly modify the spectrum. The proton resonance spectrum
reported by Holmes and Forstner [17] is in agreement with the picture thus
obtained if we take into account that the amplitudes of the three inner
lines arc smaller than those corresponding to the theoretical ratio
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1:1:6:1:1, since the conditions of strong coupling have not been satis-
factorily fulfilled.

Let us consider how to evaluate the coupling constants JPH and JPH
in the two above mentioned cases. If the main triplet is interpreted as the X
part in the spectrum of the A2X Asystem, then the separation of the triplet is
equal to JAX — 3Jphe We have assumed, however, that this triplet consti-
tutes the two outer and the central lines of the equidistant quintuplet and
thus the separation in question is equal to 2J0. Since each proton is coupled
with four phosphorus atoms with coupling constants 3JpH 3> alpH and
UpH, respectively, thus 2Ju= 3IPH+ JPpp and if ~°JpH % negligible, then
two kinds of interpretation give the same value for 3JPyp

To explain the appearance of weak lines in the spectrum, Holmes and
Forstner had to assume a relatively large value for !JPH, while in our case
the weak lines can be regarded as a consequence of the non-deceptive simplic-
ity of the spectrum.
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HYDROGENATION OF OXO COMPOUNDS, I
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The hydrogenation and electrohydrogenation of acetone were studied in acidic
medium (1 N HC10,) with a volumetric method on platinum powder and on a platin-
ized platinum electrode, with galvanostatic and potentiostatic methods. It was found
that under our experimental conditions the product of both hydrogenation and electro-
hydrogenation is propane.

An analysis was performed from a thermodynamic point of view of under what
conditions isopropanol can appear among the products of electrohydrogenation of
acetone.

It was shown that the current decrease accompanying the appearance of iso-
propanol in the potentiostatic measurements is not unconditionally to be considered
an ageing process.

W ith the use of charging curves it was shown that acetone does not affect the
adsorption of hydrogen.

Introduction

The hydrogenation and electrohydrogenation of ketones, as known
from the literature [1], can give rise to various products depending on the
experimental conditions. This is illustrated by the following scheme

RCHOHR" (a)
AR R
R' > R’ c- C-R’ (b)
~o0oH OH
R +CH, R’ (c)

R and R' may be alkyl or aryl groups. When hydrogenation is carried out in
the aqueous phase, an alkaline medium favours (a) and (b) whereas in acidic
medium the reaction proceeds for the most part in the direction of (c). That is,
in the hydrogenation of ketones the effect of the medium is very pronounced
and so this reaction can serve as a model illustrating medium effects in cata-
lytic hydrogenation in the solution phase. The products of hydrogenation in
acid and alkaline media differ from each other not only in the case of oxo com-
pounds but also in the hydrogenation of unsaturated alcohols.

Acta Chim. Acad. Set. Hung. 68, 1071
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During the hydrogenation of allyl alcohol on platinum in alkaline medium
propanol is formed, whilstin acidic medium propane,propene, and to a smaller
extent methane and ethane too are evolved [2].

It must be added that propanol is not hydrogenated under the given
experimental conditions. The situation is similar in the hydrogenation of
ketones in acidic medium and the corresponding secondary alcohols are not
hydrogenated under the given conditions; that is, the alcohol can hardly be an
intermediate in the series of steps leading to the formation of the hydrocarbon.
At the same time, hydrogenation in alkaline medium terminates with the
formation of the secondary alcohol.

The change of the reaction path and the appearance of hydrocarbon in
the product are fundamentally due to the change of pH. This permits the conclu-
sion that the medium in a given case plays a much larger part in the hydro-
genation reaction than previously thought, and the complete elucidation of the
mechanism of hydrogenation is possible only with a knowledge and considera-
tion of the medium effects.

We began our work relating to the study of the medium effect with the
hydrogenation and electrohydrogenation of acetone on platinized platinum
in acidic medium. In the papers of de Hemptinne and Schunck [3,4] dealing
with the electrohydrogenation of acetone and butanone, very fundamental
conclusions can be found. In what follows, our own observations and the
results of these authors will often be compared, naturally bearing in mind
that the experimental conditions in the two cases differ from each other to a
certain extent.

1. Experimental

Methods reported earlier [5] were used for the study of electrohydrogenation. The main
electrode was separated by ground joints from the auxiliary and reference electrodes. The
gas space of the cell compartment containing the principal electrode was connected to a gas
burette in order to measure the volume of gases evolved during electrohydrogenation. Gal-

Fig. 1. A: magnetic stirrer, JS: reaction vessel, C: thermostating jacket, D: gas burette,
E: substrate feed
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vanostatic and potentiostatic procedures were used. The geometrical surface of the disk-shaped
platinum main electrode was 10 cm2 W ith platinization a roughness factor of 500— 1000
was attained; this was determined by means of charging curves. 1 N HC10, was used as
base solution, and the electrode potential referred to a 1 atmosphere hydrogen electrode
immersed into this solution. The hydrogenation studies were carried out at 25 °C with platinum
powder, again in 1 IV HCIO, solution, in the apparatus shown in Fig. 1.

2. Direction of the hydrogenation reaction

During electrohydrogenation, at potentials more positive than the hy-
drogen evolution potential (in agreement with [3]), gas evolution may be ob-
served on the electrode; gas chromatographic analysis showed this to be exclu-

t, min

Fig. 2. Variation of the volume of gas evolved with time at constant current (30 mA)
(1) in 1 N HCHO 4 base solution, (2) in 0.3 M acetone in the base solution

sively propane. Thus the following overall reaction takes place at all events
CH3.C.OCH., + 4H+ + 4e-~ CH:ICH2CH.t+ H2X (1)

To decide whether the already mentioned side reactions occur, the
current efficiency relating to propane was determined by the volumetric
measurement of the gas evolved. To avoid possible errors, a comparative
measurement was applied. The volume was measured of the hydrogen evolved
on the same electrode in the base solution without acetone at the same
current with which the electrohydrogenation of acetone was studied.

According to the reaction

2H+ + 2r->H,

a charge of 2 F is necessary for the evolution of 1 mole of hydrogen, and of
4 F for 1 mole of propane. Fig. 2 shows the dependenceniaf ttwe. gasavg lutiodn on
time for hydrogen (curve 1) and propane (curve 2). It can be seen that in a
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given time the volume of hydrogen formed is twice that of the propane. This
proves that during the hydrogenation of acetone in our case the total current
is devoted to reaction (1).

From our earlier work [5] it follows unambiguously that in the hydro-
genation carried out with hydrogen on platinum powder (disregarding hydro-
gen activation and dissociative adsorption) the same processes must occur
as in electrohydrogenation. In the present case, since the formation of several
products is thermodynamically reasonable and of these only one is gaseous.

Fig. 3. Variation with time of the volume decrease occurring during the hydrogenation of

1.4x10~3 mole of acetone

we have the possibility of the direct proof of this too. If it is supposed that
the same reactions take place during hydrogenation as during electrohydro-
genation, the hydrogenation reaction will be

CH3.CO.CH3+ 2 H, -> CH3.CH.,.CH3+ H30 )

That is, in the gas volumetric measurement, for the conversion of 1 mole of
acetone the overall gas absorption observed will be 1 mole.

During our experiments, it was made sure that the apparent gas uptake
did indeed correspond to 1 mole and that propane did appear in the gas space.
In Fig. 3 is given a gas uptake-time graph obtained during the hydrogena-
tion in the presence of 1 g of platinum powder of 100 ml ofa 1.4 X 10 M ace-
tone solution.

To prove that in the present case hydrogenation occurs completely
according to reaction (2), the following experiment was carried out.

The catalyst and a solution containing a large amount of acetone were
placed in the hydrogenation vessel which was then filled with nitrogen. Part of
the latter was replaced by a known volume of hydrogen. If Eq. (2) is true then,
taking into account the solubility of propane in the solution phase, the volume
decrease occurring during hydrogenation must be exactly half the volume of

hydrogen introduced. Fiq. 4 shows the course of hydrogenation with time.
Acta “Chim. Acad. Sei. Hung. 68, 1971
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From the graph it may be seen that the reaction stops at a certain volume
V,, which is somewhat greater than half the volume of hydrogen introduced,
but, if it is corrected for the amount of propane in the solution phase, Vcorr so
obtained gives the expected result exactly.

From the above, it is obvious that under our experimental conditions in a
1 N HC104 solution both hydrogenation and electrohydrogenation of ace-
tone result in propane.

Fig. 4. Variation of volume on hydrogenation with a given volume (24.6 ml) of hydrogen

3. Thermodynamic considerations in connection
with the direction of the hydrogenation reaction

Our studies in the previous part connected with the direction of the
reaction were carried out with a galvanostatic method. As may be seen in the
polarization curves obtained with the galvanostatic method and shown in
Fig. 5, electrohydrogenation already takes place at an appreciable rate at
potentials above 100 mV. According to the studies of de Hemptinne and
Schuncic [3, 4], isopropanol may also appear among the products of hydrogena-
tion depending on the state of the electrode. However, their measurements were
carried out at a negative potential for the most part. In the following, a study
is made from a thermodynamic viewpoint of what product is formed during
the hydrogenation of acetone depending on the potential.

In an earlier publication [6] the thermodynamic relations of hydrogena-
tion were treated in complete generality. From those considerations, the two
reactions possible in theory are considered to be reversible. That is, we have
existing in parallel the two equilibria

CH3.CO.CH3-F4 H++ 4e~ - CH3CH2CH3+ HX

(3)
CH3CO.CH3. + 2H+ + 2e -VCH3.CHOH.CH3
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(It must be remembered that the hydrogenation of isopropanol, although
thermodynamically possible, does not take place under the conditions used.)

W ith the calculations applied in the publication mentioned, we obtain
for the standard potential of the first reaction EOL= 261 mV, and for the
second E®@= 34 mV. The latter value seems a little low. Data to be found in
references [7] and [8] were used for the calculation. In contrast to this, accord-
ing to reference [9] EmR = 132 mV. The free enthalpy of formation of isopropa-
nol is given as  38.83 kcal in refs. [6] and [7] but as  43.28 kcal in ref. [9], and
the significant difference in EQ2 is evidently due to this. With the aim of an
order of magnitude estimation, a value of about 120 mV is conditionally accept-
ed for En2 (From the point of view of the considerations which follow this is

Fig. 5. Galvanostatic electrohydrogenation of acetone. Cx= 0.03 M, C2= 0.075 M. C3=
0.152 M, C4= 0.30 M

the most unfavourable for us.) In possession of EQL and E02, we can already
conclude to a certain extent at what potentials propane is the exclusive
product of hydrogenation. It can readily be seen that for the formation of
isopropanol from acetone with a finite rate at potentials around EQ it is
necessary that the reaction in the reverse direction also takes place at a finite
rate. However, it is also an experimental fact that at such potentials isopropa-
nol cannot oxidize to acetone. Thus, it must also be stated (if we do not wish
to violate thermodynamics) that isopropanol cannot form either. The forma-
tion of isopropanol can only be expected at potentials far enough from the
standard potential. This may be formulated also by stating that the electro-
hydrogenation of acetone to isopropanol is only attainable at a certain over-
voltage. This is essentially the situation in the case of propane but E(l has a
sufficiently high value for the reaction to take place already at 100— 140 mV
with a considerable rate.

In our opinion, these findings succeed in resolving those apparent
inconsistencies between our own previously reported studies and the measure-
ments of de Hemptinne and Schunck. Isopropanol appears only at small
positive or negative potentials, de Hemptinne and Schunck, as has already
been mentioned, carried out a good proportion of their measurements at
negative potentials.
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4. Study of eleetrohvdrogenation by potentiostatic method

The current—potential curves determined with the potentiostatic
method for various acetone concentrations are given in Fig. 6.

From the curves to be seen here, it appears that with the change occur-
ring towards negative potentials the current increases only for a time, a limiting
current is reached, and in the potential interval preceding evolution of hydro-
gen the current even decreases to a small extent. The current again increases
as a consequence of the evolution of hydrogen at potentials more negative

E. mV
Fig. 6. C,- 0.15 M. C2 0.3 M. C3= 045 M, C, 06 M

than zero. With increasing concentration, the limiting current too increases.
Firstly it must be recorded that the observed limiting current can in no way
be a limiting diffusion current. This may be seen from a comparison with the
limiting diffusion current of hydrogen which under our experimental conditions
is about 8 mA. At this limiting current, the concentration of hydrogen in the
solution is less than 10 3 M. Although the diffusion constant of acetone is less
than that of hydrogen, a charge of 2 F is necessary for the discharge of 1 mole
hydrogen but of 4 F for the reduction of 1 mole of acetone.

From this it follows that at the concentrations relating to the curves
shown in Fig. 6 (0.15, 0.3, 0.45 and 0.6 M) the limiting diffusion currents are
almost two orders of magnitude larger than the observed limiting current.
However, this means that the occurrence of the limiting current must be attri-
buted to other processes. The observed limiting current is not always constant;
at times a weak minimum and maximum may be observed within the limiting
current section. The maximum and minimum become observable particularly at
lower concentrations, and whether they appear at all depends to a large
extent on the life history of the electrode.
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In Fig. 7 may be seen the polarization curve (1) obtained at a lower
concentration than the previous ones, and the hydrogen evolution polarization
curve (2). The latterwas determined from measurements in an argon atmosphere
in the pure base solution.

The difference between the two curves corresponds to the proper electro-
hydrogenation curve (3) if it is assumed that no change takes place in hydrogen

Fig. 7. Electrohydrogenation curve of 6.5x10~2 m acetone

evolution because of the presence of acetone or of the hydrogenation reaction.
In the following we study how the changes taking place in the composition of
the product may appear in the potentiostatic measurements.

Earlier it was stressed that the observed limiting current does not depend
on the stirring, that is it is not of a diffusion nature. Without going into
details connected with the mechanism of the hydrogenation reaction, it ap-
pears very probable that this limiting current occurs because of adsorption
control. However, this means that all molecules adsorbed in unit time must
react. Limiting currents of various magnitude may belong to one and the
same limiting adsorption rate depending on how many F are necessary per
mole, directly or indirectly, for the reaction to take place. As has been seen,
in the hydrogenation of acetone two types of product may be formed. A charge
of 4 F (z, = 4) per mole is necessary for the formation of propane, and of
2 F(z0= 2) forisopropanol. If the number of moles reacting in unit time at the
limiting adsorption rate is denoted by n, and it is assumed that propane and
isopropanol can be formed simultaneously, then the relation

i, = F(zInl+ z2n?) (4)

will be valid, for the limiting current (i;), where nj and n2are the numbers of
moles of acetone converted to propane and isopropanol, respectively, in unit
time. Naturally, at the same time the equality

n=nl n2— constant (5)
must hold.
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From what was said earlier, however, it appears that propane and iso-
propanol are simultaneous products only from certain potentials. Supported
by the normal electrochemical attitude and by the literature, it can be stated
with certainty that the ratio of isopropanol and propane in the product of hydro-
genation at a given acetone concentration is a function of the potential, f(E),
that is

2 = H(E) . (6)

From equality (4)
ii =Fn][zl + zJ(E)] (7)

and from Eq. (5)
y T wmemen e (8)

T+ /(£)
Therefore

i,= [z.+z2.JiE)]. 9)

It follows from Eq. (9) that can range between Fnz, and Friz., depending on
the magnitude of/(F). The two extreme cases correspond to the formation of
either propane or isopropanol. The experimental facts prove that the first ease
does indeed exist, and on freshly regenerated electrodes at positive potentials pri-
marily, only propane is formed. That is, it can be conceived that the decrease of
the limiting current at small positive and negative potentials is related to the
presence of isopropanol in the product. Since the isopropanol amounts to only a
very small fraction of the product, arelatively significant increase of its amount
does not result in an important decrease of the limiting current.

On the basis of what has been said, certain phenomena, previously
considered as ageing, must now be viewed in another light. In electrohydro-
genation, one speaks in general of ageing (decrease of activity) if the current
decreases in time at a given potential. The curves to be seen in Fig. 8 are
obtained over along period at negative potentials [3, 4]. In the Figure itis the
total current and ip, i, and iH, the currents corresponding to propane, isoprop-
anol and hydrogen evolution. According to the authors the decrease of the
activity of the electrode is reflected in the decrease of if, while the appearance
of isopropanol and the increase in its proportion are parallel with this ageing.

From the earlier arguments, however, it follows that at such a time we
may talk at most of the change occurring in the selectivity, because a decreas-
ing current must also be obtained in the case of an unchanging adsorption
rate of acetone if the formation rate of isopropanol increases. To illustrate this,
an idealized case is shown in Fig. 9, with the assumption that the rate of for-
mation of isopropanol varies linearly with time. (For the meaning of the indi-
vidual notations, see the text relating to Fig. 8.)
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From a comparison of Figs 8 anil 9, all that has previously been stated
may clearly be seen. From the point of view of the reaction of acetone, the
decrease of it by no means signifies the decreasing activity of the electrode
catalyst.5

h

rin. 8. Decrease of the activity of the electrode, according to Ref. [3]

h

Fig. 9. Effect of the change of the electrode selectivity on the observed total current density

5. Hydrogen adsorption in the presence of acetone

From the point of view of the elucidation of the kinetics and mechanism
of the hydrogenation of acetone, it is extremely important to decide in what
manner hydrogen adsorption is modified by acetone. According to the evidence
of the charging curves, at those potentials at which there is already no reaction,
hydrogen adsorption is essentially not changed in the presence of acetone.
This may be seen in Fig. 10. Curve (1) in the Figure relates to the pure base
solution (1 N HC104), and curve (2) to a similar solution containing
10 M acetone. There is no significant difference between the two curves.
The level part on curve (2) after the double-layer section clearly occurs as a
result of the oxidation of acetone.
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The most significant finding, which according to the evidence of the
present experimental data may play an important part in the further work, is
clearly that the adsorption of hydrogen and acetone may be regarded as
independent of each other. This independence can he conceived by both being
adsorbed, but at different active sites.

Fig. 10. Galvanostatic charging curves in (1) 1 IS HI'/10, and (2) 1 N HCIO, containing
1A — 1 1o

6. The effect of anions on electrohydrogenation

The nature of anions in the case of HC104, H2S04 and H.,P04 apparently
does not significantly affect the direction and rate of the electrohydrogenation
of acetone [3]. So it seems very surprising to find in the literature [4] that in
the presence of Cl- ions the hydrogenation reaction does not occur at all. Our
own experiments disprove this.

The electrohydrogenation curve obtained in a 0.15 M solution of acetone
in 1 N HCI I>ase solution is given in Fig. 11.

As may he seen from a comparison of Figs 6 and 11, there is no significant
difference between the measurements in HC1()4 and in HCI1.

Fig. 11. The electrohydrogenation curve of acetone (0.15 M) in 1 IV 11Cl base solution
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DETERMINATION OF OXIDATION RATE BY AN ELECTROCHEMICAL METHOD
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The rate of oxidation of alcohols was studied on a nickel hydroxide electrode.
Considering that there is no unequivocal relation between the electrode potential and
the amount of nickel(ll1l) oxide hydroxide effective from the point of view of oxi-
dation, an indirect method was elaborated for the determination of the rate of oxidation.
The method sets out from the basic principle that the reaction rate can be determined
from the complete discharge times (corresponding to the reduction of the total NiOOH
available) measured for different currents, the electrode having been discharged with
a given current and the substrate together.

It was found that the rate of oxidation of ethanol on a nickel hydroxide electrode
is proportional at a given moment to the amount of nickel(lll) oxide hydroxide present
on the electrode.

In earlier communications [1,2] we studied the possibilities of the elec-
trochemical accomplishment of oxidation reactions with nickel(lll) oxide
hydroxide. We showed that using electrochemical methods with a nickel
hydroxide electrode, complex heterogeneous reactions can be studied much
more simply than on nickel hydroxide powder.

Clearly it is expedient in the study of the oxidation kinetics too to
rely on these findings, but it must be considered that the method normally
employed (polarization curves) for the determination of the rates of electro-
chemical reactions can be used in the present case only with certain limitations.

In oxidations on the nickel hydroxide electrode the combination of two
disturbing factors prevent us from drawing quantitative conclusions from
simple polarization curves. One of the problems is that the reactions only
take place at electrode potentials more positive than that for the evolution
of oxygen (the electrode discharge occurs between 1350 and 1250 mV [1], i.e.
the potential of the almost completely discharged electrode too is more pos-
itive than 1230 mV). This means that in addition to the oxidation of the given
compound, part of the current is used for oxygen evolution; hence it is not
possible to calculate the reaction rate directly from the current intensity.

In principle the possibility exists that if two reactions take place simul-
taneously on an electrode, the ratio of their rates can be determined from a
knowledge of the electrode potential. In the case of the nickel hydroxide elec-
trode, however, no unequivocal relation has been found even between the po-
tential and the degree of oxidation of the electrode [1, 3]. On this basis it
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may be expected (and in a later communication we shall prove this experi.
mentally) that the relation between the electrode potential and the oxidation
rate is not unequivocal either; that is, it cannot be decided what proportions
of the current are used for oxidation and for oxygen evolution.

Therefore, for the determination of the rate of a process we use the
classical principle of reaction rate measurement. According to this, the con-
centration change of any reactant can be used to characterize the rate. The
overall reaction between the charged NiOOH electrode and an alcohol is:

R—CH2OH + 4 NiOOH + OH - —mR—COO - + 4 Ni(OH)2

Since the reaction takes place in excess alkali, the process can be followed by
measuring the hydroxide concentration only with great uncertainty, and in
this case there is a need for extremely precise measurements. In principle the
determination of the amount of alcohol or carboxylate ion in solution does
not cause any problems. In the course of the reaction it is necessary to take
samples from the solution on a number of occasions, and these must be ana-
lyzed individually. This can be solved only with difficulty even for moderately
fast reactions, but for reaction times shorter than ten minutes a quite special
apparatus is required. For just this reason it seemed expedient to follow the
progress of the reaction through changes in the amount of nickel hydroxide.

As a result of the causes mentioned above, there is no possibility to follow
continuously the amount of nickel(ll1l) oxide hydroxide on the electrode, but
the exhaustion of the total amount is signified by a sharp change of the elec-
trode potential [1]. This method is suggestive of the potentiometric end-point
indication of titration curves, and of the determination of the adsorbed quan-
tity with the chronopotentiometric method.

In our first communication (Fig. 5) it was also seen that different al-
cohols discharge one and the same nickel hydroxide electrode in different times;
in other words, identical amounts of nickel(lIll) oxide hydroxide are reduced
by different alcohols in different times. It is obvious that the time necessary
for the reaction of a given amount of substance depends on the rate of reac-
tion. The average reaction rates are reflected in such a sense by Fig. 1 too,
where the discharge curves of a platinum plate of 10 cm2surface coated with
NiOOH may be seen in ethanol solutions of different concentrations.

We note here that the preparation and discharge of the electrode were
done in the manner reported in our first communication (discharge in 1 N
NaOH background solution at 25 °C). In all cases the charging of the electrode
was carried out in a separate vessel in pure 1 N NaOH, because otherwise a
considerable concentration decrease would occur for small substrate concen-
tration and in the case of strong or concentrated reductants the complete
charging of the electrode would not be ensured.
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Fig. 1. Change of the average reaction rate with the concentration of ethanol. 1 N KOH
background solution. Ethanol concentration: 1:0.5 M; 2: 1 jVf; 3: 25 M; 4: 5 :W; 5: 10 M

Rate-determining role of diffusion

Before a more detailed study of the rate of oxidation of alcohols it is
necessary to clear up the role of transport processes, in particular of the diffu-
sion of the alcohol. This process evidently precedes the chemical reaction prop-
er, and it may be conceived that it is rate-determining. If this is the case,
then the measured values are characteristic not of the chemical reaction prop-
er hut of the diffusion. The possibility of settling this question arises with
the comparison of the oxidation rates of different substances. The diffusion
coefficients of substances of nearly the same molecular weight are practi-
cally identical, and so, under otherwise identical conditions, if the reaction
rates of two substances differ to a significant extent (a difference of one order
of magnitude may he found between them), then the smaller rate cannot orig-
inate from diffusion control. Since the rate of diffusion is proportional to
the concentration of the diffusing substance and the measurement of rates
differing to a significant extent is methodically difficult, the comparison
measurement may be carried out with reagents of different concentrations.

A nickel plate of 10 cm2surface coated with NiOOH can be discharged
in 9.2 minutes in a 1 N NaOH background solution with a current strength
of 60 //A; this means that the NiOOH on the electrode corresponds to a charge
of 33 mC. If cathodic polarization is carried out in ~0.1 M ethanol (for the
necessity of combined chemical and electric discharge, see later), then the dis-
charge lasts about half as long. To discharge the 33 mC, about 20 mC of elec-
tric charge was necessary while the remaining NiOOH reacted with the al-
cohol. If the 60 fiA cathodic polarization is carried out in 5x10 4 M form-
aldehyde. then (as may be seen in Fig. 2) the discharge lasts an even shorter
time. This shows that carrying out the discharge with the same cathodic po-
larizing current on a given electrode, the electrode discharges in a shorter
time in formaldehyde than in ethanol, even when the former is the more dilute
by more than two orders of magnitude. This proves that diffusion may be

Ada Chim. Acad. Sei. Nung. (iff, 1971



220 VERTES et al.: OXIDATION' ON THE NICKEL HYDROXIDE ELECTRODE, Il

disregarded in a study of the rate-determining steps in the oxidation of 0.1 M
ethanol. The concentration of alcohol in the immediate vicinity of the surface
differs by less than 1% from the concentration measurable in the bulk of the
solution.

Fig. 2. Exclusion of the rate-determining role of ethanol diffusion. Q, 33 mC. Cathodic
polarizing current 60 //A. Ethanol concentration ~0.1 M; formaldehyde concentration
5x10 "4 M

The rate equation of oxidation

Having succeeded in showing that the measured rates are not diffusion
rates, in addition to a knowledge of the average reaction rate, the determina-
tion of the instantaneous valuesisnecessary. By definition the rate of reaction is

— A J)
dr

where Q is the amount of NIOOH on the electrode at time r (if Q is measured
in mC, then the rate is obtained in mA). For the determination of the instan-
taneous values of the reaction rate, a knowledge of the corresponding Q. x pairs
is necessary during the whole reaction time. From the measurements merely
the change of the electrode potential with time (the e vs. Trelation) is known.
It may be seen from the discharge curves (ref. [1], Fig. 1) determined from
measurements in pure alkali solution on a NiOOH electrode that a signifi-
cant change in the amount of NiOOH (or of the charge equivalent to this) in-
volves but a small change in the electrode potential. The electrode potential
is not an unequivocal function of the electrode charge. In many cases the
uncertainty following from this in the potential can reach or even exceed
the potential shift caused by the change in charge. In such a way the change
in the charge of the electrode cannot be followed with the help of the elec-
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trode potential during the whole discharge time. However, Eq. (1) can be
solved (and from it the w vs. x relation can he obtained) if we assume an in-
tégrable formula for the change of reaction rate with time. The correctness
of the assumption can he checked with the help of the experimental data.

If we compare the discharge curves obtained from measurements in
the pure background solution with current and in the substrate solution with-
out current, we can see that their forms are similar. We can attempt, there-
fore, the assumption that (similarly to the discharge with electric current)
the reaction rate is constant during the w"hole discharge time. In this case
Eq. (1) can be written in the form

Q = Q0 — Mito 2)

where Q( is the amount of charge on the electrode at the beginning of reac-
tion (the total charge that may he taken up by the electrode, in other words,
the electrochemical capacity of the electrode), and tais the reaction time.
Qu can be determined by cathodic polarization of the electrode in pure alkali
in such a way that the period necessary for the reduction of NiOOH is multi-
plied by the current used

.= 1T (3)

where t*is the total discharge time in alkali, and | (just like Q and w in the
earlier equations) is by definition a positive quantity.

If the reaction is stopped at a given time T1,,and the amount of unreacted
NiOOH is determined (either the electrode is removed from the solution and
after washing is polarized cathodically with constant current in pure alkali,
or it is discharged in the solution with a current greater bv at least an order
of magnitude than the reaction rate), then w can be calculated on the basis
of Eq. (2). If the Mvalues calculated in the different measurements are iden-
tical, then the initial assumption that the reaction rate is constant during the
discharge is correct.

The experimental results in connection with this are shown in Fig. 3.

If an electrode is discharged in a solution the substrate concentration
of which is not too large (less than molar), then its potential changes accord-
ing to curve 1. If the reaction rate were constant then at 0.75 it would be
possible to find a charge of 0.25 QO on the electrode. According to the evi-
dence of the Figure, with cathodic polarization the potential of the electrode
changes abruptly in a negative direction as the result of a substantially smaller
charge than this. These experimental results force the rejection of the assump-
tion contained in Eq. (2). After this it would seem obvious to make the assump-
tion that the rate of reaction decreases with decreasing amount of unreacted
NiOOH, and this would cause the slowing down of the discharge of the elec-
trode to a large extent in the final stage. On the basis of the literature and our
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own experience it is conceivable, however, that after the reaction of the main
bulk of NiOOH, the remaining NiOOH, in individual inclusions, places acces-
sible only with difficulty for the substrate, where an electric contact still
exists with the electrode metal, is still capable of keeping the electrode poten-
tial at a value corresponding to the reaction

NiOOH + e- + HD A~ Ni(OH)2+ OH -

and so the change of the electrode potential is not directly connected with
the reaction rate [4]. The assumption of the existence of inclusions is also sup-
ported by the observation that after interrupting the discharge with electric
current, the electrode potential is shifted to about 1200 mV from the —200
mV value reached as a result of the negative polarization during discharge,
despite the fact that the demonstration of a considerable amount of NiOOH
with repeated discharge was not successful.

Fig. 3. The discharge of 70 mC NiOOH on a 2 cm- nickel plate in 0.2 m ethanol. 1: Without
cathodic polarization; 2: dischargeable with 0.5 mC after 31 min.; 3: dischargeable with 2.5
mC after 23 min.; 4: dischargeable with 4.5 mC after 15 min.

On the basis of these results it can be said that the time of potential
change signifying the end of discharge can only be brought into a real connec-
tion with the reaction rate if it is ensured that the effect of the inclusions men-
tioned be eliminated in some way. Therefore in the following experiments it
is necessary to polarize cathodically the electrode with a given current | simul-
taneously with the discharge by added substrate. In the case of the joint (with
current and substrate) discharge, the potential change signifying the disappear-
ence of NiOOH does indeed mark the time of exhaustion of NiOOH; the po-
tential change is more steep, i.e. it will be more accurately evaluable. This
latter effect is enhanced by the fact that a second potential plateau appear-
ing for very small rates in certain cases does not now appear. In this case
Eq. (1) is modified as follows
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If the reaction rate is constant during the whole discharge time, then solving

Eq. (4) we have
Q= Qn—( + )rr (5)

where xris the total time elapsed from the beginning of discharge with current
and substrate. If the time for complete discharge (r;) is substituted (i.e. when
(L= 0) and the equation is rearranged, we obtain

-% = «+ / (6)

and the experimental results can be plotted on the basis of Eq. (6). Having
determined the value of the complete discharge time at a given ethanol con-
centration with different currents, it should be possible to calculate w from
the intercept of the graph of QJxf — I.

It may be seen from Fig. 4 that the experimental data do not lie on a
straight line, consequently Eq. (6), i.e. the starting assumption, is incorrect.

Fig. 4. Demonstration of tv = constant. 1 M ethanol in 1 N NaOH on a 10 cm2nickel plate.
Qo= 650 mC NiOOH

Having thus reassuringly succeeded in excluding the possibility that
the reaction rate is constant during the oxidation, we can return to the original
conception that the reaction rate decreases with the decreasing amount of
unreacted NiOOH:

w= Kk mQ @)

where K is a constant. Hence Eq. (4) is modified in the following Yvay:

d
Q I+ kQ. (8)
drr

Solving for Q in the form

Q L. l/%e~ k‘l‘ (9)
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the integration constant K can be determined from the boundary condition

(Q= Qt at 1r= 0)

|
Q & Nr- (10y

K

At the time of complete discharge (ty = Tf) the amount of NIiOOH on the
electrode is zero (Q = 0); that is

+ Q@ (n)

By rearrangement we obtain the relation
I .
kr (12)
1+ k-Q0 ~ e

Using Eqg. (12) the proportionality factor k can he calculated from the
times of the potential plateaus of the discharge curves in the case of a given
ethanol concentration with different currents.

The method of constant differences may be used in the calculation. The
1 t; curve is drawn through the measured points. Yalues xf, and r;2 are
selected. Their difference is

= Tfi — r;, (13)

Eq. (12) is also valid for Tm and t;2. If the equations for both are written and
one is divided by the other we obtain

h

b+kb ek" .. . @
h e~krk

h + kQ,,

If a series of such pairs is chosen from the rf value region that relation (13)
is valid for each pair, then the right-hand side of Eq. (14) is constant

ekATr = A . (15)
Rearranging Eqg. (14) we obtain
+ kQO =AW , + kQn) (16)

Dividing both sides by fjUu and rearranging

1 = 6— — + A— . (17)
I 11
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At current strength 12 the discharge time is greater by exactly /lt; than the
discharge time observed at Iv In the case of plotting 1/1, against 1//2, accord-
ing to the assumption a straight line must be obtained. From the slope of this,
using Eq. (15), the value of Kk can be calculated.

Fig. 5 serves to illustrate the calculation. On the basis of the discharge
curves for 0.1 M ethanol 1/1 - x} relation can be plotted. If the value of

t;,s
100 200 300

Fig. 5. Oxidation of 0.1 M ethanol on a NiOOH electrode. 1. 1/1 t*relation, 2. 1/J2— 1/,
transformation on the basis of Eq. (17). Irr — 20 sec.

/1t; is chosen as 20 sec, then the current relating to ;2 = 20 sec is 72 whilst
that relating to t;, = 0 sec is Iv With the following point for example the
current relating to t;2= 40 sec is 12 and that to be found at t;x= 20 sec is
1j, etc. The series of points so plotted forms the 1/12  1/1, relation.

It may be seen in Fig. 5 that the points give a straight line to a good
approximation, and from the slope of this, using Eqs (17) and (15), the value
of constant k can be calculated. In this way Eq. (7) proved to be the correct
initial assumption, and this also means that Eq. (7) [in the case of the appli-
cation of cathodic polarization, Eq. (8)] does indeed describe the rate of oxi-
dation of ethanol (and on the basis of other findings, of other primary alcohols)
on a nickel hydroxide electrode. The relation shows that the rate of oxidation
during the complete time ofreaction is proportional to the amount of nickel(l11)
oxide hydroxide on the electrode. Thus the constant Kk may be considered as
an apparent rate constant because it is the proportionality factor in the re-
lationship connecting the reaction rate and the instantaneous amount of one
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of the reactants. The dependence of the reaction rate on the concentration of
the other reactant (alcohols) will be treated in a subsequent paper.

It is worthwhile here to deal in somewhat greater detail with this equa-
tion. Asis suitable for heterogeneous reactions, not the concentration but the
amount of substance in the solid phase appears in the relation. Thus the reac-
tion rate is a derivative with respect to time of the amount of substance either
reacting or forming. It follows from this that the dimension of k is sec-1. Be-
cause of the electrochemical methods used, in the equation it is expedient to
give the amount of material not in moles or equivalents but as the product
of the latter with the Faraday number, that is in coulombs; the dimensions
of the reaction rate will then be amperes.

The description of a reaction rate according to Eq. (7), where the rate
is proportional to the amount of one of the substances in the solid phase, is
not unknown in heterogeneous kinetics. We shall give two examples of the de-
pendence of the reaction rate on the amount of oxidant in the solid phase.
Pickering [b] studied the reaction of an alkaline solution of hydrazine with
AgO. This author has found that the reaction rate is proportional to the
amount of AgO aswell asto the hydrazine concentration. Hariver andLaurent
[6] studied the kinetics of reduction of the nickel hydroxide electrode. They
determined the decrease of “active oxygen content” in K1 solution of an elec-
trode of given electrochemical capacity. They found likewise that the reaction
rate is proportional to the amount of unreacted NiOOH.

Reproducibility of the measurements

The quantitative determination of the reproducibility of the measure-
ments is absolutely necessary for the evaluation of the above results. This
question consists of two parts: to what extent the amount of charge which
can he brought onto the electrode varies after repeated charging and discharg-
ing (cycling), and secondly, how does the reaction rate (i.e. the value of k)
vary as a function of time or the number of measurements.

The amount of charge which can he brought onto the electrode was de-
termined by discharging with constant current in 1 N NaOH after electrolytic
charging carried out in a pure solution of alkali. The value of Q0 can be redeter-
mined in the above manner after recording the discharge curves in alcohol,
possibly at different concentrations and different currents. According to the
findings 50— 100 discharges can be performed on an electrode without a signifi-
cant change in the amount of the dischargeable charge.

The reproducibility can be seen in Fig. 6 for different amounts of nickel
hydroxide. The electrochemical capacity QO determined with constant current
is plotted on the ordinate, and the number of cycles on the abscissa. The longer
blank intervals between the points on the abscissa, corresponding to 10—20
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units, represent discharge cycles in alcohol. It must be mentioned that if the
nickel hydroxide electrode has stood in distilled water or in dry air for several
weeks, then a more significant decrease may he observed in the value of QO.
This phenomenon appears especially with freshly prepared electrodes and
may he explained by the incorporation of water layers into the nickel hydrox-

80

No. of cycles

Fig. 6. Reproducibility of the amount of NiOOH which can be brought onto the electrode
during cycling

Fig. 7. Change of the rate of oxidation of 0.1 M ethanol on a NiOOH electrode during cycling

ide lattice during the cycles, or by the increase of the distance between the
lattice planes during some other rearrangement; this can lead to the peeling
off of the nickel hydroxide during the disintegration of the lattice.

The constancy of QOreported here proves that the layer adheres quite
strongly, and the amount of nickel hydroxide does not change even during
prolonged use.

However, this by no means excludes the occurrence of possible structural
changes the result of which would be the change of the apparent rate constant
K characteristic of the oxidation of alcohols.

Therefore the change of the rate constant must be studied as a function
of the use of the electrode. Measurements connected with this are shown in
Fig. 7. The number of cycles again appears on the abscissa, while on the or-
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dinate are the apparent rate constant values determined in 0.1 M ethanol
and calculated according to Eq. (17) derived from Eq. (7). It can be seen from
the Figure that during the interval studied, the ageing of the electrode need
not be considered in the oxidation of alcohols on nickel hydroxide.
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1. During the electrohydrogenation of phenylacetic acid the rate of hydrogena-
tion and the adsorption of substrate were measured simultaneously.

2. It was found that, corresponding to expectations, linearity exists between
the coverage and the rate.

In an earlier communication [1] it was shown that it would be extremely
advantageous if at any moment of time in heterogeneous catalytic hydrogen-
ation or electrohydrogenation the concentrations of the individual components
on the surface of the catalyst or electrode were known. In the main only as-
sumptions are found in the literature regarding the connection between the
amount adsorbed and the reaction rate, and in general direct experimental
<lata are not available.

We earlier reported [2] our work in connection with the adsorption of
aromatic compounds, among them phenylacetic acid.

It was shown with regard to phenylacetic acid that the adsorption equi-
librium is not attained during the hydrogenation reaction; moreover, compar-
ed with the usual reaction rates the desorption rate of phenylacetic acid is
negligible. On the other hand, the desorption of the hydrogenated product
is very fast and so under the conditions of hydrogenation it is not necessary
to consider the adsorption of the product. At the same time it was also proved
that a fraction of the adsorbed phenylacetic acid molecules do not take part
in the reaction; this must be taken into consideration in a kinetic study of
this process.

In the present communication we report on our work in connection with
the detailed analysis of the relation between the rate of hydrogenation of phe-
nylacetic acid and its adsorption.

Experimental

The apparatus and cellalready described [1] were used in the study. A potentiostatic
method was applied. 14C-labelled phenylacetic acid of 0.1 mCi/mmole specific activity was used.
The studies consisted essentially in the simultaneous measurement of two quantities,
the current and the count rate proportional to the adsorption. After adjusting the appropriate
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potential the changes in both quantities were followed with time until a (quasi-) stationary
state was obtained. This is shown in Fig. 1 for a concentration of 1X10~3M. Curve 1 refers
to the current, and curve 2 to the count rate.

As has already been mentioned, the measured overall count rate (IB) cannot be directly
connected with the adsorbed amount active with respect to the reaction. For the determina-
tion of this latter amount it is necessary to know the number of counts (Im) originating from
the permanently bound active material on the surface. Various methods can be used for the
measurement of this. If the substrate concentration is small, Im is most simply determined
by ensuring with the appropriate adjustment of the potential, i.e. the reaction rate, that
in the stationary state the mobile adsorbed amount important from the point of view of the

-Fig. 1. Change in time of the current (1) and the count rate (2), as a function of the potential

reaction should he practically zero. The count rate measured at such time will clearly be pro-
portional to the amount of residually adsorbed phenylacetic acid.

Another possible method for the determination of 1M is that before the end of the meas-
urements with potentials at which the reaction proceeds with a considerable rate, inactive
phenylacetic acid is added in great excess to the solution. Under such conditions the fraction
remaining on the surface, which is not exchangeable, is equal to I M.

It should be noted here that during a too long experimental time the value of IM can
change to a significant extent, and therefore we strived to carry out our measurements rela-
tively quickly and tocheck the magnitude of 1* several times in accordance with the possibil-
ities. Only the experimental observations provided information relating to the magnitude of
7p1, and no correlation could be found between it and other parameters. The values of
from the individual measurements, as may be seenin Table I, were extremely variable, though
the experiment was begun with a clean electrode surface pre-treated identically for all meas-
urements.

The first step of this pre-treatment was anodic regeneration. As already shown [2],
under such conditions the permanently adsorbed fraction is removed, presumably by oxida-
tion. The anodic regeneration was continued until the countrate reached the background value.
After this, cathodic regeneration was applied for 5—10 minutes. Following the cathodic re-
generation the solution in the cell was exchanged for pure base solution.

The potential of the main electrode was adjusted with a potentiostat to 100 150 mV
and then the labelled phenylacetic acid was added to the system. Measurements were begun
after the stabilization of the count rate.

In order to study the relation between the current and the coverage, the count rate
corresponding to maximum mobile adsorption (Imax—17j) must also be known. This can be
determined from the count rate measured at potentials at which the reaction no longer takes
place or occurs only with low rates. (At the studied concentrations, even if an adsorption equi-
librium existed, saturation would already be reached.)
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Table |

E (V) i (niA) R 1jf

C= 10 3 Af; /] 2500 cpm

120 0.40 2700 1.00
100 0.72 2700 1.00
80 1.80 2700 1.00
70 2.72 2700 1.00
60 4.05 2500 0.92
50 5.15 2100 0.77
40 5.70 1800 0.66
30 5.80 1000 0.37
20 5.90 600 0.22
10 6.10 400 0.15

C=2x 10-' M; JM 1600 cpin

150 0.30 4000 1.00
100 0.75 3800 0.95
80 1.74 3700 0.92

60 2.50 2600 0.65

40 2.54 1500 0.35

20 3.10 800 0.20

0 4.50 600 0.15

c= 5x10 4 M; IM 4000 cpm

100 0.54 3000 1.00
90 0.72 3000 1.00
80 1.04 3000 1.00
70 1.46 3000 1.00
60 1.94 2700 0.90
50 2.25 2000 0.66
40 2.28 1400 0.47
20 2.80 900 0.30

0 4.50 300 0.10

On the basis of what has been said, the stationary coverage relating to the mobile frac-
tion can be calculated using the relation

' ek 1w &

A number of experimental data appear in Table |I; the appropriate calculations were
performed using E<j. (1).
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Interpretation of the results

In our earlier work [3] it was supposed that a relation of the type

i = °sf(E) (2)

100

80

20

Fig. 2. Electrohydrogenation of phenylacetic acid at a concentration of 10~2 M

is valid for electrohydrogenation. E is the potential, and in many cases the
function f(E) to a good approximation can be written as

f(E) = kr m10-fiE 3)
where 6 is a constant.

As shown in Fig. 2, at sufficiently large concentrations (10-2 M) the
relation log i — a -)- bE is approximately valid for phenylacetic acid too.

At such concentrations the adsorption may be considered almost con-
stant over the whole potential interval, as may be seen in Fig. 3.

At concentrations greater than 10~2M the polarization curve shown
in Fig. 2 already changes only slightly, in agreement with the fact that there
is no considerable possibility of variation in the adsorption.

Thus only at lower concentrations is there a question of the verification
of relations (2) and (3). In these circumstances diffusion too is present among
the rate-determining processes. In this case (as stated in our previous commu-
nication);, under stationary conditions, if the calculation of Gs is performed
according to Eq. (1), then the equations

"= Mco d)y= M1 om)cj{\ Qs)=/cac/l 09 Av-10 #fi*0S

(4)
)ytDc, kA(L 07) = Kr0s =i
kDKA(l  Os)
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will be valid, where kp is the rate constant for mass transport by diffusion,

Ka is the adsorption rate constant, Kr — kr « 10 , the rate constant of the
hydrogenation reaction, and 0 Sand owm are the coverages relating to the mo-
bile and permanent adsorbed fractions. OM — Im/Imax- If & Ka then

i = kDcO ()

Fig. 3. Potential dependence of the adsorption at a phenylacetic acid concentration of
10“2 M

The ratio of kp and k, m10 bh depends on the potential, thus by changing the
potential, the validity of Eq. (5) should be attainable. Under such conditions
a limiting diffusion current may be observed.

This can be seen for example in the potential-current curve in Fig. 4
which was obtained with !'0~i M phenylacetic acid.

At potentials more negative than 30 mV the current increases because
of hydrogen evolution. Taking this into consideration the dashed line was
drawn, and this indeed corresponds to the limiting diffusion current.

With a knowledge of Os and i, the possibility arises for the study of the
validity of relations (2) and (3) by plotting log i/0s— E curves. Naturally,
for the calculation of i/Os only the current used for the hydrogenation reaction
must be considered.

In Figs 5,6and 7,the values of log i (x) (1) and log i/0s (Q) @are plotted
as a function of potential at concentrations of 1(U3M, 2xICT”4M and
5X 10—4 M.

It may be seen from all three graphs that log i/0sis a linear function of
the potential; at high concentrations (i.e. at 0 S* 1) the slopes of the electro-
hydrogenation curves agree essentially with these slopes.

To summarize the experimental observations, it was found possible in
the given concrete case to verify the validity of Eqs (1) and (2). The fact that
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on a concrete example we were successful in verifying the applicability of our
method to the study of adsorption phenomena occurring during electrode
reactions must be considered as another very significant result.

E mVv

Fig. 4. Electrohydrogenation curve of phenylacetic acid at a concentration of 10-4 M

Fig. 5. Plots of log i and log i/&s as functions of the potential at a concentration of 10 3 M

Fig. 6. Plots of log i and log i/0s as functions of the potential at a concentration of 2x 10”4 M
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F'ig. 7. Plots of log i and log i/0s as a function of the potential at a concentration of 5x 10 1M
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ANNIEKTPOOCAXAEHUME WN30TOIMNOB NPNANA
N NNATUHBbI, CBOBOAHbLIX OT HOCUTENEWN

M. MOJTHAP u Wpan MOJSIHAP
(LleHTpanbHbIi UHCTUTYT usnyecknx uccnegosaHnin AH BHP bypganew T, BeHrpua*)

Moctynuno: 30 XII 1969 r.

M3yyanucb aneKTpoocax/jeHue M30TONOB MPUAMA W NAaTWHbl 6e3 HocuTend, 3a-
BUCUMOCTb Bblje€neHNAa OT cOoCTaBa 3/1EKTPOANTa WU OT APYruUX napameTpoB.

Ha ocHOBe 3aKCMepMMEHTaNIbHbIX JaHHbIX 6bInn pa3p360TaHbI MeToAbl, C NOMOLLbIO
KOTOPbIX M3rotaBnmMBarwTCA UCTOYHWUKMU Hef/'ITpOHHO-,D,e(bI/IL[MTHbIX n3oTonos upuaua wn
nnaTtTnuHbl gNa AAEPHO-CNEKTPOCKONUYECKUX M3MepeHI/II7I.

Wpugnin n nnatuHa — 61aropofHble MeTalibl, U 3EKTPOOCAXKAEHNE UX
M30TOMNOB 0Oe3 HOCWUTENA Ha TOHKYK MPOBOMOKY WN (POMbIY KaXKeTCs AyyLluMm
CMoCcO60M MpY M3rOTOB/IEHUWN UCTOYHWMKOB U3/yYeHUs AN8 UCCNefoBaHWS WX saep-
HbIX CBOWCTB Ha MarHWTHbIX 6eTa-cnekTpomeTpax. [pakT1yeckoe NCMob30BaHNe
3MeKTPONM3a A4NA 3TON Lenu Bbi3blBaeT TPAHOCTM, KOTOpble  BBMAY TOro, YTO B
NuTepaType M0 AaHHbIX M0 31eKTPOOCAKAEHWNIO WM30TOMNOB MPUAUA W NAATUHBI
6e3 Hocutens [1] NpuBeNM Hac K pewleHnto 6onee nogpobHO umccneaoBaTb
3MeKTPONMTUUECKOE BblAeNeHEe M30TOMNOB UPUAUS W NAATUHbI.

3KCI'IepVIM8HTaJ'IbHaF| 4acTb

a) 9nekTponNMTMueckas Auelika W NOATOTOBKA 31eKTPOAOS

B akcnepuMeHTax Mo noA6opy ONTUMA/bHBIX YCIOBUIA 3M1EKTPOOCXKAEHMS
MCNo/b30BaiaCb TaK Has3blBaeMas KanwaaspHas fdeiika, OMMcaHHas Hamu B
Apyroi pabote [2]. AHOAOM cnyXuna nNaaTuHoBas NPoBO/OKa gnameTpomM 0,1 mm,
KaTogoMm  nposonoka u3 cnnaea NiCr (Mapka X20H80) anameTtpom 0,1 mMM; aHoO-
[bl 1 KaTodpbl NOrpyXanncb B XPOMOBYK CMeCb NPMOGIU3UTENBHO Ha 1 4ac, NoToM
06MbIBa/ICb ANCTW/IMPOBAHHON BOAON, a Mepef Haya/loM OMbiTa KaToAbl JOMNOS-
HWUTENbHO NPOMbIBaNUCL 1 XnopotopmoM. O6beM pacTBopa B siueiike ~0,045 mn.
VICTOYHMKOM TOKa cny>una 6atapes; BO BPeMS 3/1eKTPO/U3a TOK peryanpoBancs
C MOMOLLbI0 peocTaTa.

* Pa6oTa BbiNonHeHa B O6bEAUHEHHOM WHCTUTYTe AAEPHbIX WccnepoBaHwuii, r. Jy6Ha.
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6) WsoTonwl

B uccnenoBaHuax Mcnonb3oBanncb n3otonsl 1891r u 18Pt, nosyyeHHble npu
rny60KOM pacLUeneHnn saep 30010Ta, 06/1y4eHHOro MPOTOHaMK C 3Heprueli 660
MaB. MNepen 06paboTKOI 061yUYeHHAs MULLEHb BblAepXXBanach B TeueHne 20 [Hei,
3aTeM pacTBopsfach B LLApPCKOW BOAKe W Nocfie paspyLlleHWUs HWUTPaToB 30/10TO
3KCTparupoBanocb mM3oammnaueratom m3 pactsopa 4 M HCLl [3]. BoaHas (hasa,
cofiep>kallas M30TOoMbl UPUAUSA W NNaTUHbI, ynapueanacb No4vTM Jocyxa, OCTaTok
obpabartbiBancs 0,3 M HO u pacTBOop mponyckancs 4yepe3 KOMNOHKY, HanofHEH-
Hyto cmonoin [ayakc-50 X 12. [anee wvpuanii M nnaTuHa COpPGMPOBA/IMCb Ha
cmony Jlayakc-1x8 B KONOHKe, OTKyda vpuauid BbiMbiBanca 9 M HCL [4]. Ons
3M110MPOBaHNA NIaTUMHbI Mcnosb3osanacb 50% HC104. PacTBop niaTuHbl ynapu-
BanCsA MOYTU Jocyxa C fo06aBneHWeM COMSIHOM KMcnoTbl. OCTaTOK pacTBOPS/CS B
3 M HC1 + 3% SnCI2un Pt skcTparmpoBanach AMaTunoBbiM atmpomM [5]. Tem xe
cambIM METOZOM 3KCTPaKL MU o4ULLancs npenapaT nepes HauyaioM 3/IeKTpoocaxie-
HMA, 4TOGHLI yaanuT n3oton 1831r, obpasytomiics n3 18Pt. MpenapaTbl K30TOMOB
UPULUSA W NNaTUHbI, NONYYEHHble TakuM 06pasoM, ABNAKOTCA PafUOXMMUYECKU
YUCTbIMWU W CBOGOAHBLIMU OT M30TOMHbIX HOCUTENEIA.

B) PeakTwusBbl ® pacTBOpPbI

[na W3roToBneHMst pacTBOPOB-3/1EKTPOJIMTOB WCMOMb30Ba/IUCh PEaKTUBbI
KBanugpumKaymm 4. 4. a. 3Ha4yeHUs pH pacTBOPOB YyCTaHaBAWBaAUCL: B KUC/IOM
[nanasoHe KWC/IOTOW, OTBEYAtOLE KMCIOTHOMY KOMMOHEHTY COMM WM YKCYCHOIA
KMCNOTOW; B LUEMOYHOM AMana3oHe — aMMWaKoOM WM KapboHaTOM Hatpus. Pac-
TBOPbI, COAepXallne N30TONblI MPUAUA WM NAATUHBI, NPUTOTOBASNCL PacTBOpe-
HWEeM Cyxoro mpenapata 189lr unu 188t B aneKTpoANTe AaHHOrO COCTaBa.

r) WsmepeHue

PafnoakTUBHOCTb WM30TOMOB, BbifeNeHHasd Ha KaToje, Ha aHOde W OCTaB-
lwasca B pacTBope, M3mMepsanacb CUUHTUANSAUMOHHbIM cyeTyunkom Nal/Tl/ ¢ ko-
nofueM npv TENeCHOM Yrie ~An B OLUHAKOBLIX F€OMETPUYECKUX YCIO0BUAX.
Halwun gaHHble Moay4YeHbl M3 TpexX napanfiesibHbIX OMNbITOB; OTHOCUTE/IbHOE CTaH-
[apTHOe OTK/IOHEHWe cocTaBnseT ~+6% .

PesynbTaTbl 1 06CYy>XaeHUE

a) 9nekTpoocaXk/eHue M30TOMNOB MPUANS

C Uenblo nonyyeHnst 06LLEA KapTUHBI MO 3N1eKTPOOCAXKAEHNIO M30TOMNOB MpH-
Ans 6e3 HocuTens MCCnefoBanoCh WX 3NMEKTPONMTUYECKOe BblgeneHve m3 0,1 M
pacTBOPOB PasHbIX COMEN, NpPW pasHbiX 3HaYeHUsAX pH. OCHOBHble pe3ynbTaThbl
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nsmepeHnii nNpusefeHbl B Tabnuue 1. Lindpbl B KOOHKaX 03HAYalOT OCaXKAeHue
nsotona 1891r 6e3 HoCUTeNs B MPOLEHTAX; UUPPbI B CKOOKAaX 03HAYal0T ocaxaeHue
nsotona 1XIr ¢ HocuTenieM B MpoueHTax (B MocnefHem cryvyae KOHLUEHTpauus
npuama B nccnepoBaHHbIx pacteopax ~0,0()1 M). o faHHBIM MOXHO YCTaHOBUTb,
YTO MMeeTca 6oNnbLuan pasHUUA B 3/1eEKTPOOCAXAEHUM U30TOMOB Mpuana 6e3 Ho-
cUTens U MpUaus NpyM MakpOKOHLUeHTpauuu. BblgeneHve wvpugma us 60nb-
LUMHCTBA MCC/ef0BaHHbBIX PacTBOPOB HE3HauMTeNIbHO, B TO BPEMA KaK BblAeneHue
N30TOMOB MPUAMA 6e3 HOCUTENs JOCTUraeT Wi npesbiwaeT 50% M3 MHOrMX pacTBo-
poB. Oco60e BHVMMaHWe crefyeT YAenuTb Mpu 3TOM pacTBOPY X/10PUCTOr0 ammo-

Tabnuua 1

dneKkTpoocaXKjeHne M30TONOB MPUAMA 6e3 HOCUTEeNs W3 pasHblX 3NeKTPOAMTOB

Katog — n3 nposonoku NiCr; TOK 10 MA; BpemMs anekTponunsa — 25 MuH. Lngpbl B KONOHKax
03Ha4aloT BblifjeIeHHOE Ha KaTofe KOAMYECTBO M30TOMNOB WPUAUS B MNpOLEHTax

. [OvanasoH pH
OCHOBHOI 3NeKTpoONUT

15—3 3—5 5—7 7—9 9—n
01 M NaF 43 (19) 40 (9) 44 (9) 30(7) 22 (4)
01 M NH4F 58 56 59 58 29
0,1 M NacCl 76 (20) 76 (20) 61 (15) 60 55 (7)
01 M NH Cl 90 (26) 89 (51) 87 (33) 82 (65) 69(14)
01 M NaBr 20 35 34 31 23
01 M NH4Br 66 54 50 35 31
01 M NaNO03 52 (15) 51 (9) 63 (10) 53 (10) 45 (5)
01 M nh4no3 48 46 47 57 49
0,1 M NaC104 52 (6) 55 (5) 34(6) 55 (9) 62 (8)
01 M nhiio4 52 (8) 71 (8) 53 (8) 58 (10) 18 (20)
01 M Na2504 41 (6) 40 (6) 51 (7) 57 (6) 35 (8)
01 M (NH42S04 78(4) 71 (8) 73 (3) 64 (6) 49 (11)
01 M NaH P04 22 31 32 40 47
01 M (NHA2HPO4 35 36 23 43 26
0,1 M NaSCN 12 4 6 6 3
01 M NH.SCN 39 26 23 18 3
0l M CHjCOONa 29 26 25 46
0,1 M CH3COONH4 19 9 20 6
0,1 M NaC00)2 35 (13) 53 (21) 61 76 68 (25)
0,1 M (NH4),,(C00)2 22 22 38 41 12
01 M NaXaH 40, 10 6 7 10 1
01 M (NHAX4HD 6 4 5 7 10 6
01 M NaX,H50, 5 14 13 14 13
01 M (NH#)2HCeH jO7 4 10 12 5 5
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HuA. B aTOM cnyyae BblfenieHMe MakpokosiuyecTBa upugamsa gocturaet 50%, a
MaKCUMasibHbI BbIXOf OCaXAEHWUS M30TOMNOB 6e3 HocuTens ~90%.

BnvsHWe KaTMOHHOIO KOMMOHEHTA COJieid He OfHO3HaYHO: B Cly4yae (hTopu-
[0B, Xnopuaos, 6pomnaos, cynbdatos, Cynb(OLMaHNAOB BbigeneHne 60fblue K3
aMMOHMEBBIX COMEl, a B CMyvae HWUTPATOB, aLeTaToB U OKCanaToB — BbIX04 60/b-
e M3 HaTpueBbIX coneill. BennumHa pH pacTBopa Maso BAMSIET Ha OCaXAEHUe;
HabnrogaeTcs 0fHO3HAYHOE YMEHbLUEHME TOMIbKO Npu pH Bbiwe 9.

MccnepoBanach 3aBUCUMOCTb 3M1IEKTPOOCAXAEHUA OT KOHLEHTpauumM Tex
conelt, n3 0,1 M pacTBOPOB KOTOPbIX BbIXO[, MpeBbillaeT 60%. Pe3ynbTatbl noka-
3aHbl Ha puc. 1 BWAHO, YTO BbIXOZ CWUMbHO MEHSETCH C U3MEHEHWEM KOHLEHTpa-
LMK, NpU 3TOM KPUBblE MEPEXOAAT yepe3 MakCumyM. ONTUMaNbHOW KOHLEHTpa-
umein asnsetca 0,1 M (kpome pacTBopa 6pOMUCTOrO aMMOHMSA).

Puc. 1. 3aBucumoCTb 3N1€KTPOOCAXAEHUSA N30TONOB UPUANS Ge3 HOCUTENs OT KOHLEHTpauuin pas-
NNYHbIX conei. Katogq — m3 nposonoku NiCr; Tok — 10 MA; BpemMs anekTponmsa — 25 MUH.
O NHjCI; « NaCl; A(NH4) 2504;A NH.,Br; 0 Na2C00)2

Puc. 2. 3aBUCMMOCTb 3NeKTPOOCAXAEHNA.M30TONOB MpMAMa 6e3 HoCMTens OT cunbl Toka. KaTog
— n3 nposonoku NiCr; anektponut —0,1 M NH,C1; Bpema anekTponmsa — 25 MUH.

N3mepsnack 3aBUCMMOCTb 3/IEKTPOOCAXKAEHNS OT CU/bl TOKA U OT BPEMEHU
13 0,1 M pacTBopa X/IOpUCTOr0 aMMOHUSA, KOTOPbIWA, MO HALIMM AaHHbIM, SBASETCA
OMTMMAa/IbHbIM M0 COCTaBY 3MEKTPOIMTOM. C YBENMYEHUEM CUSibl TOKA BbIXOL MO-
CTEMNeHHO BO3pacTaeT, JOCTUraeT Makcumyma okono 10 MA, yto oTBevyaeT M/oT-
HocTU Toka ~210 MA/cM2 (puc. 2). U3 puc. 3 BUAHO, 4TO OCaXKAEHME Mpo-
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TekaeT 6bICTpo 1 3a 15 MuH. gocturaet 70%, B AanbHeliLLeM BbIX0[ BO3pacTaeT
Me[/1eHHO.

BblgeneHne n30Tonos npuams 6e3 HoCUTENA Ha aHofe npesbiwano 2% B cny-
yae Tpex CONel; ero MakcumanbHoe 3HadeHne u3 pacteopa 0,1 MNaF  45%, u3
0,1 M NH4F — 38%, n301 MCH.COONa 25%.

BPEVH MH

Puc. 3. 3aBUCUMOCTb 31€KTPOOCAXKAEHNSA N30TONOB MPUAMA 6e3 HOCUTENA OT BPEMEHMW 3NeKTpPO-
nunsa. Katogq — n3 nposonokn NiCr; anektponut — 0,1 M NH4CL tok — 10 MA.

6) 9nekTpoocaxk/eHWe M30TOMNOB NNAT UHbI

13BeCcTHO, 4TO MiaTMHA JOCTATOYHO NIETKO BbILEMAETCA MPU 3N1eKTPOM3e Ha
KaTof B BuAe MeTanna; NoaToMy OXUAAETCA Bblfe/IeHWe Ha KaTof 1 U30TOMNoB na-
TUHbI 6e3 HocuTens. Ho Habnofaslueecs AN MUKPOKOAMYECTB NNaTUHbI aHOAHOe
BblJe/IeHNe 3aCTaBM/I0 HAC WCCMEA0BaTb MOBELeHWE MAaTWHbI MPU 3M1eKTPOJIn3e
nogpobHee.

M3mepsanock BbleneHne M30TOMOB MAaTWHbLI Ha KaTog v Ha aHog 3 0,1 M
pacTBOPOB pa3HbIX COMeil. Pe3ynbTaTbl npeacTaBneHbl B Tabnuue 2 n 3. Kak u
0XWJANoch, BblfeNleHWe Ha KaToh MPOXOAMIO C 6OMbLUMM BbIXOAOM W3 MHOTMUX
pacTBOPOB, HO He U3 BcexX. Camblil 60/bLLION BbIX04 nonyyaetcs w3 0,1 M pacTtBopa
X/IopucToro ammoHus. O BAvMAHMM pH pacTeBopa Ha BbIXOZL WHTEPECHO 3aMeTUTb
TONbKO, YTO M3 pacTBOpa fhocaTa HaTPUS GOMBLLOIA BbIXOA MOMYYAETCSA NPU HN3KOM
M MpW BbICOKOM 3Ha4YeHUM pH; npu cpefHMX 3HavyeHusx pH BbIxof HEOOMbLUIOW.

Oco6blii MHTepec MNpeAcTaBAsOT CO60M AaHHble Tabnuubl 3, COrNacHO Ko-
TOPbIM BblZefleHNe U30TOMOB NAAaTUHbLI 6e3 HOCUTENSA Ha aHOJ MOXET AOCTUraThb 3Ha-
YNTeNbHOI BeMYMHBI, T. €.40 50%. MNpn 3TOM cnedyeT y4eCTb HEOOMbLLOK pa3mep
aHOf0B, MCMO/Mb30BaHHbLIX B AYeKax Npu anekTponuse. MNMpUUMHONA BbifeneHns Ha
aHof, MOXeT ObITb 06pa3oBaHMe HEPacTBOPUMBIX OKMCOB Ha MOBEPXHOCTU aHOZa,
a MOXeT ObITb 1 U30TOMHbI O6GMEH MEXAy aToMamu MaTWHOBOIO aHo4a U MOHaMU
M30TOMNOB MJIATUHBLI MOJ B/WAHWEM MPOLECCOB, MPOTEKAKLWMX BO BPEMS 3/1EKTPO-
nu3a. B monb3y nocnefHeiln NpUYMHbI TOBOPUT TOT (haKT, YTO yAafeHue M30TOMOB
NNaTUHbI C NOBEPXHOCTW MMATUHOBbLIX aHOLOB HaM YAanoch OCYLLECTBUTL TOJIbKO
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Tabnnuya 2

dneKkTpooca>kjeHne M30TOMNOB NAaTUHbI 63 HOCUTEeNnsa 13 pasHblX 3N1eKTPONNT OB
Katoa — u3 npoBonokun NiCr; Tok — 10 MA; Bpemsa anekTponunsa — 25 MuH. Liudpbl B KONOHKaXx
03HayawT BblfjefleHHOe Ha KaToA4e KONWYeCTBO M30TOMNOB NNATUHbLI B NPOLEHTax

AvanasoHn pH
OCHOBHOW 3neKTpONUT

15—3 3—5 5—7 7—9 9— 11
0,1 M NaF 48 18 32 21 27
0,1 M NHA4F 79 73 7 72 55
0,1 M NaCl 53 28 31 18 15
0,1 M NHA4Ci 96 87 92 96 83
0,1 M NaBr 54 44 25 19 8
0,1 M NH4Br 88 69 84 86 78
0,1 M Nazs04 37 41 44 31 10
01 M (NHHS04 89 68 58 56 66
01 M Na2H P04 92* 19 25 39 77
01 M (NHH2HPO4 87 87 81 75 90
0,1 M CH3COONa 29 10 7 4
0,1 M CH3COONH4 48 30 21 9

*pH = 15
Ta6bnuua 3

BblifjeneHne M30TOMNOB NAaTWHbI 6e3 HOCUTENs Ha NNaTWHOBbLIA aHOj W3 pasHbiX 31eKTPONUTOB
Tok — 10 MA; Bpemsa anekTponusa — 25 MUH. Lindpbl B KONOHKax O3Ha4alT BblJefleHHOe Ha
aHode KO/MYeCTBO M30TOMOB NNaTUHbI B NPOLEHTax

[Owvana3oH pH
OCHOBHOW 3n1eKTpoOAUT

15—3 3-5 5—7 7—9 9—1
0,1 M NaF 23 33 46 40 35
0,1 M nh4f 10 1 13 13 1
0,1 M NacCl 25 23 29 30 41
0,1 M NH4C1 1 1 1 1 1
0,1 M NaBr 2 4 5 13 17
0,1 M NH.Br 1 1 1 1 6
0,1 M Na,so04 25 20 28 26 47
0,1 M (NHHS04 6 7 19 16 2
0,1 M Na2HPO04 1 23 1 10 40
0,1 M (NH4,HPO4 1 3 5 7 1
0,1 M CHjCOONa 40 51 35 32
0,1 M CH3COONH4 1 10 12 1
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PacTBOPEHVEM MOBEPXHOCTHOrO CN0A B LLAPCKOM BoAKe. OKOHYaTe/IbHbIA OTBET Ha
3TOT BOMPOC TPeOYET AanbHelillero uccneaoBaHus.

WccnepgoBanach 3aBUCMMOCTb BbIENEHUA M30TOMOB NAaTWMHbI 6e3-HoCcUTeNs
Ha katof u3 pactsopa 0,1 M x/fopucToro aMMoHust npu pH ~ 2 OT cunbl TOKa 1 OT
BPEMEHMN 3N1eKTPOn3a. Pe3ynbTaTbl M3MEPEHWIA MOKa3aHbl Ha puc. 4 n 5. Bbixog

Puc. 4. 3aBMCUMOCTb 3/1IeKTPOOCAXJEHUA WM30TONOB MAaTWHbI 6€3 HOCUTENs OT CUMbl TOKa.
Katog — wn3 nposonokun NiCr; anekTponut 0,1 M NHA4C1, Bpemsa anekTponmsa — 25 MUH.

BPEM#A, MUH.

Puc. 5. 3aBUCUMOCTb 3N1EKTPOOCAXKAEHNA M30TONOB NNaTUHbl 6€3 HOCUTENA OT BPEMEHU 3Nek-
Tponusa. Katog - u3 nposonoku NiCr; anekTponmt — 0,1 M N114CL; Tok - 10 MA.

MOCTOSAHHO BO3pacTaeT C YBE/IMYEHUEM CWIbl TOKa A0 MPaKTUYECKU MOSIHOTO Bbl-
fgenenms npu 10 MA, uTo oTBevaeT -*210 MA/cM2 BblgeneHne npotekaeT 6bICTPO:
3a 10 MMH. 90% M30TOMOB MNATUHbLI OCAXAAETCA Ha KaToje.

Ha ocHoBe sKCreprMeHTalbHbIX AaHHbIX HaMu ObiiM pa3paboTaHbl MeTOAb!
ONS M3rOTOB/IEHUS WCTOYHWUKOB W3/yYeHUs HENTPOHHO-Ae(ULUTHBLIX M30TOMOB
npuamMa 1 NNaTuHbl N8 U3MEPEHUS WX Ha MarHUTHbIX 6eTa-CrekTpomeTpax U
crnekTporpagax.

Mpwn 3ToM NpenapaTbl U30TONOB UPUAWS U NNATUHBI NOMyYaloTCA M0 MEeTomy
MyHKTa 6) 3KCMEPUMEHTANbHON YacT PaboTbl C TEM MULLbL OT/MYMEM, YTO 0b6pa-
60TKa MUWLLEHN NPOU3BOAUTCA BCKOPE MNoc/e KOHLa 06nyYeHus.

5* Ada Chim. Acad. Sei. lluug.
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a) McTo4YHNKA M30TOMNOB Mpuauns

Mpwn antonpoBaHumM n3otonos mpuams 9 M HCL 8 12 nukoBbIX Kanenb cobu-
paeTcs B nocygy w3 TesioHa 1 ynapvBaeTcs nog MHAQpakpacHoW namnoi gocyxa.
OcTtatok pacTopsetcs B 0,1 mn 0,1 M NHACL 1 pacTBOop MEPeHOCUTCS B SIUEiKyY
3NeKTponn3sepa, onncaHHoro Hoeropogosbim 1 ap. [6]. HacToswas suelika oTam-
YaeTCs OT OMNMCAHHOW TeM, UYTO M3roTaBAMBAETCA W3 TEPIOHA, a aHOLOM CAYXUT
TOHKas MaTUHOBas MPOBOJIOKA, PACMONIOKEHHAA Ha JHe AYeilku. 3aTeM onyckKa-
eTCA KaToj  NpPOBOMOKa ToAwMHOM 0,1 MM nnn ¢onbra wnpuHoi 0,4—0,6 Mv 13
cnnaea NiCr, 3akpenjieHHas B pamKe — [0 COMPUKOCHOBEHUS KaToja C MoBepXx-
HOCTbKO pacTBopa, WM BEAETCA 3MeKTPOAU3 npu naoTHocTM Toka—200 MA/cm2 B
TedyeHne 20 30 MuHyT. 70—80% K30TONOB MPUAUA BE3 HOCUTENSA OCAXAaeTCca Ha
KaToge. Cnoi ocaXeHHbIX M30TONOB TOHKWIA; 06 3TOM CBMAETENLCTBYET TOT (DaKT,
YTO NPU U3MEPEHUMN 3HEPTUMN KOHBEPCUMOHHbIX 3/IEKTPOHOB C UCMO/b30BAHNEM ITUX
MCTOYHNKOB pa3peLLeHue Nno 3Heprum He npesblilwaeT 6onee 20% npubOpPHOro.

6) McTouHuKM M30TOMNOB NNAaTMHBI

Mocne aKCcTpakLuMn M30TOMOB MAATUHBI AU3TUNO0BLIM 3DUPOM, OpraHuYeckKas
thasa 5 pa3 npombiBaeTcsa 3 M HC1, HacblILeHHOI 3mpoM. 3aTem amp ynapuBaeT-
CA, OCTaTKM ero paspyLlarTcs nepekucbio Bogopoga. Msotonbl niaTvHbl pacT-
BopsatoTca B 01 mn 01 M NH,Cl. [JanbHeiilwne onepauun BbIMOJHAKOTCA
TOYHO TaK Xe, KaK B Cllyyae wupuaus.

Summary

The dependence of the electrolytic precipitation of carrier-free iridium and platinum
isotopes on the composition of the electrolyte and on other factors has been investigated.

On the basis of experimental results, methods have been developed by means of which
the radiation sources of iridium and platinum isotopes with neutron deficit are prepared, for
purposes of nuclear spectroscopic measurements.
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ANEKTPOOCAXIAEHNME MN3OTOIMNOB OCMUSA,
CBOBO/JHbIX OT HOCUTENIEW, N METO[A WX
KOHUEHTPUPOBAHNA B MAJIOM OBBEME

n. MONHAP un Wpsn MOJNTHAP

(LleHTpanbHbI# MHCTUTYT dm3nyecknx uccnegosaHnii AH BHP ByganewT, BeHrpun*)

Moctynuno: 30. XII. 1969

Bbin paspaboTaH HOBbIi MeTO[ KOHLEHTPWPOBAHWA WM30TOMOB OCMUSA Ge3 HOCM-
Tens B Manom ob6beme. MccnefoBanach 3aBUCMMOCTb 3/1€KTPOOCAXKAEHMA 3TUX U30TOMOB
0T cOCTaBa 3/1eKTPOAMTa, MNNOTHOCTM TOKa W BPEMEHU 31eKTponam3a. Ha OCHOBe akcnepu-
MEeHTaNbHbIX AaHHbIX GblN pa3paboTaH MeTo[, C MOMOLLbI KOTOPOro M3roTaBAUBalOTCH
MCTOYHUKWN HENTPOHHO-Ae(NLUTHBIX N30TONOB OCMUA ANSA AAEPHO-, CNEKTPOMETPUYECKUX
N3MEPEHUA.

CnekTpbl 6eTa-4acTuL, N KOHBEPCUOHHBIX 3M1EKTPOHOB HEATPOHHO-AeuUUNT-
HbIX W30TOMOB OCMUS HELOCTaTOYHO W3YYeHbl; 3TO, MNO-BUAMMOMY, CBSI3aHO C
TPYAHOCTSMU NOMYYEHWUS UCTOYHWKOB A TAKUX W3MEpPEeHWIA.

XUMnYeckuii MpoLecc MofyyYeHUs UCTOMHWMKOB A1 6eTa-cnekTpockonu-
YeckUX M3MepeHuid BK/OYaeT B cebs Tpu aTana.

1 OtpgeneHve M30TOMOB [AHHOMO 37eMeHTa OT 06/ly4YeHHOW MUWLLEHM W OT
M30TOMOB [PYruX 3/1EMEHTOB, 00Pa30BaBLLMXCSH B MULLIEHW.

2. KOHUEHTpMpOBaHWe OTAeNbHbIX PafMOXUMUYECKM YUCTbIX M30TOMOB B
manom (~0,1mn) o6beMe pacTBOpa, KOTOPbIA He COAEPXMT XMMUYECKUX pPEeaKTu-
BOB, MeLLaoLLMX NPY CaMOM U3rOTOB/EHUN UCTOYHUKA.

3. HaHeceHne pagnoM30TONOB W3 KOHLEHTpaTa Ha TOHKYI0 MOAJM0XKY He-
6onbworo pasmepa (0,1x10 mm2).

Bca xvMuyeckas onepaums LO/MKHA NPOBOLMTLCA MO BO3MOXHOCTU ObICTPO
1 C MOMOLLBIO 3aLLMTHBLIX YCTPOMNCTB.

HackonbKo Ham M3BECTHO, B iMTepaType [0 HACTOALLEro MOMEHTa MMESoCh
TONbKO fBe paboTbl, B KOTOPbIX OMUCLIBAINCL METOAbl NOYYEHUS WCTOYHUKOB
n30TONOB ocmust 6e3 Hocutensi. Mo metogy HbtoToHa [1] m3oTonbl OCMUS, MONy-
YeHHble Npu 061yYeHUM BOMb(pamMa anba-4acTuuamm, OTAENAANCh OT MULLEHU
ancTunnsuueid v nornowanmcs pactsopom 0,1 M NaH S04, KoTopblii BCieacTBue
atoro pasbaenanca go ~0,03 M. HenocpeAcTBeHHO M3 3TOrO pacTBopa NpPOBOAU-
NOCb BblfeNeHNe N30TOMOB OCMUS 3/1EKTPO/IM30M Ha KaTofbl M3 NAaTUHbI, HUKENS U
HepxxaBetoLLein ctann. Auametp nposonokn 0,01 groiima, cmnatoka 150 MA,
Bpems anekTponmsa — 10 MuH. OTMeYasioch, YTO Ha KaTofe 4YacTo NosBAsica uep-
HbIA C/OIA, KOTOPbIA HeXkenateneH Npu usmepeHUn. Kpome TOro, HeT AaHHbIX MO
BbIXO4Y npouecca. benses u ap. [2] KOPOTKO YKa3bIBAOT, YTO U30TOMbI OCMUA MPU

* Pa60Ta BbiNOAHEHA B O6bEAUHEHHOM MHCTUTYTE AfepPHbIX MCCNedoBaHuii, r. Ay6Ha.
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UX OUCTUANALMKX MOTNOWANNCh 3TUIOBLIM CMMPTOM, HacbiweHHbIM SO.,. WcTou-
HUKKM N5 6eTa-CneKTPOMETPUYECKMX M3MEPEHWI NPUTOTOBAAANCHL YNapuBaHUEM
3TOr0 pacTBopa Ha ajlOMUHMEBOR (onbre.

VcecnepoBaHue AfepHbIX CBOWCTB HEMTPOHHO-AE(ULMTHBIX M30TOMOB OCMUS
B OMAN noTtpeboBano pa3paboTKyM HOBOFO METOAAa W3rOTOBMEHWUA WCTOYHMKOB,
BBMAY TOrO, YTO METOfbI, OMMCaHHbIE BbILE, B HalIMX YCMOBUSAX OKa3alnCb He-
OCYLLeCTBUMBIMU.

Bnarogaps Tomy, 4To 0s04 nerko OTrOHSETCA M3 BOAHOrO pacTBopa, nep-
Bblil 3Tan He BCTpeyaeT TPYAHOCTeW; 2-1 1 3-i1 aTanbl TpebyrOT 60nee NOApPOGHOro
n3ydeHus. Pe3ynbTaTbl 3TUX UCC/ELOBaHUIA NPeACTaB/EHb! B HACTOSALLER paboTe.

A. MeTo4 KOHLEHTPUPOBaHWA W30TOMOB OCMUS 0Ge3 HOocUTens

HenTpoHHO-AeMUNTHBIE M30TOMbI OCMMS MOMyYalTCA B peakuusx rny6o-
KOro paclLUenieHns sgep 3010Ta NPOTOHaMK C 3Heprueid 660 MaB. 3aTem 30/10TO
(—2 rp) pacTBopsieTCs B LLAPCKON BOAKE W NPW HarpeBaHWW M30TOMbI OCMUSA Mepe-
FOHATCA BMeCTe C MapaMu K1CNOro BOAHOro pacTBopa U KoHAeHcupytoTes. O6beM
cocTaBnseT —10 M. M3 3TOro pactsopa M30TOrMbl OCMUS [O/KHbI BbITb CKOHLEH-
TpupoBaHbl B 06beme —0,1 M. 3TO OCYLLECTBAAETCA MO MeTody, pa3paboTaHHOMY
HamMu crnefytowmm 06pasom:

Mpu neperoHke M30TOMOB OCMUSA U3 LLAPCKOW BOAKWU NETYYME KOMMOHEHTI
MOrnoLaTCA YETbIPEXXI0PUCTLIM YINEPOAOM, OXNTaXKAaeMbIM Bofoi; —90% wu3o-
TOnoB ocMmusi Haxoautcs B CCl4. 3atem opraHuyeckas (pasa 0TAenseTcs oT obpa-
30BaBLUeNcsA BoAHON (hasbl M NPOMbIBaeTca pacTBopoM 1M Na2HP04ansa yaaneHus
Kucnotel. IMotepn ocmus npu npombieke —5%. CCl , neperoHseTcsa, Npuyem 13oTo-
Mbl OCMUSA KOMNMYECTBEHHO TOXE MEepexoiaT B AUCTUNNAT. V3 nocnefHero ocmuii
peakcTparnpyetca pacteopom 1 MNH (OH. Mocne aToro nponssogMTca ynapusa-
Hve pacTBopa npu gaeneHum —20 MM PTYTHOrO cTo/n6a B BOAAHOW 6GaHe A0CcyXa;
ONs TOro, 4tobbl NpU yrnapuMBaHUW pPacTBOP OCTaBasCA LUENOYHLIM, K HEMY npea-
BapuTenbHO gobasnsetcs —0,1 mn 0,001 M NaOH. Cyxoii ocTaToK pacTBopsieTcs
B —0,1 M/ BOAbI UM HYXXHOTO 3neKTposmTa. B aTom npenapate cogepxxutcs 70
80% ocmusa, 06pa3oBaBLLEroca Mpu 06/y4YeHUM 30/10Ta. Takoi .MeTog nosyyeHns
KOHLIeHTpaTa Mbl MCMO/b30BaIN BO BCEX HALUMX 3KCMEpUMEHTaX.

B. 2NeKTPoocaX/[eHue M30TOMOB OCMUS 683 HOCUTENs

OAHVM M3 NyYWnX MeTOAOB AN W3rOTOBNEHWS| 6GETa-UCTOUYHWMKOB M3 KOH-
LLeHTpaTa, MoMyYeHHOro BbILLIEONMUCAHHBIM 06Pa30M, NMO-BUAUMOMY SBNSETCS INEK-
TpoocaxaeHune. Beuay Toro, 4to B MTepaType Mano AaHHbIX MO 3/1EKTPOOCaxae-
HUKO M30TOMOB OCMMSl, BO3HMKNA HEOBXOAMMOCTb MOAPOGHOr0 UCCNefoBaHUs Ans
YCTaHOB/IEHUSI ONTUMa/bHbIX, C Halleii TOYKW 3PEHWs, YCNOBUI WU3rOTOBNEHWS
NCTOYHMKOB.
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3Kcnep|/||\neHTaanaﬂ 4acTb

a) SnekTponuTMuyeckas Aueiika M NOArOT 0BKA 3NEKT POAOB

B skcrnepuMmeHTax WCNo/nb30Banach KanuansipHasa sdeiika [3]. AHogom
CNy>una niatmHoeas Nposonoka Avametrpom 0,1 MM, KaTogomM  MPOBOJIOKA U3
cnnasa NiCr (mapka X20H80) anametpom 0,1 MM; aHOAbl U KaTOAbl MOrPYXanuch
B XPOMOBYIO CMeCb MpU6IN3NTENILHO Ha 1lyac, MOTOM 06MbIBA/IUCL ANCTUNNPOBAH-
Holi BOfOW. lNMepen HauasoM OMbITa KaTOA4bl MPOMbIBAIUCE X/10podopmMom. O6beM
pacTeopa B fdelike ~0,045 mn. NCTOYHMKOM TOKa chnyxuna 6artapes; BO Bpems
3M1eKTPONN3a TOK perynmpoBascs C NMoMoLLbIO peocTara.

6) MsoTon

B nccnegoBaHuax mcnonb3osanca usoton 180s, NoAyYeHHbIA BbiLIEONMCaH-
HbIM 00pa3oM M3 MULLIEHX 30/10Ta, 06/TyYeHHOI NPOTOHaMK C 3Heprueli 660 Mas,
KOTOpas BblfepXXuBanach B TeyeHne 30 aHei nepen 06paboTKOA.

B) PeakTusbl U pacTBOpbI

[ns u3rotoBneHWs pacTBOPOB-3/1EKTPONIMTOB WCMOJb30BA/IMC PEaKTUBbI
KBanudmKaumm Y. 4. a. 3HauyeHne pH pacTBOpOB yCTaHaBNAMBANOCh B KUCOM Ana-
Ma3oHe KWUCNOTOM, OTBEYAlOLLUEN KUCNOTHOMY KOMMOHEHTY COMW, WM YKCYCHOI
KUCNOTOM; B LLENOYHOM AMana3oHe aMMUakoM Wan KapboHaTOM HaTpusi. PacTBopsl
paguoocMus MPUroTOBASNNCH CNeAYHOLWMM 06pa3oM: 1Kanns pacTBopa, COfepKa-
was msoton IHDs 6Ge3 HocuTens, ynapmBanach Aocyxa Mpyv KOMHATHON Temnepa-
TYpe ¥ CyxOil OCTaTOK pacTBOPANCS B 38flaHHOM 3/IEKTPONNTE.

r) WamepeHne

PafMoakTMBHOCTbL M30TOMNa, BbIAENEHHOr0 Ha Katofe, Ha aHofe WM OocTaBLUe-
rocs B pacTBope M3mepsinacb OTAENbHO CUMHTMANAALMOHHBLIM cyeTumkom Nal(Tl)
C KONOALEM Mpu TenecHoM yrie ~ 4 n B OJUHaKOBbIX rEOMETPUYECKUX YCNOBUSAX.
Hawu faHHble ABNAKOTCA cpefHeapupMeTUYecKUMU Tpex napassiesibHblX OMbITOB;
OTHOCUTE/NbHOe CTaHAapTHOE OTK/IOHEHWe COCTaBNAeT 5%.

Pe3ynbTaTbl U 06CYXAEHMEe

C uenbto nosyyeHns o6LIMX CBEAEHWIA O NOBeAeHWU M30TONOB OocMus 6e3
HOCWUTENS NpY 3NeKTPONIN3E, UCCNE0BaI0Ch UX 3NIEKTPOOCAXKAEHNE U3 3/IEKTPONN-
TOB pasnnyHoro cocrtasa. Ansa npurotossieHns 0,1 M pacTBOpPOB-3/1EKTPOIUTOB
Oblny B3ATbl 24 CONMW; B KaueCcTBe KaTWOHa Opasncs HaTpuil UM aMMOHWIA, B Ka-
YecTBe aHWOHa 12 aHWMOHOB OpraHMYecKUX W HEOpPraHWyeckux Kucnot. (Itu
COMM YacTo CNy>KaT KOMMOHEeHTaMW 3N1EeKTPOUTOB MPU 3NEeKTPOOCAXKLEHUMN Me-
Tannos). Mpy 3TOM M3 KXKAOW COMM NPUTOTOBAAIUCL PAaCcTBOPLI C PasHbIM 3Ha-
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yeHnem pH. OcTanbHble YCNOBUA 3N1eKTPO/IM3a — 00bEM, 3M1EKTPOAbI, MAOTHOCTb
TOKa, BpewmA OblM OfIMHAKOBbIE. Pe3ynbTaTbl U3MePeHUit aaHbl B Tabn. 1 Mpu
3TOM YAWBASET TO, YTO HECMOTPS Ha 6/1aropofHbIA XapakTep 3/eMeHTa OCMUS, Bbl-
X0, 3N1EKTPOOCXKAEHUS ero 1U30TOMoB M3 60/IbLUMHCTBA PACTBOPOB HEBOMbLLUONM; OH
focTuraet waM HeMHoro npesbiwaeT 50% TONbKO M3 HEKOTOPbIX 3/1EKTPOINTOB.
3 pacTBOPOB IMMOHHOKUC/BIX U BUHHOKUC/IBIX COMEN BblAeNeHNst COBCEM HEe3Ha-
YnTeNbHbI. BbigeneHne mano 3aBUCUMT OT UCXOAHOrO 3HayeHUsa pH,* B cny4yae He-
KOTOPbIX 3N1eKTPO/IMTOB HabofaeTcs Of4HO3HAYHOE YMeHbLUeHWe BbIXOfa C YBe-
NimyeHnem pH.

B panbHeiwem wuccnefoBanach 3aBUCUMOCTb 31IEKTPOOCAXKAEHUA OT KOH-
LleHTpaLmy 3NeKTPOIMTOB, U3 KOTOPbIX BbIXO4 Npy KoHUeHTpauun 0,1 M gocturaet
~50% . Pe3ynbTaTbl N3MepeHWiA MOKa3aHbl Ha puc. 1. Kak BUAHO M3 pUCYHKa, Bbl-
[leneHre 3aBUCUT OT KOHLIEHTpaL WK, Npy 3TOM KPYBbIe MPOXOAAT Yepe3 MakCUMYyM.
B cnyyae yKCYCHOKMCNOro HaTpus MakCUMyMm HabnofaeTcs Mpu KOHLUeHTpauuu
0,05 M, a B cnyvae (hTOPUCTOro amMMOHUS npy 1,5—2 M. BbIxog npu makcu-
MyMax 3HauuTeneH W npesbiWaeT 75%.

Ha puc. 2 mnsobpaxeHbl Tpu (yHKLWOHaNbHbIX 3aBucumocTn. Kpuasi 1
[,aeT 3aBMCUMMOCTb BbIX0fa 3/1EKTPOOCAXKAEHNSA OT KOHLEHTpauun YKCYCHOW Kuc-
NOTbl MPW MOCTOSHHOW KOHLEHTpaLun YKCYCHOKUCNOro HaTpus, pasHoi 0,05 M
OnTuManbHas KOHUEeHTpaumsa pasHa 1 M. Kpuas 11 nsobpaxaeT 3aBUCUMOCTb
BbIX0Za OT KOHLEHTpaLun YKCYCHOKWUC/IOTO HAaTpPUA MpW MOCTOSHHON KOHLEHTpa-
LMW YKCYCHOW KMCNOTbI, paBHOW 1 M. ONTUManbHOM KOHUeHTpaumein sBnseTcs
Takxe 0,05 M (HenosHoe coBnafieHre ¢ COOTBETCTBEHHOW KPMBOM puc. 1 06bACHS-
eTCA pasHULEe KOHUEHTpauuii YKCYCHo KucnoTbl). Kpusasi 11l nokasbiBaeT 3a-
BUCMMOCTb BbIXOfa OT KOHLEeHTpauuu (TOPUCTOBOLOPOLHOM KWUCAOTbI NpU Mo-
CTOSIHHOW KOHLeHTpauuyn (TOpMCTOro aMMOHKs, paBHo 1,5 M. Mpu He6onbwmnx
KOHLUeHTpaumax HF BbIXo4 Mano M3MeHSETCH, a NPU KOHUeHTapuusax Bbiwe 0,2 M
BbIXO[ Majaer.

M3mepsanacb 1 3aBMCUMOCTb BbIXOAa OCaXKEHWUS OT CW/bl TOKA MpW COCTase
anektponuta 0,06 M CH3COONa + | M CH3COOH; pesynbTatbl MoOKas3aHbl Ha
puc. 3. Bbixof mMea/ieHHO BO3pacTaeT C YBE/IMYEHMEM CW/Ibl TOKA W JOCTUrAET Ha-
CbileHNs npy Toke oKono 10 MA; 3TO OTBe4yaeT MAOTHOCTM Toka 210 MA/cM2

Ha puc. 4 nokasaHa 3aBUCUMOCTb 3/IEKTPOOCAXAEHUA OCMUSA OT BPEMEHM
n3 pacteopa 0,06 M CH3OONa + 1 M CH3COOH npu nnotHoct Toka 210
MA/cM2 Kak BWAHO, NpoLecC BblAeNeHns ObICTPbIA, KpuBas pPe3ko NOAHUMAETCH;
BbIX0A 3a 30 MUH. AocTuraeT 75%, a B AanbHelilleM YBeNnyYeHe He6OMbLLIOE.

CnefyetT OTMETWUTb, YTO BbIJENEHNE W30TOMOB OCMUS Ha aHOAe He MpeBbl-
wano 2%.

CymMMUpysl BbllLeCKa3aHHble, MOXHO OTMeTUTb Clefytollee: CnocobHOCTb
M30TONOB OCMUA 6e3 HOCUTENA K 3NEKTPOOCAXKAEHUIO HeBeNMKa faxe npu Gnaro-

* 3-3a manoro o6bema n Heb6onblWw o GydepHOl eMKOCTU pacTBOpPOB pH, B 60NblINHCTBE
cnyyaeB, MEHAETCA BO BpeM$s 371eKTponun3a.
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Tabnuuya 1

JNeKTPoOCaXK JeEHVE N30T OMOB OCMMUSA 6G€3 HOCUT et U3 PA3HbIX 3NEKT PONUT OB

Katopg 13 NPOBOMIOKU NiCr; Tok 10 MA; Bpemsa anekTponmsa 25 MuH. Lindpbl B KONOHKaX
03HaYalT BbifeleHHOe Ha KaToAe KOAMYeCTBO M30TOMOB OCMWUA B NpOLeHTax

Avanason pH

1,5—3 3—5 5—7 7—9 9—11
01 M NaF 49 43 43 35
01 M NH4F 51 36 32 31
0,1 M NaCl 51 19 43 28 21
01 M NH4I 53 32 39 44 37
01 M NaBr 21 24 1 16 12
0,1 M NH4Br 43 14 14 16 12
01 M NaNo03 15 27 20 29 1
01 M NH,NO3 26 10 24 29 17
0,1 M NaClOj 16 24 20 26 17
01 M NH4C104 45 37 45 46 15
01 M Na2s04 25 34 22 29 25
01 M (NH4,50)4 40 35 47 34 32
01 M Na2HPO4 50 21 15 22 6
01 M (NH4HP()4 32 16 15 22 33
0,1 M NaSCN 14 7 7 10 12
0,1 M NH4SCN 27 6 6 12 5
0,1 M CHjCOONa 62 64 50 42
0,1 M CH3COONH4 44 17 18 7
0,1 M NaC00)2 23 39 33 31 32
0,1 M (NH4ZC00)2 54 50 47 40 26
01 M NaX4H®, 5 1 5 9 7
01 M (NH4X4H40e 3 3 5 1 2
01 M Na3C,H50, 2 5 4 7 6
01 M (NH4) HCnH5, 4 5 1 5 2

NPUATHBIX reOMeTPUYECKMX YCNOBUAX (OTHOLLIEHNE MOBEPXHOCTU KaTofa K 00bemy
pacTBopa Be/IMKO); YCNI0BUSA, NPU KOTOPbIX M30TOMbl OCMUS OCaXKAAKTCA Ha KaToje
C BbIXofoM > 75%, 3a 30 MWMH. ObIM HalifeHbl TO/IbKO Ha OCHOBE OOLLUMPHbIX MC-
cnefoBaHWiA.

Ha ocHOBe Hawmnx 3KCnepvMeHTaslbHbIX AaHHbIX 6OblU1 cO34aH METOL W3ro-
TOB/IEHUS UCTOYHUKOB W3/TyYEHUS HEMTPOHHO-AEPUUUTHBLIX U30TOMOB OCMUS 6e3
HOCUTENs 471 UX W3MEPeHUs Ha MarHWUTHbIX 6eTa-CreKTpoMeTpax W CreKTpo-
rpatax. NMpenapat M30TOMOB OCMUA MOSyYaeTCcsA Mo METOAY MyHKTa A ¢ TeM NnLLb
oTIN4YMeM, UYTO 06pPaboTKa MULLIEHN NMPOU3BOAUTCA BCKOPE MOC/e KOHLA 06/1yyeHns.
Mepen ynapuBaHvem K 1 M pactBopy NH4OH, cogeprkallemy M30TOMbI OCMUSA,
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pob6asnsetca —0,1 mn 2 M NH4F n ynapusaetcs go obbema —0,1 mn. JTOT pa-
CTBOP NepeHOCUTCA B AYEKY 31eKTponu3epa, onucaHHOro HoBropogosbiM 1 Ap.
[4]. 3T1a aueiika OTAMYAETCA OT OMMCAHHON Tem, YTO M3roTaB/MBaeTCs U3 Ted-

Puc. 7. 3aBMCUMOCTb 3/1€KTPOOCAXAEHNA M30TONOB OCMUA 6€3 HOCUTEeNs OT KOHLUeHTpauuu pas-
NUYHbIX coneii. Katogq — un3 nposonokn NiCr; Tok — 10 MA; Bpemsa 3anekTponunsza — 25 MUH.
ONaCl; « NHA4CIl; 0 CH3COONa; mCH3COONH4, n NaF; A NHA4F

Puc. 2. 3aBUCMMOCTb 3/IeKTPOOCAXAEHNA M30TONOB OCMUA 6e3 HOCUTens OT KOHLEeHTpauuin pas-
NUYHbIX anekTponutos. Katog — n3 nposonoku NiCr; Tok — 10 MA; Bpemsa anekTponusa — 25
MUH.

NOHa, a aHofOM CNYXWUT TOHKas MnaTMHOBas MNPOBOJ/IOKA, PacrofioXeHHas Ha
OHe fAdYeiikn. 3aTeM OMyCKaeTCs KaTopj NpoBOMOKa ToMWMHON 0,1 MM wam
tonbra wwupuHoii 0,4 0,6 mm 3 crnnaea NiCr, 3aKkpenfiieHHas B pamMkKe [0
COMPMKOCHOBEHUA KaToda C MOBEPXHOCTbIO pacTBoOpa, W BeAeTCH 3NeKTPOSU3
npu nnoTHocTn Toka —200 MA/cMm2 B TedeHme 20—30 MuH. 65—75% M30TOMNOB
ocMus 6e3 HOCUTeNs ocaXKaaeTcsl Ha KaTtof.

Cnoi ocaxeHHbIX U30TOMOB TOHKMIA; 063TOM CBUAETE/ILCTBYET TOT (aKT, UTO
npy U3MEPEHUN 3HEPTUM KOHBEPCUMOHHbLIX 3/1EKTPOHOB C WUCMO/b30BAHWEM 3TUX
MCTOYHMKOB pa3peLLeHmne No 3Heprum He npesbiwaet 6onee 20% nprbopHOro.
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Puc. 3. 3aBMCMMOCTb 3/1€KTPOOCAXAEHUA N30TONOB oCMUA 6e3 HoCcUTens OT cunbl Toka. Katop
— un3 nposonokn NiCr; anektpoant — 0,056 M CH3COONa + *M CHACOOH; Bpemsa anekTpo-
nmsa — 25 MUuH.

BPEMA, M/H.

Puc. 4. 3aBUCUMOCTb 31€KTPOOCAX/AEHNSA M30TONOB OCMUA 6e3 HOCUTEeNs OT BPEMEHU 3NeKTpo-
nunsa. Katog - u3 nposonoku NiCr; Tok 10 MA; anektponut — 0,05 M CH;CO()Na -f 1 M
CH3COOH

Ssummary

A new. method for the concentration of carrier-free osmium isotopes to a small volume
has been developed.

The dependence of the electrolytic precipitation of these isotopes on the composition
of the electrolyte, on current density and on the time of electrolysis has been investigated.

On the basis of experimental results, methods have been developed, by means of which
radiation sources of osmium isotopes with neutron deficit are prepared for purposes of nuclear
spectroscopic measurements.
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3-Substituted nortropan-3-ol derivatives have been prepared by reaction of
N-ethoxycarbonylnortropinone with Grignard reagents. Such compounds are inacces-
sible in other ways, e.g. by reaction of tropinone with Grignard reagents. The carba-
mate moiety of the molecule remains intact during reaction with RMgX. Further evi-
dence has been presented for the stereoselectivity of the reaction between tropinone or
N-ethoxycarbonylnortropinone and RMgX to give the pure axial-OH stereoisomer.

The dealkylation reaction described by von Braun [1] was modified
a few years later. Accordingly, ethyl chloroformate was used instead of cyano-
gen bromide [2]. This variant of the procedure is considerably more suitable
in synthetic work than the original one. Reaction of a tertiary amine (I) with
ethyl chloroformate (Il) gives a substituted urethan (IIl), which affords a
secondary amine (IV) on hydrolysis.

Ko\ R,
R. N 4- ClI- COOF.t N COOEt
H/ R,
| 11 11
hydrolysis R\
-COO Et nN - H + CO* ; EtOH

R »/

v

The modified von Braun dealkylation procedure is particularly suitable
for the removal of small alkyl groups from nitrogen, e.g. for the déméthylation
of tropane derivatives. According to Gadamer and Knoch [3] the piperidine,
pyrrolidine and tetrahydroquinoline ring-systems are stable towards ethyl
chloroformate.

The procedure was also employed in 1966 [4] for the large-scale pro-
duction of nortropane. Reaction of tropane (V) and ethyl chloroformate gave
N-ethoxycarbonylnortropane (VI) in 90% vyield, which on hydrolysis with
hydrochloric acid yielded nortropane (VII) in almost quantitative yield.
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In addition to the high yield (by means of the cyanogen bromide pro-
cedure yields as low as 20% could only be achieved [5]), another advantage
of the method is that it gives pure product, in which even thin-layer chro-
matography failed to detect contaminations. Methods based on oxidation
afford highly contaminated products only.

In the present work. N-ethoxycarhonydnortropinone (1X) was prepared
from tropinone (VIII), in the course of an examination of the reaction between
the latter and Grignard reagent.

Kt Qo<i—

(1 0 (1Ll
benzene 5

>

N-Ethoxycarbonylnortropinone reacts with Grignard-reagents and in
this way the preparation of a number of 3-substituted N-ethoxycarbonyl-
nortropan-3-ol derivatives (X) is possible. In these reactions it could be proved
unambiguously that the carbamate moiety of the molecule remained intact,
and the Grignard-reagent reacted selecti\'ely with the carbonyl group.

The reaction of tropinone with Grignard reagent was examined some
twenty years ago by Adamson [6]. He treated tropinone with phenylmagne-
sium bromide to obtain 3-phenyltropan-3-ol, but the yield was poor and the
steric structure of the product was not reported. The same compound was
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prepared in better yield by Cope and D’Addieco, using phenyllithium in-
stead of phenylmagnesium bromide. The product had a characteristic sharp
melting point [7]. On the basis of infrared spectroscopic evidence, Archer
stated in 1954 that the steric structure of the product was analogous to that
of tropine [8], i.e. the hydroxyl group was present in x-orientation. This

Table 1

3-Substituted nortropan-3-ols and tropan-3-ols (X1)

No. R R Mp., °c B.p. °C Yiojld' Ref.
9 (]

| CH3 phenyl 161.5-2.5 - 5-10 [A 7]

2 CH1 benzyl 140 — 1 —

3 COOEt benzyl 108-110 — 50 —

4 CH; p-chlorophenyl 188-191 — 7 —

5 COOEt CH) 8~ 88 145-8 32 —
(6 torr)

6 COOEt ethyl 101-102 33 —
(0.02 torr)

7 COOEt propyl — 124-125 23 —
(0.05 torr)

H CHS ethynyl 162 13 [91

9 CH3 ethyl ? y y [9]

proved the stereoselectivity of the reaction between tropinone and Grignard
reagent, which may be caused, inter alia, by steric hindrance.

In 1963, Micovic [9] treated tropinone with acetylene in the presence
of potassium 2-methyl-2-butoxide to obtain 3-ethynyltropan-3-ol in 13%
yield. The steric structure of the product was considered analogous to that of
tropine, the other isomer could not be isolated. Hydrogenation afforded 3-ethyl-
tropan-3a-ol (cf. Table I).

The stereoselectivity of the reaction has raised the question, whether a
reduction of the space requirement of the Grignard reagent would permit the
formation of the /1-isomer, as well. In our experiments tropinone was reacted
with methyl- and ethylmagnesium iodide in ether, tetrahydrofuran and xylene.
These attempts failed, and unchanged tropinone could be isolated in all cases.
Presumably the failure was caused by the formation of a highly insoluble
adduct of the Grignard reagent with the tertiary amino group, which prevented
the reaction even when a manifold excess of the reagent was used.

In contrast to tropinone, N-ethoxycarbonylnortropinone is not basic,
it does not give an adduct with the Grignard reagent, and has proved suitable
for the preparation of 3-substituted tropan-3x-ols, which are hardly acces-
sible in other ways, if at all.
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Table | shows that, as compared with 3-benzyltropan-3a-ol, 3-benzyl-N-
ethoxycarbonylnortropan-3-ol can be prepared in a considerably higher yield,
without any change in the carbamate moiety of the molecule. This statement
has been unambiguously confirmed by the elemental analyses and the infrared
spectroscopic data. 3-Methyl-N-ethoxycarbonylnortropane-3oc-ol, a compound
related to 3-methyltropan-3a-ol, inaccessible by Grignard reaction, was ob-
tained in good yield.

Like the corresponding 3-substituted tropan-3a-ols, the 3-substituted
N-ethoxycarbonylnortropan-3-ols showed sharp melting and boiling points
and proved to be stereohomogeneous products.

As far as one accepts that the rarely successful reaction of tropinone
with a Grignard reagent gives rise stereoselectively to the pure 3-substituted
tropan-3z-ol isomer, one may also presume that the steric orientation of the
hydroxyl group is axial in our new nortropine derivatives, too. In one case
this assumption has been proved preparatively. Namely, the reaction of
3-benzyltropine (XII) with ethyl chloroformate and that of ethoxycarbonyl-
nortropinone with benzylmagnesium chloride afforded the same product
(XT111).

Attempt was made in every case to isolate the other stereoisomeric prod-
uct containing the hydroxyl group in equatorial position, but it never succeed-
ed. The amount of tropinone or N-ethoxycarbonylnortropinone recovered also
suggested that this isomer did not form at all. Therefore, the reactions of tro-
pinone and N-ethoxycarbonylnortropinone with Grignard reagents appear
to be stereoselective. Thin-layer chromatographic analysis also indicated that
the isolated tertiary alcohols were homogeneous products.

Acta Chim. Acad. Sei. Hung. 68, 1971



FISCHER, MIKITE: DEMETHYLATION PROCEDURE, 257

Experimental

N-Ethoxycarbonylnortropinone (I1X)

A solution of 570 ml of ethyl chloroformate in 350 ml of benzene was added dropwise
with stirring during 2 hrs. to a boiling solution of 278 g (2.0 moles) of tropinone in 350 ml of
abs. benzene, and the mixture was refluxed for a further 3—4 hrs., when tropinone methochlor-
ide began to deposit (20 30 g). The solution was washed with 100 ml of 10% acetic acid and
200 ml of water, dried over anhydrous Na.,SO, and evaporated in vacuum. Fractional distilla-
tion of the residue (388 g) gave 320 g (82%) of IX. !>., 118 -122 °C.

CIOH i;iNO3 (197.24). Calcd. C 60.89: H 7.67; N7.10. Found C 60.95: H 7.72; N 7.05%.

3-Benzyltropine (XI1; cf. Table I, No. 2)

A solution of 90.0 g (0.65 mole) tropinone in 200 ml of abs. ether was added dropwise
with stirring and cooling to a Grignard reagent prepared as usual from 19.0 g (0.78 mole) Mg
turnings and 90.0 ml (0.77 mole) benzyl chloride in 280 ml of abs. ether. A voluminous pre-
cipitate deposited immediately. The mixture was refluxed for 2 hrs. with stirring, cooled and
filtered. Decomposition of the organometallic halide was effected by adding a solution of 80 g
Na2C03in 600 ml of water with stirring in about 1 hr. at room temperature. The obtained in-
organic precipitate was removed by filtration, and the filtrate extracted with chloroform. The
organic phase was dried and evaporated in vacuum and the residue fractionated to give 50.0 g
of tropinone at 85 °C and 5 mm. The residue was treated with acetone to give white crystals,
which were collected and washed with acetone. The crude product (16.0 g; 11%) melted at
140 °C. Recrystallization from petroleum ether did not raise the m.p. Thin-layer chromato-
graphic analysis (adsorbent: Kieselgel GF251: solvent: benzene ethanol-25% NH,OH (80 :20 : 1),
visualization with KMnO, in cone. H2SO, or in UV light) revealed the presence of one sub-
stance only, Rf 0.09.

CI5H2INO (231.34). Calcd. C 77.88; H 9.15; N 6.06. Found C77.35; H. 9.24; IN 5.95%.
The HC1 salt melted at 195 196 °C (deposited in acetone): the HBr salt melted at 181 184 °C
(deposited in acetone): the infrared spectrum of the HBr salt had the following characteristic
absorption bands:

vC -O(H): 1047¢ m 1
i-O—H: 3180 cm 1
—C: 708 cnlC 1 (monosubstituted aromatic out-of-plane bending band)

The picrate was precipitated from alcohol and it melted at 159 161 °C; the methiodide (from
acetone) had m.p. 222—224 °C.

The O-acetyl derivative was prepared by refluxing 3-benzyltropine hydrochloride with
acetyl chloride for 5 hrs. to give 3-benzyl-3-acetoxytropane hydrochloride, from which the
base was liberated as usual, m.p. 109— 111 °C.

CI7TH23N 02 (273.38). Calcd. C 74.69: H 8.84; N 5.12. Found C74.65: H 8.24: N 5.35%.
The infrared spectrum had the following characteristic absorption bands:

tC O(Ac): 1045 cm-1
vC=0: 1710 cm*“ 1(ketone)
;-C—C: 705 cnl 1(cf. above)

The hydrochloride melted at 240 °C (from chloroform petroleum ether); the methiodide was
precipitated from acetone, m.p. 222 223 °C.

3-(p-Chlorophenyl)tropine (cf. Table I, No. 4)

A Grignard reagent prepared from 46.5 g (0.25 mole) of p-chlorobromobenzene and 6.1 g
(0.25 mole) of magnesium turnings in 150 ml of abs. ether in the usual way was reacted with
10 g (0.07 mole) of tropinone just as in the case of 3-benzyltropine. The distillation residue was
treated with petroleum ether to precipitate the product (1.2 g; 7%), m.p. 188— 191 C.

C14H 18CINO (251.76). Calcd. C 66.79: H 7.21; N 5.56; Cl 14.08. Found C 66.51: H 7.08;
N 5.35; Cl 13.65%.
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N-Ethoxycarbonyl-3-benzylnortropine (XI1I1; cf. Table I, No. 3)

A Grignard reagent prepared from 63.5 ml of benzyl chloride and 15 g magnesium in
450 ml of abs. ether was added to a refluxing solution of 98.5 g (0.50 mole) of N-ethoxycarbo-
nylnortropinone in 250 ml of abs. ether. The heterogeneous, white mixture was refluxed for
2 hrs. and allowed to stand overnight. The mixture was filtered, the filtrate treated with a so-
lution of 90 g ammonium chloride in 500 ml of water, and then extracted with chloroform.
The organic phase was dried, the solvent removed, and the residue heated in vacuum to distil
out 9.0 g of the starting material at 110 °C and 1 mm. The residue was mixed with 30 ml of
acetone to obtain 55.0 g white, crystalline product m.p. 109 110 °C. A further 12.0 g of the
product with the same m.p. could be isolated from the mother liquor, corresponding to 47%
overall yield. Thin-layer chromatography, under conditions identical with those described
for XI1I, showed the product homogeneous, Rf 0.67.

CITH23N 03(289.38). Calcd. C 70.56; H 8.01; N 4.64%. Found C 70.56; H 8.31; N 4.62%.
The data of elemental analysis exclude the possibility of the following two carboxamide struc-
tures:

The infrared spectrum contained the following characteristic absorption bands:
vC—O(H): 1050 cm-1

vC=0: 1675 cm-1 (urethan)
yC—C: 705 cm-1 (cf. above)

N-Ethoxycarbonyl-3-alkylnortropines

X1; where Rx= methyl, ethyl, propyl, cf. Table I, Nos 5, 6, 7)
These compounds were prepared similarly Ato N-ethoxycarbonyl-3-benzylnortropine.
Their physical constants and the yields of preparation are summarized in Table I.

R—N

Xl

The 3-ethyl and 3-propyl derivatives are pale yellow oils, while N-ethoxycarhonyl-3-
methylnortropine crystallized after distillation. After crystallization from petroleum ether
it had m.p. 83—87 °C.

The authors are indebted to the United Works for Pharmaceutical and Dietetic Products
for financial support of this work, to Dr. J. Rakoczi, C. Sc. for discussions, and to Dr. L. Buda
for the microanalyses and IR spectra.
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Nortropinone was prepared from tropinone in high yield by a modified von Braun
déméthylation procedure. In the first step tropinone was converted to its ethylene
ketal, then this protected derivative reacted with ethyl chloroformate to give nor-
tropinone ethylene ketal, and finally the protecting group was removed in almost
quantitative yield by hydrolysis with 10% hydrochloric acid. The cyclic ketals of tropin-
one and nortropinone are stable, in contrast to the parent compounds.

Nortropinone was first synthesized by Wiltlstatter [1] in 1896. The
procedure consisted of the following steps: oxidation of tropine (I) with alka-
line permanganate gave nortropine in 50% vyield, which was converted to
nortropine carbamate (M) with carbon dioxide, and isolated in this form.
Chromic acid oxidation of Il afforded nortropinone (l11), a material unstable to
air; it was hygroscopic and absorbed carbon dioxide. The yield of this final
step was not given.

In 1927 Polonowski [2] oxidized tropinone (IV) with 30% hydrogen
peroxide to tropinone oxide (V), which on treatment with acetic anhydride
at o °C afforded acetylnortropinone (VI) in poor yield. Acid hydrolysis of VI
gave nortropinone hydrochloride, m.p. 201 °C, identical with that reported
by Willstatter.

A new and different approach was reported by Japanese researchers
(Shimizu and Uchimaru) in 1961 [3]. This procedure consisted ofa Robinson
Schopf condensation with the modification that ammonium chloride was em-
ployed instead of methylamine. The yield was 4£%.
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In the present work the modified von Braun déméthylation procedure
using ethyl chloroformate was employed, which has been found by us [4] and
others [5] very suitable for the preparation of nortropane and its derivatives.
In the first series of experiments the hydrolysis of N-ethoxycarbonylnortropin-
one (VIII) was attempted according to the reaction scheme:

However, this approach failed to give satisfactory results, since the start-
ing material decomposed under the conditions of both acidic and alkaline hy-
drolysis. Therefore, in the next series of experiments the carbonyl group was
protected by means of transformation to a cyclic ketal. Such protected de-
rivatives may easily be prepared by reaction of the corresponding oxo com-
pound, e.g. tropinone, with various diols, such as ethylene glycol, glycerol, or
1,3-propanediol. The cyclic ketals prepared by us are listed in Table I. How-
ever. the cyclic ethylene ketal of N-ethoxycarbonyl-nortropinone (XII) could
not be prepared from VIII* (this was only possible by starting with tropinone
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anti using reversed order of the reacting Steps). The ketal formation is shown
by the scheme:

OTs®

Accordingly, tropinone was converted to the p-toluenesulfonate salt
with excess toluenesulfonic acid monohydrate, the excess being taken to act
as acid catalyst in the next step. The reaction with ethylene glycol was per-
formed in benzene solution by continuous removal of the water formed by
azeotropic distillation. In this way tropinone ethylene ketal (XI) was obtained
in 80% vyield. Isolation of tropinone ethylene ketal (XI) in pure form, free
of tropinone contaminations, necessitated the isolation of the tropinone ethyl-
ene ketal tosylate salt (X) intermediary product and its purification to remove
any tropinone tosylate salt (IX). This purification can simply be effected by
washing with acetone. Omission of this step resulted in each case in a contam-
ination of the product (XI) by tropinone, as the two compounds could not be
completely separated by fractional distillation.

Failure of the ketal forming reaction of N-ethoxycarbonylnortropinone
is presumably due to solubility factors. Ethylene glycol and benzene give a
heterogeneous system. Tropinone tosylate partially dissolves in ethylene gly-
col, while N-ethoxycarbonylnortropinone accumulates in the benzene phase
and is out of contact with ethylene glycol.

In the next step, tropinone ethylene ketal was transformed with ethyl
chloroformate to N-ethoxycarbonylnortropinone ethylene ketal (XIII). Al-
kaline hydrolysis of XIIl in ethanol at elevated temperature yielded nor-
tropinone ethylene ketal (XIV), which was hydrolyzed with 10%, hydrochloric
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acid in the concluding step of the reaction sequence to give the desired nor-
tropinone in form of its hydrochloride salt.

The following scheme shows the reaction sequence with indication of
the vyields:

Other cyclic ketals prepared in this work are listed in Table I. These
were obtained similarly to the ethylene ketal derivative. Tropinone glycerol
ketal prepared by this method was found to be a mixture of two isomers. No
attempt has been made to separate the isomers.

Experimental

Tropinone ethylene ketal (XI; cf. Table I, No. 1)

349.3 g (1.84 moles) of p-toluenesulfonic acid monohydrate was added with stirring
and cooling to a solution of 234.0 g (1.68 moles) of tropinone in 1 1of benzene. Subsequently
104.5 g (95 ml; 1.68 moles) of ethylene glycol was added and the mixture heated with stir-
ring (bath temperature 120— 130 °C) for 10—12 hrs. with continuous removal, by azeotropic
distillation of the water formed (65—70 ml). The mixture was then allowed to cool, the crys-
tals which deposited were collected by filtration, suspended in 1 1of acetone, stirred 1 hr. at
room temperature and filtered. The dry product, tropinone ethylene ketal tosylate salt weighed
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545 g (91%), m.p. 168—169 °C. It was dissolved in 11 times its weight of water and treated
with an equivalent amount of NaOH solution with cooling. The base liberated was extracted
with chloroform, the extract dried over anhydrous magnesium sulfate and the solvent removed
in vacuum. The residue was fractionated in vacuum to give 242 g (79%) of tropinone ethylene
ketal, b.p. 99 100 °C at 6 torr, a colourless, odourless liquid, stable to air on storage (neither
colouration nor decomposition, in contrast to tropinone itself); ni> — 1.4920.

CtoH 1N 02 (183.25). Calcd. C 65.55; H 9.35; N 7.64. Found C 65.13; H 9.82; N 7.61%.

The infrared spectrum possessed no rC= 0 band, accordingly the product was free even
of traces of tropinone. The following derivatives were prepared: methiodide (from acetone),
m.p. 176—177 °C; tosylate (the intermediary product, cf. above), m.p. 168— 169 °C; hydro-
chloride (from chloroform), m.p. 237—239 °C; picrate (from ethanol), m.p. 199—201 °C.

Table 1
Cyclic ketals of tropinone (XII)

No. R R, n B.p., °Cltorr M.p.,°c
| CH3 H 1 99—100/6 -
2 COOKt H 1 105—106/0.2 61
3 CH3 CH20H 1 118-120/1 —
4 COOEt CH20 —C—Ph 1 199-202/0.08 88 90
5 CH3 n 2 128-130/7 .-
0 COOEt H 2 122-123/2 —
7 H H 1 118  122/5 —
8 H H 2 97-101/4 —

Tropinone 1,3-propylene ketal (cf. Table I, No. 5)

139 g (1 mole) of tropinone was treated with 209 g of p-toluenesulfonic acid monohy-
drate in 500 ml of benzene as above, and the salt solution was heated with 91 g (86 ml) of 1,3-
propanediol with stirring and heating for 10 hrs., until about 40 ml of water collected in the
separator. The benzene was evaporated in vacuum, the residue treated with 50 g of NaOH,
the free base extracted with chloroform, and the extract worked up as in the preceding case
to give 85 g (44%) of the product, b.p. 128— 130 °C at 7 torr; nn° — 1.4972.

CuHlaNO, (197.28). Calcd. C 66.97; H 9.71; N 7.10. Found C 66.53; Il 9.69; N 7.15°,,.
The hydrochloride melted at 201 202 °C, the tosylate at 109—111 °C (from acetone).

Tropinone glycerol ketal (cf. Table I, No. 3)

It was prepared similarly to tropinone 1,3-propylene ketal in about50% vyield; the prod-
uct had b.p. 118—120 °C at 1 torr.

The methotosylate melted at 156— 158 °C (from acetone); the benzoate hydrochloride
had m.p. 207 °C.

N-Ethoxycarboiiylnortropiuone ethylene ketal (XII1) (cf. Table I, No. 2)

100.0 g (0.55 mole) of tropinone ethylene ketal was dissolved in 130 ml of abs. benzene,
a solution of 156 ml of ethyl chloroformate in 120 ml of benzene was added dropwise with
stirring at reflux temperature, and the reaction mixture was stirred and refluxed until gas
evolution (CH3Cl) ceased. After standing overnight at room temperature, the mixture was
filtered, the filtrate washed with three 40 ml portions of 10% aqueous acetic acid and two 40 ml
portions of water, and dried. The solvent was removed in vacuum and the residue fractionated
to give 105 g (80%) of the product, b.p; 105—106 °C at 0.2 torr. The distillate solidified on
standing, m.p. 61 °C.

CI12H )9NO, (241.29). Caled. C 59.75; H 7.89; N 5.90. Found C 60.06; H 7.76; N 6.05%.
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N-Ethoxycarbonylnortropinone 1,3-propylene ketal (cf. Table I, No. 6)

It was prepared similarly to XIIlI in 60% yield; colourless liquid, b.p. 122—132° C
at 2 torr.

N-Ethoxycarbonylnortropinone glycerol ketal benzoate (cf. Table I, No. 4)

Tropinone glycerol ketal benzoate was liberated from its hydrochloride salt and reacted
with ethyl chloroformate as above. The product was obtained in 65% yield, b.p. 199—200 °C
at 0.08 torr.

C20H2NOe (375.43). Calcd. C63.99; H 6.71; N 3.73. Found C63.99; H 7.10; N 3.50%.

Nortropinone 1,3-propylene ketal (cf. Table I, No. 8)

26.8 g (0.105 mole) of N-ethoxycarbonylnortropinone 1,3-propylene ketal was treated
with a solutiofi of 22.4 g (0.40 mole) of potassium hydroxide in 100 ml of ethanol at room tem-
perature, and the mixture was subsequently refluxed for 7 hrs. After cooling 5.7 g of potas-
sium carbonate was separated by filtration. The filtrate was neutralized to pH 6 with 1:3
hydrochloric acid, and the solvent removed in vacuo. The residue was treated with 80 ml of
10% NaOH solution and the free base extracted with three 100 ml portions of chloroform.
The organic phase was dried over anhydrous sodium sulfate and evaporated. The residue (28.0 g)
was fractionated in vacuum to give 12.1 g (63%) of the product, b.p. 97—101 °C at 4 torr.
The fumarate salt had m.p. 192 193 °C (from ethanol).

C14H2IN 06(299.33). Calcd. C56.18; H 7.07; N 4.68%. Found C55.90: H 7.42; N 4.59%.

Nortropinone ethylene ketal (XIV; cf. Table I, No. 7)

It was prepared similarly to the 1,3-propylene ketal (cf. preceding compound) but
obtainable in higher yield; b.p. 118—122 °C at 5 torr. The hydrochloride salt was precipitated
from chloroform-ether, m.p. 196—198 °C; the fumarate salt was prepared in ethanol, m.p.
194 196 °C.

Ci3HIIN 06 (285.30). C54.73; H 6.71; N 4.91. Found C 54.94; H 7.02; N 5.13%.

Nortropinone hydrochloride (VII)

1.0 g (0.005 mole) of nortropinone ethylene ketal hydrochloride was treated with 20 ml
of 12% HC1 and kept at 85 °C for 1 hr. The solution was concentrated in vacuum to give a
yellow oil, which crystallized on trituration with acetone. The crystals were filtered off at
0 °C, washed with acetone and dried to give a white crystalline product, m.p. 199—201 °C
(lit. m.p. 201 °C [1]).

The infrared spectrum contained a rC= 0 (ketone) band at 1725 cm 1 (no such band
was detected in the starting material). Mixed m.p. with nortropinone ethylene ketal hydro-
chloride: 153—158 °C.

*

The authors are indebted to the United Works for Pharmaceutical and Dietetic Prod-
ucts for financial support of this work, to Dr. J. Rakéczi, C. Sc. for his valuable comments,
and to Dr. L. Buda for the microanalyses.
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The thermal dissociation of diphenylurea and its symmetrically substituted
derivatives was studied in solvents of the aliphatic carboxylic acid and alcohol type.
The decomposition was found to be a first order reaction in perchloric acid containing
acetic acid or cyclohexanol; the formation of the activated complex takes place by
means of intermolecular protonation. In cyclohexanol as solvent, consecutive reactions
producing urethane should also be considered. The authors give the exact solution of
the rate equation providing a useful guide for further investigations.

Introduction

In the production of aromatic isocyanates the formation of diarylureas
is an inevitable side reaction. Even a high excess of phosgene cannot prevent
the reaction of the primary product, carbamic acid chloride — in fact, iso-
cyanate obtained from it by loss of hydrochloric acid — with the amine present,
producing diarylureas. This process should be minimized, since diarylureas
can be converted to isocyanate only very slowly even under vigorous con-
ditions.

According to the literature data, treatment of N,N'-diarylureas with
phosgene results in the formation of two moles of isocyanate and two moles
of hydrochloric acid [1]. As demonstrated by the experiments carried out
by Eckenroth [2], the reaction of N,N'-diphenylurea with phosgene takes
place only at temperatures higher than 150 °C, i.e. after dissociation of the
urea to aniline and phenylisocyanate; thus aniline and phosgene are the two
compounds actually involved in the reaction.

C,Hs NH —CO-NH —CeHs CcHS5NCO CeHsNH,,

C,HsNH, -I-COC1, » CeH3NCO 2HC1

The fact that on heating substituted arylureas decompose to isocyanate
and amine is supported by several papers [3, 4]. Bennett [5] observed the
formation of phenylisocyanate and obtained aniline hydrochloride in nearly
guantitative yield on cooling the evaporated diphenylurea in the presence
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of gaseous hydrochloric acid (this prevents recombination of the decomposi-
tion products). The experiments reported by Iwakura [6] also prove the ex-
istence of two different decomposition products; the heating of di-p-phenethyl-
ureas in aliphatic alcohols results in the formation of the corresponding ure-
thane, while the same procedure in acetic anhydride produces phenacetine,
proving the formation of aniline.

Thus, the contribution of thermal dissociation to the process seems to
be proved, however, the assumption of no direct reaction between arylureas
and phosgene should yet be verified. First of all, the mechanism of the ther-
mal dissociation should be elucidated, since the literature data regarding this
subject are scarce and rather contradictory.

H oshino [7] and Errington [8] etal. studied the kinetics of dissociation
in aliphatic fatty acids. In their opinion the activated complex is formed via
tautomerism and subsequent proton migration.

Ar NH-CO-NH-ATr Ar-N C-NH-ATr Ar N

OH
| 11 11

— ArNCO ArNH,

In carboxylic acid type solvents, recombination of the dissociated prod-
ucts cannot take place because of the formation of anilides in reactions with
the isocyanate, and salt formation by the aniline:

Ar-NCO R-COOH — Ar-iNH—C-0-C-R — Ar NH -CO R CO,
il i
o] 0
The formation of activated complex (Il11) seems likely, since — with
one or more phenyl groups attached to the nitrogen atom — a conjugated

system can develop, resulting in an increased strength of the bonds in the
activated complex.

Tautomerism involves an intramolecular proton exchange, thus the
basicity of nitrogen atoms in urea is the most important factor with respect
to the occurrence of the reaction. According to the experiments carried out
by Ei1rington et al.,, the activation energy of N,N'-dimethylurea is higher
than that of N,N'-diphenylurea. This is evident in view of the resonance effect
of the phenyl group in the tautomer formed from diphenylurea, accounting
for the easier proton transfer in this case than in dimethylurea having a more
basic nature; the more stable transition complex has a more pronounced pro-
moting effect on the reaction. The activation energy of N,N'-dimethylurea
is considerably lower than that of the corresponding symmetrical compound
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and somewhat lower than that of N,N'-diphenylurea. Since here one of the
nitrogens is a weaker, the other a stronger nucleophilic character than that
observed in the symmetrical urea, in this case proton migration takes place
more easily. On the other hand, the comparison of the activation energies with
that of diphenylurea indicates overcompensation of the resonance effect,
promoting the formation of tautomer (Il1) by easier proton uptake by the more
basic nitrogen atom.

The authors’ purpose was to investigate whether or not the explanation
of the decomposition process in acidic solvents by intramolecular proton mi-
gration is acceptable.

R COOH Ar NH CO-NH Ar - R cCOO Ar A H -? (¢} Ar-NH, -

-H®
-—-—5 Ar -NCO + Ar NH,

Though Hosiimo [9] refers to the possibility of a reaction scheme in-
volving general acid catalysis. Mukaiyama [10], studying the dissociation
of various alkylureas in acids of different strength, found the sequence of the
rate constants inconsistent with that of the acidities, thus the concept of gen-
eral acid catalysis cannot be accepted. According to the latter author in view
of the experimental conditions ensuring a minimum carboxylic acid to urea
ratio of 50 : 1, the existence of an intermediate containing two carboxylic
acid and one urea molecule can reasonably be assumed. One of the acid mo-
lecules behaves as a proton donor, the other being a proton acceptor:

K 0
\n. 1 n
N—C—N— It
" J
V—M I— 1 > ti I =
1] i
0 0 <> f
<—n 1
/
) HO
oll
h/
K—\||], + IKt—NCO + R—I + H <.(ton
oll

This concept is more or less applicable for interpretation of the solvent
effect, though the lowr and high values of rate constants measured in benzoic
acid and phenylacetic acid, respectively, can hardly be due to the slight dif-
ference in acidity between the two acids or to the greater space requirement
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of the benzoic acid molecule. Also Mukaiyama suggested that the basicities
of the nitrogen atoms in urea should be responsible for the substituent effect,
which is thus governed by the proton acceptor and proton donor abilities of
the nitrogens.

In our experimental work, the dissociation of symmetrically substituted
diaryl ureas was investigated. In this case the nucleophilicity of the nitrogen
atoms is identical, thus a kinetic study can decide whether protonation or
deprotonation is the rate-determining process in the decomposition. Our ex-
periments were carried out in solvents of the fatty acid and alcohol type in
order to evaluate both of the above described mechanisms.

Experimental in acid solvent

A nearly identical method was used by all authors to follow the decom-
position process in fatty acids, viz. the amount of carbon dioxide evolved in
the reaction of the acid with the isocyanate formed was measured volumetri-
cally or by a gravimetric method, determining the amount of barium carbonate
precipitated after bubbling the gas through a barium hydroxide solution
[7, 8, 9]. We found it easier to follow the reaction by measurement of the
quantity of amine present, therefore a standardized perchloric acid solution
in glacial acetic acid was used, in which the amine forms a perchlorate salt.
The excess acid was back-titrated with tributylamine in benzene solution [11].

Upon plotting the logarithm of the actual concentration of urea as a
function of time, a straight line was obtained in each case, its slope being in-
dependent of the initial concentration of urea and perchloric acid. This is
consistent with the literature data, confirming the first order character of
the dissociation process in acetic acid.

The results are summarized in Table I.

Strikingly, the value of the activation energy calculated from the meas-
ured data for diphenylurea is significantly lower than that reported by
Hoshino (36.2 kcal/mole). This can easily be understood when considering
the stronger proton donor character of glacial acetic containing perchloric
acid, with unchanged proton acceptor properties as compared to glacial acetic
acid itself, thus the energetic conditions are more favourable for the formation
of the activated complex. The insignificant differences in the rate constant
indicate complete absence of acid catalytic effects on the dissociation process.

In order to demonstrate the solvent effect, a less acidic solvent — thus
having more pronounced proton acceptor properties — was used instead of
acetic acid. Cyclohexanol was chosen for this purpose. This alcohol has a suffi-
ciently high boiling point, does not undergo decomposition at the temperature
of the measurements and does not react with perchloric acid. N,N'-diphenyl-
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urea was the only compound investigated in cyclohexanol containing perchlo-
ric acid; its decomposition was found to be a first order reaction. Experimental
and calculated kinetic data are given in Table I1I.

Table |
KX 10z(min ') ET
C,...-ea Cn. Heto«
R—NH—CO—NH R mole/l mole/l 1000c® 105.0 °C 108.0 C° Ir(ncoalle/ e.u.
0.1852 0.1852 1.55 2.37 3.11
0.0934 0.1852 1.58 2.40 3.00
0.0698 0.1387 1.53 2.44 3.33
H= c,H6- 264  -1.4
0.1267 0.1387 1.49 2.18 2.89
0.0942 0.0950 1.76 2.40 2.78
0.0474 0.0950 1.24 2.20 3.00
average of k 1.53 1 233 3.00
0.1765 0.1765 0.960 1.63 2.09
0.0880 0.1765 0.945 1.58 2.21
0.1300 0.1350 0.805 1.40 2.02
R -CH.,CtH4- . :
P 0.0650 0.1350 0.960 1.61 2.25 325 137
0.0880 0.0880 0.899 1.72 2.52
0.0440 0.0880 0.899 1.62 2.16
average of k 0.900 1.60 2.20
0.1682 0.1685 1.65 2.61 3.83
0.0840 0.1685 1.74 2.76 4.16
0.1250 0.1253 2.00 2.78 4.08
R= v-CKYE 270 05
0.0625 0.1253 1.74 3.06 3.60 : :
0.0840 0.0850 2.04 2.80 4.41
1 0.0600 0.0850 1.82 2.97 4.00
average of k 1.83 2.83 4.01
The activation energy — contrary to the expectations — shows a slight

increase. Though the strength of perchloric acid in cyclohexanol solution is
not lower than that in acetic acid, protonation’ is somewhat restrained be-
cause of the greater space requirement of the attacking solvate cation. Also
the great difference between the proton acceptor properties becomes levelled
owing to the great space requirement of the cyclohexanol molecule. These fac-
tors may account for the practically unchanged value of activation energy.
On the other hand, the rate of dissociation is lower in cyclohexanol than in
acid solvents, though the permittivity of this alcohol is far greater than that
of acetic acid. (This fact is also evidence against the concept of acid catalysis.)
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Table 11
CO, HC104 ) average t,/2 ET jsi
C.K (mole/l) (molefl) t(°Q Ax 10: (min-3 (mgin) (kcal/mole) Je.u.
0.1350 0.1330 0.97 72
0.0885 0.1000 0.92
0.0715 0.0660 120.5 0.92
0.1340 0.2660 0.96
0.1000 0.2050 0.96 72
0.0702 0.1595 0.945
0.1240 0.1306 1.38
0.0953 0.1101 1.33 53 27.5 -3.6
0.0667 0.0689 125.0 1.33
0.1238 0.2550 141
0.0953 0.1910 1.41 50
0.0667 0.1350 1.34
0.1382 0.1385 2.14
0.1110 0.1020 2.14 32
0.0728 0.0717 130.0 2.07
0.1340 0.2660 2.14
0.1000 0.2050 2.14 33
0.0700 0.1385 2.18

This must be due to one fact: in a carboxylic acid the greater number of pro-
ton donating molecules provides more frequent possibility for attack on the
nitrogen atoms, i.e. the rate of proton uptake is higher.

Experiments in alcohol

Of the alcohol type solvents cyclohexanol was chosen; this has been
used in the acidic experiments too, thus the comparison of the obtained re-
sults can be carried out. In this case the equation of the thermal dissociation
of diphenylurea is the following:

K,
C6H5-I'l -C O -?W0 -C 6H5 CeHs—NH2 C6H5-NCO 1)
k\

C6H5-NCO C6H, OH CeH3NH —COOC6H u (2)

We assume that the rate of reaction between cyclohexanol and phenylisocya-
nate is far higher than that of the decomposition of diphenylurea (k,, & K,);
thus reaction (1) is the rate-determining step.

Measurement of the amine formed was intended to be utilized for follow-
[ng the progress of dissociation. This was accomplished by means of titration
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with perchloric acid in glacial acetic acid in non-aqueous medium. However,
no commonly used indicator could he applied because of the presence of cyclo-
hexanol. kK rausz [12] recently reported the use of dyes of the aminoanthra-
quinone type in non-aqueous titrations. “Cihacet blau F3R”, a dispersion
dye of the anthraquinone type was tested under the conditions of our experi-
ments. A very sharp colour change from blue to red was obtained (base—acid)
and so this indicator was used in the following.

Measurements were carried out at three different temperatures (122 °C,
130 °C and 138 °C) with various initial concentrations; in all the three cases
the half-life time was found to decrease with decreasing initial concentrations
(Table I11). This indicates that the assumption of fe, feg is incorrect, i.e.
the accumulation of isocyanate as well as the reverse reaction should he taken
into account.

Table 111
txfJ (min)

COK (mole/1) 1225 °C 1300°c 138.0 °C
0.1300 155 80
0.1000 240 127 66
0.0900 218 — -
0.0700 181 100 50
0.0500 1SO 84 42
0.0400 — n -
0.0300 110 59 &2
0.0200 92 51 2

The rate equation can be given by the following general formula:

il K> 4 C A: momentary concentration of diphenylurea
*1 (molell)
| > £ B: momentary concentration of phenylisocya-

nate (mole/l)

kiA k[ BC k,BD C: momentary concentration ofaniline (mole/1)
k2D = k.,uf) -k!, 1): momentary concentration of cyclohexanol
because I)*"D U (mole/l)

By applying the steady-state principle, the concentration of phenylisocyanate
can be expressed from the above equation, if dB dt = 0, then

Ag A
k[c+k,I

B
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substituting B into the following equation

— =k, A k[BC,
dJ
we obtain
(ac k1K, A
At k[C+k2

If the decrease of urea concentration is represented by x, then A — A0— x.
C — x and the rate equation can be given as follows:

dC d* KrK2(A 0—x)
dt df k' xA-K'i
A fter separation and integration of the above differential equation the follow-
ing expression is obtained:
k, ek 2

In X = ——11
X K

From the integrated formula, the half-life time is

019 A . . 0.69
~AoH

t oH
12 krA4 kx

This relationship implies a decrease of half-life time with decreasing AO; fur-
ther on, the intercept of the straight line gives the half-life time of the reaction
step with rate constant kI in the absence of other reverse reactions.

Supposing the value of KLLk', to be independent of the initial urea concen-
tration (i.e. urea has no catalytic effect on any of the processes), the plot of
the half-life time against the initial urea concentration should give a straight
line, whose intercept yields the rate constant of thermal dissociation (Fig. 1).

Half-life times corresponding to a dissociation process taking place by
means of first order reactions only, can be obtained from this figure. In our
case these values — given in the order of increasing temperatures — are the
following: 59, 32 and 17 min. The rate constants calculated from these data
as well as the A(ffe2values obtained from the intercepts are given in Table IV.

It can be seen that the calculated rate constants and those obtained
in cyclohexanol solution of perchloric acid are in excellent agreement, thus
the interpretation of the reaction steps is correct. The ratio of the rate con-
stants (fci/fc?) for the reactions taking place between phenylisocyanate-f- aniline
and cyclohexanol, respectively, was found to be about 103, considered to be
correct by analogy with literature data.
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Fig. 1. Dissociation of diphenylurea in cyclohexanol solution; C,: initial diphenylurea con-
centration. tj/2; half-life time

Table IV
Temperature (°C) 120.5 N4?)] 130.0 138.0 (kcasr;ole)
k x measured (min-1) 0.0095 0.0113* 0.0138 0.0214 0.0415* 27.5
A, ealed. (min-1) —_ 0.0117 0.0215 0.0405 27.0)
—_ 1040 — ! 1040 1010 —_

‘n

*Values calculated on the basis of the activation energy

Discussion

The experiments carried out in glacial acetic acid medium containing
perchloric acid indicate that electron donating substituents (e.g. CH3) de-
crease, while electron withdrawing groups (e.g. Cl) increase the rate constant
of dissociation. (Investigation of urea derivatives containing nitro groups
would be of much value, however, this has failed owing to the,inadequate
solubilities and analytical problems.) The substituent effects show that in
acid solution the rate-determining step is not the intermolecular protonation
of the nitrogen atom, hut the substantially more hindered process of deproton-
ation. This issupported also by the rate constant obtained for N,N'-di-(ja-tolyl)-
urea which is the lowest of all values. If the basicities of the nitrogen atoms
in urea are compared using the order of the basicity constants of the corre-
sponding anilines, the following order is obtained: N,N'-di-p-tolyl- N,N -
diphenyl- ,, - N,N'-di-(jp-chlorophenyl)-urea. The differences in basicity seem
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to be blurred in the process of protonation, while in deprotonation these ap-
pear in a differentiated manner. This does not, however, preclude the possibility
of a reverse behaviour in the case of substituents with extremely strong elec-
tron withdrawing character (e.g. N02)

The great differences in activation entropies can be interpreted by
the fact that in diphenylurea the original molecule is forced into a coplanar
state by conjugation, while in the activated complex an additional degree
of freedom appears for internal rotation. The initial existence of this internal
rotation is assumed in the di-p-tolyl and di-p-ehlorophenyl derivatives; in
the latter case it is due to the hindering effect of chlorine atoms on the con-
jugation of nitrogens with the rings. Further on, the development of the asym-
metric structure of the activated complex is more restrained in the case of
conjugation with the phenyl groups, and this fact may be responsible for the
higher activation energy values. The observed ‘compensation’ effect may be
due to the looser structure of the activated complex and the resulting higher
entropy contribution by internal rotations and vibrations of low frequencies,
in the case of higher activation energies.

As for the experiments carried out in alcohol, in the present paper only
the possibilities and methods of evaluation were elucidated. Work is in pro-
gress to obtain more information on the observed effects.

REFERENCES

.Hentschel, W.: Ber. 17, 1284 (1884)

Kckenroth, H., Woif, H.: Ber. 26, 1483 (1893)

Hoffmann, A. W.: Ber. 14, 2725 (1881)

Habich, A., Limpricht, H.: Ann. 159, 101 (1871)

Bennett, W. B.,, Sanders, .1. H., Hardy, E. E.: J. Am. Chem. Soc. 75, 2101 (1956)
Iwakura, J.,, Magahubo, K.: Bull. Tokyo Instr. Techn. 13/1, 25 (1948)
Hoshino, T., Mdkaiyama, T., Hoshino, H.: J. Am. Chem. Soc. 74, 3097 (1952)

. Ellington, M., Daniels, M., Daniels, F.: J. Am. Chem. Soc. 79, 829 (1957)

. Hoshino, T., Mdkaiyama, T., Hoshino, H.: Bull. Chem. Soc. Japan 25, 392 (1952)
10. Mdkaiyama, T., Ozaki, S., Hoshino. T.: Bull. Chem. Soc. Japan 27, 578 (1954)
11. Gyenes, |.: Titrdlasok nemvizes kdzegben. Mszaki Kényvkiadé, Budapest. 1960
12. K rausz, |, Endrédi, M.: Magy. Kém. Foly. 73, 133 (1967)

©®ONODOEWN

Zoltdn Csiros
Rudolf Sob6s

Istvdn Bitter
Zoltdn Bende

Budapest XI., M(egyetem rkp. 3.

Acla Cliirn. Acad. Sei. Hung. 68, 1971



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 68 (3). pp. 277—284 (1(71)

PYRIMIDINES ANI) CONDENSED
DERIVATIVES, 1I*

OXIDATION OF 2-(2-HYDROXYETHYLAMINO)-4(3H)-PYRIMIDINONES TO
2,3-DIHYDRO-3-HYDROXY-5(IH)-IMIDAZO[],2-a]PYRIMIDINONES**

Gy. HorNYAK and K. LEMPERT
(Institute of Organic Chemistry, Technical University, Budapest)

Received April 2, 1970

Oxidation of 2-(2-hydroxyethylaniino)-6-inethyl-4(3H)-pyrimidinone (3) by
bichromate-sulfuric acid and chromium trioxide—acetic anhydride yields 2,3-dihvdro-
-3-hydroxy-7-methyl-5(1#)-imidazo[l,2-a] pyrimidinone (9) and its 1l-acetyl derivative
(10). respectively. On bromination of 3 by NBS, bromine is introduced into position 5:
oxidation of the resulting 6 by the above reagents yields 11 and 12. the 6-bromo deriva-
tives of 9 and 10. respectively. 11 and 12 may also be obtained by NBS bromination of
9 and 10. respectively.

For synthetic purposes larger quantities of IV-(l,6-dihydro-4-methyl-6-
-0x0-2-pyrimidinyl)-glycine (2) were needed. This compound has previously
been obtained by Feld man and Chih Chung-Chi by reacting 6-methyl-2-
-methylthio-4(3if)-pyrimidinone (1) in aqueous solution with glycine [3]. Con-
siderable quantities of 6-methyluracil (7) are, however, formed owing to the
accompanying hydrolysis of 1, and the separation of the two products proved
to be difficult. A possible alternative pathway for the preparation of 2, oxi-
dation of 2-(2-hydroxyethylamino)-6-methyl-4(3Ff)-pyrimidinone (3)*** easily

6] 0
1 1
X rnn x 4A nh
|
Me/LNA"Y Me -N/40
H
1. X H, Y SMr
2 X H, Y NHCHXOOH 7. X - H
3: X H, Y= NHCHXH,OH 8: X = Br
4: X H. Y - NHCHoCHO
5: X Br. Y = SMe
6: X = Hr, i = NHCHXH.OH

*Part |: see [1].

** Based on a part of the Dr. Techn. Thesis of Gy. Honhnyak (Technical University,
Budapest, 1967). The contents of this paper have been incorporated into a lecture delivered
at a Meeting of the Hung. Chem. Soc. [2].

*** For proof of the tautomeric structures of the potentially tautomeric compound 3
and of compounds 5, 6. 9 and 11 to be discussed below, see [1].
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obtainable by the reaction of 1 and 2-aminoethanol,* was, therefore, in-
vestigated.

Oxidation of 3 was attempted by potassium bichromate in sulfuric acid
and by chromium trioxide in a mixture of acetic acid and acetic anhydride.
As shown by the analytical results of the product, bichromate—sulfuric acid
oxidation stops after the elimination of two hydrogen atoms, i.e. at the alde-
hyde stage. Since, according to its UV spectrum, the product (which could
be isolated only somewhat circumstantially and in low yields) contained a
conjugated double bond system in the pyrimidine ring, structure 4 was at-
tributed to it. On the basis of the IR spectrum, according to which the com-
pound contained but a single, viz. a lactam carbonyl group (at 1680 cm-1),
structure 4 had, however, to be rejected and, instead, the alternative structure
9 had to be accepted. Thus, the NH group of 4, the primary oxidation product
of 3, was added intramolecularly to the aldehyde group situated favourably
for this reaction to occur, and the resulting 2,3-dihydro-3-hydroxy-7-methyl-
-5(IfT)-imidazo[l,2-a]pyrimidinone, containing only a masked aldehyde group,
became insensitive to oxidation to such an extent that it was not oxidized
further even by excess bichromate.

Intramolecular additions of cyclic NH groups to side chain carbonyl
groups, leading to the formation of an additional ring, have already been ob-
served (cf. e. g\ [4—6]).

Oxidation of 3 by chromium trioxide in a mixture of acetic acid and
acetic anhydride led to a similar result. According to the analyses, however,
the resulting product (A) contained an additional acetyl group as compared
with 9. In agreement with this 9 was obtained by acid hydrolysis of A.

0 0
Xn/ n- 'NaH
J
1 1 1
Me W 4N M e'4N"™* INK
Z Ac
9. X =2 =H 13
10: X = H: z = Ac
11: X = Br: z=H
12: X = Br: z Ac

The IR spectrum of A has two amide | bands, at 1695 and 1680 cm
respectively. These values, as well as the rOH band appearing at 3300 cm 1
and the absence of ester bands in the region 1300 to 1000 cm-1 unequivocally
disprove A to be derived from 9 by acetylation at the hydroxyl group and re-

*This compound has previously been prepared by Kawai by condensation of ethyl
acetoacetate and JV-(2-hydroxyethyl)-guanidine [14] ; this synthesis, however, does not prove
the structure of the product unequivocally.
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veal it as an iV-acetyl derivative (10 or 13). By the UV spectrum 10 was shown
to be the correct structure because the spectrum (see Table 1) was found to
be very similar to those of the bicyclic iV (2)-acylisocytosine derivatives 14—17
containing the same chromophore and prepared by structure proving syn-
theses [7, 8].

0
R \/4n__.R3
| N
R7 NANAO
R1
R> R« R7
14 Me Me Et Me
15 n-Bu i H H Me
If HOC2H4- H -(CH?2,
17 FhCH - H -(CHjh

The UV spectra of the bicyclic iV(2)-acylisocytosines are practically
identical with those of non-acylated mono- and bicyclic isocytosines contain-
ing the same conjugated double bond system as the chromophore; this may be
illustrated by the spectral data of compounds 9 and 11 also shown in Table I
(for the spectra of numerous other mono- and bicyclic derivatives, see [1]).
The similarity of the UV spectra of the acylated and non-acylated types mani-
fests itself also in the values of A log e:for the non-acylated mono- and bicyclic
isocytosines containing a conjugated double bond system the value of Ilog e
was found to fall between —0.24 and —0.18 [1]. The similarity of the spectra

Table 1

UV Spectra of some imidazo[l,2-a]pyrimidines

Compound Solvent Aupx0°B < A log e
9 EtOH 226 (4.00) 290 (3.95) 0.05
ix EtOH 230 (3.94) 304 (3.94) 0

R) EtOU 234 (3.88) 283 (4.00) +0.12
12 EtOH 244 (3.92) 296 (4.08) +0.16
14 buffer, pH 21 103 239 (4.06) 285 (3.92) [7] -0.14
15 1 EtOH 230 (4.07) 280 (3.94)* 0.13
16 1B EtOH 236 (4.04) 282 (3.90) -0.14
17 [8] EtOH 236 (4.00) 282 (3.92) —0.08

*Shoulder at 242 nm (3.74)
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of acylated and non-acylated compounds emphasises our previous statement
concerning the comparative insensitiveness of the UV spectra corresponding
to the 2-amino-4(3H)-pyrimidinone ehromophore towards structural varia-
tions [1].

Unsuccessful attempts were made to oxidize the hydroxyoxo com-
pounds 9 and 10 to the corresponding dioxo derivatives by various oxidizing
agents (manganese dioxide, hydrogen peroxide, IV-bromosuccinimide). Only
as a result of the reactions with NBS could defined products be obtained but,
according to their analytical data and IR spectra, these proved to be mono-
bromination products instead of oxidized derivatives.

The bromine atom introduced into 10 by NBS could first of all be prov-
ed not to be attached to the imidazolidine ring of the product (B) obtained,
since B could also be prepared by the chromium trioxide-acetic anhydride
oxidation of compound C (obtained from 3 by monobromination with NBS).
In order to prove the bromine atom of C not to be attached to the hydroxy-
ethylamino side chain, a structure proving synthesis of C, starting with D
(the monobromination product of 1 obtained on bromination with bromine
[9] or NBS) and 2-aminoethanol, seemed to be tin; most simple method. How-
ever, C could not be aminolyzed either with 2-aminoethanol or with other
primary amines. On the other hand, acid hydrolysis of C, performed under
rather vigorous conditions, furnished an already known [10] bromomethyl-
uracil (E), proving the correctness of our above statement. (On the other hand,
acid hydrolysis of D also yielded E.)

W hile the transformations discussed in the preceding paragraph prove
the bromine atoms of compounds B—E to be attached to identical positions,
they do not prove their actual site of attachment. There are, namely, two ac-
tive positions (C-5 and the methyl group) in 6-methyluracil (7) which might
be attacked by bromine or NBS and, although compound E obtained on bro-
mination of 7 is supposed [10] to be identical with 5-bromo-6-methyluracil
(8), this assumption has not been accurately proved.

In this connection the observation of Austrian authors should be men-
tioned on the one hand, according to which 3,4-dihydro-6-methyl-2(IH)-pyri-
midinones are brominated at the methyl group [11] and, on the other, the
opposing views concerning the structure of the product obtained by reacting
I with iV-chlorosuccinimide [12, 13].

In order to elucidate the problem accurately, the NMR spectrum of D.
the bromination product of 1, was examined. Since two methyl signals and no
olefinic proton signal was found, D must be identical with 5 and, thus, B, C
and E with 12, 6 and 8. respectively.*

* After completion of the present study, structure 8 was proved by Japanese authors
for E, the product obtained on reacting 7 with NBS, by the same technique [15].
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9 reacts with INBS similarly to 10. Structure 11 for the product could
he deduced from the observation that the product may also he obtained by
acid hydrolysis of 12.

In order to make possible the elucidation by spectroscopical methods
(cf. [1]) of the actual tautomeric structures of some potentially tautomeric
compounds described in the present paper, several related substances with
‘fixed’ structures were also prepared; the syntheses are described in Experi-
mental.

Experimental*
2-(2-Hydroxyethylamino)-6-methyl-4(3J/)-pyrimidinone (3)

A mixture of 1 (5.0 g; 32 mmoles), 2-aminoethanol (2.6 g; 42 mmoles), 2-ammonioethanol
chloride (0.2 g) and dry n-propanol (40 ml) was refluxed for 48 hrs to yield, after standing
overnight in a refrigerator, 4.7 g (87%) of 3, colourless crystals, m.p. 204 —205 °C (ethanol),
lit. [14] m.p.: 204- 205 °C.

IR (KBr): vNH -f- vOH: 3500—2850 with maxima at 3300 and 3100; Amide I: 1635
(broad). UV (ethanol): 224 (4.02); 290 (3.97).

2-(2-Beiizylthio)-3,6-dimcthyl-4(3//)-pyrimidiiione

A mixture of 2-benzylthio-6-methyl-4(3H)-pyriinidinone [16] (11.6 g; 50 mmoles),
potassium hydroxide (2.8 g; 50 mmoles), ethanol (100 ml) and methyl iodide (8.9 g; 63 nunoles)
was allowed to stand for 6 hrs at room temperature, subsequently refluxed for 1 hr., and finally
evaporated to dryness in vacuum. The oily residue was refluxed for 5 min. with 5% aqueous
sodium hydroxide (60 ml) to yield, after being cooled to 0 °C, 9.5 g (77%) of 2-(2-benzylthio)-
-3,6-dirnethyl-4(3f/)-pyrimidinone, long colourless needles, m.p. 74 —75 °C (aqueous acetone).

CI3H14N20S (246.3). Calcd. N 11.38; S 13.02. Found N 10.98; S 13.01%.

IR (KBr): Amide 1: 1695, UV (ethanol): 289 (4.00), the spectral data proving the site
of méthylation unequivocally (cf. [1]).

2-(2-Hydroxyethylamino)-3,6-climethyl-4(3//)-pyrimicliiione

(a) A mixture of 3 (4.2 g; 25 mmoles), potassium hydroxide (1.4 g; 25 mmoles), etha-
nol (30 ml) and methyl iodide (7.1 g; 50 mmoles) was refluxed for 3 hrs. On cooling to room
temperature crystals of potassium iodide separated which were filtered off. The mother liquor
was allowed to stand overnight in a refrigerator to yield 2.4 g (52%) of 2-(2-hydroxyethyl-
amino)-3,6-dimethyl-4(3//)-pyrimidinone; colourless needles, m.p. 186 187 °C (water).

C8H,.,N30., (183.2). Calcd. C 52.45; 11 7.15; N 22.94. Found C 52.04; H 6.88: N 22.89%.

IR (KBr)* NH+W3H: 3280; Amide I: 1650, UV (ethanol): 228 (3.86). 289 (4.04),
the spectral data proving the site of méthylation unequivocally (cf. [1]).

(b) A mixture of 2-(2-benzylthio)-3,6-dimethyl-4(3H)-pyrimidinone (2.5 g; 10 mmoles),
2-aininoethanol (1.3 g; 22 mmoles), 2-ammonioethanol chloride (0.2 g) and dry ethanol (10 ml)
was heated in a sealed tube for 15 hrs to 145— 150 °C. The resulting solution was evaporated to
dryness and the oily residue rubbed with ether (20 ml) to yield 1.1 g (60%) of a substance which
by m.p., mixed m.p. and spectra was proved to be identical with the product prepared accord-
ing to (a).

2,3- Dihvdro-l,6-dimethyl-2-thioxo-4( 1//)-pyriniidinone
To a boiling solution of A-methylthiourea (4.5 g; 50 mmoles) in acetic acid (13 ml),

diketene (4.3 g; 51 mmoles) was added by drops in about 5 min. After refluxing for further
20 min., water (5 ml) was added by drops. On standing 1 hr. in a refrigerator 2.5 g (32%) of

*M.p.’s are uncorrected.
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the desired crystalline product separated, m.p. 268 270 °C (methanol). A m.p. of 235—245 C
(crude product?) is given in the literature [17].

IR (KBr): vNH: 3200—2900 with a maximum at 3080; Amide I: 1680. UV (ethanol):
218 (4.22), 270 (4.18); 290 (4.08), sh.

2-(2-Benzylthio)-1,6-dimethyl-4(li/)-pyrimidinone

A mixture of 2,3-dihydro-1,6-dimethyl-2-thioxo-4(ll7)-pyrimidinone (7.8 g; 50 mmoles)”’
dry ethanol (200 ml) in which metallic sodium (1.15 g; 50 mmoles) had previously been dis-
solved, and benzyl chloride (7.2 g; 57 mmoles) was refluxed for 3 hrs.

The oily residue, obtained on evaporation of the solvent, was rubbed with ether (20 ml)
to yield 8.3 g (67%) of 2-(2-benzylthio)-1,6-dimethyl-4(IH)-pyrimidinone, colourless crystal-
line powder, m.p. 146— 147 °C (acetone-petroleum ether).

CAHANO0OS (246.3). Calcd. N 11.38; S 13.02. Found N 11.57; S 12.95%.

IR (KBr): Amide I: 1650, UV (ethanol): 236 (4.46), the spectral data proving the
presence of a cross-conjugated chromophore (cf. [1]), i.e. that the JV-inethyl groups in this
and, thus, in the previous compound as well, are attached to N-I.

2-(2-Hydroxyethylamino)-1,6-dimethyl-4(l/f)-pyrimidiiioiie

A mixture of 2-(2-benzylthio)-1,6-dimethyl-4(lii)-pyrimidinone (4.9 g; 20 mmoles),
2-arninoethanol (1.3 g; 22 mmoles), 2-ammonioethanol chloride (0.2 g) and dry ethanol (30 ml)
was refluxed for 10 hrs, and the residue, obtained on evaporation of the solvent, was rubbed
with cold ether (10 ml) to yield 3.1 g (84%) of 2-(2-hydroxyethylamino)-1,6-dimethyl-4(IH)-
-pyrimidinone; colourless crystalline plates, m.p. 262 263 °C (aqueous acetone).

C8H 13N 30 2 (183.2). Calcd. N 22.94. Found N 22.70%.

IR (KBr): vNH -f- vOH: 3500-—2800 with a maximum at 3270; Amide 1: 1645.
UV (ethanol): 213 (4.36); 264 (3.74), the spectral data again proving the presence of a cross-

til chromophore, i.e. the tautomeric structure of the product (cf. [1]).

1-Acetyl-2,3-dihydro-3-hydroxy-7-methyl-5(1JZ)-iniidazo[l,2-a]pyrimidinone (10)

A suspension of 3 (4.8 g; 28 mmoles) in acetic acid (20 ml) was prepared and a mixture
of chromium trioxide (2 g; 20 mmoles), acetic acid (20 ml) and acetic anhydride (10 ml) wa«
added within about 30 min. by drops. The resulting solution was stirred for 1 hr. at room tem-
perature and evaporated to dryness in vacuum. The greenish crystalline residue was extracted
with acetone in a Soxhlet apparatus (about 10 hrs) and the acetonic solution evaporated to
dryness in vacuum to give a crystalline residue of 1.3 g (22%) of almost pure 10: colourless
plates (from water), m.p. 190—191 °C.

C9H u N30 3(209.2). Calcd. C 51.67; H 5.30; N 20.09. Found C51.71: H 5.27; N 20.09%.

IR (KBr): vOR: 3300 (broad); Amide I: 1695 and 1680. UV: see Table I.

2,3-Dihydro-3-hydroxy-7-methyl-5(1/Z)-imidazo[l,2-a]pyrimidinone (9)

(a) By deacetylation of 10: A mixture of 10 (0.2 g; 1 mmole), ethanol (3 ml) and 20%
hydrochloric acid (2 ml) was refluxed for 30 min. and evaporated to dryness. The residue was
dissolved in water (3 ml) and the solution neutralized by the addition of 5% aqueous sodium
hydrogen carbonate solution. After standing for 3 hrs in a refrigerator 0.12 g (72%) of 9 sep-
arated gradually; colourless crystalline powder, m.p. 226—227 °C (d.) (from ethanol).

C-HIN302(167.2). Calcd. C 50.30; H 5.43; N 25.14. Found C 50.33: H 5.40; N 25.19%.

IR (KBr): rOH -FrNH: 3400 2400 with a maximum at 3200; Amide 1: 1680.
UV: see Table I

(b) By oxidation of 3: Aqueous sulfuric acid (3.9 ml of H2SO, and 40 ml of water) was
added by drops under continuous stirring within 15 min. to a mixture of 3 (4.2 g; 25 mmoles),
potassium bichromate (5.3 g; 180 mmoles), acetic acid (2 ml) and water (120 ml), the reaction
mixture being meanwhile slowly heated to its b.p. Refluxing was continued for further 30 min.
The resulting dark green solution was neutralized with cone, ammonium hydroxide and treated
with acetic acid until slightly acidic (pH = 5—6). The aqueous solution was concentrated to
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approximately one third of its original volume in vacuum and allowed to cool to yield 2.7 g
of a greyish crystalline product decomposing slowly at about 210 °C. A second crop of 2 g im-
pure 9 (contaminated by chromium salts) was obtained by concentration of the mother
liquor to half its original volume. By two successive crystallizations from water and ethanol,
respectively, 0.4 g (9.7%) of pure 9 was obtained, m.p. 227 °C (d.).

Owing to the necessity of separating 9 from a considerable amount of inorganic salts
and the slight solubility differences of 9 and its contaminants in water, method (b) cannot
be recommended for the preparation of 9.

5-Broino-6-nielliy1-2-niethylthio-4(3//)-pyiimiclinone (5)

1(1.56 g; 10 mmoles) was dissolved at 40 °C in a mixture of dioxane (30 ml) and water
(10 ml). Under continuous stirring powdered iV-bromosuccinimide (1.78 g; 10 mmoles) was
added which dissolved immediately. After a few minutes crystals of 5 started to separate.
Precipitation of the product was completed by further stirring for 1 hr. The product (1.4 g;
59%) was a colourless crystalline powder, m.p. 250 -252 °C (d.) (from ethanol), lit. [9] m.p.:
255 °C, mixed m.p. with a sample prepared according to literature [9J: 250—252 °C.

111 (KBr): vNH: 3200 -2500; Amide 1: 1645.

NMR (DMSO-d6): 2.550; 2.400 (3 - 3 H).

5-Biomo-2-(2-hvchoxvethviamino)-6-methyl-4(3/1)-pyriiuidinoiie (6)

3 (1.7 g; 10 mmoles) was dissolved in a warm mixture of dioxane (55 ml) and water
(15 ml). At 40 °C, under continuous stirring powdered NBS (1.8 g; 10 mmoles) was added
which dissolved immediately. The product was isolated as in the case of the previous prepara-
tion, the yield being 1.65 g (66%) of colourless crystalline needles, m.p. 236 8 °C (d.) (from
water).

C7H10BrN30,, (248.1). Calcd. C 33.90; 11 4.06; Br 32.31; N 16.92. Found C 34.21; 1l 4.08;
Br 32.44; N 16.63%,.

IR (KBr): i»OH + yNH: 3500 2600, with maxima at 3990, 3300. 3150 and 3095;
Amide I: 1645. UV (ethanol): 229 (4.04); 304 (4.04).

5-Broino-6-methvluracil (8)

(a) 5 (2.35 g; 10 mmoles) was refluxed for 10 hrs with 30%, sulfuric acid (20 ml) to
vield. on cooling, 1.5 g (73%,) of 8, crystalline powder, m.p. 247 249 C (d.) (from water),
lit. m.p.: 247 °C (d.) [10], 270—275 °C [15].

(b) 6 (0.5 g; 2 mmoles) was refluxed for 18 hrs with 30°,, sulfuric acid 4 ml) to yield,
oncooling, 0.35 g (85%) of 8. m.p. and mixed m.p. with the product obtained according to
(a): 247 249 °C (d.) (from water).

I-Acetyl-6-broiiio-2,3-clihy<lro-3-hydioxy-7-inethyl-5(l1/)-
-imidazo[ 1,2-alpyrimidinone (12)

(a) Powdered NBS (1.0 g; 5.5 mmoles) was added under continuous stirring to a solu-
tion of 10 (1.0 g; 5 mmoles) in a mixture of dioxane (36 ml) and water (4 ml). Stirring was con-
tinued for 1 hr. at room temperature and the solution evaporated to dryness in vacuum. The
residue was boiled up with water (25 ml) to obtain 0.98 g (68%,) of 12 as an insoluble crystalline
residue, needles from ethanol, m.p. 216—217 °C.

IR (KBr): vOH: 3370 (broad); Amide I: 1700 and 1670. UV: see Table I.

(b) To a suspension of 6 (2.5 g; 10 mmoles) in a mixture of acetic acid (15 ml) and acetic
anhydride (5 ml) a solution of chromium trioxide (0.7 g; 7 mmoles) in a mixture of acetic acid
(30 ml) and acetic anhydride (20 ml) was added by drops at room temperature. Stirring was
continued for 1 hr. and the resulting solution evaporated to dryness in vacuum. The crystalline
residue was boiled up with water (20 ml) and the mixture allowed to stand overnight to yield
1.1 g (38%,) of 12. m.p. and mixed m.p. with the product prepared according to (n)' 216
217 °C (d.) (from ethanol).
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6-Broiiio-2,3-clihydro-3-hydroxy-7-methyl-5(l/f)-imidazo-
[1,2-a Ipyriniidinoiie (11)

(a) A mixture of 12 (0.5 g; 1.7 mmoles), ethanol and 20% hydrochloric acid (4 ml
each) was refluxed for 30 min. and evaporated to dryness in vacuum. The residue was dis-
solved in water (15 ml) and neutralized with 5% aqueous sodium hydrogen carbonate solution
to yield 0.3 g (63%) of 11. colourless crystalline powder, in.p. 234 —236 °C (d.) (from water).

C7H8BrN3a, (246.1). Calcd. C 34.17; H 3.28; Br 32.48; N 17.08. Found C 34.11; Il 3.59;
Br 32.58; N 16.93%.

IR (KBr): rNH rOH: 3500—2600 with a maximum at 3270; Amide I: 1675. UV:
see Table 1.

(b) NBS (0.45 g; 2.5 mmoles) was added at 40 °C under continuous stirring to a mixture
of 9 (0.4 g; 2.4 mmoles), dioxane and water (20 ml each). The NBS dissolved immediately and,
after a few minutes, crystallization of the product started. Crystallization was completed by
stirring for another hr. and allowing the reaction mixture to stand 2 hrs in a refrigerator to
yield 0.42 g (71%) of 11, m.p. and mixed m.p. with the product prepared according to fa):
234— 236 °C (d.) (from water).

IR, UV and NMR spectra were obtained in KBr pellets with an UR 10 spectrometer
(Carl Zeiss, Jena), with a Spectromom 201 spectrometer (Magyar Optikai Mivek,* Budapest),
and at 60 MHz with a JNM—C—60 spectrometer (Japan Electron Optics Laboratory, Tokyo),
respectively. The UV spectra have previously been published [18].

*

The authors express their gratitude to Miss K. Ofalvi, Mrs. S. Viszt-Simon and Mrs. I.
Zauer-Csullog for the microanalyses, to Dr. L. Lang and Mr. M. Vorés for the UV and to
Dr. P. Sohar for the IR and the NMR spectra.
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ACTA CHIMICA
TOM 68—Bblr. 3

PE3IOME

MN3yuyeHne CeneKTMBHOCTM MeM6paHHbIX 3/1EKTPOAOB M0OAMCTOro cepebpa

3. MYXOHb, K toT 1 3. MYHIOP

MN3yyanacb CeNeKTUBHOCTb WOANCTbIX MeMGPaHHbLIX 3NE€KTPOAOB B MPUCYTCTBUMN pasnmnu-
HblX aHMOHOB, AalWmMX ¢ cepe6poM NM6G0O 0CafoK, NMGO KOMMMEKC, a TAKXEe Pa3NMUHbIX WOHOB
MeTannoB, o6pasyllnx KOMMNAEKCbl C WOAWAOM. Pe3ynbTaTbl MOATBEPXAAKT TeopeTUYeckue
C006paXeHNss OTHOCUTENbHO pacyeTa KOHCTAHTbl CENIeKTUBHOCTH.

BbiNo A0Ka3aHO, YTO MOAO-KOMMIEKCh MeTannoB BeAyT ceb6s No OTHOLWEHUIO K HOAUCTOMY
3N1eKTPOAY TaK Xe, KaK W LNaHO-KOMMNNEKCbl MO OTHOWEHUK K LUWaHUAHOMY 3nekTpoay. Mo-
cnefHUA BONpoc uccnefyetcs fanblie.

KpUTNYeCKOoe pPacCMOTPEHUE KOHCTAHT CTabWIbHOCTM HEKOTOPbIX
KOMM/IEKCOB /IAHTaHUA0B C a-rMAPOKCMKAPGOKCUIBHBIMU  KUCI0TaMu

A TEPFEN n . HAOBIMA

Ha ocHOBe aKCmepMMeHTanbHbIX AaHHbIX U3 NUTepaTypPHbIX UCTOYHUKOB C MOMOLbIO Me
ToAa NPMBEAEHHbIX KPUBbIX MepecMaTpuBanncb KPUTUYECKN KOHCTaHTbl CTabunbHOCTU crnedy-
IOWNX paBHOBeCHbIX cucTtem: Nd(111l)-meTunnponunrankonat, ¥ b (LW )-n306yTunmMeTnnrnnkon-
AT, -N30NPONUAMETUNTAUKONAT U -AUITUATANKONAT, Er(LU)-a-rugpokcuumknorekcaHkapaok-
cunat n 81(W )-maHgenat. 3aHOBO C MOMOLLbIO MeTOAa MPUBEfEHHbIX KPUBbLIX BblGMpanach 06-
nacTb KpUBbIX 06pa3oBaHMsA, nogxoasuias ANs pasBMTUA KomnnekcoB Tuna MA. Ha ocHose
MeToZa HaMMeHbLW WX KBafPaTOB M3 laHHbIX YY4aCTKOB KPUBbIX PaCCYUTbLIBANOCH TOUHOE 3HAYEHNE
KOHCTAHT CTabuNbHOCTU N 06GCYXAANUCh KPUTUYECKN NUTepaTypHble JaHHble.

TeopeTnUecKMe CMEKTPbl MarHUTHOTO pe3oHaHca CUCTEM Tuna
AA'AY. .. XX'X™. .. cnyyali Kaxyulieics npocToThbl

A POKKEHBAYEP u 1. PAOVY

WccnepoBaHbl TeopeTUyeckme CMNeKTPbl MarHUTHOrO pe3oHaHca cuCTeM Tuna AA'A™ ...
XX'X"... ~ ArX|, B NnpeaenbHOM cnyvae, Korga B3aumofeincrTsue yactuy A mexpay coboi
ABNAETCHA CUNbHbLIM MO CPaBHEHWIO CO B3aMMOfeiicTBMEM MexfJy vacTuuamm A un X, a B3auMmo-
peicTBmeM yacTuy X Mexpay coboli MOXHO npeHe6peyb (NpefenbHbll cnyyail CMNbHOTO B3au-
mMofencTBmns). Hawm paccBeTbl NPUMEHUMbI 418 onucaHna Kak AMP, Tak 1 3MP cnekTpoB. Mbl
M3ydyann ycnosus, BeayliMe K MOSABAEHMIO CMNEKTPOB KaXyLleics NpocTOThbl, KOrfa CrAeKkTpbl
cnetem« n+ XJ, MAGHTUYHbBI CO CNeKTpaMu cuctembl A, XT, cofepxal el MarHeTUYeCKN IKBU-
Ba/leHTHbIe YacTulbl. BblIo YCTaHOBMIEHO, YUTO cucTeMbl TUNa A+ XJ, o6najaloT cnekTpamMmu Kaxy-
ueiics NpocToTbl TONLKO TOrAa, KOrga ToyeyHas rpynna cuMMeTpum noacuctembl A£ aBnseTcs
abenesoii: B 3TOM cnydyae HabntofaeTca TONbKO cCpefHee 3HaAYeHMe KOHCTAHT B3auMopfeicTBUA
lax- Ho Korga Touye4yHasa rpynna nogcucrtembol AJ He aBnseTca abenesoil, nonyyatoTca 6onee



CNOXHble CNEKTPbl U3 BbIPOXAEHHbIX YPOBHElW noacucTembl AJ, U TaKOro pofa CnekTpbl gatwoT
[OMNONHUTENbHbIE UHPOPMALMN K ONpefeneHNto KOHCTaHT B3aumogencTeunsa 1ax-

Mbl paccuMTanu TeopeTUYecKne CMeKTPbl HECKONbKUX CUIbHO B3aUMOAENCTBYOLWMNX Cuc-
Tem A+ X" W pganum HOBYK WHTepnpeTauuto CNeKTPOB MNPOTOHHOrO pe3oHaHCa HEeCKONbKUX
hochopo-a30THbIX COEAUHEHUN.

OTnnune mexgy yactamm A n X B cnekTpax cuctem AAX"A n AMX/ Takxke o06bAcHAeTCA
TEM, 4TO TOYeYHasd rpynna CUMMeTpuUM He ABnseTCA abeneBoi.

MmaprpoBaHve OKcocoeanHeHWUi, |

CMApPMPOBaHUE W 3NEKTPOrMAPUPOBaHME aLleTOHa B KUC/bIX Cpefax.
JKCnepuMeHTanbHas 4acTb

Ob. XOPAHW, W. CABO, 4. WOAT n ®. HAAb

M3yyanocb rugpupoBaHne U 3NeKTPOrMApPMpPOBaHME aueToHa B KMCAbIX cpefax (1N
HCHO 4) Ha nnaTMHOBOM NOPOLIKE M NNATUHUPOBAHHOW MNaTUHeE, COOTBETCTBEHHO, C MOMOLLbIO
BO/IIOMOMETPUYECKOTO, FabBaHO- N MNOTEHLNOCTAaTUUECKOrO MeTOA0B. BbiN0 YyCTaHOBNEHO, 4TO B
M3YYeHHbIX 3KCNEPUMEHTANbHBIX YCN0BUAX NPOAYKTOM KaK FMAPUPOBAHUA, TaK W 3NEKTPOrng-
pUpoBaHUs ABNAETCH NpPONaH.

WcecnegoBannuch ¢ TEPMOAMHAMUYECKON TOUKM 3pPEHUSA YCNOBUA NOABNEHWS M30NponuUno-
BOrO CNMpPTa B NPOAYKTaxX 3NeKTPOrMApPOBaHMUS aleToHa.

BblN0 YyCTAHOBNEHO, YTO MPWN MOTEHLMOCTATUYECKUX UCCNEA0BAHUAX YMEHbL EHUE CUNbI
TOKa, COMpPOBOX/JaemMoe MOSIBNEHMEM W30NPONUNOBOrO CNUpTa He 06s3aTeNbHO ChefyeT pac-
CMaTpMBaThb KaK NpoOLEecc cTapeHus.

CHATME KPUBbIX 3apsafia NoKasano, 4To aleToOH He BNMUAET Ha afcopOuuMI0 BOJOPOAA.

OKuC/ieHne Ha OKWMCHO-HUKesieBOM anektpoge, 1.

OnpefieneHne CKOPOCTM OKUCMEHWUS 3M1EKTPOXMMMUUYECKUM METOAOM
Ab. BEPTEW, Ab, XOPAHW un ®. HAOb

Onpepensnacb CKOPOCTb OKUCMEHWA CNUPTOB Ha OKWCHO-HMKeneBOM 3nekTpoge. Mpu-
HMMas BO BHMMaHMWe TO, 4TO MeX Ay NOTeHLWanom 3N1eKTpoAa U KONMYeCTBOM OKUCU-TUAPOOKUCH
Hukensa (111), ahpheKTUBHBIM C TOUKN 3peHNA OKUCNEHUS, He Habno gaeTcs OfHO3HAYHOW 3aBUCKU-
MOCTU, 6bIN pa3paboTaH KOCBEHHbI MeTOf OnpefeneHNs CKOPOCTU OKUCNeHWs. MeTof UCXOAUT
13 cnefyloLlero OCHOBHOIO NpuHUMMNa: Npu paspsxXeHWn anekTpofa OfHOBPEMEHHO C cybcTpa-
TOM W C TOKOM, ONpefeneHHol cunbl CKOPOCTb peakLum MoxXeT 6bITh ONpejeneHa Ha OCHOBe onpe-
feNeHHbIX MPKU pPasNNyHbIX CUNaX TOKa MOAHbIX BPpeMeH pa3psja — Nnocjie BOCCTAHOBNEHUS BCEro
konnyectsa NiOOH.

BblNno yCTaHOBNEHO, UTO CKOPOCTb OKMCNEHUS 3TaHONa Ha OKUCHO-HUKENeBOM 3NeKTpoje
nponopuyuoHanbHa KOAMYECTBY OKMUCU-TUApoOKMcM HuKena(ll), Haxopsuwemycs B [AaHHbINA
MOMEHT Ha 3/eKTpoge.

M3yyeHre afgcopOUMOHHBIX SIBEHWI Ha MAIaTMHOBOM 3/1EKTPOAE
C MOMOLLLD METOAa pPagnoakTUBHONM MHAnKauun, VII

OfHOBpeMEHHOe M3yuyeHWe afcopoLmn 1 3N1eKTPOrnapupoBaHus (HeHMN-YKCyCHOM
KWUCNOTbI

Ob. XOPAHW n ®. HAAb

1. Mpn 3NeKTPOrUAPUPOBAHUMN (EHUNYKCYCHOW KMUCNOTbl M3MEPANUCh OJHOBPEMEHHO
CKOpPOCTb FUAPUPOBAHMA M ajcopbuus cybeTpata.

2. BblNo YCTAHOBNEHO, YTO MEXAY MOKPbITUEM M CKOPOCTbIO — COMNACHO OXUAAHNAM —
Cyl ecTBYeT COOTBETCTBYIOL A 3aBUCUMOCTb — MPONOPLUOHANBHOCTD.



Vcnonb3oBaHne MOAN(PULMPOBAHHOIO AEMETUIMPOBaHWUA MO
toH BpayHy, |

FPUHbAPOBCKasA peakuus aMMHOKETOHOB, NOJyYeHWE TPOMaH-3-0/10B 3aMeLLeHHbIX
B nonoxexHun 3

M. F. ®NWEP n Ab. MUKUTE

MonyyeHne 2-3TOKCUKapGOHWN-HOPTPOMMUHOHA MO3BONANO CUHTE3NPOBATL C MOMOLYLbIO
peakuuu FpuHbsApa CoefNHEHNA TpoNaH-3-01a, 3aMeLeHHbIe B NONOXEHUN 3, KOTOPbIe HE MOTYT
GbiTb CUHTE3MPOBAHbI APYIUM MYTeM, Hanpumep, peakuueit FpuHbApa, MCXOAS U3 TPONMHOHA.
Bblno ycTaHOBNEHO, YTO KapGaMUHOKMCNAA 3 UPHARA YacTb MONEKYNbl HE U3MEHSAETCS BO Bpems
peakuuu. BblnyM NONyYeHbl HOBble Pe3yNbTaTbl OTHOCUTENbHO TPUHLAPOBCKOW peakuyuu Tponu-
HOHAa U N-3TOKCMKAp6OHUN-HOPTPONMHOHA, a MMEHHO Gblna yCTaHOBNEHa ee cTepeocneynduu-
HOCTb. TMAPOKCUNbHAA Tpynna B NPOAYKTe peakuwWy 3aHWMaeT aKCMaNnbHOe MPOCTAHCTBEHHOE
pacnonoxeHue.

Vicrnonb3oBaHWe MogUMLMPOBAHHOIO AeMETUINPOBaHUA MO
thoH BpayHny, Il

HoBblli cnoco6 nosyyeHus HOPTPOMMHOHA
M. F. ®UWEP n Ab. MUKUTE

N3 TpONMHOHA C XOPOLW MM BbIXO4OM O6bl1 MONYy4YeH HOPTPOMWHOH 4Yepe3 3TUNEHKeTanb
TponuHOHA. 3 nocnefHero nonyyancs aTuNeHkKeTanb HOPTPONMHOHA HA OCHOBE MOANDULNPOBAH-
HOro gemeTunumpoBaHna no poH BpayHy. Mpu kucnom rugponunse (10%-as HC1) noytn ¢ Konu-
4YeCTBEHHbIM BbIXOAOM 06pasyeTcss HOPTPOMUHOH. LiMKAnyeckue KeTanum TPOMNWHOHA W HOPTPO-
NMUHOHA, B OT/INYMN OT OCHOBHbIX COEAUHEHUI, ABNAIOTCA COBEPLIEHHO CTabUNbHbIMN.

Tepmuyeckas auccoumauunst kapbammigos, |

3. YIOPEW, P. WOW, W. BUTTEP n 3. BEHAE

M3yyanacb TepMmuuyeckas guccouunayus ,qmcbeHmnKapGaMM,qa n ero CMMMETpUYHO 3a-
MelW eHHbIX NMPOMN3BOAHbLIX B pacTBOpPUTENAX TUNa a/'II/ICbaTI/I‘—IeCKI/IX KapGOHOBbIX KWCNnoT u cnup-
TOB. bblNno ycTaHOB/NEHO, YTO B X/'IOpHOI7I KUcnoTe ¢ gob6aBkamu yKCyCHOVI KUCNOTbl N UWUKNO-
reKkCaHoHa pasnoxeHune npepcrapnqaetr coboi npouecc nepsoro nopagka, u I'IpOME)KyTOLIHbIﬁ
KOMNAeKC o6pa3yeTcs 3a CUET MEXMONEKYNAPHOTO NPUCOEANHEHNS NPOTOHA, B TO BPeMS KakK B
LUKNOrekcaHone He0O6X0AMMO TakXe CYUMTaTbCsH U C MOCNeA0BaTeNbHON peakyuelh obpasoBaHmns
ypeTaHe}. ToYHOEe pelleHWe ypaBHEHUA CKOPOCTU ABNAeTCHA OCHOBOW ANA pfanbHelWwunx mccne-
AoBaHWUN.

MpuMnaMHLbL N1 NX KOHAEHCUPOBaHHbIe NpPou3BoAHble, |l

Okucnenne 2-(2-rmapoKcnaTnNaMmmHo)-4(3#)-nMpuMnaNHOHOB [0
2,3-gurngpo-3-rugpoken-5(LU)-ummngaso  [1,2-a] nNUPUMUANHOHOB
Ob. XOPHAK u K. NEMNEPT

Okucnenune 2-(2-ruapoKCNaITUNAMNHO)-6-MeTuN-4(3H)-nupumnanHoHa (3) 6uxpomatom B
CEPHOW KMCNOTe WMNW TPeXOKUCbID XpOMa B YKCYCHOM aHrujpuje npusoanT K o06pasoBaHuio
2,3-gurnpgpo-3-rugpokcun-7-metun-5(WW)-nmungaso [1,2-a]-nupamugnHona (9) nnm ero l-auetmn-
nponssogHomMmy (10), cooTBeTCTBEHHO. CoefnHeHne 3 6POMUPYETCH B MONOXKEHUMN 5 C NMOMOLLbIO
N-6poMcyKunHumMmnga. OkucneHne NpofyKTa 3TON peakLUy C NOMOLLbIO BbiEeYyNOMAHYTbIX pea-
reHTOB NPUBOAUT K 06pa3oBaHuto 6-6pomsameleHHbIX 9 nam 10, cooTBeTcTBeHHO (11 n 12, co-
0TBETCTBEHHO). CoeanHeHns 11 m 12 moryT 6bITb TakXe nNony4vyeHbl 6pomupoBaHmem 9 mn 10 ¢
nomouibto N-6pomcyKLnHUMKUAA.
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The stability constants of the phenylalanine and tyrosine complexes of the
3d5—3d10 transition metal ions have been determined pH-metrically at 20, 25, 30 and
35 °C. It was found that in these systems the value of log K (K 2is always smaller than
for the corresponding alanine complexes.

The values of the formational enthalpy of the 3de—3d10 transition metal ion
complexes with alanine, phenylalanine and tyrosine have been determined both from
the temperature dependence of the stability constants and calorimetrically. The data
obtained with these two independent methods agree within 0.2—1.0 Kcal/mole.

The sum of AHt and AH2 for the Co(ll), Ni(ll) and Zn(Il) phenylalanine and
tyrosine complexes is in general smaller than for the corresponding alanine complexes.
At times, however, the difference in AH2and /Iff, for the formercomplexesiscompar-
atively larger than for the alanine complexes. This is more pronounced for the tyrosine
complexes than for the phenylalanine chelates. It was concluded from the experimental
data that in the aromatic amino-acid complexes the stability is determined partly by
back-coordination. This phenomenon is more pronounced for tyrosine complexes.

The primary factor determining the stability of the Cu(ll) complexes of the aro-
matic amino acids is the Jahn—Teller effect.

Introduction

The equilibrium conditions of transition metal complexes of phenylala-
nine and tyrosine have been studied by several authors during recent years.
From a comparison of the stability constants of the Cu(ll)-alanine and Cu(ll)-
phenylalanine systems, Izatt et al. [1] found that the log K2values were al-
most identical. However, the value of log KJK 2 was smaller for the phenyl-
alanine complex than for the alanine chelate. This was all the more striking
since values of 10.04 and 9.38 were obtained for pK2at 20 °C for alanine and
phenylalanine, respectively. This experimental observation was explained by
back-coordination.

The thermodynamic parameters of the alanine and phenylalanine com-
plexes of Cu(ll) and Ni(ll) were determined calorimetrically by Anderson
et al. [2—4], under precisely defined conditions. Although the results obtained
were very similar to the previous data, no interpretation of this interesting
phenomenon was given.

More recently, Simeon and Weber [5] carried out equilibrium studies
from a consideration of the stereospecific effects of the phenylalanine and ala-
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nine ligands. According to Anderson et al. [2—4] the MA2type complexes
of phenylalanine are relatively more stable than the corresponding chelates of
alanine; Simeon and Weber obtained a similar result for Cu(ll), but that for
Ni(ll) did not entirely support the observation.

Apart from the earlier studies relating to the phenylalanine and tyrosine
complexes [6] systematic experiments were carried out by Sytchev and
Mikhal [7] in addition to the above mentioned authors. For the phenylalanine
and tyrosine complexes of Fe(ll)—2zZn(Il) (with the exception of some systems)
these authors obtained the result that K2 Kv However, they did not inter-
pret this surprising experimental result.

The data of the authors cited above disagree at times. They do draw
attention, however, to the fact that the stability determining factors for the
aromatic amino-acid complexes may be different from those for aliphatic
amino-acid chelates.

Several authors have dealt with the thermodynamic conditions of the
3d5—3d10 transition metal alanine complexes [1—4, 6, 8, 9]. However,
with the exception of the Cu(ll) and Ni(ll) phenylalanine chelates [2— 4], data
on formational enthalpies and entropies relating to the transition metal aromatic
amino-acid complexes are not available in the literature. The values of the
stability constants largely call for a re-examination. Hence, because of the
missing equilibrium data, there is no possibility for an interpretation of the
factors determining stability.

In an earlier publication [10] we determined pH-metrically the thermo-
dynamic data ofthe 3d5— 3d10transition metal alanine complexes. It was shown
that if the pH is measured under carefully defined conditions, the enthalpy
and entropy changes may be determined with satisfactory accuracy via the
stability constants. At the same time the data available in the literature relat-
ing to the alanine complexes were critically re-examined.

The aim of this work, in accordance with the above, is the study of the
factors determining the stability of the phenylalanine and tyrosine complexes.
To this end, the stability constants and formational enthalpy and entropy val-
ues of the phenylalanine and tyrosine complexes were determined. The latter
were determined both form the temperature dependence of the stability
constants and calorimetrically. At the same time a calorimetric study was made
on the alanine complexes.

Experimental

Reanal chemicals of p.a. quality were used. Alanine and phenylalanine were purified
by recrystallisation from a 1 : 1 mixture of water-ethanol; tyrosine from water. The concentra-
tions of metal chloride solutions were checked gravimetrically. The concentrations of phenyl-
alanine and tyrosine in both pH-metric and calorimetric measurements were 5X10~3M. The
ligand to metal ratio in the pH-metric measurements was 3 : 1, and in the calorimetric measure-
ments 2 : 1. Every solution contained 5Xt-2 M KCI1.
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For the measurements of pH a Radiometer PHM-4 type apparatus was used. The stand-
ardization of the instrument and the measurements were carried out as previously reported
[10]. The method of Irving et al. [11] was used to eliminate the error arising from the diffu-
sion potential differences.

The calorimetric measurements were carried out as in a previous publication [12]
with the apparatus constructed by us. In the present case, however, the bridge-voltage applied
was 2.5 V. Accordingly, one scale division on the galvanometer corresponded to a temperature
change of 8X10_5°C.

Calculations

The protonation constants and the formation curves were calculated from the pH-met-
ric titration data in the normal manner. For the calculation of the accurate constants, that n
region was selected with our curve-reduction method [13, 14], in which the formation of MAS
and hydrolysis do not play a part. Following this, the constants were calculated applying the
least-squares principle [10]. The values of the formational enthalpy were calculated using the
van’t Hoff equation, likewise with the least-squares principle, via the constants obtained at
different temperatures.

The enthalpies of formation were determined from the calorimetric data too by a method
reported earlier [12]. The heat change corresponding to hydrogen ion dissociation was obtained
in a separate process. From a knowledge of the latter, the hydrogen ion concentration and the
stability constants, and hence the concentration changes, .I1ll: and 1L: could be calculated.

Results and discussion

The formation curves of the phenylalanine and tyrosine complexes at
different temperatures may be seen in Figs 1 and 2.

Because of the hydrolysis already occurring at n~ 0.5 the studies of the
Mn(ll) complexes were carried out only at 25°C. For the Cu(ll) complexes
the individual formation curves (as may be seen in the Figures) are well sepa-
rated from each other. However, for the phenylalanine and tyrosine complexes
of Co(ll), Ni(ll) and zZn(ll) the changes are smaller. Consequently, only the
formation curves obtained at 20 and 35 °C are depicted in the Figures.

Fig. 1. Formation curves at different temperatures for the Cu(ll), Ni(ll), Zn(ll), Co(ll) and
Mn(ll) phenylalanine systems

1% Acta Chim. Acad. Sei. Hung. 68, 1971
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The solubilities of the phenylalanine and tyrosine complexes differ sub-
stantially from each other. Tyrosine dissolves much more poorly than phenyl-
alanine, but the behaviour of the metal-ligand systems is in contrast to this.
Thus, for the Co(ll) and Ni(ll) phenylalanine systems the MA2 complexes
precipitate at n ~ 1.2, and for the Cu(ll) and Zn(Il) phenylalanine systems at
n”~ 1.8. (The separation of a precipitate for the individual complexes begins
in the pH range 6—8.5.) At the same time there is no precipitation at all in

Fig. 2. Formation curves at different temperatures for the Cu(ll), Ni(ll), Zn(ll), Co(ll) and
Mn(ll) tyrosine systems

the pH range studied of the corresponding tyrosine complexes. We shall re-
turn to the interpretation of this phenomenon later. It must be noted here,
however, that the ensuing change in solubility, mainly for the Co(ll) and Zn(Il)
tyrosine complexes forming at higher pH values, may be connected with the
induced dissociation of the phenolic hydroxyl group or with its participation
in the complex equilibrium. This suggestion is supported by the fact that,
form our calculations with the curve-reduction method, for all the tyrosine
complexes we may reckon with the formation of M Antype complexes in gen-
eral only up to ii= 1.0—1.5.

The values of the stoichiometric stability constants obtained for the phe-
nylalanine and tyrosine complexes are given in Tables | and II.

The calculated errors in the stability constants in Tables | and Il (with
the same limitation as already reported [10]) are in general 0.01 log K. This
systematic deviation in the same way is present at every temperature.
Hence, the accuracy of the enthalpy of formation is determined only by the
scatter of log K.

The thermodynamic stability constants obtained as reported [10] for
the Ni(ll) and Cu(l) phenylalanine systems are given in Table IIl together
with the data of Anderson et al.
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Considering that Anderson et al. obtained pK2=9.31 compared with
our 9.26, the difference in the stability constants is 0.02—0.08, a good agree-
ment. Considering also that ourresults for the alanine complexes agree with the
most accurate literature data, all the constants obtained by us for the phenyl-
alanine and tyrosine complexes may qualify as being of sufficient accuracy.

Our own-and the literature constants for the phenylalanine and tyrosine
complexes are given in Tables IV and V.

Table 1

Stoichiometric stability constants of the M n(Il), Co(lIl), Ni(ll), Cu(ll) and Zn(Il)
complexes of phenylalanine at 20, 25, 30 and 35 °C

20 °C 25°C 30°c 35°C
Phenyl- pK2 9.20 9.08 8.97 8.85
alanine PK1 2.09 2.09 2.09 2.09
log A, — 2.4 — —
Mn(l1)

log K. — 2.3 - —
log A, 4.05 4.03 4.03 4.00
Co(ll) log A. 3.47 3.44 3.41 3.39
log KJK 2 0.58 0.59 0.62 0.61
log Al 5.13 5.11 5.08 5.05
Ni(l1) log K2 4.36 4.32 4.32 4.27
log KJK, 0.77 0.79 0.76 0.78
log A, 7.90 7.82 7.78 7.73
Cu(ll) log A, 6.92 6.84 6.74 6.69
log KJK2 0.98 0.99 1.04 1.04
log K 2 4.31 4.29 4.28 4.24
Zn(ll) log K2 4.09 4.06 4.00 4.00
log KJK. 0.22 0.22 0.28 0.24

The data in Tables 1Y and Y refer to different ionic strengths but it is still
possible to evaluate the accuracy of the constants. Considering the different
ionic strengths, the data of Simeon and Weber for the phenylalanine com-
plexes differ from our own databy 0.2 log X which may be considered fairly good
agreement. However, the constants determined by Sytchev and Mikhal [7]
at times differ by one order of magnitude from our data. This is more pro-
nounced for the comparison ofthe stability constants ofthe tyrosine complexes,
but for the Co(ll) and Ni(ll) phenylalanine systems they also found that
K2 Kr, which for these systems in such an extent has no justification. Since
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no such error is involved in the calculation procedure employed, it presumably
reflects the experimental error in their data.

In the calorimetric work we measured 8— 10 points. In the metal ion-lig-
and systems the measurement interval was selected, taking into account that

Table 11

Stoichiometric stability constants of the M n(Il), Ni(lIl), Co(ll), Cu(ll) and Zn(Il)
complexes of tyrosine at 20, 25, 30 and 35 °C

20°c 25°C 30 °c 35°C
pK3 10.21 10.14 10.01 9.94
Tyrosine PK?2 9.16 9.05 8.94 8.82
pKi 2.12 2.12 2.12 2.12
log - 15 - —
Mn(Il)
log K., — 35 — _
log K I 3.92 3.93 3.93 3.92
Co(ll) log K2 3.48 3.45 3.42 3.38
log KJK 2 0.44 0.48 0.51 0.54
log K I 5.03 5.02 4.99 4.97
Ni(ll) log K2 4.29 4.25 4.23 4.17
log KJIK?2 0.74 0.77 0.76 0.80
log Kj 7.79 7.75 7.71 7.65
Cu(ll) log K., 6.88 6.82 6.74 6.66
log KJK 2 0.91 0.93 0.97 0.99
log K2 4.15 4.16 4.19 4.20
Zn(ll) log K2 4.13 4.11 4.06 4.01
log KJK. 0.02 0.05 0.13 0.19
Table 111

Thermodynamic stability constants of the Ni(ll) and Cu(ll) phenylalanine
complexes at 25 °C

Metal log K, \og Kt logKJK, Reference
Ni(ll) 5.56 4.66 0.90 [3]
5.46 4,53 0.93 this work
Cu(ll) 8.25 7.13 1.12 [3]
8.18 7.00 1.18 this work
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MA and MA2type complexes for the Co(ll), Ni(ll) and Zn(Il)-ligand systems

form up to ri ~

1.2, and for Cu(ll) up to 1.5.

From among the calorimetric titration results, the data obtained for the
alanine—metal ion systems are given in Table Y I.

Comparison of pH-metrically determined stability constants of the Co(ll),

Table 1V

NI,

Cu(ll) and Zn(ll) phenylalanine complexes with literature data

Metal

co(ll)

Ni(l1)

cu(ln

Zn(ll)

Comparison of pH-metrically determined stability constants of the Co(Il),
Cu(ll) and Zn(ll) tyrosine complexes with

Metal

co(ll

Ni(l1)

cu(l)

Zn(ll)

25

25

20

20

20

20

20

20

25

25

25

25

25

25

25

25

lonic strength

0.37
0.01

0.05

0.37
0.01

0.05

0.37

lonic strength
(M)

0.01

0.05

0.01

0.05

log X,

5.19
4.73

5.13

8.03
7.38

7.90

4.41

Table V

log K,

3.93

5.02

7.75

log K2

log

.08

.43

47

.29

.36

11

.86

91

.09

.45

.09

K,

.45

.25

.82

11

log K, IK,

-0.08

0.92
0.52

0.99

0.32

log KJK,

0.1

Acta Chim. Acad.

Ref.

[9]
this work

[8]
[91
this work

(81
[9]
this work

[8]

[91
this work

Ni(ll),

literature data

Reference

[91
this work

[9]
this work

[9]
this work

[9]
this work
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Table VI

Calorimetric and pH-metric titration results for the alanine—metal ion systems

AAlanine — 0.01 Wi

Alanine Co(ll)—alanine Ni(ll)-alanine Zn(ll)-alanine Cu(ll)-alanine

ml pH oy S pH ah pH i pH o pH o
1.0 9.287 2.56 0.3 6.665 3.24 5.696 4.00 6.441 2.65 0.4 3.562 8.33
1.5 9.520 2.99 0.6 7.035 3.20 5.952 3.95 6.670 2.69 0.8 3.730 8.11
2.0 9.719 2.82 0.9 7.281 2.73 6.203 3.93 6.904 2.82 1.2 3.931 8.96
2.5 9.898 2.48 1.2 7.492 2.82 6.435 4.01 7.102 2.52 1.6 4.165 7.43
3.0 10.071 2.48 1.5 7.669 2.99 6.636 3.97 7.271 2.99 2.0 4.435 7.34
3.5 10.262 2.44 1.8 7.852 2.73 6.836 4.10 7.434 2.82 2.4 4.737 7.51
4.0 10.480 2.39 2.1 8.019 2.82 7.017 3.84 7.593 2.86 2.8 5.062 6.74
4.5 10.735 2.13 2.4 8.186 3.16 7.212 4.01 7.739 2.90 3.2 5.416 6.74

2.7 8.361 2.90 7.419 3.97 3.6 5.791 6.87

W ith phenylalanine and tyrosine similar results were obtained but the
data for the Co(ll) and Zn(ll) systems were nottoo accurate. This is explained
by the following reasons: because of the poor solubility of these two ligands,
we used 0.005 M solutions. At the same time, the formation of the complexes
isin general accompanied by a smaller heat change than that ofthe correspond-
ing alanine chelates. Thus, in the alanine titration, for an addition of 0.3 ml
of alkali the galvanometer deflection was 18 scale divisions on average, and
32 for Co(ll)-alanine. The corresponding values for phenylalanine and Co(ll)-
phenylalanine were 10 and 14 scale divisions. As the combined error in the
measurement and the evaluation was about 2 scale divisions, this means a
greater relative error (with a similarly small heat change) for the Co(ll)
and Zn(ll) complexes of phenylalanine and tyrosine. For the Ni(ll) and Cu(ll)
phenylalanine and tyrosine complexes, where the same amount of added alkali
gave an average galvanometer deflection of 20 or 36 scale divisions, naturally
the measurement is substantially more accurate.

The satisfactory accuracy of the enthalpy changes calculated via the
constants determined at different temperatures for the alanine complexes has
already been proved [10]. The available literature data forthe Ni(ll) and Cu(ll)
phenylalanine systems are given in Table Y Il together with our own results.
The data inTableVIi determined by Anderson et al. refer to zero ionic strength.
Since the error given by the authors for the individual complex formation
processes is ~ (0-2—0.8) Kcal/mole, the agreement with our values appears
satisfactory.
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The enthalpy and entropy changes ofthe Co(ll), Ni(ll), Cu(ll) and Zn(1l)
complexes of alanine, phenylalanine and tyrosine are given in Table VIII,
together with the data calculated calorimetrically and on the basis of the tem -
perature dependence of the stability constants.

From the data in Table VIII it may be concluded that the enthalpy
changes forthe Ni(ll) and Cu(ll) phenylalanine and tyrosine complexes obtained
by the two methods agree well with each other. In the distribution of the heat

Table VII

Enthalpies and entropies of formation of the Ni(ll) and Cu(ll)
phenylalanine complexes

Ni(ll) phenylalanine

—AHX —AHr ASX ASt
Method Kcal/mole Kcal/mole e. u. e. u. Ref.
calorimetric 3.2 3.3 13.8 10.0 [3]
calorimetric 2.7 1.9 15* 14* this work
temp. dep. .
2.2 2.3 16* 12* this work
of log K
Cu(ll) phenylalanine
Method — AHX —AHt ASX ASt Ref.
calorimetric 5.3 6.4 19.8 13.7 [2]
calorimetric 4.7 6.9 20* 9* this work
temp. dep. .
4.6 6.4 21* 10* this work
of log K

* calculated from the thermodynamic stability constants

effects between Ally and AH2 however, at times larger deviations are observ-
ed. We have already pointed out one possible cause of this for the calorimetric
measurement [12]. For the Co(ll) and particularly the Zn(Il) phenylalanine
and tyrosine complexes there is a more significant deviation between the en-
thalpy changes obtained by the two methods. As a result of the previously
detailed reasons, therefore, we believe the data obtained for the two latter
systems from the temperature dependence of the stability constants to be the
more suitable. On the basis of the data obtained with the two independent
methods, the error may be put at 0.2— 1.0 Kcal/mole.

On the basis of the formational enthalpies and entropies, and of the
stability constants determined by us for the alanine, phenylalanine and
tyrosine complexes, the following conclusions may be drawn as to the factors
determining the stability of the aromatic amino-acid-metal complexes:

Acta Chim. Acad. Sei. Hung. 68, 1971
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1. From Table VIII it is clear that there is no significant difference in
the sum of the entropy and enthalpy changes for the Cu(ll) complexes of, in
turn, alanine, phenylalanine and tyrosine. (The calorimetrically obtained data
for the Cu(ll)-tyrosine system form an exception.) At the same time, the val-

Table VIII

Enthalpies and entropies of formation of the alanine, phenylalanine and tyrosine
complexes determined calorimetrically and from the temperature dependence of the
stability constants

Co(ll) Ni(ln)
Ligand —AHI —ah?2 as2 — AHX —AHT ASX ASZ
Kcal/mole Kcal/mole e. u. e. u. Kcal/mole Kcal/mole e. u. e. u.
. 2.0 2.3 13 8 3.4 3.9 14 7
Alanine
1.3* 2.3% 15% 9% 3.6% 3.8 13* 8 *
i 1.1 2.2 15 8 2.2 2.3 16 12
Phenylalanine
1.5* 0.3* 14* 15% 2.7% 1.9% 15* 14*
. - 0.2 2.7 19 6 1.7 3.1 17 9
Tyrosine
- 0.6* 1.7* 20* 11+ 2.0* 2.8% 16* 10*
cu(ln Zn(l1)
i 4.7 6.0 22 10 2.3 1.7 13 13
Alanine
4.9% 5.5% 21* 13* 1.5% 2.8* 17* 10*
. 4.6 6.4 21 10 1.8 2.8 13 9
Phenylalanine .
4.7% 6.9% 20* 9 0.9% 1.7* 17* 13*
. 4.0 6.0 21 il 1.5 3.5 24 7
Tyrosine
5.9% 6.6 16* 10* 1.4% 2.6* 14%* 6*

calorimetric results determined at 27 °C

ues of log K2 for the Cu(ll)—phenylalanine and tyrosine systems are almost
identical with that of the alanine complex (cf. Table IX). With regard to the
values of pK 2 (alanine: 9.72; phenylalanine: 9.08; tyrosine: 9.05), this means a
significant increase of stability for the Cu(ll) aromatic amino-acid complexes.
On the other hand, from the data of the thermodynamic changes it can only
be concluded that, similarly to the aliphatic amino-acid-Cu(ll) complexes [15],
the most important factor determining stability is the Jahn-Teller effect.
Consequently, the presence of the aromatic ring is not reflected in the entropy
changes. At the same time, taking into consideration the error in AH1 and
AH2 explained above, the back-coordination assumed by i1-a+« et al. [1] can
be neither excluded nor verified. However, if it plays a part at all, this can only
be of a very small extent forthe Cu(ll)-phenylalanine and tyrosine systems.
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2. The sum of AH1land AH2 for the Co(ll), Ni(ll) and Zn(lIl)—phenyl-
alanine and tyrosine complexes is in general smaller than that for the corre-
sponding alanine complexes. (The data obtained by the two methods for the
Zn(ll)—tyrosine system differ significantly from each other. Consequently,
the possibility of drawing conclusions in this case is rather limited.) On the
other hand, the values of the entropy changes are generally larger than for the
alanine complexes.

From the stability constants in Table 1X for the alanine, phenylalanine
and tyrosine systems it is clear that, despite the differencesinpK already refer-
red to, the values of log K2for the phenylalanine and tyrosine complexes agree

Table 1X
Stability constants of the alanine, phenylalanine and tyrosine complexes
at 25 °C, | — 0.05 M
log X, log K,
Ligand
Co(l) Ni(I1) Cu(ll) Zn(ll) Co(ll) Ni(l1) Cu(ln) Zn(1l)
Alanine 4.35 5.46 8.17 4.60 3.51 4.47 6.78 4.07
Phenylalanine 4.02 5.11 7.83 4.28 3.43 4.32 6.83 4.06
Tyrosine 3.93 5.02 7.75 4.16 3.45 4.25 6.82 411

with those of the alanine complexes. On the basis of the entropy changes, this
comparative increase in stability for the aromatic amino-acid complexes may
be ascribed (at least in part) to the aromatic structure. The neutral M A2type
complexes are less hydrated, or rather the water structure is changed to a great-
er extent, than the alanine complexes.

3. Altough the sum of the enthalpy changes for the Co(Il), Ni(ll) and
Zn(ll)-phenylalanine and tyrosine complexes is smaller than that for the cor-
responding alanine complexes, there is a considerable difference in the distri-
bution. With regard to the indicated possibilities of error, the ratio AHNAHj”
is generally larger for the former complexes than for the latter. This phenom-
enon may be explained in part by the assumption of back-coordination. The
probability of this is supported by the difference in solubility (described above)
of the alanine and tyrosine chelates. This experimental finding, together with
the data obtained for the enthalpy changes, is most probably explained as
follows: as a consequence of the phenolic hydroxyl group, back-coordination
for the tyrosine complexes is more significant than for the phenylalanine com-
plexes. By this means the complex molecules will be more polar and the solu-
bility will be increased.

Thus, it may be stated that the bonding in the M A2type aromatic amino
acid complexes is relatively more covalent. This is reflected in the compara-
tively greater enthalpy change accompanying the formation of M A2 Another
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factor determining stability, in addition to the foregoing, is the greater entropy
change that can be ascribed to the presence of the aromatic ring. These effects
are more pronounced for the tyrosine complexes than for the phenylalanine

chelates.
*

We acknowledge the partial collaboration of Mr. I. S6vagé in the experimental ncork
and in the calculations.
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AZO DYES AS ADSORPTION INDICATORS. EFFECT OF SUBSTITUENTS ON THE
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In this paper 46 azo compounds are listed, suitable for use as adsorption indi-
cators. Most of these compounds have not been described in the literature as yet. The
ions determined by means of argentometric titration against the listed indicators, the
conditions of application, as well as the principle for the indicating action are given.
The acid-base or the surface precipitation principle or both of them can be applied
for the majority of azo adsorption indicators. The effect of substituents on argento-
metric applications of these indicators are discussed in detail.

In the practice, several azo dyes are in use as adsorption indicators.
In this paper the well-known azo compounds are listed and divided into groups,
together with several azo compounds prepared especially for our studies on
their indication mechanism. Our purpose was the investigation of the principle
of action of azo dyes showing adsorption indicator character, of the conditions
of applicability of an azo compound as an adsorption indicator, as well as of
the effects of substituents on applicability.

In Table I there are 22 compounds listed, known as indicator bases work-
ing in accordance with the acid—base principle. Regarding the application of
these indicators in argentometry, o-ethyl- and p-ethoxy-a-naphthyl red were
used for detailed illustration [3—7]. In a recent paper the mechanism of ad-
sorption indication by indicator bases working on the acid—base principle was
discussed [10, 11]. Preparation and investigation of a great number of indica-
tors have been carried out in order to determine the effect of substituents. Azo-
benzene was used as a parent compound, this is neither an acid-base indicator,
nor an adsorption one. After attachment of an amino group to the benzene
ring in p-position to the azo group, p-aminoazobenzene was obtained, suitable
for use as both an acid—base and an adsorption indicator. The other 21 com-
pounds listed are essentially derivatives ofp-aminoazobenzene. Thus the presence
of an amino group in p-position to the azo group is a necessary and sufficient
condition for obtaining an acid-base or adsorption indicator from an azo com-
pound. Of course, this indicating effect should be improved by attachment of
other substituents, too.

Attachment of an other substituent of + M action in p-position to the
azo-nitrogen is advantageous, resulting in an increased difference between the
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Indicator

<(">-N =N -~J>-NH 2

Yy-N =N -/ N CHi>
\ =/ y =/ \CH 3
Dimethyl Yellow
INOj pTT
\ =/ \CH
AA>-N =N -~ A>-NH2
nh?2
/Ne 2
AN-N = NH,
nh?2

CHB50 ~ /'y ~ N=N -/-">-NH2

nh/
p-Ethoxychrysoidine

N=N-<~"-NH2

a-Naphthyl Red - ~

Table |

Azo bases as adsorption indicators

Colour change

pK It(:tnrsatleo in solution
alkaline acid

2.5 Bre«, 1“, yellow orange
SCN

3.4 Br«, I-, yellow red
SCN-

25 Cl-, Br-, orange dark
I-, SCN- orange

4.8 Br-, 1- yellow orange

2.1 Br-, I-, yellow orange
SCN-

4.5 Br«, I-, yellow red
SCN-

4.3 Br«, I- yellow red

pH in

) o precip.

in precipitation titr.

titration

from orange red to 4-5
yellow

brown to orange 4-5

red to orange 4-5

orange to yellow 4-6

orange to yellow 4-5

red to yellow 5-6.

purple to orange 4-5

Ref.

[i]

[2]
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/ICTH5

8. 2.6 Bre, I-, yellow pink purple to orange
SCN-

o-Ethyl-a-naphthyl Red

3.0 Ci- Br- yellow orange red to orange
I- red
100 CHsO - <"~ -N=N-<~IT-NH. 3.6 Br-, I-, yellow violet violet to yellow
SCN-
\_
p-Ethoxy-a-naphthyl Red
Br-, I- brown- red purple to orange red
ish
yellow
N - brown- purple to orange red
12. 35 Br-, I- ish red
yellow
} 3.5 Br-, 1%, yellow red red to orange
13. nh?2 SCN-
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No.

14.

15.

16.

17.

18.

19.

/IC1

< [h>

_N

N -if

\

H03S-<S~"\- N

/ S-N =

> < X
INO02

CH30 -/j)-N =N

HO03 -/ ~ —N =N

Indicator
S-NHj
X

N-<(*">-NH?2

\_Jn

-/~\-N H 2

pK

3.3

4.6

2.5

3.9

2.9

Table | (continued)

lons to
titrate

Br-, I,

SCN-

Bre, I-

Br-, I-,
SCN-

Cl-, Br-,

Cl-, Br-
I-, SCN-

Cl-, Br-,

in solution

alkaline acid

orange orange

yellow red
yellow violet
orange purple
orange purple
red blue

Colour change

in precipitation
titration

red to orange

red to orange

blue violet to orange

blue to orange brown

blue or green to
orange

blue to violet

pH in
precip.
titr.

Ref.

(8]

[9]
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,NO,, /CH,

© u3-x 3 -14=N3 [

\_J
Cl
21 /| "~y-CcO-rf'wl -y )-N =N -/A - NH, 25 Ci1l-, Br-,
: I-, SCN-
CH,0 X |
OCH,
22. /~X _CO_nH-<AA>-N =N x f3 ~ NH2 28 Br-, I,
'OCH, [/ \ SCN-
w

water:
claret claret

ethanol:
claret blue

orange dark
orange

orange blue

violet blue to orange

red

violet blue to grey

blue to orange
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wavelengths of acid and alkaline absorption maxima of the indicator, thus
the colours will be more distinct and easier to observe.

The favourable effect of alkyl groups on the adsorption indicator prop-
erties can be seen by comparison of Compounds 7, 8 and 9. Compound 7 is
a-naphthyl red, suitable for titration of bromide and Jodide ions, showing
but a weak colour change. Compound 8 is o-ethyl-a-naphthyl red, showing
better colour change in the titration of bromide, iodide and thiocyanate ions.
Compound 9 contains two alkyl groups in o-position to the azo-nitrogen, and
can be used for the titration of chloride, bromide, iodide and thiocyanate ions.
Thus, the presence of an alkyl group in o-position to the azo-nitrogen is ad-
vantageous for the adsorption indicator properties.

The nitro group produces the greatest effect when present in p-position
to the azo-nitrogen. By the substitution of a nitro group into p-aminoazoben-
zene or a-naphthyl red in p-position indicator acids listed in Table Il come into
being. The presence of a nitro group in o-position to the azo-nitrogen shows
advantageous effect on the adsorption indication in Compounds 3, 5 and 17,
while there is no effect in Compound 11.

Dimethyl yellow is suitable for the titration of bromide, iodide and thio-
cyanate ions only, however, after introduction of a nitro group into o-position,
it can be used for the determination of chloride ions, too. Similarly, attach-
ment of a nitro group to p-methoxy-a-naphthyl red in o-position makes it
suitable for the titration of chloride ions. Chrysoidine can be used for the titra-
tion of iodide and bromide ions only, however, introduction of a nitro group
in o-position provides a possibility for the determination of thiocyanate ions,
too. Nitro groups in m-position to the azo-nitrogen show no effect on adsorp-
tion indication.

The presence of a sulfo group makes the basic dyes water-soluble, without
affecting the colour change. Its position with respect to the azo-nitrogen has
no importance regarding the nature ofthe indicators. In some cases the pre-
sence of the sulfo group makes the azocompound asurface precipitation indica-
tor; this, when being an acid—base indicator too, will work on the acid—base prin-
ciple, together with the surface precipitation one, in argentometric titrations.
The introduction of a sulfo group into dimethyl yellow will result in methyl
orange, having a better colour change than the former one, in adsorption indi-
cation. In Compound 18 the presence of a sulfo group is also advantageous,
while in Compound 15 this was not observed.

The presence of a halogen atom in the dye molecule — represented by
Compounds 13 and 14 — shows no advantageous effect on the acid—base or
adsorption indicator properties.

The best titration results with indicator bases working on the acid—base
principle were obtained in the case of iodide ions; bromide ions produced some-
what poorer results. The colour change is sometimes weak for thiocyanate
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ions, poor if any, for the chloride ion and indicator bases cannot be used in the
titration of cyanide ions.

Table Il contains azo indicator acids commonly used or prepared by us,
suitable for use as adsorption indicators. The azo indicator acids usable as
adsorption indicators can be divided into three groups on the basis of their
operation. The first group contains compounds having a basic amino group in
addition to the acidic nitro group. Their action has been illustrated on the
example of p-nitro-oc-naphthyl red [12]. Compounds 1—3 in Table Il are of
such nature. Compounds 4—7 belong to the second group. In general, they
contain nitro and hydroxyl groups. Their mechanism of adsorption indication
was elucidated on the example of Compound 5 [4-(4’-nitrophenylazo)-l-naph-
thol] [13]. Indicators in the third group are characterized by the presence
of carboxyl or sulfo groups in addition to the nitro and hydroxyl groups. 2-
(4’-Nitrophenylazo)-l-naphthol-4-sulfonic acid is a typical compound, used for
illustration of their indication mechanism [14]. In this latter case also adsorp-
tion-desorption processes take part in the mechanism of adsorption indication,
while in indicator acids of groups 1— 2, this occurs at higher ion excess only.

The indicators listed in Table Il are acid-base indicators except for
Compound 10; Compounds 3 and 6 work in alcohol only. Compounds 5, 7, 11
and 15 are universal argentometric indicators, equally suitable for titration of
chloride, bromide, iodide, cyanide and thiocyanate ions. There is no order of
preference for ions in the application, as observed for the basic dyes. Here
every ion has equal chances and, in general, it is the nature of the dye molecule
which determines the ions measurable by argentometric titration. Argento-
metric titration of the cyanide ion should be carried out in the presence of an
indicator acid almost exclusively. Of the halogen ions, iodide ion can be titrat-
ed in the presence of an indicator acid in most cases. This can be attributed
to the fact that the silver iodide precipitate provides the most favourable
conditions for the adsorption-desorption processes, important for the mecha-
nism of indication and thus for the production of a colour change, too. In
contrast to the basic dyes always showing the best colour change for iodide
ions and the weakest for chloride ions, the behaviour of these compounds
cannot be predicted, and sometimes they give better colour change for bromide
or chloride ions than for iodide ion.

The amphoteric adsorption indicators form a special group of azo ad-
sorption indicators. The term amphoteric refers to the nature of the adsorp-
tion indicator only, irrespective of their behaviour in acid-base titrations.
Amphoteric adsorption indicators are compounds behaving simultaneously
as indicator acids and bases in adsorption indication. An excess of silver ions
will make the indicator base to change its colour to a lighter one in acid or
neutral medium, while the colour of the indicator acid will change to a darker
shade in neutral or alkaline medium under such conditions. The dark colour,

2* Acta C.him. Acad. Sei. Hung. 68, 1971
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p-Nitro-a-naphthyl Red

A

H O

0,N
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INO,
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N-/~'"S-NH,

V _ NH,

N -/ "~>-O0C2H5

N-<f\-NH

H O x

ON-<NM A">-N=N-<*"%

\_y

Table 11

Azo indicator acids as adsorption indicators

Colour change

lons to i ) pH ‘in
pK titrate in solution in precipitation p;?tcrlip.
alkaline acid titration
Br-, I-, water:
SCN- purple colour- yellow to blue or 9-10
less green
ethanol:
purple red
120 I- orange orange yellow to orange 6-7
red
I-, CN- water:
yellow yellow yellow to orange 8-10
ethanol:
yellow red
12.0 CI“, Br-, orange orange orange to red 8-10
-, SCN- red
9.6 Cl-, Br-, yellow violet red to blue 8-9
I-, SCN-
I-, CN- water-irisoluble orange to orange red 8-10
ethanol:
red violet

Ref.

[12]

[13]
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SO.H

[120

7.6

Cl-,
1, CN-,

Brv,

SCN-

Cl-,
I-

SCN-

Br-,
CN-

yellow

yellow

yellow

orange

orange

orange

violet

orange

orange

orange

orange

purple

orange to violet or blue

yellow to orange

yellow to orange

yellow to greenish yellow

yellow to red

red to blue or green
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Indicator

9.3

7.3

6.3

Table 11 (continued)

lons to

titrate
Cl-, Br ,
I-, CN-
Cl-, Br-,
I-, SCN~
Cl-, I-,
CN-, SCN-
Cl-, Br-,

in solution
alkaline acid
orange blue
yellow red
yellow red
red blue

Colour change

in precipitation
titration

red to blue

yellow to violet or
green

yellow to purple

greyish red to green
blue to violet grey

pH in

precip. Ref.
titr.
9- 10 [14]
7-9 [14]
6-7

6-7 [151
8-10
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due to the quinoidal structure, is not identical in the acid and alkaline media
as produced by different structural changes. Thus the existence of an ampho-
teric adsorption indicator does not involve the presence of both acidic and basic
functional groups in the azo dye. In general, attachment of a sulfo group to an
azo indicator base will not alter its indicator base character, though it will
increase its solubility and change the range of its colour change. Amphoteric
azo adsorption indicators prepared from indicator acids by attachment of a
basic group are listed in Table III.

The next group of azo adsorption indicators contains azo compounds
acting as surface precipitation indicators. These are listed in Table IV. Com-
pound 1 of thistable isnot an acid-base indicator. The only difference between
this compound and metanil yellow is the presence of a chlorine atom in o-posi-
tion, eliminating the indicator character of the molecule. However, it acts
as a surface precipitation indicator, similarly to fluorescein and its derivatives
[17]. Compound 2 differs from metanil yellow in the position of its sulfo group
with respect to the azo-nitrogen, it being in p-position instead of m-position.
Similarly to metanil yellow, it is an indicator base, however, it cannot he used
as an adsorption indicator on the basis of acid—base principle, since the colour
change will take place only after the addition of a significant excess of the
reagent.

Finally, there are azo compounds which act on more than one principle
as precipitation indicators. These are summarized in Table V. Of these indica-
tors, Compounds 1 and 2 work equally well on the acid-base and surface pre-
cipitation principles, while Compounds 3 and 4 show poor colour change as
surface precipitation indicators. The compounds listed in Table ¥ are indicator
bases with surface precipitation properties, owing to the presence of sulfo or
carboxyl groups. No surface precipitation indicators could be prepared from
azo indicator acids.

In addition to the listed compounds, several other well-known azo dyes
were investigated and found to be unsuitable for use as adsorption indicators.
The water-insoluble azo pigments Hansascharlach RN (C. I. 12120), Perma-
nentrot R extra (C. I. 12085), Hansagelb G (C. I. 11680) could not be used as
adsorption indicators. Of these pigments only the ice red or para red (C. I.
12070) was found to be suitable for titration of iodide and cyanide ions (Table
I, Compound 6). Since it is insoluble in water, it was dissolved in alcohol and
made alkaline before use. Of the basic azo dyes, Diaminbraun (C. I. 22311) and
Basic Brown (C. I. 21000) could not be used as adsorption indicators. This is
due to the fact that these compounds are not acid-base indicators. Direct
azo dyes Dihanyl Brown (C. I. 35005), Dihanyl Orange (C. I. 22130), Direkt-
schwarz RW (C. I|. 30245), and Direkttiefschwarz EW (C. I. 30235) could
not be used as being no acid-base indicators. Of the azo chromic mordant
dyes, AlizarinchroHiechtgelb (C. I. 14095), Chromolangelb GRK (C. I. 13900),
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Table 111

Amphoteric aio adsorption indicators

lons to titrate in

Colour change

Indicator pK acid alkaline in solution . L
in p(emp_nanon
medium acid base titration
"OCHS3
I-, Br- CI“, Br~, pink purple violet to
°N O - N=n-%&_"-nh” I-, SCN- orange
yellow to
(@) blue
/OCH3
</~A\-N = N-(~ ~>—NHj 31 I-, Br~ CN- red yellow purple to
orange
o = o pink to
violet
Table IV
Azo compounds as surface precipitation indicators
Colour change
Indicator pK lons to titrate in solution . o
in precipitation
acid base titration
cl
NH-<f ~>-N=N - /\ . C-l, Br-, orange orange orange to pink
I-, SCN-
1
S03Na
~-N = N-<~J~A>-S03Na =22 CI, Br- red yellow yellow to. pink
1-, SCN_

Tropeolin 00

pH

pH

6-7

[8]

[16]
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Table V

Azo adsorption indicators acting on mixed principle

Colour change

. lone to . .
Ne. ndicator pK titrate in solution in precipitation
acid base titration
(">-NH -~"*"-N = N— 1.7 ClI-, Br-, yellow to pink
I-, SON-
Metanil Yellow SO0»Na Cl-, Br-, red yellow blue to orange
I-, SCN-
2. Na03S -/~\-N = N -/ 4 - NCH3 3.7 Cl-, Br-, yellow to orange
X= 7 'CH, I-, SCN-
Methyl Orange Br-, I-, red orange red to orange
SCN-
,COOH rw
3. N-N =N -/~1{. N 53 Br-, I-, orange to orange red
\cH3 SCN-
Methyl Red Br-, I-, red yellow red to orange
SCN-
nh?2
1
4. IV A~X -N = N 40 Br-, I-, red to purple
SCN-
\W il Br-, I-, blue red blue to red
SONa irJl SCN-
1
?“. 6
S03Na

Congo Red

pH

[16]

[18]

[19]

[20, 21]
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Neolangrin BL (C. I. 13425) are not adsorption indicators. Tropeolin O was
the only well-known azo acid—base indicator which was notfound to be asuit-
able adsorption indicator.

General aspects for use of azo compounds as adsorption indicators

The above examples show that azo compounds act as adsorption indi-
cators mainly on the basis of the acid-base principle. This requires, in general,
adequately different absorption maxima of the acidic and alkaline forms of
the compound. There are some exceptions, too, which are not acid-base indi-
cators but still act as adsorption indicators. It can be stated that the majority
of the azo acid-base indicators are satisfactory adsorption indicators, with
some exceptions, of course. For example, a change in the position of the sulfo
group from m-position to p- one in metanil yellow results in unaltered acid-
base indicator properties but it will follow the surface precipitation principle
when operating as an adsorption indicator.

Of the azo acid-base indicators, both the indicator bases and indicator
acids can be utilized as adsorption indicators, in neutral and acid or neutral
and alkaline media, respectively. In the indicator base the amino group in
p-position to the azo group is an important substituent. Advantageous effects
are obtained by substituents of -j-M action in o- or p-position and by alkyl or
nitro groups in o-position. In the indicator acids the most important substi-
tuent is the nitro or hydroxyl group in p-position with respect to the azo group.

According to the above discussion, the azo compounds acting as adsorp-
tion indicators can be divided into the following groups:

Azo adsorption indicators

I. Acid—base principle Il. Surface precipitation Il. Mixed principle

1. Indicator 2. Indicator 3. Amphoteric
base acid indicator
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The sorption ofthe lanthanide metals and scandium on iron hydroxide was studied
in a Na2C03 medium. It was found that as a result of the hydrolytic decomposition of
the relatively low stability carbonate complexes, the sorption of the light lanthanides
is complete at a Na2COa concentration of 0.2 M, but the sorption of the heavy lantha-
nides is only approximately complete. With increase of the Na2C03concentration or of
the atomic number the sorption decreases. Scandium behaves similarly to the heavy
lanthanide metals. The sorption passes through a minimum in the pH range 9—11.
Lu3+, Yb3+ and Sc3+ can be separated with 2 M Na2C08 from Fe3+ and to a certain
extent from the other lanthanide metals too. Every lanthanide metal ion can be sep-
arated from uranium, but only the first members of the series can be separated from
thorium and zirconium.

Introduction

It is well known that the carbonates of the lanthanide metals are
sparsely soluble compounds [1]. In addition to the poorly soluble normal
carbonates of composition Ln2(C03)3, however, more soluble anionic complexes
also exist [2, 3]. The compositions of these complexes were reported to be
[Ln(C03)3]3~ and [Ln(C03)4]5_. From the rather limited amount of papers the
following are known on their properties.

1. The stabilities of the complexes are not high; log Kn for the
[Ln(C03)3]3~ complex is 1.89 for Nd and 1.94 for Eu [2]. (Knis the stepwise
stability constant; n — 3.) Numerical values have been determined for only
a few of the metal ions.

2. The stabilities and solubilities of the complexes increase with atomic
number [2, 3]. The solubility in 2 M Na2C03solution varies between 0.09 and
0.10 mM.

3. The solubility increases monotonously with increasing carbonate
concentration. The solubility in (NH42C03is smaller by an order of magnitude
than in alkali metal carbonates [4, 5].

4. Solubility differences for individual lanthanide metals permit a cer-
tain degree of separation.

As has been found for other systems too, the solubility of a complex ion
jn itself does not determine to what extent it can remain in solution in the pre-
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sence of a precipitate (e.g. a metal hydroxide) capable of sorption. From earlier
studies [6] we found that with 0.1 M jNa2C03 in the presence of Fe(OH)3
each lanthanide metal (if present in small amount) goes practically completely
into the precipitate. In this way the separation of uranium from the lanthanide
metals can be achieved.

In this paper we report the results of further investigations into the
effects exerted on the sorption of the lanthanide metals by some important
factors. Because of its chemical similarity to the lanthanide metals we also
report here the experimental results for scandium.

Experimental

In our experiments 50 mg of iron(l1l1) and various amounts of lanthanide metals were
precipitated in a volume of 50 ml with a solution of Na2C03. To prevent possible variations
arising from ageing, the precipitates were filtered off after 30 minutes. In the study of the de-
pendence of sorption on pH, the pH was changed by the addition of HC1 or NaOH. To obtain
fixed pH values we applied 10 ml each of H3B03+ NaOH (pH 9.4) or glycine + NaOH
(pH > 10) buffer mixtures (0.2 M H3BO03and the required amount of NaOH, or 0.1 M glycine
and the required amount of NaOH). When the pH had been approximately adjusted previously,
the capacity of the buffer solution proved sufficient to maintain the desired pH values even in
1 M Na2C03 pH was measured with a BADEEKISZ OP-401/1 pH-titrimeter using a com-
bined calomel-glass electrode. From a consideration of analytical practice, in the experiments
we used the two most important temperatures, 25 and 80 °C.

In general, to ascertain the extent of sorption the filtrate was analyzed since in the major-
ity of experiments this contained the smaller amount of the ion to be determined. The deter-
mination was carried out with arsenazo Ill photometrically [7] or by isotopic tracing and mea-
surement of y-activity. Because of the high salt concentration, it was necessary in the case of
the arsenazo 111 analysis to make checks from time to time using an internal standard method,
or to perform separations by dibutylphosphate extraction. The following isotopes were used
for the tracing: 141Ce, 147N d, 143Sm, 152Eu, 153Gd, 160T b, 170Y b, 174Lu and 45Sc. The activities of
solutions were measured with a 20th Century Electronics 1363-D 100-channel amplitude analyzer
with a GAMMA ND-118 pick-up and an NZ-IlI-BP Nal(TIl) hollow crystal of 15 ml useful
volume. The activities used were chosen so that 1% of them should be at least commensurable
with the background.

Results

As we have already referred to in the introduction, at 25 and 80 °C with
0.1 M Na2C03in the pH range 7—13 each lanthanide metal and scandium
precipitates quantitatively (% 99%) with Fe(OH)3. This is true between wide
concentration limits.

However, nee obtained a different result by changing the Na2C03 con-
centration. In Tables I and Il are the results of experiments made at fixed
pH’s of 9.4 and 10.9. It can be seen from the results that the sorption decreases
with increasing carbonate concentration and at higher concentrations becomes
quite small for the heavy lanthanide metals. The sorption is more at pH
10.9 than at 9.4.

The pH-dependence of the sorption was studied over a wide pH range.
As can be seen in Fig. 1 the curves pass through a minimum and the sorption
at pH 12 is already complete in 1.0 M Na2C03. The section of the curve be-
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tween pH 9 and pH 11 is qualitatively similar to the sorption curves of Zr4+
and UOG6

The effect of temperature is not significant; the values measured at 25
and 80 °C agree within the limits of experimental error.

The relative extent of sorption under the conditions of incomplete sorp-
tion is not independent of the lanthanide ion concentration. For example,

Table 1

Sorption of lanthanides and scandium on Fe(OH)3from a Na2 03 solution
at pH 9.4

(50 mg Fe3+; 0.01 —100 fig Ln3+; 25 °C; in 50 ml volume)

NazC03 Ce3+ Nd3+ Sm3+ Gd3+ Th3+ Ho3+ Yh3+ Lu3+ Sc3+
M % sorption
0.1 100 100 100 100 100 100 100 99 99
0.2 100 95 92
0.3 100 100 97 93 90 87 60 50 50
1.0 100 98 91 80 68 62 40 44 25
2.0 99 96 89 <5 <5 <5

Table 11

Sorption of lanthanides and scandium on Fe(OH)3from a Na”"CO03 solution
at pH 10.9
(The experimental conditions are the same as in Table I)

NazC03 Ce» Nd3+ Sm3r Eu3+ Gd3r Th3+ Ho3+ Yb3+ Lus+ Sc31

% sorption

0.1 100 100 100 100 loo 100 100 100 97 98
0.2 100 100 100 100 95 90
0.5 100 100 99 99 98 93 85 65 45 50
1.0 100 97 94 94 69 62 45 28 30
2.0 15 11 12

the sorption of 10//g Sm3+ at 80 °C at pH 10.5 is 91%, whereas that of 10 mg
isonly 74%; that of 10 fig Yb3+ is 39%, but that of 10 mg is only 7% . Accord-
ing to our studies, the Freundlich isotherm is valid between wide limits of
concentration (at least three orders of magnitude) (cf. Fig. 2). The value of the
exponent, 1/n, is 0.87 for Sc3+ and 0.89 for Y b3+; that is, the relative extent of
sorption decreases with increasing concentration.

The mechanism of sorption was examined. Similarly to the case with
other complex ions (uranyl carbonate, or cobalt(ll), zinc(ll) and other ammine
complexes) [8, 9], it was observed here too that the complex decomposes and
by means of hydrolytic sorption only the central cation goes into the precipi-
tate (Table 1I1).

Acta Chim. Acad. Sei. Hung. 68, 1971



316 UPOR, NAGY: SEPARATION OF TRACES OF ELEMENTS, VIII

Fig. 1. Dependence on pH of the sorption of Sc3+ and Yb3+ on Fe(OH)3from a Na2C03solu-

tion (50 mg Fe3+; 1fig Sc3+ or Yb3+;in 50 ml volume; 25 °C. CO§* -)- HCOjf concentration-

1.0 M. The pH was controlled by changing the ratio of these, or with NaOH. Filtration after
30 min). 1. Sc3+; 2. Y b3+

Fig. 2. Freundlich isotherms for the adsorption of Sc3+ and Y b3+ on Fe(OH)3from a Na2C03
solution (50 mgFe3+; in 50 ml volume). 1. Yb3+; 0.5 M Na2C03; pH 10.5; 25 °C 2. Yb3+;
0.2 M Na2CO03; pH 10.6; 25 °C 3. Sc3+; 1.0 M Na2C03; pH 10.6; 80 °C

Table 111

Sorption of Ln3+ and C03~ on Fe(OH)3from a carbonate medium
(50 mg Fe3+; 0.5 M Na2C03; 80 °C)

on” ®amote " S mole cozn
Gd3+ 0.46 0.06 0.13
Dy3+ 0.34 0.05 0.14
Er3+ 0.25 0.03 0.12
Y b3+ 0.30 0.04 0.11
Sca+ 0.95 0.04 0.04
Y3+ 0.50 0.03 0.06
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Conclusions. Separation possibilities

In addition to the very few data mentioned in the introduction, the re-
sults of the sorption experiments also prove that the stabilities ofthe carbonate
complexes of the lanthanide metals are relatively small. The increase of stabili-
ty with atomic number is also signified by the decrease of the extent of sorp-
tion on iron hydroxide. In this connection too we observe that the properties
of the heavy lanthanide metals lie close to those of thorium.

It is well known that in a carbonate medium Th4+ exerts a desorbing
effect on U002+ [10]. The explanation of this is to be found in the greater
stability of the [M02(C03)3]4- complex ion in addition to the good bonding
ability for C02~ (poor for OH-) of Th(OH)A4.

Since the stability of the carbonate complex of thorium is greater than
those of the corresponding lanthanide complexes, in accordance with expecta-
tions it was found that thorium does not exert a desorbing effect during the
sorption of the lanthanide metals.

It can be seen from the experimental results that the sorption of Sc3+
is similar to those of heavy lanthanide metals, e.g. Yb3+ and Lu3+; this is in
agreement with the picture formed in connection with the analysis of scandium.

From the data reported here and from our earlier work, in the presence
of Fe(OH)3 as carrier, the possibilities of the separation of lanthanides from
other ions forming carbonate complexes are the following.

1. All the lanthanide metals and scandium can be separated from ura-
nium with 0.1 M Na2C03at pH 9—11. Under such conditions only a small per-
centage of the uranium remains in solution, while the lanthanide metals go
quantitatively into the precipitate. The separation can be made complete from
large amounts of uranium by repeated precipitation and by utilization of the
desorbing effect of added thorium [10].

2. The lanthanide metals and scandium can be separated from zirco-
nium with 0.2 M Na2C03 at pH 9.0—9.4. The separation is not quantitative
since 10—30% of the zirconium (depending on its concentration) remains in
the precipitate. By repeated precipitation, however, only a few per cent of the
zirconium remains in the precipitate while merely for the last members of the
lanthanide series is there a loss of a few per cent. The separation is thus of
limited efficiency. The separation from the light lanthanide metals is quantita-
tive and so can be used for example in the case of their determination. In other
cases it may be used depending on the concentration conditions and on the
requirements of the separation.

3. The separation from thorium is much more pronounced. With 0.75
M Na2C03at 25 °C at pH 9.2—9.6 more than 90% of the thorium remains in
the solution and so may be separated by repeated precipitation from lantha-
num and from the first members of the cerium group (Pr3+, Nd3+, Ce3+). Since
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the thorium distribution between the precipitate and the solution is greater
at Na2C 03 concentrations lower than this (e.g. with 0.5 M Na2C03 more than
50% is to be found in the precipitate), thorium is quite inseparable from the
heavy lanthanides and only very imperfectly from the ions in the middle of
the series.

4. According to the values reported in Table I, scandium, ytterbium
and lutetium can be separated from La3+, Ce3+ and Nd3+, and to a decreasing
extent with increase ofthe atomatic number, from some ofthe other lanthanide
metals. This separation may be utilized, for example, in the determination of
the Sc3+, Yb3+ and Lu3+ content of lanthanide compounds by a neutron acti-
vation method. In this case the separation may even be improved (in accor-
dance with the Freundlich isotherms) by the addition of an inactive carrier
which does not interfere in the analysis.

5. Sc3+, Yb3+ and Lu3+ can evidently be separated from iron by this
technique.

Further studies must be carried out for the analytical application of the
listed possibilities (except the uranium-lanthanide metal separation).
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It has been shown that the usual method for calculating the activation entropy
on the basis of the theory of absolute reaction rates often leads to false results. The
method has been discussed in detail and a correction diagram has been supplied on the
basis of the frequency and anharmonicity coefficient of the critical normal vibration.
The practical use of the method has been demonstrated in some classical examples.

Introduction

According to the theory of absolute reaction rates [1, 2], the reaction
rate is determined by the decomposition of the activated complex. The reaction
rate per volume is defined as:

v=v'x* )

where v' denotes the decomposition frequency of the activated complex (to
products) and x* stands for the concentration of the complex. The fundamental
assumption of this theory is that the starting materials are in equilibrium with
the activated complex. The correctness of this assumption has been questioned
by several authors. However, since the possibility of equilibrium cannot be
denied in the case of most reactions, we shall consider this basic criterion of
the theory as accepted. This concept leads to further presumptions of equili-
brium: the existence of a simultaneous equilibrium between starting materials
and the activated complex, as well as between the activated complex and the
products:

I A, ~  X* 278, &)

Naturally, a macroscopic reaction cannot be observed at equilibrium, therefore,
due to the dynamic character of the equilibrium, our considerations are con-
cerned with the rate of exchange reactions.

According to the theory of absolute reaction rates, the concentration of
the activated complex, x*, may be expressed from the equilibrium constant
written for the left-hand side of equilibrium (2)

rt ael

X* = K* Ma. — - I7a, e re @
YIFi v
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where a;stands for the concentrations of the starting compounds, F denotes
the appropriate thermal partition functions, and JIE* is the activation energy
at the absolute zero.*

Instead of the corresponding vibrational degree of freedom, Eyring [1]
separated a translational partition function from the partition function f*
of the activated complex in the co-ordinate direction of the decomposing bond:

“4)

where y denotes the path of one of the preformed dissociation products of the
activated complex relative to the other, at the end of which the products are
formed. The application of formula (4) is justified if this path is potential-free,
what has been assumed by the authors due to the flatness of the top of the
activation barrier. According to Formula (1), v is the reciprocal of the time
interval during which the end-products are formed. Thus the product of y
and v'is, of necessity, an average velocity component of the complex in the
direction of bond elongation:

. kT 112

yv
2}'ITI'IJ

(5)
Considering Eqgs (3), (4), and (5) instead of Eq. (1) one obtains:

kT F* -AFA- KT __ .,
v=~hT 7TFn ‘e RT = h k MNa*

where F* is the partition function of the activated complex, apart from that
referring to the separated degree of freedom, while K* is an equilibrium con-
stant where the contribution of the separated vibrational degree of freedom is
not taken into consideration in the thermodynamic potential of the activated
complex.

The correctness of the theory seems to be supported by the fact that when applied to
the conditions of the earlier collision theory, the expression of the reaction rate [3], derived
from the collisionnumber was obtained. This requires that the separated translational degree of
freedom would be ascribed to the vibrational degree of freedom of the forming bond and not to
that of the decomposing one. The complete expression of the normal translational and rota-
tional partition functions can be obtained. In the latter, when defining the moment of inertia of

* W hen discussing the theory of absolute reaction rates, most authors neglect the dimen-
sion of the equilibrium constant Kt or fail to point out a rather important fact: instead of the
partition functions ( = DF, with V as the volume of the system) the equilibrium constant
contains the factors D//V”, where JITa is the Avogadro number so the thus defined translational
partition function is not dimensionless as the other partition functions but has a dimension
of mole/volume. Thus the dimension of the complete equilibrium constantis (mole/volume)1l-m,
where m is the moleeularity of the reaction. Consequently, xt is actually obtained as a concen-
tration.
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the activated complex, the interauclear distance in the diatomic complex was considered equal
to the sum of the two atomic radii.

If the single vibrational degree of freedom is described by Eq. (4), one obtains the rate
expression of the collision theory with the only deviation that neot replaces the experimental
activation enthalpy, AHt .

kT
The so-called universal frequency factor,------ ,in Eq. (6) may also be inter-
h

preted by considering the vibrational partition function of the normal vibra-
tion concentrated at the decomposing bond for an extremely low frequency

kT
when it is equal to ------ . If, in addition, it is assumed that due to this vibration
hv

the activated complex decomposes already at the maximum internuclear dis-
tance of the first vibration period, frequency V' can be identified with the vibra-
tional frequency, v. This consideration also leads to Eq. (6).

In the theory of absolute reaction rates, Eq. (6) has been supplemented
with a probability factor smaller than 1, called the transmission coefficient.
This factor, denoted by x, was interpreted by Eyring as the probability of
the complex decomposing into the products and not back into the starting
compounds. This implies that the life-time of the activated complex is equal
to — , for if it does not decompose with frequency V' to the products, then

v
it must decompose to the starting materials. The interpretation of X involves
further difficulties, if-li-]-—is regarded as the partition function of the normal

v

vibration concentrated at the decomposing bond because decomposition to
the starting materials requires the rupture of a different bond. If Eq. (6) is
referred to the latter, equilibrium constant K* will not be identical with the
original one. It seems more unambiguous to define x as v'/v, in other words,
as the ratio of the cleavage and vibration frequencies of the bond being rup-
tured. The transmission coefficient is the probability that the activated com-
plex decomposes to the products during a single vibrational period and does
not remain intact. The probability of decomposition to the starting materials
may be characterized by another x, denoting a process from the right to the
left.

Determination of the activation entropy

On the basis of Eq. (6), the reaction rate constant is

kT
K= X——K* . 7)
h
According to thermodynamics,
LoV
K* =e &t (8)
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Zip* is the excess free energy of the activated complex relative to the starting
materials, disregarding, however, the vibrational contribution of the decom-
posing bond. The state * has in general no physical reality except when the
activated complex contains only two atoms because the contribution of only
one of the three vibrational degrees of freedom of the decomposing bond is
not taken into account, and the rotational degree or degrees of freedom re-
sulting upon decomposition are not taken into consideration either. Separating
again the free energy into two appropriate terms we obtain

nr AS* AH*
k=Xx—— e~-R~ e~~RT . 9)

n

On the basis of Eq. (9), one cannot calculate the activation entropy from the
pre-exponential factor of the Arrhenius equation, for AH* is not equivalent
to AH*, which can be calculated from the temperature dependence of the
rate constant. Still, in practice, the activation entropy is calculated from Eq.
(9), by taking into consideration the real activated state instead of the state
* and taking the transmission coefficient equal to 1:

bTN  as* ahi .
K= ——e R e RT (10)

from which the pre-exponential factor is

KT
A= ) (11

Let us examine whether this procedure is justified. From statistical
mechanics:

Ay* = Ay* RT\nfor (12)

where fcris the partition function of the critical normal vibration. Zp* can
be replaced by Zip* iffais close to 1, which is true if the frequency is high.

kT
In this case, however, facannot be considered equal to — neither can the
v

transmission coefficient be taken for 1, since a bond with a high vibrational
frequency is by no means likely to decompose during a single vibrational
period.
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The vibrational partition function can be substituted fo r--h----if the fre-
v

quency is rather low, i.e. when the value of the transmission coefficient may
also approach unity. But then feris considerably higher than 1, consequently,
Oun* cannot be replaced by Au*.

Calculation of the partition function fcr

The partition function of a harmonic vibration can be given in an ex-
plicit form. However, assumption of harmonic vibration contradicts to the
presumption that the bond will decompose owing to vibration. This supports
the assumption of anharmonicity, which has been taken into account by the
quadratic expression for the vibrational energy. Accordingly the enharmonic
vibrational energy with respect to the zero-energy state is

E —hvv [I —x(v+ 1)]. (13)
By taking the first derivative of the total vibrational energy with respect to v
and putting the differential coefficient equal to zero by the usual method, one

1—X
obtains m — for the quantum number ix, corresponding to the dissociation

level. Inserting this into Eq. (13), the dissociation energy with respect to the
zero energy state will be:

D=4n(1-%)2- (14)

In the anharmonic vibrational partition function, however, the series
of levels cannot be interrupted at the dissociation level, but instead it should
be continued by a one-dimensional translational series. The translational par-
tition function is the area below a half Gauss curve, with its tail joining the
envelope curve of Boltzmann factors plotted as a function of the vibrational
guantum numbers. Fig. 1 shows the anharmonic partition function for x =
= 0.03 and x = 0.1 at 600 K if the frequency amounts to 50 cm-1. The two
parts of the curves fit if:

exp(-ai4,) = exp | -~-t>D[I x(cD+ D]I (15)
Substituting the value of vd expressed by the anharmonicity coefficient one
obtains

hv
a = —X. (16)
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a)

Fig. 1. Dependence of Boltzmann factors of an anharmonic vibration on the quantum number
at 600 K and 50 cm-1 for anharmonicity coefficients a) x = 0.03 and b) x = 0.1

To determine the area below the tail of the Gauss curve, a supplementary
diagram has been constructed by plotting the graphical integral of e ~y~ from
y* to infinity against the exponential corresponding to the * state (Fig. 2).
This exponential is the Boltzmann factor corresponding to the dissociation
level. If the area read from the supplementary diagram is divided by |/o, one
obtains the contribution to the partition function beyond dissociation. This
contribution must be added to the sum of the Boltzmann factors pertaining to
all vibrational levels:

fanh = 2: RXP 1 77*7t1 -0 + )] + 111 \e-v2dv. 17)
my=0 ( ki Ta J

The Gauss curve corresponds to potential-free translation. The fit to the partition func-
tion of the anharmonic vibration is, however, precise, for the potential energy of the vibration
also decreases to zero up to the dissociation level. In a harmonic case, the vibrational energy is
equally distributed to kinetic and potential energies. The dissociation energy calculated from
the potential minimum is D' = hv/4>x, which is exactly one half of the total harmonic vibra-
tional energy* in state V+ 1/2 = 1/2*.

* Accordingly, the anharmonic vibrational energy E = hv[v 1/2 — x(v + 1/2)2] is
distributed into kinetic and potential energies as follows: T = hv/2 (v + 1/2) and V =
= hv/2 (v + 1/2) — hv x(v-{-1/2)2. In the state of d+ 1/2 = 1/2*, the potential energy decreases
to zero.
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In possession of the concrete anharmonic partition functions, one may
kT .
examine the manner in which they differ from T applied in Eq. (10), as
\'
well as the amount of normal affinity contribution of the critical bond per

kT
one degree of freedom. Fig. 3 gives the--ﬁ---to fcrratio as a function of the nor-
\

Fig. 2. Dependence of the one-dimensional translational partition function fitting that of an
anharmonic vibration on the Boltzmann factor pertaining to the dissociation energy

mal vibration frequency corresponding to the critical bond at 300 K, while
Fig. 4 shows the value of -- Afia/RT also as a function of frequency. As may be
seen, in the case of high frequencies, the partition function greatly differs from

kT
—— while in the range of low frequencies, the normal affinity contribution

becomes significant. In the case of different anharmonicities, the shape of the
curve plotted in Fig. 3 appears to be quite specific in the range of low fre-
quencies. The reason is that in the case of maximum anharmonicity (# = 0.1),
the curve shows a steep rise towards low frequencies and intersects the curve
for harmonic vibration. In an anharmonic case, the rise of the vibrational par-
tition function is less steep towards low frequencies than for harmonic vibra-

kT
tions, since the limit of the harmonic partition function iSF ,while that of the
\%

anharmonic partition function, where the contribution of potential-free trans-
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lation becomes more and more significant with decreasing frequencies, shows

1 nkT @& , . .
avalue of — —-— , ie.itisalower-order hyperbola. At moderately low fre-

quencies the anharmonic partition function is higher than the harmonic, for
the energy levels converge, i.e. the decrease of Boltzmann factors is not purely
exponential. With slight anharmonicity (x = 0.01), this tendency is observable

Fig. 3. Dependence of (kT/hv) :fcron the wave number to at 300 K

200 A0O0 600 800 1000

co cm'l

Fig. 4. Dependence of —A[ialRT on the wave number at 300 K
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only at 100 cm -1, that is why the local maximum of the curve develops at
this point. It must be noted, however, that towards still lower frequencies,
after reaching a minimum, this curve will also show an abrupt rise.

Correction for the calculation of activation entropy

As seen from the above considerations, the separation of the partition
KT
function for one degree of freedom in the form -—Hv-from F* given in Eq. (3)

is a weak point of the theory. If this is not done, instead of Eq. (9), one may

write:

NHt
K= xvK* —XVe R e RT . (18)

On the basis of this the pre-exponential factor is:

A= xve R (19)

If the quotient of exponentials containing the activation entropies derived
from Eqgs (19) and (11) is denoted by @s,

KT
= (20)
4s hvx

where ASCis the correctional entropy term. Let us denote the activation en-
tropy calculated from Eq. (11) by dS* ; then the activation entropy calculated
without neglections is:

dS* = dS*' + dSc= dS*'+B In Qs . (21

Determination of the transmission coefficient

In the case of a diatomic activated complex, the frequency quotient of the
decomposition and the vibration of the decomposing bond, defined earlier as
X, is equal to Jivesiv, where No is the number of molecules with at least the
dissociation energy and N is the total number of molecules. According to sta-

tistical mechanics:
©

A= LjYwdE. (22)
D
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Provided that the energy levels are equidistant and the partition function /
can also be substituted for an integral we have

N d b (23)

N e RT

Neither of the conditions holds, however, for an anharmonic vibration,
therefore, in general:

N
° av dv (24)

N fannl 3"

(fanh has been given in Eq. (17)).

W ith an activated complex containing several atoms, the energy may
fluctuate between several vibrational degrees of freedom. For this case, the
probability of decomposition, identified here with x, has been calculated,
among others, by Hinshelwood [4] with the following formula:

D in—7
RT 25
@3Bn ) RT )

with n denoting the number of atoms in the complex (in a linear complex,
3re— 6 must be taken into account instead of 3n—7). Evidently, the case of a
diatomic complex is also included in Eq. (25). Considering that the vibration
of the decomposing bond is necessarily anharmonic, one should write Eq. (24)

here too, instead of the exponential, and should be replaced by an appro-
priately modified quantity in the numerator. It can be established, however,
that Formula (25) may be used only if - > 3re—7*. In this case, however,

convergence of the vibrational levels is so slight that Eq. (24) may actually be
replaced by the exponential given in Eq. (25). At the same time, the numerator
of the expression may be left in its original form.

D
At frequencies corresponding to  y-<Y3re—7, the value of x can be de-

termined from the specific feature of the relationship (25), that its logarithm

*IfT<l—were not greater than 3n —7, further increase in the number of atoms or degrees

of freedom would decrease the probability of bond decomposition. It can be also deduced that
if X1 3n — 7, Eq. (25) reaches a maximum and approaches 0 with decreasing frequency.
This has no physical meaning.
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D
shows a slight slope as a function of — , so the curve may he easily interpolated

between the first calculated point and x = 1, which corresponds to v = 0.
Figs 5a, 5b and 5c show the negative logarithm of k as a function of the re-

%
duced frequency -v at differentanharmonicity factors. Fig. ais valid for triato-

a)

b)
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<)

Fig. 5. Dependence of the negative logarithm of the transmission coefficient calculated from
Eq. (25) on the reduced wave number w/T for a) linear triatomic, b) non-linear tetra-atomic

and c) hexa-atomic activated complex

mic linear activated complex, Fig. b holds for anon-linear tetra-atomic, and Fig.
c for a non-linear hexa-atomic activated complex.

These diagrams were wused in preparing Figs 6a, 6b and 6c, which
leads to the value ASCin Eq. (20), as a;ynction of the reduced frequency, under
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b)

<)

Fig. 6. Correction of the activation entropy calculated from Eq. (11) as a function of the
reduced wave number for a) linear triatomic, b) non-linear tetra-atomic and c) hexa-atomic
activated complex
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conditions similar to the above. It. can be seen that e.g. in the case of a hexa-
atomic activated complex with an anharmonicity factor ofx — 0.1, at reduced
frequencies 1.2 and 3.8 cm-1 K _1, the entropy correction is zero, in other
words, the activation entropy calculated from Eq. (11) happens to be correct.
Otherwise, in case of less anharmonic vibrations, a substantial mistake may
arise with an order of magnitude of 10 cal/K.mole in the calculated activation
entropy.

Estimation of the critical frequency and the anharmonicity coefficient

Table I summarizesthe vibration frequencies and anharmonicity factors of
some diatomic molecules. Some data of molecules in the excited electronic
states are also shown in order to illustrate the energy conditions of the
activated state.

These data draw attention to the following: 1. Electronic excitation
substantially decreases the frequency. 2. The anharmonicity factor generally

Table 1
vokees  EXClaln ey Py Aoy

AlH 0 1575 0.080
Al ('A) 153.5 850

BaH 0 1323 0.017
c=C 0 1856 0.008
C=C(%#g) 115.2 1107 0.035
CcL 0 565 0.007
CuY7) 52.6 239 0.023
H2 0 4395 0.027
H,(#.,) 287.7 2443 0.027
H A +u) 263.5 1357 0.015
Har 0 2297 0.027
HC1 0 2990 0.017
HI 0 2310 0.017
12 0 215 0.003
4 *nlu) 34.1 44 0.023
LiH 0 1406 0.016
LiH (exc.) 76.2 234

NacCl 0 315 0.004
OH 0 3735 0.022
ou 0 2721 0.016
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runs opposite to the number of electrons contained in the bond. 3. The anhar-
monicity factor of molecules containing hydrogen substantially increases with
excitation. 4. The frequency of with one electron is approximately one half
of that of H2 containing two electrons. 5. The frequency of the entirely ionic
NaCl is about 40% of the value calculated from Hooke’s law on the basis of a
single covalent bond.

Conclusions on the frequencies of bonds occurring in the activated com-
plex may be drawn from some classical examples. Relying on the fundamental
study of Bodenstein [6] on the decomposition of HI, according to Formula
(11), —10.7 cal/K.mole is obtained for the activation entropy of the process.
Eyring [7] suggests that the activated complex is trapezoidal H2l2 molecule.
On this basis, the translational and rotational contributions to the activation
entropy may be calculated. This calculation is specified in Table Il. (The
data in brackets refer to an activated complex in which the bond lengths
have extended by 20%). Supposing that the activation entropy calculated
from Formula (11) is correct, according to the data given in the table, the vi-

Table 11
Compound HI hois at
D/'n 5.92x10« 1.672X 107
Sf, (cal/K.mole) 35.94 38.00 -33.88
1A (kg m2) 0 5.395X 10~17
(8x 10-47)
Ib(kg m2) 4.216X10-47 7.46 X 10- «
(1.05X 10- 44
lc (kg m2) 4.216X 10-47 7.515X 10-4S
(1.05 X 10~ 44)
Er 58.2 7.90 X 104
(1.347x10%)
Sr (cal/K.mole) 10.06 25.38 5.26
(26.44) (6.32)
Sfr -+ Sr(cal/K.mole) 46.00 63.38 -28.62
(64.44) (-27.56)

brational entropy contribution of the activated complex must be some 17
cal/K.mole. Fig. 7 showing the vibrational entropy contribution as a function
of the reduced frequency has been plotted to estimate the contributions. The
reduced frequency of HI vibration at the temperature of measurements
556 K exceeds 4 cm-1 K * which has practically no entropy contribution.
One cannot assume all covalent bonds in the trapezoidal H212 at such bond
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angles. The most probable conformation is an H”I** ion pair. The complex
has six normal vibrations, five inplane and one out-of-plane. The five inplane

vibrations may be classified as follows: 1. N—H stretching, 2. 1—1 stretching,
3. H/—1> stretching, 4. libration of FK in the plane, 5. translational-like
motion back and forth of along the molecular axis. Out-of-plane vibration

Fig. 7. Entropy contribution of a single vibrational degree of freedom as a function of the

reduced wave number

is a libration of HI perpendicular to the plane. The reduced frequency of
vibration 1lis around 4 and has no entropy contribution. The reduced frequency
of vibration 2 is approximately 0.15 (S = 5.5 cal/K.mole), of vibration 3
about 0.4 (S = 3.5 cal/K.mole), of vibration 4 approximately 2 (S — 0.5
cal/K.mole), of vibration 5 approximately 0.2 (5 cal/K.mole), and that of
the out-of-plane vibration is approximately 0.2 (S = 5 cal/K.mole). The
contribution of vibrational entropy is, according to the above calculations,
19.5 cal/K.mole more than would be obtained by using Formula (11). The
critical vibration here is the inplane vibration 3, that is, the H,/' — Ijf stretcJ -
ing. Due to the ionic character of the bond and the coupling to vibration ',
the vibrational frequency may be estimated as 200—250 cm-1 (reduced fre-
quency: 0.4) and its anharmonicity coefficient as 0.03—0.05. On the basis of
Fig. 6b, compared with Formula (11), the correction of the entropy is approxi-
mately 3 cal/K.mole, which is in conformity with the above considerations.
Thus, the probable activation entropy is - 8 cal/K.mole and the vibrational
entropy of the activated complex is 19.5 cal/K.mole.

As another classical example, the measurements by Blades and Murphy
[8],9n the gceag_ogg_plpsitig)&n Qf ethylvinylether at 500 °C can be mentioned. Ac-
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cording to Formula (11), the activation entropy was calculated as —10.2
cal/K.mole. This suggested that the activated complex was a cyclic formation.
The process being a unimolecular reaction, there is no change of translational
entropy and the negative activation entropy can only be explained by the
cessation of internal rotational degrees of freedom. In vinylethylether, the
internal rotation of two groups may be realized: the rotation of the CH3
group around the 0 —C axis, and that of the three methyl hydrogens round
the C—C axis. The reduced moments of inertia are approximately 4 x 10 _4e
kgm2 and 5.5x 10~47 kgm2 resp. Accordingly, the entropy contributions are
8.6 and 4.7 cal/K.mole, respectively. No considerable change of the rotational
entropy can be expected from the deformation of the entire molecule. It may
be calculated that in the case of five atoms of similar mass, in a U-formation,
the product of the three principal moments of inertia is about one and a half
times that obtained from the W-formation. This gives about 0.4 cal/K.mole
for the rotational entropy difference. According to the above changes, an en-
tropy decrease of 13 cal/K.mole is obtained for the activation. If we accepted
the decrease in entropy calculated from Formula (11) to be 10 cal/K.mole,
we would obtain no more than 3 cal/K. mole for the vibrational entropy con-
tribution of the activated complex. Evidently, this is an impossibly low value.
The process assumed is the following:

\ A 1
HCAZ 4ch2 HC CH H{I CH2

H.C, 5CH2 H,C . CH H.C CH,
H/ H

Vinylethylether has 33 normal vibrations, 4 of which are skeletal vibrations,
3 inplane skeletal bending modes, 2 out-of-plane skeletal vibrations (one of

Table HI

O «C stretching 0.7 (1.0) 2.0 (1.5)
C—O-C bending 0.2 (0.3) 5.0 (3.5)
0 «C—C bending 0.3 (0.4) 35 (3.0)
Inphase out-of-plane vibration

of C2H4 groups 0.2 (0.3) 5.0 (3.5)
C,H4 libration 0.2 (Internal rotation) 5.0
CH2 rocking (CH 0.8 (Internal rotation) 2.0

22.5 (11.5)
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this is the internal rotation of the C—CH3 group), 8 CH stretchings and 16
CH bending vibrations (one of these isthe internal rotation of the CH3 group).
Table 111 shows the reduced frequencies and entropy contributions of the low
frequency vibrations of the activated complex. The reduced frequencies and
entropy contributions of the corresponding vibration in the starting material
are given in brackets.

No considerable change can be expected in the frequencies of the rest of
the normal vibrations, i.e. also the entropy contribution of the decreased fre-
quency is negligible. The table shows the vibrational contribution to the activ-
ation entropy to be approximately 11 cal/K.mole, while that calculated
from Formula (11) is 3 cal/K.mole. The critical vibration is probably the O C
stretching whose anharmonicity coefficient is obviously very low, which ex-
plains the entropy correction of about 8 cal/K.mole. According to the above,
the correct activation entropy of the reaction is only —2 cal/K.mole.

Fig. 8. Dependence of the negative logarithm of the transmission coefficient on the reduced
wave number for a thirteen-atom-activated complex

According to Eqs (21) and (20), the transmission coefficient may be cal-
culated as 0.018 from the entropy correction of 8 cal/K. mole. On the basis of
Eq. (25), at areduced frequency of 0.7 cm” 1K ”1such a transmission coefficient
will correspond to an anharmonicity coefficient x = 0.007 (Fig. 8). According
to Table I, such an anharmonicity coefficient may be expected in stretchings
with no hydrogen participation.

In summary of the above, the following procedure may be suggested for
the calculation of the activation entropy: 1. As first approach, let us calculate
the activation entropy (AS*') according to Eq. (11). 2. Let us give the most
probable configuration of the activated complex. 3. Then estimate the principal
moments of inertia and normal frequencies of the complex. 4. On this basis,
calculate from Fig. 7 the activation entropy. 5. If this approximately corre-

Acta Chim. Acad. Sei. Hung. 68, 1971



VARSANYI: ACTIVATION ENTROPIES 337

sponds to the result calculated from Formula (11), let us check whether or not
the entropy correction is negligible, according to Fig. 6. 5/a. If, on the basis
ofthe normal frequencies and Fig. 7, the activation entropy proves to be higher
than that calculated from Formula (11), examine whether the reduced fre-
quency of the critical normal vibration and its estimated anharmonicity coeffi-
cient explain, according to Fig. 6, the deviation from the entropy found. If
either on the basis of5 or5/a, the deviation isnot greater than 1—2 cal/K.mole,
both the assumed configuration of the activated complex and the assumed
rate-determining step may be considered as acceptable.
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It was found that a relation of the form /(c) « F(E) can be written to a good
approximation for the dependence of adsorption on concentration and potential for
acetic acid and sulfuric acid (similarly as for hydrochloric acid).

In the studied cases more or less well separated sections occur in the potential
dependence of the adsorption.

In an earlier communication [1] it was shown that for the dependence
on the potential (E) and concentration (c) of the adsorption of chloride ions,
to a good approximation an equation of the type

r —f(c) mF(E) (1)

is valid; that is, the adsorption is given hy the product of two functions of one
variable each.

We arrived essentially at the same conclusion from our earlier studies
[2, 3] connected with the adsorption of acetic acid and sulfuric acid, but on
the basis of the fact that with increase of concentration at each potential the
adsorption approached different limiting values this finding was so formulated
that the maximum adsorbed amount is a function of the potential.

Similarly, in connection with the study of the adsorption of chloride
ions we came to the conclusion that F(E) can be given to a good approximation
in the form

A «10MA Roi) B .10».(£-£.)

F(B) = 1-f KOME-Ew)

(2)

Our earlier studies with sulfuric acid and acetic acid covered concentra-
tions of only 10-3—10-4 M. The potential was varied in large, 100 mV steps
and so from the data arising from these measurements it was possible to draw
only limited conclusions on the validity of Eq. (1) and no conclusions at all on
Eq. (2). Thus, to answer the question, there was a need for further measure-
ments; we report on these in the present communication.
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Experimental

Studies were made in the apparatus and with the method reported earlier [4]. The
greatest concentration used in the case of sulfuric acid was 10“1 M, and for acetic acid
10“ 2 JVf. As an illustration of the possibilities and accuracy of measurement, in Table | are
given the overall count rates (1f) measured at 700 mV and the count rate (Ip) proportional to
the adsorbed amount as determined from f according to reference [2], in the cases of several
measurements.

Table 1

Count rates measured at 700 mV with various electrodes and specific activities

l, ir
(M) (cpm) (cpm)

Sulfuric acid

10“2 108,000 94,000
10“1 19,700 9,300
Acetic acid
10-4 200,000 198,000
2x 103 45,000 43,000
5x10“5 241,000 240,000
5x 10“3 91,000 82,000
5x10-2 14,000 7,000

As may be seen from the Table, the accuracy of measurement deteriorates considerably
at high concentration. The count rate proportional to the adsorption is generally smaller at
higher concentrations because the increase of concentration could in general be achieved only
with the simultaneous decrease of the specific activity. For the study of the validity of Eq. (1),
the count rate arising from the adsorbed material measured at different potentials at each
concentration were divided by the count rate observed at 700 mV. These quantities (I r) are
given as a function ofthe potential in Figs 1 and 2 for acetic acid and sulfuric acid, respectively.
For the sake of clarity, only the points measured for certain concentrations are given.

Fig. 1. Dependence of I'r on the potential at various concentrations of acetic acid.
A5xI0-5M; x5x10-3M; 010-2M
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It may be seen from the Figures that the potential dependence of I Tis scarcely affected
by concentration changes of almost five and three orders of magnitude, respectively, for sul-
furic acid and acetic acid. It would not be a significant mistake if a single curve were drawn
through the points, and so it must be accepted that Eq. (1) is valid in these cases too. In the
following the question arises as to the form of the function F(E). This question will be treated
separately for the two acids.

Fig. 2. Dependence of I'r on the potential at various concentrations of sulfuric acid.
o K)6m; g 10“4M; x 10"1M

Adsorption of acetic acid

The potential dependence of the adsorption of acetic acid at a concentra-
tion of 5X 10~3 M is shown in Fig. 3 (curve 1). The individual points were meas-
ured at 50 mV intervals on freshly prepared electrodes pre-treated by anodic
and cathodic polarization (20—30 mA).

This curve apparently differs from those reported earlier [3] in which the
relatively flat section at potentials between 300 and 500 mV is missing. The
reason for this, the change of the potential in too large steps, has already been
mentioned. Apart from this, it must also be noted that the nature of this
section depends to a large extent on the life-history of the electrode and on
such factors as are at present insufficiently understood. In the case of the
study of the adsorption of chloride ions, it was shown that changes occur in
the nature of the potential dependence of the adsorption with the ageing of the
electrode and with its use [1]. Substantially the same is observed in the case of
acetic acid too.

For the characterization of the potential dependence of adsorption,

drr
" —aE curves were used. Curve 2 of Fig. 3 was drawn on the basis of the

ATT
values calculated from the measured data corresponding to curve 1.
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For the sake of comparison we also show the -A--é—curve (curve 3) determined

in a study of the adsorption of chloride ions and reported in an earlier commu-
nication.

E mVv

Fig. 3. Dependence of I'r(curve 1) and ATITAE (curve 2) on the potential at an acetic acid
concentration of 5x10-3 M. Potential dependence of AT/AE in the case of chloride ions
(curve 3)

From curves 2 and 3 it appears that there is no substantial difference in
behaviour between the two adsorbed materials. In both cases two maxima
occur. The positions of the maxima correspond to the values of EQL and EQ®@
in Eq. (2) (if EOL and EQ2 are far enough from each other, and in the present
case this is so).

W ithout engaging in too far-reaching conclusions, we may state that the
adsorption of acetic acid is probably of the same type as that of chloride ions,
i.e. it can be described by a potential dependence of the same form as Eq. (2).

It appears that the constants A and B in the two cases are of approxi-
mately the same magnitude. The difference would be primarily in the values
of EOL and EQ2

From the comparison of several measurements, however, it is clear that
there is a considerable scatter, especially in the value of E02 W hat makes the
measurements rather difficult is that acetic acid is adsorbed quite weakly,
and so the impurities present even in low concentration exert a displacement
effect. For this reason we believe that there is only the possibility of establish-
ing the above-mentioned tendencies from our measurements.

We cannot say too much either regarding the form of the function/(c).
We can establish that at concentrations above 10“3 M the adsorption depends
but slightly on the concentration. As already mentioned, in our experiments
the increase of concentration was effected by adding inactive acetic acid in
several steps to the labelled acetic acid present in low concentration. Naturally,
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during this, the specific activity too decreased which, in the case of unchanged
adsorption, results in the proportional decrease of the count rate.

The results of a measurement series carried out at 700 mV are given in
Table II.

It may be seen from the data in the Table that the count rate for con-
centrations above 2 X 10~3M is almost inversely proportional to the concentra-
tion, that is the adsorption already changes only slightly with concentration.

Table 11
c (M) Ir (epw)
10-4 295,000
2 X 10 -a 41,000
i0-s 9,400
5%x10-2 2,000

Adsorption of sulfuric acid
Phenomena agreeing essentially with the observations for acetic acid
were found in the case of sulfuric acid too. The values of 'r determined at a
AlT
sulfuric acid concentration of 10 1N are given in Fig. 4. The_:&_l_i_ —E curve

relating to these is drawn with a dashed line.

The potential dependence of the adsorption was also studied for 10“1N
sulfuric acid without perchloric acid as background electrolyte. The corre-
sponding curves are shown in Fig. 5. (In this case the potential refers to a 1

Fig. 4. Potential dependence of 'rand ATAE at a sulfuric acid concentration of 10-1 N in a
1 N perchloric acid background solution
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atmosphere hydrogen electrode immersed into 10-1 N sulfuric acid solution.)
There is no substantial difference between the values observed with and with*
out perchloric acid.

A comparison of Figs 3,4 and 5 shows that the difference between acetic
acid and sulfuric acid lies in the appearance of a third peak. This means the

Em:

Fig. 5. Potential dependence of I'r and ATI/E at a sulfuric acid concentration of 10_1 N
without perchloric acid background solution

occurrence of a third term in Eq. (2). Here too the experimental uncertainty
is too large for us to attempt the determination of the form of the function in
addition to the revealed tendencies.

The presented experimental results in all cases indicate that on plati-
num more or less separated sections appear in the potential dependence of the
adsorption.

For the evaluation of the phenomena it is probably necessary to develop
a new model of adsorption. However, this can only be done after the acquisi-
tion of more experimental results.
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The mean electronegativities which are satisfactory approximations for the equal-
ized ones can be brought into close relation with the simplest molecular parameters.
The force constants of diatomic molecules or of single isolated bonds can be expressed
by means of the equalized electronegativities, bond orders, bond strengths and inter-
atomic distances.

Using the force constant relationship, the equalized electronegativity can be
applied for the construction of empirical potential energy functions.

Similarly, a simple relationship can be observed between the electronegativities,
vibrational force constants, and quantum-chemical two-center (molecular or bond)
repulsion integrals.

The potential energy functions of di- and polyatomic molecules can be
determined with the necessary accuracy even in our days — in most cases
only by parameters of empirical character. The empirical parameters are es-
tablished by spectroscopic measurements. We very seldom encounter solu-
tions in which the application of parameters other than those of spectroscopic
origin are tried for the calculation of energy levels.

Electronegativity was introduced into theoretical chemistry by Pauling;
this is the energy by which an atom attracts an electron or electrons belonging
to another atom, for establishing a bond. His scale is based on thermochemical
data but, to a certain extent, he met difficulties in correct dimensioning. The
first interpretation which proved to be satisfactory was given by Mulliken,
relating this concept to two parameters of energy dimensions, the electron
affinity and the ionization potential. In the definition given by Mulliken
already parameters for the actual valence state occur.

The dimensional problem was finally solved by lczkowski and Mar-
grave, wWho showed that if either ionization potential or electron affinity are
considered, the energy change involves also a change in the charge. According
to these authors, the potential must be accepted as a dimension (energy/charge
meaning potential). The concept that electronegativity — although its nu-
merical values are determined by the atomic structure — is reasonable only
when associated with a chemical bond, takes its origin from the work of
Hinze and Jaffé. Similarly to the ionization potential or electron affinity,
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electronegativity, too, connected with atomic orbitals combined to molecular
orbitals.

Like the covalent atomic radii, this is a typical ‘atoms in the molecules’
property determining a concept — the bond length — which has no sense in
atomic aspects.

Equalized electronegativity

In connection with the chemical bond and the formation of molecules
we have to consider the equalization of electronegativities. The electronega-
tivity of the atoms forming a chemical bond must become equal, otherwise
equilibrium could not exist. The concept of equalized electronegativity was
introduced by Sanderson [1] into the valence theory and was later extended
to orbital electronegativities.

According to Pritchard [2] equalization is, however, not perfect, be-
cause if the interactions between electrons are also taken into consideration,
the electronegativity values for the constituent atoms are not perfectly equal
but deviate on the two atoms by some £+5% from a calculated mean value.

Quantum-chemical approximation of electronegativity

The principles laid by Hinze and Jaffé [3] as well as by Hinze, White-
head and Jaffé [4] are the starting point for a number of theoretical works;
their results are referred to in most semi-empirical procedures of quantum
chemistry.

For calculating equalized electronegativities one of the most frequently
used possibilities is the iterative procedure elaborated by Pritchard and
Sumner [5]; in this SCF procedure the Coulomb integral xqis replaced by the
electronegativities of n-orbitals. Subscript q refers to the occupancy of the
orbitals, and electronegativity can be considered as a function of the occu-
pancies. In every cycle of the calculations the overlap integrals and axts are to
be adjusted to the occupancies calculated in the former cycle, until we obtain
SCF series of charge distributions. The mean electronegativity of the system
—C= N—, [C(tli23 n); ]Y(cp2£3n)] according to the Pauling scale, is 2.75, in
the Mulliken system 6.82; by the iterative procedure we get for the carbon
atom 6.50 and for the nitrogen 7.13; the deviation from the mean value is
thus about i 5% [6].

The principles of the quantum chemical approach and methodology of
the neutral atomic electronegativity were elaborated by Mulliken [6,7],
lczkowski and Margrave [8], Hinze and Jaffé [9], Hinze, Whitehead
and Jaffé [3], Klopman [10, 11], Jo6rgensen [12], Pritchard [13], Prit-
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chard and Skinner [14], Baird and Sichel [15], Baird, Sichel and White-
head [16]. The expression

xa = Fa+ Aa Q)

given by Mulliken, where xa is the electronegativity of the atom A, 1. and
A'a are the ionization potential and electron affinity, respectively, forms the
basis of a number of quantum-chemical procedures, mainly of those which are
in extended use also at present (PPP, EH, CNDO and others).

The approach of equalized electronegativity by molecular parameters

A number of theoretical and spectroscopic parameters serve for the
characterization of the chemical bond and, accordingly, the chemical bond can
be classified from several points of view. The classification has been performed
on the basis of the separated atom configurations [17]; this method has a
number of advantages, e.g. it requires only integer and half integer bond or-
ders, which can be given by the following simple formula

W= 1/2 (I'gb—E qah) (2)

where N is the bond order; gbis the occupancy of bonding and qab that of
the antibonding orbitals.

Some of the molecular parameters can be determined on the basis of
various spectra. With the aid of these it is intended to elucidate the qualitative
properties of the bond.

The strength of the bond was earlier referred to as the dissociation energy
belonging to the vibrational quantum number: v = 0. Since the energy state
of the dissociated products is not always known exactly Mulliken [18] sug-
gested either the vibrational frequency or the reciprocal bond distance in-
stead. As to the vibrational frequency, its connection with the vibrational
force constant is well known, and thus the possibility arises that some ratio
of the dissociation energies and interatomic distances be used as parameter
in the most characteristic expression for the bond strength.

There is a characteristic relationship between the two above mentioned
quantities within a given type of molecule; we found the following expression
valid:

ke deD'l2r; 1 3)

where kc is the force constant reduced to unit bond order, e = (xaxb)"2 is
the mean value of the electronegativities of the atoms forming the bond, De
is the dissociation energy similarly reduced to unit bond order; reis the in-
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teratomic distance. Eq. (3) can be written in the following form:

rn
- - (4)
d D]2
or taking the bond order into consideration,
£ (5)

Eqg. (5) can be regarded as an approach by molecular parameters of the equal-
ized electronegativity established [19, 20] by quantum-chemical methods;
thus the electronegativity shows essentially the relationship existing between
the two quantities (1)e/r(2 12 and ke, characterizing the bond strength.

Some examples for the validity of Eq. (3)

The criterion for the validity of Egs (3) and (5), respectively, is, within
a given molecule type, a good approximate agreement of the d constants.
In the following tables the dissociation energies are given in Kcal/mole, the
force constants in mdyn/A, the interatomic distances in A, and the atomic
electronegativity values are taken from Pauling. The electronegativities of
Pauling have their limitations; that they can be successfully used in approxi-
mate cases is due to the fact that the single values reflect a relatively good
mutual ratio, offering a more or less appropriate basis for comparison.

Of course, all electronegativity scales give schematic values, therefore
when checking on the maximal errors of d (il 0%), besides the uncertainty of
the dissociation energy data, we must be well aware of this fact.

Table | shows the parameters of the alkali metals and alkali hydrides,
as well as the corresponding d constants of Eq. (3); these constants character-
ize the sst7 bond, and their average value is 0.137 ~ 0.001 and 0.15 ~ 0.002,
respectively.

The dissociation energy data referred to in Table | were taken from the
monograph of Gaydon [21]. The interatomic distances and force constants in
the paper were taken from the parameter values of Cottrelt [22] compiled
mainly on the basis of Hekzberg’s data.

Table Il gives the parameters characterizing the hydrides of group Va,
Via and Vila elements. In these molecules bonds of the psa type can be found.
Values of the d constant were given only for those diatomic molecules, for
which realistic basic parameter values could be obtained.
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Tabic |

349

Parameters of group la hydrides and group la homonuclear molecules

a)

LiH
Nall
KH
KH
RbH
CsH

b)

Li,
Na2
K,
Rb2
Cs,

* Dissociation energies taken from Gaydon [21]

K
(mdyn/A)

1.026
0.781
0.561
0.561
0.545
0.467

fc. .
(mdyn/A)

0.255
0.172
0.099
0.082
0.069

(A)

1.596
1.887
2.244
2.244
2.376
2.494

2.672
3.078
3.923
4.200
4.420

Ay
e

1.448
1.376
1.296
1.296
1.296
1.212

1.0
0.9
0.8
0.8
0.7

Table 11

Dr
(Kcal/mole)

58
47
43
43
41
42

0.148
0.156
0.148
0.148
0.150
0.148

Average: 0.151

(Kcal/molc)

25

17.3
11.8
10.8
10.4

0.136
0.141
0.140
0.131
0.135

Parameters of group Va, Via und Vila hydride molecules

NH
Pl
OH
SH
FH
CHI
Bril
1H

ke

6.030
3.257
7.792
4.193
9.655
5.157
4.117
3.142

1.038
1.433
0.971
1.350
0.917
1.257
1.414
1.604

2,51
2.10
2.71
2.29
2.90
251
2.42
2.29

84.0
71.0
103.0
82.3
135.0
102.2
86.5
70.5

0.272
0.264
0.275
0.272
0.263
0.260
0.259
0.262
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The average d value for these molecules is 0.266 ~ 0.005. The dissocia-
tion energies were taken from the monograph of Vedeneyev [23]. The parame-
ters of group lia, llia and IVa hydrides are listed in Table Ill. Bond types
spa and spsa are assumed in these molecules. Beryllium has two spa hybrid-
ized electrons, carbon has four.

Table 111

Parameters of group lia, llia, 1Va hydride molecules
K re D. d

BH 3.044 1.232 2.05 70.0 0.219
AlH 1.620 1.646 1.78 67.0 0.183
BeH 2.263 1.343 1.78 54.0 0.235
MgH 1.275 1.731 1.59 46.0 0.204
CaH 0.977 2.002 1.45 42.4 0.207
SrH 0.854 2.145 1.45 38.0 0.202
CH 4.482 1.120 2.29 80.0 0.245
SiH 2.39 1521 1.94 75.1 0.216

Table TV

Orbital configurations of period | hydrides

Lili la2 2cr2 X'Z+
BeH la2 2er2 ba X2E+
BH la2 202 3a2 X'Z+
CH ler2 2G2 3er2 1in xr
NH lo2 202 3er2 1n2 X3~
OH la2 202 3er2 1n3 X-rii
FH ler2 la- 3a2 In* XZ +

The data for covalent homo- and heteronuclear molecules are given in
Table IX together with dissociation energies taken from Vedeneyev. The
electron configurations for the diatomic hydrides of atoms in the first period
are shown in Table IV according to Cade and Huo [24]. Graduality in the
number of electrons implies graduality in the atomic distances, force constants
and dissociation energies too.

In Table V the electronegativities equalized according to Eq. (5) are
compared with the geometrical means of atomic electronegativities. The devia-
tions average about "2% .
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Tabic V

a) Equalized parameters calculated from molecular parameters
b) The geometric means of the Pauling values

Molecules a b
NH 2.45 251
PH 2.12 2.10
OH 2.55 2.71
SH 2.24 2.29
FH 2.93 2.90
C1H 2.57 2.57
BrH 2.36 2.36
IH 2.32 2.32

d values of molecular ions

The validity of Eq. (3) is most convincingly justified by the constancy
of the d values for molecular ions.

The molecular ions are formed by removal of a bonding or an antibond-
ing electron. If a bonding electron is removed the force constant, the dissocia-
tion energy and the reciprocal interatomic distance will diminish; if an anti-
bonding electron is removed, these characteristic values will increase. It is
very regrettable that the cases occurring in the literature are not always so
unequivocal and it is very hard to decide whether it is an experimental error
or an anomaly (most often in the dissociation energy).

When a bonding electron is removed, the bond order decreases by 0.5,
in the opposite case it increases by the same value. In this manner, bond orders
of integer or half integer values are obtained for the molecules. The HD, HF,
HO + and HC1+ molecular ions have a bond order of 0.5 while MgH+ and BeH +
have a bond order of 1. A rather marked change can be observed in the HF +,
where the force constant decreases from 9.655 to 4.99 [25]. A similar situation
occurs with OH+ where we obtain 4.88 mdyn/A for the force constant instead
of the value of 7.79 in OH. Between the force constants of Bell and BeH + the
deviation is not so considerable (2.263 and 2.640 mdyn/A). At the same time
the dissociation energy rises from 53 to 75 Kcal/mole [21]. The bond strength
has changed remarkably because the two hybrid electrons have perturbed each
other in BeH. In the BeH +, ionization has changed neither the bond order nor
the equalized electronegativity. It has been assumed that equilibrium is re-
gained by the rearrangement of energy values. We call attention to the
fact that some of these parameter values cannot be regarded as finally accepted;
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we also have to expect changes mainly in the atomic but also in the orbital
electronegativities. The bond orders based upon the separated atomic orbital
configurations determined by Mulliken are suitable to our purposes, since
the dissociation energy leading to separate atoms serves as one of the basic
parameters.

Table VI

Parameters of hydride molecular ions

K re o e N d
BeH 2.263 1.334 53v 1.78 1.0 0.235
BeH+  2.64 1.310 75v 1.78 1.0 0.224
BH 3.044 1.232 70 2.05 1.0 0.219
BH + 3.23 1.215 30 2.05 0.5 0.247
CH 4.482 1.120 80V™ 2.29 1.0 0.245
CH+ 4.11 1.130 84'6° 2.29 1.0 0.221
OH 7.792 0.971  102V'G 2.71 1.0 0.275
OH + 4.88 1.03 Ile 2.71 0.5 0.244
FH 9.655 0.917  135V,G 2.90 1.0 0.263
FH + 4.99 1.08 106 v 2.90 0.5 0.255
AlH 1.62 1.646 62 V.6 1.78 1.0 0.183
AlH+ 176 1.59 67 1.78 1.0 0.192
H, 5.733 0.74 104 2.1 1.0 0.198
Ht 1.567 1.06 61 2.1 0.5 0.143

Some calculated data for a few molecular ions are shown in Table VI,
demonstrating in these cases that when the molecule releases a bonding or an
antibonding electron, the d values remain nearly constant while all the basic
parameters change.

Empirical potential energy functions and
mean electronegativities

For the empirical potential energy functions the following relation and
similar ones are known from the literature [26]:

u() = b, [l (6)

where U(r) is the potential energy, and a is 1 or 2;f(r) is a function of the in-
teratomic distances. W ith mean electronegativities, we obtain:

U{r) = Def[l-e-wr)] @)

Acta Chim. Acad. Sei. Hung. 68, 1971



SZOKE: EQUALIZED ELECTRONEGATIVITY 353

and

y . d\j"B,r. ' 8)
[ D\
If Eq. (7) is rearranged to the following form

= D(r) = ey3(r) )
De

and if the Pauling electronegativity is replaced by the Mulliken one, we
obtain
U(r) = exp [ -d" If{r)] exp [d"Af(r)]. (10)

In the above equation,

/= TA if ald
D J L o

IA is the ionization potential; A a is the electron affinity.

The force constant equation and molecular terms

The parameters occurring in the force constant equation have their
gquantum chemical equivalents and, consequently, the force constants can be
expressed by the terms used in quantum chemistry. With regard to the fact
that we need molecular parameters, only terms (integrals) of two centers
(atoms) can be used for replacing the spectroscopic parameters.

The connection between the dissociation energy and the resonance in-
tegral (two-center exchange integral) was given first by Mulliken [6, 7].
Pearson [27] and Klopman [10] calculated bond and dissociation energies
on the basis of the approximation

De= 28. (11)

The reciprocal interatomic distances represent essentially the repulsion energy
between the bonding electrons. According to Pople, this energy in bonds is
approximated most simply by the expression e2r (in these equations e is the
charge of the electron). In the derivation of Pople, the point charge approxi-
mation can be extended to any single electron pair bond. According to K1op-
man, when s electrons are bonding, the formula

<= el r2+ Q{x)+Q(y) 12)
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is suggested for the repulsion term (where yais the repulsion term and g is
the radius of s orbitals). According to Klopman and Bratoz [28], the values
of the covalent atomic radii agree with the radii of s orbitals; this means that
when applying Eq. (12) in Eq. (3) the proportionality constant d increases to
1.5times its value and approaches thed’softhe bonds coupled byp-electrons [19].

If we insert 8 or y terms into the force constant relationship (5), the rela-
tion remains valid with the same restrictions as in the approximation from
which the applied parameter has been taken. Replacing the mean electro-
negativity by the mean value of the SCF Coulomb terms, the force constant

can be approached as follows
k = dxB1°-y. (13)

This relation is only suitable for the demonstration of analogies. In the most
simple cases it shows the connection between the individual quantum chemical
repulsive and attractive terms, and the force constants and other spectro-
scopic characteristics.

If, however, we wish to obtain values for the force constants or the po-
tential energy levels (with which the former are in close connection) in good
approximation to the experimental data, we cannot be satisfied with such
simple terms as those used in Eq. (13). Therefore one of the two-center repul-
sion integral approximations of Mataga and Nishimoto [29], or Ohno [30],
should be inserted into the originally given force constant relationship, for
the repulsion term e2r recommended by Pople

Y =¢e2(r+ a)
¥ (14)

where a is an expression containing ionization potentials and electron affin-
ities of the atoms forming the bond, which can be traced back to the Mulli-
ken electronegativities [29, 30].

Similarly, the equation De= 2R must also be corrected by an expres-
sion which, according to the derivation of Mulliken, Pearson, Sichel and
Whitehead [6, 12, 27, 32], contains elements of the bond order (occupancy)
m atrix and the overlap integrals.

Eqg. (13) in the above form is restricted to single electron pair bonds.

Atomic orbital exponents and electronegativities

A number of authors have investigated the relationship between electro-
negativities and effective atomic charges [33, 34, 36, 37].

The connection between the siater orbital exponents and Pauting’s
electronegativity scale becomes clear when in the first rows of the periodic
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table two corresponding values are referred to each other. The ratios thus
obtained can be seen in Table VII. In the second row the ratio of the two data
is 0.65. In the third period we do not get such a perfect constant, nevertheless,
the ratio of the two values is suitable for demonstrating the numerical paral-
lelism of the two concepts.

Table VII
Li Be B C N 0 F Average
la 0.65 0.975 1.30 1.625 1.95 2.275 2.6
I» 1.00 1.50 2.00 2.50 3.00 3.50 4.00
lc 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65
Na Mg Al Si P S cl
no 2.20 2.85 3.50 4.15 4.80 5.45 6.10
H ft 0.90 1.20 1.50 1.80 2.10 2.50 3.00
He 2.44 2.38 2.33 2.31 2.29 2.18 2.03 2.28

Ifl Orbital exponents.

Ila Effective nuclear charge data from Siater.
lj, 1lj, Electronegativity data from Pauling.
I1£ IICRatio of rows a and ft

Table VIII

Orbital exponents of elements in the second period according to Stater (1)
and Santry-Segal (I1)

Na Mg Al Si P S cl
| 0.73 0.95 1.17 1.38 1.60 1.82 2.03
11 0.92 1.23 1.56 1.89 2.19 2.52 2.82
11 0.90 1.20 1.50 1.80 2.10 2.50 3.00
/111 1.02 1.04 1.05 1.04 1.04 1.01 0.94

IIl1: Pauling electronegativities

In Table VIII the numerical values for the period are shown with the
difference that the orbital exponents are given according to Santry and Segal
who included into the calculation also the electrons of d-orbitals [36]. The
ratio of their orbital exponents and electronegativities is 1.014 ~ 0.02.

The two valence theory parameters must he in close connection; the
energy of attraction between a given atom and the electrons of another atom
is in correlation with the energy of interaction with its own electrons. The
scales of the single characteristics cannot be calculated simply and at the same
time also reliably enough, therefore the parallelism often remains concealed.
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The attraction and repulsion terms involved in the operators can he
brought into correlation with the potential energy functions via the force
constant relationship.

The electronegativity and ionization potentials as well as the core and
repulsion integrals in the semi-empirical methods of quantum chemistry are
well defined characteristics of the chemical bond.

The one-center repulsion integral term and electronegativity

The Mulliken electronegativity scale rests upon a more exact basis than
that given by Pauling. In spite of this, the construction of a system exten-
sible to the whole periodic table has been unsuccessful, owing to the fact that
the ground state electron affinities can be calculated only with considerable
error [8, 9].

The same difficulty emerged in the semi-empirical quantum chemical
calculations when one-center repulsion integrals were to be determined. Using
the P.P.P. method, a number of authors have avoided the electron affinity by
deriving the one-center repulsion energy term from the easily calculable C-atom
term, multiplying it by the ratio of the corresponding Stater 2p-orbital expo-
nents. Paoloni has shown that the repulsion terms are proportional to these
orbital exponents [39]:

Yaa = k>A (1a)

ivhere ynn and are the one-center repulsion terms, and the St1ater orbital
exponent, respectively. The repulsion term belonging to the atom A may be
derived from the data for the C-atom according to the following relation:

Yaa = Ycc~ir~ m (16)
fc

On the basis of Table Y II, it is evident that the ratio of electronegativities and
orbital exponents is nearly constant in the first rows of the periodic table,
and is a perfect constant (0.65) in the second period.

On the basis of this, Eq. (16) can be re-written in the following form by
the aid of the electronegativities:

Yaa = Ycc~"~ (17)

where P a, Pc are Pauling electronegativities.
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Table IX

Parameters of homonuclear molecules

ke e Qil d
02 11.76 1.207 3.5 58.5 0.265
S. 4.96 1.889 25 50.9 0.263
f2 4.45 1.435 4.0 36.0 0.266
p2 5.56 1.894 21 38.7 0.268
Cl2 3.28 1.988 3.0 58.0 0.280
c2 9.51 1.312 2.3 72.0 0.294
Br2 2.46 2.284 2.8 455 0.298
I, 1.72 2.667 2.5 35.6 0.308
n2 22.96 1.094 3.0 75.0 0.322
B2 3.58 1.589 2.0 69.0 0.342

Average: 0.289

Parameters of heteronuclear molecules

K re e D N d
BN 8.328 1.281 2.45 92 2.0 0.321
CN 16.850 1.172 2.74 178 25 0.330
SiN 7.291 1.574 2.32 104 2.5 0.308
NO 15.96 1.151 3.24 150 25 0.292
BO 13.65 1.208 2.64 184 2.5 0.295
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UNTERSUCHUNG DER IONISATION VON METALLEN
UND METALLIONENNEUTRALISATION MIT DER
ROTIERENDEN RING-SCHEIBENELEKTRODE, VII

ABHANGIGKEIT DER ANODISCHEN AUFLOSUNG DES KUPFERS VON DER
KONZENTRATION DER CHLORIDIONEN

L. KiSS, J. Farkas und A. Korosi
(Lehrstuhlfur Physikalische Chemie und Radiologie der Edtvos Lorand Universitat, Budapest)

Eingegangen am 28. Januar 1970

Die anodische Auflésung von Kupferin 1,0 n H2SOj - x u HC1(* = 6,7 « 10“ 3—

8,7 « 10 2) wurde mittels der rotierenden Ring-Seheibenelektrode untersucht. Es

wurde festgestellt, daB die Geschwindigkeit des Vorganges in dem untersuchten Kon-

zentrationsbereich durch die Diffusion der Kupfer(l)-Komplexe von der Elektroden-
oberflache in das Innere der Ldsung bestimmt wird. Bei einem bestimmten, von der

Chloridionenkonzentration der Ldsung und der Drehzahl der Elektrode abh&ngigen

Wert der anodischen Stromdichte wird ein CuCl-Film auf der Elektrodenoberflache

abgeschieden. Die mit der Abscheidung dieser Schicht zusammenhédngenden Erschei-

nungen wurden gedeutet.

In unserer vorangegangenen Mitteilung [1] wurde Uber Ergebnisse be-
richtet, welche bei der Untersuchung der anodischen und spontanen Auflésung
von Kupfer erhalten wurden. Diese Untersuchungen wurden bei konstanter
Chloridionenkonzentration, in 5 n H25S04-f 1 n HCI bzw. in 1 n HCI-Ldsun-
gen durchgefihrt. In der vorliegenden Arbeit wird darliber berichtet, inwiefern
die Chloridionenkonzentration der Lésung die Geschwindigkeit der anodischen
Auflésung beeinfluft.

Beim anodischen Auflésungsvorgang von Kupfer in chloridionenhaltiger
Losung entstehen Kupferkomplexe [2, 3], wobei an der Oberflache des Kup-
fers bzw. in der unmittelbaren N&he der Oberflache (innerhalb der Diffusions-

schicht) folgende Vorgédnge verlaufen kdénnen:

Cu+ CI- ~ CuCl+ e (1)
CuCl+ Cr CuCL- (n
CuClju/b + CTI CuCiy1* )]

Aus den in der vorangegangenen Mitteilung beschriebenen Ergebnissen
ging hervor, dal die Geschwindigkeit des Vorganges durch die Diffusion der
gebildeten chloridhaltigen Kupferkomplexe in das Innere der Lésung bestimm
wird, falls die Lésung gentgend indifferente Elektrolyten enthdlt und die
Konzentration der Chloridionen genlgend hoch ist." DemgemaR kann sich
fur die Vorgange (1)—(j) ein Gleichgewicht einstellen. Es soll bemerkt werden,
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daR der Vorgang (I) in zwei Stufen verlaufen kann: als erste Stufe erfolgt die
Adsorption des Chloridions und dann erst die Elektronenubertragung. Bei
der anodischen Polarisation der Elektrode kann der durch die Elektrode flie-
RBRende Strom auf folgende Weise geschrieben werden:

i —ti seet n/+ oee (1)

ij = Diffusionsgeschwindigkeit des CuCl von der Elektrodenoberflache
in das Innere der Ldsung, in Stromdichteeinheiten,

analoge GroRe fir CuClIn,

analoge GroRe fir CuCFy-17 .

=
THT

Werden die Diffusionskoeffizienten der Komplexe mit verschiedener An-
zahl von Chloridliganden als identisch angenommen und enthdlt die Ldsung
keine kupfer(l)haltige Komplexe, so ergeben sich zwischen den Teilstrom-
starken und den Konzentrationen der einzelnen Komplexe folgende Zusam -
menhénge:

£x= Xi [CuCl] 2)
i2= X x[CuCl-] Xj K2[CuClI][Cl]] (3)
ij = X, [CuCl,-U-)-] (4)

wo X Ldie in [1] angefiihrte Bedeutung besitzt und K., die Stabilitdtskonstante
des Komplexes CuC12 ist. Da hinsichtlich des Elektrodenvorgangs (1) Gleich-
gewicht herrscht, kann [CuClI] als Funktion des Elektrodenpotentials ange-
geben werden:

K

K

[CuCl] [CI ] exp (5)
wo k&, und kki die Geschwindigkeitskonstanten des Vorgangs (I) in Richtung
des oberen bzw. unteren Pfeiles sind bei @= 0 (¢ ist der Potentialunterschied
zwischen der Vergleichselektrode und der untersuchten Elektrode). Die Ubrigen
Bezeichnungen sind die ublichen.

Aufgrund von GIl. (2)—(5) ist

X, A [CI] expjI"t (6)
K kt 1
1
lo X 1"~ K 4[CI-]12 exp Fep ?)
Ki RT J
=i & B exp (8)

b= |
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K1 und K2 = Stabilititskonstanten der Komplexe CuCl bzw. CuCl2,
Rj = Komplexproduktdes Komplexes CuCly™-1~ . Aufgrund von GI. (1) (4)und
(6)—(8) st

i= Soep P By ©)
Kr RT JPi K!
wo n die maximale Koordinationszahl ist. Aus GI. (9) ergibt sich, falls [CI ] =
konst., die Gleichung (1) der vorangegangenen Mitteilung. In diesem Fall ist

K>= K _2 ~ .[ Cl~V- (io)

j=1 K

Wird 9 aus GIl. (9) ausgedriickt:

RT RT RT " Bj rpi
ORI Ih X, n B ci-]4 (i)
F KG F 1 F j=1K,

so erhdlt man einen Ausdruck, der im wesentlichen mit dem in der Literatur
[5] fur &hnliche Fé&lle abgeleiteten Ausdruck Ubereinstimmt. Aus GI. (9) und
(11) geht hervor, dall die Reaktionsordnung des Anodenvorganges — bezogen
auf das Chloridion — mit steigender Cl -Konzentration von 1 bis n zunehmen
kann. DemgemdR verschiebt sich die Polarisationskurve bei ansteigender
Cl_-Konzentration in Richtung der negativen Potentiale. Aus GIl. (5) ist er-
sichtlich, dafl die CuCl-Konzentration bei anodischer Polarisation in der Nahe
der Elektrodenoberflache zunimmt. Bei genligend positivem Potential kann
die Konzentration des in Wasser schlecht 16slichen CuCl so hoch werden, daR
es in Form des festen Salzes auf der Oberflache abgeschieden wird [3, 6—38].
GemaR GI. (5) ist das Potential qt, bei dem die Abscheidung von CuCl beginnt
(falls keine Ubersattigte Ldsung gebildet wird)

RT
Ri= P In [Cl~] (12

WO
RT In *4, [CuCl],
F Ke

und [CuCl]( die Sé&ttigungskonzentration des Kupfer(l)-chlorids in der gege-
benen Ldsung ist. ot verschiebt sich also mit dem Logarithmus der CI -Kon-
zentration linear in Richtung der negativen Potentiale und es ist

d(p, _ HT
9In [CI_] /
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W ird an der Elektrodenoberfliche festes CuCl abgeschieden, so ist die
Konzentration des Kupfer(l)-chlorids an der Oberfliche konstant gleich
[CuCI]*. Demzufolge ist die Geschwindigkeit des anodischen Ldsungsvorganges
unter Teilnahme von Cu(l) (falls auch im weiteren nur Cu(l)-haltige Komplexe
entstehen) gemdR GL (2)—(5) und (9)

i“xjcuci],J A [a-];-1. (is)
j=1Ki

W ie auch aus GI. (13) hervorgeht, ist zum Erreichen von [CuClI]( eine
um so hohere Stromdichte notwendig, je hoher die Chloridionenkonzentration
ist. Ahnliche Folgerungen kénnen auch aus GI. (11) und (12) gezogen werden,
da ja, wie diese Gleichungen erkennen lassen,

of | - &P (14)
din [CI“] 81In [CD]
ist.

Demzufolge kann bei geniugend hohen CD-Konzentrationen die Ab-
scheidung von festem CuCl an der Elektrodenoberfliche selbst im Fall von
relativ positiven Potentialen (hohen Stromdichten) nicht erwartet werden.
Diese Erscheinung wurde durch Smoljaninov [8] bei dem anodischen L§-
sungsvorgang von Kupfer in Salzsdure beobachtet: in 1,0 n Salzsdure bei 0 und
20 °C bildete sich bei geniigend hohen Stromdichten ein Kupfer(l)-chlorid-
Film auf der Kupferanode, wéahrend diese Erscheinung in 7,0 n Salzsdure nicht
auftrat. Wir mochten bemerken, daB der erwahnte Verfasser sich zum Mecha-
nismus bzw. zum geschwindigkeitsbestimmenden Vorgang der untersuchten
Erscheinungen Uberhaupt nicht &uBerte. Bei den in unseren eigenen Unter-
suchungen verwendeten Stromdichten fanden wir, dafl in 0,1 n Salzsdure bei
Zimmertemperatur kein Kupfer(l)-chlorid an der Elektrodenoberflache ab-
geschieden wurde [1].

Versuchsergebnisse und ihre Deutung

Die Wirkung der Chloridionenkonzentration auf die anodische Auf-
l6sung des Kupfers wurde mit der rotierenden Ring-Scheibenelektrode unter-
sucht. In den Versuchen wurden in erster Reihe die anodischen Polarisations-
kurven bei verschiedenen Chloridkonzentrationen sowie die die am Ring
melbaren Grenzstréme bestimmt. Das experimentelle Verfahren, die Vorbe-
reitung der Elektrode und die Qualitdt der verwendeten Reagenzien entspra-
chen dem in [9] und [10] beschriebenen. Die Messungen wurden bei Zimmertem -
peratur, in 1,0 n H2S04 x n HCI, unter Stickstoffatmosphdre durchgefihrt.

Acta Chirn. Acad. Sei. Hung. 68, 1971



KISS und Mitarb.: IONISATION VON METALLEN, VII 363

Der Wertvon x lag zwischen den Grenzen 6,7 <10 -3und 8,7 « 10 -2. Die angege-
benen Potentialwerte beziehen sich in samtlichen Fallen auf die I,0nKalomel-
elektrode. Die sichtbare Oberfliche der Scheibenelektrode war 0,25 cm2; die
angegebenen Stromstdrken beziehen sich auf diese Fldche. Zum Registrieren
der Potential-Zeit bzw. Grenzstrom-Zeit-Zusammenhé&dnge wurde der Pola-
rograph Radelkis OH-102 benitzt.

Abb. 1. An der Kupferecheibenelektrode gemessene Polarisationskurven in 1 n H.,S04
+ *n HCIL /= 3070 Min-". 1.x = 6,67 «10“3; 2. x = 2,00 «10“2;
3.*= 4,00m0"2 4. 1= 7,33+10-2

In Abb. 1 sind die an der Kupferscheibenelektrode bei verschiedenen
Chloridkonzentrationen bestimmten Polarisationskurven dargestellt, bei einer
Drehzahl der Scheibe von 3070 Min-1. Die Abhédngigkeit der Polarisations-
kurven von der Drehzahl im untersuchten Konzentrationsbhereich war in
volliger Ubereinstimmung mit der in [1] beschriebenen Abhéangigkeit. Aus
Abb. 1 geht hervor, daB der Zusammenhang g>-lg i eine Gerade mit dem
Neigungswinkel von 60 mV ergibt, d.h. der Grenzstrom der Chloridionen ist
wesentlich héher als i [5]. Demgemal ist die Bedingung erfullt, dal die Kon-
zentration der Chloridionen an der Elektrodenoberflache praktisch unabhéngig
von dem durch die Elektrode flieBenden Strom ist. Die Erfullung dieser Be-
dingung wird durch die in der vorangegangenen Mitteilung beschriebenen
Abhéngigkeit der Polarisationskurve von der Drehzahl der Elektrode besta-
tigt. Die letzten MeRBpunkte der Polarisationskurven in Abb. 1 bei hohen
Stromdichten konnten im allgemeinen nur durch rasche Potentialmessung
nach dem Einstellen der Stromstarke bestimmt werden, da sich das Potential
mit der Zeit in positiver Richtung verschiebt.
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In Abb. 2 ist — aufgrund der Angaben der Polarisationskurven — der
Logarithmus der durch die Kupferscheibenelektrode flieRenden anodischen
Stromstérke in Abhédngigkeit vom Logarithmus der Chloridkonzentration,
bei konstantem Elektrodenpotential und konstanter Drehzahl dargestellt.
Hier ergeben sich keine Geraden; im untersuchten Konzentrationsbereich

Abb. 2. Abhéangigkeit des Logarithmus der durch die Kupferscheibenelektrode flieBenden
anodischen Stromstarke vom Logarithmus der Chloridionenkonzentration./= 3070 Min-1.
1.<f= —100 mV; 2. <f= —70 mV

verdndert sich die Richtungstangente der Kurve, d.h. — geméaf GIl. (9) —
die auf das Chloridion bezogene scheinbare Ordnung der Reaktion mit dem
Anstieg der Chloridkonzentration von 1,0 auf 1,67. Demgem&R werden unter
den gegebenen Bedingungen im wesentlichen nur CuCl- und CuCljf-Teilchen
von der Elektrodenoberfliche wegtransportiert.

In Abb. 3ist der an der aus Kohlenstoffpaste hergestellten Ringelektrode
melbare Oxydationsgrenzstrom in des Cu(l)-haltigen Komplexes in Abhé&ngig-
keit von der anodischen Stromstarke i durch die Scheibenelektrode, bei ver-
schiedenen Chloridkonzentrationen dargestellt. Bei geringen Stromdichten
sind ihund i proportional, wie auch in unseren friheren Arbeiten [1] gefunden
wurde. Bei einem bestimmten, von der Chloridionenkonzentration abhdngigen
W ert der Stromstérke biegt die Gerade jedoch ab und verlduft im weiteren
parallel zur Abszisse. Bei Steigerung der anodischen Polarisation der Scheiben-
elektrode nimmt demgemdB der Grenzstrom in, d.h. die Konzentration der
Cu(l)-haltigen Komplexe nach dem Erreichen eines bestimmten Wertes ini
nicht weiter zu.

Ahnliche Kurven werden erhalten, wenn die Drehzahl der Elektrode ¢
bei einer gegebenen Chloridionenkonzentration verdndert wird (Abb. 4).

Diese Erscheinung kann damit erklart werden, daB die Sdattigungskon-
zentration des CuCl bei derjenigen Stromstarke it erreicht wird, die dem Abbie-
gen der Geraden in die Horizontale entspricht. Bei dieser Stromstarke beginnt
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also die Abscheidung des festen Salzes. In Abb. 3 und 4 kann beobachtet wer-
den, dalR meistens noch ein MeBpunkt vor dem Beginn der horizontalen Strecke
vorliegt, bei dem ih > inlist. Dieser MeBpunkt kann nur dann bestimmt wer-
den, wenn die Kurve ih— i von geringen Stromstdrken in Richtung zu hohen

Abb. 3. An der Kohlenpastenringelektrode gemessener Oxydationsgrenzstrom » in Abhéangig-

keit von der durch die Kupferscheibenelektrode flieRenden anodischen Stromstarke i. An der

Ringelektrode eingestelltes Potential ¢ = +600 mV./= 2120 Min-1. Zusammensetzung

der Lésung: 1,0 n H2S04+ x n HCIl. 1.x = 2,66 mlO-2; 2. x — 4,00 +10~2; 3. x = 5,33 «10~2;
4.X = 8,66 10 -2

Abb. 4. Zusammenhang —i bei verschiedenen Drehzahlen der Elektrode in 1,0 n H2S04 +
+ 8,66-10-2 n HCI. <~=+600 mV. 1./ = 1040; 2 ./= 2120; 3./ = 12870; 4./ =
= 4780 Min-1

Stromstidrken aufgenommen wird. Er entspricht der Tatsache, dall die Ab-
scheidung des festen CuCl aus Uberséttigter Ldsung beginnt. Demzufolge wird
der wirkliche Wert von i durch den Schnittpunkt der schrdgen und horizon-
talen Strecken der Kurve i/,—i angezeigt.

Aus Abb. 5 und 6 ist ersichtlich, daB — in Ubereinstimmung mit Gl.
(13) — ein linearer Zusammenhang zwischen it bzw. if(und [CI- ] bei konstan-
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ter Drehzahl der Elektrode besteht, wahrend bei konstanter Chloridionen-
konzentration i{ bzw. ihi proportional der Quadratwurzel der Drehzahl der
Elektrode (f12) verdndert werden. Der Wert von it ist jedoch nicht nur von der
Chloridionenkonzentration und von der Drehzahl der Elektrode abhéngig,

Abb. 5. Abhangigkeit von ij (Kurve 1)und von ih, (Kurve 2) von der Konzentration der Chlorid-
ionen./ = 2120 Min-1

Abb. 6. Abhangigkeit von it (Kurve 1) und von ih, (Kurve 2) von der Quadratwurzel der Dreh-
zahl der Elektrode. HCI-Konzentration der Ldsung: 8,66- 10-2 n

sondern auch von der Temperatur [8], da die S&ttigungskonzentration [CuCI]*
temperaturabhéngig ist.

Im weiteren wurde untersucht, welche Vorgdnge an der Oberfliache der
Kupferscheibenelektrode beim Einschalten von Stromstdrken oberhalb it
verlaufen. In Abb. 7 ist eine bei diesen Untersuchungen erhaltene, charakteri-
stische Kurvenschaar beispielshalber dargestellt. Kurve a zeigt die zeitliche
Verdnderung der an die Scheibe angeschlossenen Stromstdrke. Der eingeschal-
tete Strom i ist wesentlich héher als it, i 5 if. Die dabei erfolgende Verdnde-
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rung des Potentials der Scheibenelektrode wird durch Kurve b angezeigt.
Der Verlauf dieser Kurve q-t kann auf folgende Art gedeutet werden: beim
Einschalten des anodischen Stroms steigt die Konzentration des CuCl an der
Elektrodenoberflache an. Beim Erreichen des Potentials, welcher Punkt @
entspricht, wird die Ldsung an der Oberflaiche der Elektrode derart lber-
sattigt, daB die Abscheidung der CuCl-Schicht auf der Elektrode beginnt.
Dadurch wird die Ubersattigung behoben und das Potential wird etwas nega-

tCmin]

Abb. 7. Veranschaulichung der Vorgdnge nach dem Abscheiden von festem CuCl. Zusammen-
setzung der Lésung: 1,0 n tLSOj -(- 4,00- 10~2 n HCI. f — 2120 Min-1, a: Zeitliche Ver-
dnderung der durch die Kupferscheibenelektrode flieRenden Stromstarke, b: Verdnderung
des Potentials der Kupferscheibenelektrode wéahrend der gleichen Zeitdauer, c: Verdnderung
des stromfreien Potentials der Kohlenpastenringelektrode wéahrend der gleichen Zeitdauer.
d: An der Kohlenpastenringelektrode gemessener kathodischer Strom (R — —100 mV).
e: An der Kohlenpastenringelektrode gemessener anodischer Grenzstrom (@R = +600 mV)

tiver (Strecke B). Nach dem Aufbau des CuClI-Films wird die Stromdichte an
den frei gebliebenen Teilen der Oberflache hoch, folglich verschiebt sich das
Potential in positiver Richtung und ein neuer Elektrodenvorgang, namentlich
die Auflésung des Kupfers in zweiwertiger Form, wird ermdglicht (Strecke
y). Nach dem Ausschalten des anodischen Stroms verschiebt sich das Potential
der Kupferscheibenelektrode in negativer Richtung, und das Potential der
Elektrode gt wird bis zum Aufldsen der CuCl-Schicht an der Elektrode durch
die Sattigungskonzentration [CuCl])/ bestimmt (Strecke <5

Diese Vorstellung wird auch durch Kurven c, d und e unterstitzt. Kurve
c zeigt die zeitliche Verédnderung des an der Kohlenringelektrode gemessenen
Potentials 4R. Das Potential des Ringes wird durch das Redoxsystem Cu(l)/
Cu(ll) eingestellt. Demzufolge verdndert sich qR mit steigender Cu(l)-Konzen-
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tration in negativer Richtung (Strecken x, B), bei dem Entstehen von Cu(ll)
(Strecke y) in positiver Richtung und nimmt endlich nach dem Ausschalten
des Stromes denjenigen W ert an, der der Strecke B entspricht. DalR in der
Strecke y tatsdchlich Cu(ll)-lonen gebildet werden, wird durch Kurve d be-
wiesen. Hier wurde an der Ringelektrode ein Potential von —100 mV (bezogen
auf 1 n Kalomelelektrode) eingestellt. Bei diesem Potential werden Cu(ll)-lonen

Abb. 8. Abhéngigkeit des der Strecke in Abb. 7bentsprechenden Potentials gt vom Logarithmus
der Chloridionenkonzentration der Ldsung

zu Cu(l)-lonen reduziert, dagegen wird Cu(l) nicht zu metallischem Kupfer
reduziert. Wie ersichtlich, kann am Ring nur wé&hrend der Strecke y ein katho-
discher Strom (- ih® gemessen werden, d.h. nur ist diesem Zeitraum entstehen
Cu(ll)-lonen in verh&ltnism&Rig groBen Mengen. (Es soll bemerkt werden, daf
—im kein Grenzstrom ist, da bei dem Potential, bei welchem der Grenzstrom
erreicht wdre, auch Cu(l) schon reduziert wird.)

Kurve e zeigt den an dem Kohlenpastenring gemessenen Oxydations-
grenzstrom ih In Ubereinstimmung mit der obengenannten Vorstellung weist
ih bei a ein Maximum auf und ist in den Strecken , y und 6 praktisch unver-
dndert.

Aus der Strecke 6 der Kurve b kann also der Wert von et bestimmt
werden. In Abb. 8 ist der auf diese Art bestimmte Wert von et in Abhéngig-
keit von Logarithmus der Chloridionenkonzentration dargestellt. In Uber-
einstimmung mit Gl. (12) ergibt sich eine Gerade, jedoch betrdgt der Nei-
gungswinkel anstelle von 59 mV bei der gegebenen Versuchsreihe 57 mV.

Unsere Versuchsergebnisse zeigen also, daR die Bildung des CuCl-Films
auf der Kupferscheibenelektrode wéhrend der Strecke B erfolgt und die Dicke
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des Films wahrend der Strecke y langsamer zunimmt. Fir die Dicke des Films
ist die Ladnge der Strecke b (der Zeitraum t2) charakteristisch. Die Menge des
an der Oberflache der Elektrode gebildeten CuCl ist der fiir die Bildung ver-
brauchten Ladungsmenge Q proportional:

<LP==(* —*N* (15)
i = durch die Elektrode flieRende Stromstarke (i > 1i,), = vom Einschal-
ten des Stroms i verflossene Zeit bis zum Beginn der Strecke y (siehe Abb. 7c);
der Wert von i, ist durch GI. (13) gegeben. Die Geschwindigkeit der Ent-
fernung der CuClI-Schicht von der Elektrodenoberflache ist also i, und die
Zeitdauer der Entfernung betrégt t2 folglich muR folgende Gleichheit bestehen:

(i—i)t =1, t2 (16)
Aufgrund von (16) und (13) ist

-1|— = XXLa-fA[CI-]) 17)
wo
_ teuel, g op 2 [GUCHL K.
i i
Folglich verdndert sich bei konstantem i -Mr) linear mit der Chloridionen-

konzentration und der Logarithmus von ti/(t2~Mi) verédndert sich ebenfalls
linear mit dem Logarithmus der Drehzahl der Elektrode. In letzterem Fall
mufR der Neigungswinkel der Geraden 1/2 betragen. Aus Abb. 9 und 10 ist
ersichtlich, dall die Versuchsergebnisse mit GIl. (17) im Einklang stehen. Aus
Gl. (15) bzw. (16) kann die auf der Oberflache gebildete Menge von CuCl be-
rechnet werden.

Unsere Versuchsergebnisse bestdtigen also, dal die Geschwindigkeit der
anodischen Auflésung von Kupfer in den untersuchten, chloridionenhaltigen

Abb. 9. Zusammenhang zwischen ij/(t2-)-!,) und der Chloridionenkonzentration der L&ésung
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Lésungen durch die Diffusion der entstehenden Kupferkomplexe in das Inne-
re der Losung bestimmt wird. In Ubereinstimmung mit den Literaturangaben
wurde festgestellt, daR bei entsprechenden Bedingungen eine pordse CuCl-
Schicht an der Anode gebildet wird [3, 6—8]. Nach der Ausbildung der CuCl-
Schicht entstehen neben den Cu(l)-haltigen Komplexen auch Cu(ll)-lonen [7].

Abb. 10. Zusammenhang zwischen Ig tj(t2+ tj) und Ig/
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UMWANDLUNGEN DER NETZWERKSTRUKTUR
IN DER OBERFLACHENSCHICHT
VON SILIKATGLASERN

S. Dobos

f Forschungsgruppe fir anorganische Chemie der Ungarischen Akademie der Wissenschaften.
Budapest)

Eingegangen am 30. Januar 1970

Bei der Ausbildung der Oberflachenschicht von Glas muR neben dem diffusions-
bestimmten lonenaustausch und der Ablésung des Silikatnetzwerkes an der Grenz-
flache Schicht-Wasser recht oft auch mit einer Strukturumwandlung des Silikatnetz-
werkes gerechnet werden. Diese Strukturdnderung kann durch eine Umordnung des
Raumnetzes oder durch die Anderung der Zahl der ' Si—O—Si< Bindungen erfolgen.
Die Strukturdnderung kann aufgrund der Konzentrationsverteilung der Komponenten
in der Oberflachenschicht und gegebenenfalls aufgrund der zeitlichen Verédnderung der
Ablésungsgeschwindigkeit des Silikatnetzwerkes erkannt werden.

Das Wesen der Strukturumwandlung in der Oberflaichenschicht des untersuchten
Glases mit der Einwaagezusammensetzung 20 Mol% K20, 12 Mol% SrO, 68 Mol%
Si02 besteht wahrscheinlich in der Umordnung des Raumnetzes, weshalb das Silikat-
netzwerk chemisch widerstandsfahiger und zugleich fur die lonendiffusion durchléssiger
wird.

Bei wiederholten Schmelzversuchen von Glésern der genannten Zusammenset-
zung erhielten wir in einigen Fallen ein Glas, dessen Oberflachenschicht ohne Struktur-
&nderung ausgebildet wurde, in anderen Féllen dagegen ein Glas, bei dem die Oberfla-
chenschichtbildung mit einer Strukturdnderung verbunden erfolgte. Mittels IR-spek-
troskopischen und DTA-Messungen wurde festgestellt, daB die Erklarung fir dieses
gegensatzliche Verhalten der mit der gleichen Einwaagezusammensetzung und unter
nahezu identischen Bedingungen hergestellten Glaser in ihrer unterschiedlichen Struk-
tur zu suchen ist.

Durch Anwendung des zweiten Fickschen Gesetzes auf die Diffusions-
vorgénge, welche die Oberflachenschicht von Silikatgldsern ausbilden, leiteten
Boksay, Bouquet und Dobos [1, 2] eine Gleichung fir die Verteilung der
Alkaliionen in der Oberflachenschicht ab. Im Zeitpunkt t ist der Molenbruch
n der Alkaliionen in der Oberfldchenschicht

n :e-(alD)y je-p-dp le pdp-t+-1— e~(a/Dy (1)
J J

wo a die Abldsungsgeschwindigkeit des Silikatnetzwerkes, D die Diffusions-
konstante des Alkaliions, y die Tiefenkoordinate der Schicht,

y —at Y+«*
yw * ¢ | 4 Dt

und p ein Integrationsparameter ist.
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Wenn die Vorgdnge, welche die Oberflachenshicht ausbilden, stationér
werden, nimmt GI. (1) folgende einfache Form an (Abb. 1):

n=1- e-(a)y. (2)

Abb. 1. Veradnderung des Molenbruches der Kaliumionen in Abhédngigkeit von der Tiefen-
koordinate der Schicht nach verschiedenen Lagerungszeiten in Wasser bei Gldsern vom Typ P

In der Ableitung der Gleichung wurde die Ldsungsgeschwindigkeit a
des Silikatnetzwerkes sowie der Diffusionskoeffizient D als konstant angenom-
men. Die Gultigkeit der Gleichung wurde durch Bestimmung der Alkaliionen-
verteilung in der Oberflachenschicht eines Glases mit der Zusammensetzung
20 Mol% K,0, 12 Mol% SrO, 68 Mol% Si0O2bewiesen.

Strukturdnderungen des Silikatnetzwerkes im Laufe
der Ausbildung der Oberflachenschicht

Unseren Erfahrungen gemé&R zeigt die Alkaliionenverteilung der Ober-
flachenschicht bei einfachen Silikatgldsern mit hohem Alkaligehalt im allge-
meinen einen von Gl. (1) und (2) abweichenden Charakter: das Kriterium, dal
der Diffusionskoeffizient und die Abldsungsgeschwindigkeit des Netzwerkes
konstant sind, ist nur in Ausnahmefallen erfullt.

Es ist leicht einzusehen, daR der Diffusionskoeffizient in der Schicht nur
dann konstant sein kann, wenn die Struktur des Silikatnetzwerkes entlang der
Gesamttiefe der Schicht unverdandert ist. Andert sich die Struktur, so dndert
sich auch der Wert von D und folglich weicht der Charakter der Alkaliionen-
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Verteilung von der einfachen Form gemdR GIl. (1) bzw. (2) ab. Eine zeitliche
Verdnderung der Ablésungsgeschwindigkeit des Netzwerkes zeigt ebenfalls
eine Strukturdnderung des Netzwerkes in der Oberflachenschicht an. Inwie-
fern die Konzentrationsverteilung der Komponenten (z.B. Alkaliionen) in
der Oberflichenschicht durch die Anderung der Netzwerkstruktur modifiziert
wird, bzw. wie diese Anderung auf die Lésungsgeschwindigkeit einwirkt, wird
durch die Art und den zeitlichen Verlauf der Strukturdnderung bestimmt.

Bevor wir versuchen, die mdéglichen Strukturdnderungen zu umreif3en,
mull definiert werden, was unter einer unveranderten Struktur verstanden
werden soll. Das Netzwerk der Schicht wird als unverdndert betrachtet, wenn
die Zahl und rdaumliche Anordnung der "Si—O—Sii® Bindungen im Si02-
Raumnetz im Vergleich zum kompakten Glas unverédndert sind. Auch die Zahl
und Anordnung der an das Raumnetz angeschlossenen #Si—O Gruppen missen
unverdandert bleiben. Streng genommen bedeutet natiirlich der lonenaustausch
bereits an und fiir sich eine geringfiigige Anderung der Struktur, da die Nicht-
berlicksichtigung der abweichenden GroRe und polarisierenden Wirkung des
an die Stelle des Alkaliions tretenden Partners nur mit Vernachldssigungen
maoglich ist.

Formell kénnen zwei groRe Gruppen der mdglichen Strukturumwandlun-
gen angenommen werden:

In die erste Gruppe gehdren diejenigen Vorgénge, bei denen die Zahl der
A3Si— O—Sii®» und ~Si—O Bindungen unverdndert bleibt und nur ihre
raumliche Anordnung verdndert wird. Die W ahrscheinlichkeit solcher Ande-
rungen ist infolge des thermodynamisch metastabilen Zustands der kompakten
Glasphase sehr hoch. Die Neigung des Raumnetzes zur Stabilisierung kann
in dem durch Dealkalisation gestdrten System leichter befriedigt werden.
Diese »spontane« Umlagerung der Struktur, welche durch die Dealkalisation
der Schicht sterisch erleichtert wird und durch den Restalkaliionengehalt,
durch verunreinigende Fremdionenspuren sowie durch das vorhandene W asser
katalysiert werden kann, stellen wir uns so vor, dafl die Zahl der "Si—0—Si*
und ~Si—0 Bindungen dadurch nicht bertihrt, sondern lediglich ihre rdum-
liche Anordnung in Richtung des niedrigeren Energiezustands verdndert wird.
Ob nun ein derartiger Ordnungsvorgang die Diffusion der Alkaliionen er-
leichtern oder erschweren wird, kann kaum eindeutig vorausgesagt werden;
dagegen erscheint es hochstwahrscheinlich, dal dieser Vorgang den chemischen
W iderstand des Netzwerkes steigern und folglich seine Lésungsgeschwindigkeit
in Wasser oder in einem anderen Reagens verringern wird.

In die zweite Gruppe der Strukturumwandlungen des Netzwerkes kénn-
ten jene Vorgdnge eingereiht werden, bei denen sich die Zahl der *"Si—0—Si—
und ~Si-—0 Bindungen im Netzwerk veridndert. Solche Anderungen kdénnen
sich in erster Linie durch Reaktionen zwischen dem Netzwerk und den von
auBen in die Schicht eindiffundierten Komponenten abspielen. So kann z.B.
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der Angriff des Wassers zur Hydrolyse eines Teiles der "Si—O—Si”; Bindun-
gen fihren:
>Si—O0—Si" + HD = 2 (>SiOH)

Offensichtlich wird die Diffusion der lonen in der Schicht durch die obige
Reaktion erleichtert. Zugleich wird die Ablésungsgeschwindigkeit des Netz-
werkes erhdht. Die "Si—O—SiS* Bindungen kodnnen auch durch andere
Reagenzien gespalten werden. Die Hydrolyse kann auch mit gleichzeitiger
Umlagerung der Struktur kombiniert verlaufen.

Im entgegengesetzten Sinn verlduft die Kondensation der ~Si—OH
Gruppen; ihre Wahrscheinlichkeit ist keineswegs gering, wenn wir z. B. an die
spontane Alterung von Kieselsduregelen oder an die pH-abhdngige Polymeri-
sation von Solen denken:

iSi0O-O —H
iISi 0 SL
H O Si

Der W asseraustritt wird durch starke Elektronenakzeptoren (z. B. Hydroxoni-
umionen) erleichtert. Spielt sich die Kondensation allein ab, ist sie also nicht mit
einer gleichzeitigen Strukturumlagerung kombiniert, so gelangen wir zu einer
Struktur, in der die Diffusion der Alkaliionen langsamer wird. Auch die Ge-
schwindigkeit der Aufldsung des Netzwerkes nimmt infolge der Kondensation
ab. Eine — der Kondensation &hnliche — Verdichtung der Struktur kénnte
auch durch Einwirkung von Kationen mit kleineren lonenradien und hohen
Ladungen verlaufen.

Die beiden, rein formell unterschiedenen Vorgangsgruppen, namlich die
raumliche Umlagerung der Struktur und die Anderung der Zahl der Briicken-
sauerstoffatome, verlaufen in Wirklichkeit wahrscheinlich in jedem Fall mehr
oder weniger miteinander kombiniert.

Unter Bericksichtigung der genannten mdglichen Vorgédnge kdnnen
z. B. folgende Teilvorgdnge bei der Ausbildung der Oberflachenschicht im
Laufe der Reaktion von Glas mit Wasser unterschieden werden:

1. lonenaustausch zwischen den Alkaliionen des Glases und den W asser-
stoffionen des Wassers, wobei das Wasserstoffion in mehr oder weniger hydra-
tiertem Zustand in das Glas eintritt. Der Vorgang wird durch die Diffusion
der Partner des lonenaustausches bestimmt.

2. Eine eventuelle Anderung der Netzwerkstruktur der Schicht.

3. Die Ablésung des Netzwerkes der Schicht an der Grenzflache Schicht-
W asser.

Es ist leicht einzusehen, dall bei gleichzeitigem Verlauf aller drei Vor-
gange der lonenaustausch am schnellsten ist; ihm folgt die Anderung der
Struktur und zuletzt die Auflésung des Netzwerkes.

Acta Chim. Acad. Sei. Hung. 68, 1971



DOBOS: UMWANDLUNGEN DEB NETZWERKSTRUKTUR 375

Auch liegt es auf der Hand, dall keine Strukturdnderung auftritt, wenn
die Geschwindigkeit dieser Anderung geringer ist als die Geschwindigkeit der
Ablésung des Netzwerkes; in diesem Fall ist die Ablésungsgeschwindigkeit des
Netzwerkes konstant.

Ist die Geschwindigkeit der Netzwerk&nderung kommensurabel hdher
als die Auflésungsgeschwindigkeit des Netzwerkes, so nimmt die letztere
zeitlich ab oder zu, je nach dem, ob die Strukturdnderung eine mehr oder
weniger widerstandsfdhige Struktur ergibt. Diesen Fall kann man sich wie
folgt vorstellen: die mdgliche Strukturdnderung ist an einer bestimmten
Stelle A der Schicht noch nicht beendet, wenn die Front der Ablésung diese
Stelle erreicht. Wegen der héheren Geschwindigkeit der Strukturdnderung ist
jedoch diese Anderung in der nichsten, tiefer liegenden Stelle B bereits mehr
fortgeschritten als wenn die Abldsungsfront diese Stelle erreicht. Das Wasser
greift also an den zwei Stellen unterschiedliche Strukturen an, folglich sind
die Abldsungsgeschwindigkeiten an den Stellen A und B verschieden.

Verdndert sich die Struktur sehr schnell im Vergleich zur Ablésungsge-
schwindigkeit, so zeigt sich eine konstante Abldsungsgeschwindigkeit des
Netzwerkes, abgesehen von einer dufRerst kurzen Anlaufperiode, die gegebenen-
falls mit den zur Verfigung stehenden MeRverfahren gar nicht nachgewiesen
werden kann.

Aus dem Gesagten folgt, daB eine Anderung der Ablésungsgeschwindig-
keit des Netzwerkes ein sicheres Anzeichen der Strukturédnderung ist, wéhrend
eine konstante Abldsungsgeschwindigkeit kein genugendes Kriterium fur eine
unverdnderte Struktur darstellt. Ein sicheres Urteil ermdglicht nur die Bestim-
mung der Verteilung der Alkaliionenkonzentration in der Schicht.

In der vorliegenden Arbeit und in unseren weiteren Arbeiten werden
Oberflachenschichten behandelt, deren Ausbildung unter Strukturédnderung
verlduft, wobei Beispiele fur einige Grundtypen der mdglichen Vorgdnge an-
gegeben werden.

Experimenteller Teil

Unsere Untersuchungen beruhen auf dem Verfahren, welches zur Bestimmung der Ver-
teilung der Alkaliionenkonzentration in der Oberflachenschicht entwickelt wurde [1, 3]. Die
Glasprobe (Ld&nge 6—7 cm, Durchmesser 0,1—0,3 cm, Oberfliche 4—6 cm2), vorangehend in
einem dichtgeschlossenen Reagenzrohr Uber Magnesiumperchlorat als Trocknungsmittel gela-
gert, wurde mit Hirschleder poliert und durch Waschen mit Cyclohexan entfettet. Die
Oberflachenschicht wurde in Polydthylengefdfen, in 400 ml Wasser bei 40 + 0,2 °C ausge-
bildet, wobei um die Rickwirkung der aus dem Glas herausgeldsten Reaktionsprodukte zu
vermeiden — das Wasser so oft gewechselt wurde, da die Konzentration der Alkaliionen im
W asser den Wert von 5 m10“4 Grammionen/Liter nicht Gberschritt. Aus dem flammenphoto-
metrisch bestimmten Alkaligehalt der aus dem Wasser genommenen Proben wurde die He-
rauslésungsgeschwindigkeit der Alkaliionen aus dem Glas und aus dem photometrisch be-
stimmten Silikatgehalt dieser Proben die Geschwindigkeit der Abldsung des Silikatnetzwerkes
berechnet.

Die auf dem Glasstab ausgebildete Oberflachenschicht wurde in 5—20 Schritten mit
1% iger Fluorwasserstoffsaurelosung stufenweise abgeldst. Dies erfolgte jeweils in 17 + 0,1 ml
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Ldsung, in Proberdhren aus Polyéathylen, unter gleichméBiger Bewegung des Glasstabes. Die
Temperatur der Fluorwasserstoffsaurelésung betrug 20 + 0,2 °C, die Dauer der Behandlung bei-
der einzelner Fraktionen jeweils 2 ... 10 + 0,05 Minuten. Die Fluorwasserstoffsaurelésungen,
welche die einzelnen Schichtfraktionen enthielten, wurden in zwei Teile geteilt, wobei aus dem
einen Teil der Silikatgehalt der Schichtfraktion photometrisch, aus dem anderen Teil der Alkali-
und Erdalkaligehalt, gegebenenfalls noch weitere Komponenten bestimmtwurden. Die Gesamt-
zeit zum Abldsen der ganzen Oberflachenschicht lag zwischen 10 und 100 Minuten, wéahrend
der Vorgang der Ausbhildung der Schicht im allgemeinen 1 bis 30 Tage bendtigte. Nach den
Berechnungen von Bouquet [4] beeinfluRt die Ablésung mit Fluorwasserstoffsaure zwar die
Verteilung der Alkaliionenkonzentration der Schicht, die gerade bestimmt werden soll, jedoch
ist der dadurch verursachte Fehler um vier GréfRenordnungen geringer als der zu bestimmende
Wert, sodaB die Rickwirkung des MeBVorganges (der Ablésung mit Fluorwasserstoffsdure)
vernachldssigt werden kann. In Anbetracht dessen, daB die stufenweise Ablésung der Ober-
flachenschicht bei um 20 °C niedrigerer Temperatur verlauft als die Ausbildung der Schicht
und auch ihre Dauer wesentlich kirzer ist, kann angenommen werden, daR die aufgrund der
stufenweisen Ablosung erhaltenen Angaben die Struktur widerspiegeln.

Durch Ablésen mit Fluorwasserstoffsdure unter den genannten Bedingungen kann die
Ablosungsgeschwindigkeit des Netzwerkes in Fluorwasserstoffsaure (vorzugsweise in Einhei-
ten Grammatom Si ecm“2min“x) in den verschiedenen Abschnitten der Schicht berechnet
werden. Diese Abldsungsgeschwindigkeit (im weiteren mit vhf Si bezeichnet) ist fir die Struk-
tur des Silikatnetzwerkes charakteristisch. Andert sich das Silikatraumnetz im Laufe der Aus-
bildung der Schicht nicht, so muR die Abldsungsgeschwindigkeit in allen Abschnitten der
Schicht identisch sein und mit der Ablésungsgeschwindigkeit des kompakten Glases in Fluor-
wasserstoffsdure Ubereinstimmen. (Aus spéter anzufihrenden Grinden wird diese Erwartung
in der Praxis nur anndhernd erfillt.) Verdndert sich die Struktur des Netzwerkes wéahrend der
Ausbildung der Oberflachenschicht, so muB sich die Ablésungsgescliwindigkeit entlang der
Tiefenkoordinate der Schicht auf charakteristische Weise verandern. Neben der Verteilung der
Alkaliionenkonzentration in der Schicht liefert also die Bestimmung von si weitere Mdg-
lichkeiten zum Anzeigen eventueller Strukturdnderungen, wobei gegebenenfalls auch gewisse
Schliisse bezuglich der Art dieser Anderungen gezogen werden konnen.

In unserer Arbeit wird die Alkaliionenkonzentration der einzelnen Abschnitte der
Schicht bezogen auf den Si-Gehalt des Schichtabschnittes angegeben:

+ Grammion K +
c Grammatom Si ’

und die Verteilung wird nicht als Funktion der geometrischen Tiefenkoordinate, sondern als

Funktion der Netzwerksilikat-Koordinate angegeben, wobei letztere die Zahl der Grammatome

Silicium in einem Prisma der Schicht mit der Grundflache von 1 cm2und der Dicke y ist [1].
Die Silikat-Koordinate wird mit g bezeichnet:

K
g=2.8Si,
1=1

wo Si- die Zahl der Grammatome Silicium in den einzelnen Schichtfraktionen, bezogen auf
1 cm2ist. Die Dimension von g ist also Grammatom mcm" 2

Versuclismodcli

Die Mdglichkeit der Strukturumwandlungen wé&hrend der Ausbildung
der Schicht wird in erster Linie durch den lonenaustausch geschaffen, beson-
ders wenn die im lonenaustausch teilnehmenden Partner von verschiedener
GroBe sind; hierauf haben bereits Boksay, BoUGQUET und Dobos im Zusam-
menhang mit natriumoxydhaltigen Gldsern hingewiesen [1, 3]. Dagegen er-
kldren sie die Tatsache, dall die Oberflachenschichten bei ihrem Modellglas
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mit der Zusammensetzung 20 Mol% K2, 12 Mol% SrO und 68 Mol% Si02
die Gleichungen (1) und (2) erfillen, d.h. daB diese Oberflachenschicht ohne
Strukturdnderung gebildet wurde, mit der &hnlichen Grofe des Kalium- und
Hydroxoniumions.

Sechs Schmelzversuche des obengenannten kaliumoxydhaltigen Glases
mit unverédnderter Einwaagezusammensetzung ergaben in vier Féllen Gléser,
bei denen die Verteilung der Alkaliionenkonzentration der Oberflachenschicht
Gl. (1) und (2) nicht erflllte, ihre Netzwerkstruktur wurde also im Laufe der
Ausbildung der Oberflachenschicht verdndert.

Diese Tatsache muR als Uberraschend bezeichnet werden, da unseres
Wissens nach der einzige Unterschied zwischen den sechs Schmelzversuchen
darin bestand, dall das verwendete BDH Si0O2beijenen zwei Gl&sern, die keine
Strukturverdnderung aufwiesen, bzw. bei den vier Glasern, die eine Struktur-
verdnderung zeigten, aus verschiedenen Lieferungen stammte.

In der gegenwadrtigen Arbeit wurden die letzteren Gléaser als Modell ver-
wendet. Sie werden im weiteren als Typ P2 bezeichnet, w&hrend die Glé&ser,
die keine Strukturdnderung aufweisen, als Typ Pj bezeichnet werden.

Versuchsergebnisse

In Abb. 2 sind die Versuchsergebnisse mit dem Modell aus P2-Glas dar-
gestellt. Das Glas wurde zwecks Ausbildung der Schicht 20 Tage lang bei
40 °C in Wasser gelagert. Kurve | zeigt die Konzentrationsverteilung der
Kaliumionen, Kurve 11 ist das aufgraphischem Wege hergestellte Differential
von Kurve I, Kurve |1l ist die Ablésungsgeschwindigkeit des Netzwerkes in
Fluorwasserstoffsaure. Beim Vergleich von Kurve | mit den Kurven in Abb. 1
fallt ihr unterschiedlicher Charakter sofort auf. Welche Aufkldrung bieten
nun die MeRdaten hinsichtlich der Art der Strukturumwandlung?

Verfolgen wir die Anderung der Parameter vom kompakten Glas bis zur
waRkrigen Phase, in der Abbildung also von rechts nach links. Bei dem Uber-
tritt aus dem kompakten Glas in die Oberflaichenschicht nimmt die Konzen-
tration der Kaliumionen ab, dhnlich wie hei dem Pj-Glas, in dessen Oberflachen-
schicht der Molenbruch der Kaliumionen gem&R den Kurven in Abb. 1 ab-
nimmt. Der Konzentrationsgradient nimmt in der Schicht des P~Glases in
Richtung vom kompakten Glas zur waRrigen Phase monoton von Null bis zum
Wert a/D zu. DerVerlauf des Konzentrationsgradienten fur die Schicht im sta-
tiondren Zustand wird durch das Differential der GI. (2) nach y beschrieben:

= — e<QD. 3)
dy D
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Gegeniiber dieser monotonen Anderung wird bei dem P2-Glas der An-
stieg des Konzentrationsgradienten um g 5 «10”5 Grammatom Si ecm"2
madaRiger, durchlduft dann ein Maximum und nimmt bis zur Grenze der waR-
rigen Phase ab. Wenn die Diffusion der Kaliumionen selbst durch einen immer
madRiger ansteigenden und sogar abnehmenden Konzentrationsgradienten

Abb. 2. Verdnderung der Kaliumionenkonzentration (1), des Gradienten der Kaliumionen-

konzentration (1) und der Ablosungsgeschwindigkeit des Netzwerkes in Fluorwasserstoff-

saure (111) in Abhangigkeit von der durch den Silikatgehalt der Schicht ausgedrickten Tiefen-
koordinate bei P.,-Glas

aufrechterhalten werden kann, so ist das nur dadurch mdglich, dal der Weg
der Alkaliionen in Richtung der Schicht-W asser-Grenzflache (ber eine solche
Struktur fiahrt, in welcher der Diffusionskoeffizient des Kaliumions dauernd
héher wird, d.h. die Schicht wird in Richtung der Schicht-W asser-Grenzflachc
stets lockerer und fir das Kaliumion durchléssiger.

Untersuchen wir nun den Verlauf der Ablésungsgeschwindigkeit mit
Fluorwasserstoffsaure. Zundchst soll aber die Netzwerkablésungsgeschwindig-
keit mit Fluorwasserstoffsdure bei der Schicht von Pj-Glas, die ohne Struktur-
&nderung gebildet wurde, kurz behandelt werden. Aus der unverédnderten Netz-
werkstruktur sollte — wie bereits erwdhnt wurde — folgen, daB jeder Punkt
der Schicht mit der gleichen Geschwindigkeit in Fluorwasserstoffsdure geldst
wird. Demgegenlber verhdlt sich aber die Ablésungsgeschwindigkeit Abb. 3
entsprechend, d.h. sie nimmt vom kompakten Glas zur Grenzflache der waR-
rigen Phase hin monoton zu. Unserer Meinung nach dirfte diese Erscheinung
damit zu erkl&ren sein, dal der pH der Fluorwasserstoffsdurelésung in der
Reaktionszone der Schicht-W asser-Grenzflache davon abhéngig ist, wieviel
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Kaliumionen aus der Schicht — infolge des Austausches mit W asserstoff-
bzw. Hydroxoniumionen — abwandern. Wird durch die Fluorwasserstoff-
sdurelésung ein Schichtabschnitt angegriffen, der ndher zum kompakten Glas
liegt, also mehr Kaliumionen enthdlt, so nimmt der pH in der Reaktionszone
zu, die Dissoziation des Fluorwasserstoffs nimmt zu, folglich ist hier die Ab-
losungsgeschwindigkeit des Silikatnetzwerkes geringer als in der Schicht-
strecke mit niedrigeren Kaliumionenkonzentrationen.

Die Netzwerkablésungsgeschwindigkeit in der Oberflichenschicht des
P2-Glases (Kurve 11l in Abb. 2) nimmt von rechts nach links, d.h. vom kom-

\Q
o]

Abb. 3. Verdnderung der Ablésungsgeschwindigkeit des Netzwerkes in Fluorwasserstoffsédure
in Abhangigkeit von der durch den Silikatgehalt der Schicht ausgedrickten Tiefenkoordinate
bei P,-Glas

pakten Glas in Richtung zur wdafrigen Phase hin anfangs zu, &hnlich wie
beim Pj-Glas, danach aber wird der Anstieg maRiger, die Kurve durchlduft
einen Inflexionspunkt, dann ein Maximum und nimmt dann ab. Es handelt
sich bei dieser Kurve vermutlich um die Resultierende von mindestens zwei
Effekten, und zwar mull gegenlber der die Abldsungsgeschwindigkeit steigern-
den Wirkung der nach links abnehmenden Kaliumionenkonzentration in
Grenzflichenndhe mit einer allméhlichen Anderung der Netzwerkstruktur
gerechnet werden, welche die chemische Widerstandsfahigkeit des Netzwerkes
erhoht. Wird die Ablésungsgeschwindigkeit mit Fluorwasserstoffsdure in
Abhéngigkeit vom Logarithmus der Kaliumionenkonzentration in der Schicht
dargestellt (Abb. 4), so erhédlt man bei Glas Pj eine Gerade, welche den funktio-
neilen Zusammenhang zwischen der Kaliumionenkonzentration und der Ab-
losungsgeschwindigkeit mit Fluorwasserstoff zu unterstiitzen scheint. Bei dem
P2-Glas zeigt jedoch die Abweichung der Kurve von der Geraden an, daR die
Netzwerkahldsungsgeschwindigkeit auBer der Kaliumionenkonzentration auch
noch von anderen Faktoren abhdngig ist.

In Abb. 5 ist die zeitliche Verédnderung der Austrittsgeschwindigkeit der
im Laufe der Ausbildung der Oberfladchenschicht in die wé&Rrige Phase austre-
tenden Kaliumionen (Kurve I) und der Ablésungsgeschwindigkeit des Netz-
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Werkes Vh2o,si (Kurve Il) dargestellt. Die Geschwindigkeit der Ablésung des
Netzwerkes ist nicht konstant, sie nimmt anfangs stirmisch und dann
langsamer ab, wodurch angezeigt wird, daB in der Grenzschicht eine solche
Strukturdnderung vor sich geht, welche die chemische W iderstandsféhig-

Abb. 4. Verédnderung der Ablésungsgeschwindigkeit des Netzwerkes in Fluorwasserstoffsaure
in(Abhangigkeit von (der Kaliumionenkonzentration der Schicht bei Pt-und P2-Glas

t,Tage

Abb. 5. Verédnderung der Austtrittsgeschwindigkeit der Kaliumionen (1) und der Abldsungs-
geschwindigkeit des Netzwerkes (I1) in Abhangigkeit von der Zeitdauer des Lagerns in W asser
bei P2Glas

keit des Netzwerkes an der jeweiligen Grenzflache der Schicht stets erhdht.
Aus der Tatsache, daB die Austrittsgeschwindigkeit der Komponenten selbst
am 20. Tage nicht konstant ist, kann gefolgert werden, dall die Oberflachen-
schicht noch keineswegs im stationdren Zustand vorliegt. Im stationdren Zu-
stand mufR nédmlich, wie leicht einzusehen ist, die Gleichung

AH,0,K+ _ CK+,G1 (4)

fH a0,Si CsiGI
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gelten, wo cK+Q| die Kaliumionenkonzentration und Giqgi die Siliziumkon-
zentration im kompakten Glas ist. Die zeitliche Verdnderung des Verhéltnisses
der Austrittsgeschwindigkeiten ist in Abb. 6 dargestellt; die gestrichelte Gerade
zeigt den Wert von c”+oilcsiqi an. Auch am 20. Tag zeigt das Geschwindig-

Abb. 6. Verhéltnis der Austrittsgeschwindigkeit der Kaliumionen und der Ablésungsgeschwin-
digkeit des Netzwerkes in Abh&ngigkeit von der Lagerungszeit in Wasser bei P2Glas

Abb. 7. Verdnderung der Kaliumionenkonzentration in Abhéngigkeit von der durch den Silikat-
gehalt der Schicht ausgedrickten Tiefenkoordinate bei P2Glas

keitsverhé&ltnis einen vom stationdren Zustand wesentlich abweichenden Wert
und die geringe Steilheit der Kurve unterstitzt die Annahme, dafl der statio-
ndre Zustand nur nach sehr langer Zeit erreichbar ist. Diese langsame Anné-
herung an den stationdren Zustand unterscheidet das Verhalten des P 2-Glases
ebenfalls vom Verhalten des Pj-Glases, bei welchem die Vorgadnge, welche die
Oberflachenschicht ausbilden, nach dem achten Tag stationdr wurden [1].

W ir haben bisher Uber unsere Beobachtungen im Zusammenhang mit
Schichten berichtet, welche im Laufe von 20tdgiger Lagerung in Wasser ge-
bildet wurden. In Abb. 7 sind die Verteilungskurven der Kaliumionenkon-
zentration in Schichten nach 5-, 8-, 20- und 30tdgiger Lagerung in Wasser
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(largestellt. Die betreffenden Kurven der Netzwerkablésungsgeschwindigkeit
in Fluorwasserstoffsdure sind in Abb. 8 gezeigt. Qualitativ ihrer Form nach sind
die Kurven einander dhnlich und die Front der einzelnen Vorgdnge verschiebt
sich mit zunehmender Lagerungsdauer in Wasser nach innen. Dartber hin-
ausgehende Schlisse dirften aus den Kurven wohl kaum zu ziehen sein, jedoch
mochten wir darauf aufmerksam machen, dall die Kurven der Netzwerkab-
losungsgeschwindigkeit mit zunehmender Zeitdauer der Lagerung von einem

Abb. 8. Verdnderung der Ablésungsgeschwindigkeit des Netzwerkes in Fluorwasserstoffsaure
in Abhédangigkeit von der durch den Silikatgehalt der Schicht ausgedriickten Tiefenkoordinate
nach verschiedenen Zeitdauern der Lagerung in Wasser bei P,-Glas

stets niedrigeren Niveau starten. Dies scheint darauf hinzuweisen, dafl die
Strukturumwandlung des Netzwerkes ein zeitlich langsamer Vorgang ist.
Bei der Schicht, welche durch 5tdgige Lagerung in Wasser gebildet wurde, ist
dieser Anfangswert so hoch, da das Maximum in Richtung des Schichtinneren
ganz verschwindet.

SchlufRfolgerungen

Aufgrund der Versuchsergebnisse kann auf folgende Strukturumwand-
lungen in der Oberflachenschicht des P2-Glases gefolgert werden:

1. Die Strukturdnderung ergibt einen Anstieg der chemischen W ider-
standsfdahigkeit, der Stabilitdt des Netzwerkes; der Beweis daflr ist der Ver-
lauf der Abldsungsgeschwindigkeit in Fluorwasserstoffsdure.

2. Die Strukturumwandlung ist langsam, ihre Geschwindigkeit ist kom -
mensurabel mit der Geschwindigkeit der Abldsung des Netzwerkes in W asser;
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der Beweis dafiir ist die Anderung der Ablésungsgeschwindigkeit in Wasser
wdahrend der Lagerung in Wasser.

3. Die Tatsache, dall die Abldsungsgeschwindigkeit des Netzwerkes in
W asser zeitlich abnimmt, bestdtigt die Behauptung in Punkt 1.

4. Die Strukturumwandlung, die stabilisierend auf das Netzwerk wirkt,
erleichtert zugleich die Diffusion der Kaliumionen; dies wird durch die fest-
gestellte Anderung des Konzentrationsgradienten der Kaliumionen in der Ober-
flachenschicht bestdtigt.

Aufgrund der Aussagen in 1.—4. und unserer Hypothesen beziliglich der
Umwandlungsmdéglichkeiten der Netzwerkstruktur halten wir es fir wahr-
scheinlich, dal das Wesen der Umwandlung in einer rdumlichen Umordnung
des Silikatnetzes besteht. Es ist jedoch keineswegs auszuschlieBen, dall da-
bei "Si—O—Sii® Bindungen gespalten werden bzw. neue ~SSi—O—Si”*
Bindungen entstehen, sodalR im Endergebnis auch das Verhdltnis der *"Si—0O—
Si” und *Si—O Bindungen verdndert werden kann.

Die Ursache der Strukturumwandlung

Bei der Beproduktion der Schmelzen von Gl&sern mit der Einwaagezu-
sammensetzung 20 K20 <« 12 SrO <68 Si02erhielten wir — wie bereits bemerkt
wurde — in zufallsartiger Weise manchmal Pj-Glas, dann wieder P2-Glas.
Die Proben aus ein und derselben Schmelze waren stets von demselben Typ,
also entweder Px oder P2-Gléser.

Die Erscheinung muR als duRerst interessant bezeichnet werden, zumal
wir versuchten, die Schmelzen stets unter identischen Verhaltnissen durchzu-
fuhren, obwohl bemerkt werden muf}, daB wir die Schmelztemperatur nur mit
einer Genauigkeit von 1350 ~ 50 °C reproduzieren konnten.

Die Ursache der Strukturumwandlung kann auch in den Verunreini-
gungen des zum W é&ssern verwendeten W assers liegen. Da wir das W asser aus
einer kupfernen Destillationsanlage gewannen, dachten wir an die Wirkung der
Verunreinigungen von Kupferionen. Dieser Verdacht wurde auf die Beobach-
tungen von Fischer UNd Hecker gegrindet, wonach Spuren von Schwerme-
tallionen die Korrosion von Glasern wesentlich vermindern kdénnen [5].

Deshalb fithrten wir Wasserungen mit destilliertem Wasser durch, aus
welchem die Kupferionenverunreinigungen mit dem Oxycelluloseverfahren von
schater Und Mitarbeitern [6] entfernt worden waren. Die Strukturdnderung
erfolgte dennoch. Andererseits untersuchten wir die Ausbildung der Oberfla-
chenschicht in 0,01 m Kupferacetatldsung und fanden Uberhaupt keinen Un-
terschied im Vergleich zu den Ergebnissen mit reinem Wasser. Wir unter-
suchten auch die Kupferionenverteilung in der Oberflachenschicht und fan-
den, dall die Gesamtmenge der Kupferionen in der ersten Schichtfraktion an-
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gesammelt war, folglich kénnen diese lonen die im Inneren der Schicht ver-
laufende Strukturdnderung keineswegs verursachen.

Es scheint eher wahrscheinlich, dall die Erklarung der Strukturumwand-
lung bei der Ausbildung der Oberflachenschicht des P2Glases in den Eigen-
heiten dieses Glases selbst zu suchen ist. Es kédnnte angenommen werden, dal
— trotz unserer Bestrebung, identische Schmelzbedingungen aufrechtzuer-
halten — infolge unkontrollierbarer Wirkungen, das Glas wahrenddes Schmel-
zens fiir das Verhalten gemdaR Typ bzw. P2praformiert wird. Deshalb wurden

0, cm™*

Abb. 9. IR-Absorptionsspektren von und P2Gléasern

IR-spektroskopische bzw. DTA-Untersuchungen der Pa- und P2-Glaser durch-
gefuhrt.

Fir IR-spektroskopische Zwecke wurde das Glas zu Pulver gemahlen
und in einer Konzentration von 0,2% geprift. Es wurde ein Perkin-Elmer
Spektrograph Typ 225 mit Kaliumjodidpastille angewendet. Die Messungen
wurden im Wellenzahlenbereich 300—1600 cm™1 durchgefihrt, wo sich die
Banden der Si—0 —Si Bindungen befinden. Wie aus Abb. 9 hervorgeht, weisen
besonders die Maxima der Si—0 —Si Banden bei 470 cm”1 und 870 cm"1
wesentliche Unterschiede auf, je nachdem, ob es sich um Pj-Glas oder P2-Glas
handelt. (Es soll bemerkt werden, dall die IR-Spektren von Gl&sern desselben
Typs, die aus verschiedenen Schmelzen stammten, untereinander eine recht
gute Ubereinstimmung zeigten.)

Die DTA-Kurven der Glaser wurden im Temperaturbereich von 25—
1300 °C mit einer Mettler Vakuumthermowaage aufgenommen. (Einwaage
15 mg, Temperaturprogramm 6 °C/Minute, Empfindlichkeit 100 /tV.) GeméR
Abb. 10 weichen die DTA-Kurven der beiden Glastypen charakteristisch von-
einander ab. (Die Ubereinstimmung der DTA-Kurven von Gléisern desselben
Typs, jedoch aus verschiedenen Schmelzen, war verhdltnisméaRig gut.)

Es kann also festgestellt werden, dall Pj- und P2-Glaser unterschiedliche
Strukturen besitzen; die Ursache des abweichenden Verhaltens bei der Ausbil-
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dung der Oberflachenschicht liegt also in dieser unterschiedlichen Struktur-
préformation.

Um zu entscheiden, weshalb bei der Glasschmelze — selbst bei verhaltnis-
méRkig gleichen Bedingungen — Gldser mit abweichender Struktur gebildet
werden, scheint es zweckmdafRig, Untersuchungen in zwei Richtungen durchzu-
fuhren. Einerseits sollten die Verunreinigungen des Glases hinsichtlich ihrer

t°C
Abb. 10. DTA-Kurven von Pj und P,-Gléasern

W irkung sorgfdltig gepruft werden, andererseits soll die Schmelze des Glases
unter streng kontrollierten Bedingungen, zweckmdfRig in der thermoanalyti-
schen Waage selbst, unter Verfolgung der beim Schmelzen und wéahrend dem
Abkihlen verlaufenden Vorgdnge durchgefihrt werden. Aus unseren Vorver-
suchen in diesen Richtungen ergab sich bis zur Zeit kein einheitlich auswert-
bares Bild.
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From a study of the vapour-liquid equilibrium of propionic acid—arbon tetra-
chloride, it was found that the given system behaves approximately as if it were an
ideal mixture of dimeric propionic acid and carbon tetrachloride. The calculated vapour-
liquid equilibrium values were checked against data determined experimentally at 30,
40, 50, 60 and 70 °C.

In our earlier work [1] binary mixtures of propionic acid and apolar
substances were studied. The extent of association of propionic acid was deter-
mined from the dielectric properties in the liquid phase at 20 °C. The results
showed that propionic acid was almost completely dimerized in the studied
mixtures which, to a good approximation, could be considered as ideal binary
mixtures of dimeric propionic acid and the apolar substance. In the present
work we examine the extent to which the above mentioned result can be
used to describe the vapour-liquid equilibrium in propionic acid—arbon tetra-
chloride mixtures. W ith this aim the equilibrium data were determined at
30, 40, 50, 60 and 70 °C. The experimental results are compared with the values
calculated from the above approximation.

1. The thermodynamic model

The propionic acid—arbon tetrachloride mixtures are treated as ideal
ternary mixtures of the type A-A2B. This means that the nominally two-
component (propionic acid and carbon tetrachloride) mixtures are considered
as ideal ternary mixtures of monomeric propionic acid (A), dimeric propionic
acid (A2 and carbon tetrachloride (B). The following relations are valid between
the partial pressures of the components, nominal and actual:

Pprop = P1+ P (1)
PB = P3 (2)

The total pressure is
pt= pl+p2+p3 = Pprop+PB. 3)
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The nominal mole fraction of carbon tetrachloride in the vapour phase can be
calculated from the partial pressure with the following relation;

YB = — — = [/ — . &l}
yB l+ya P+Pr

The actual mixture is considered as an ideal ternary mixture which means that
the Raoult Law is accepted as valid for the ternary mixture:

PAXiPI (5)

A relation similar to Eq. (4) is valid between the nominal mole fraction of
carbon tetrachloride in the liquid phase and the actual mole fraction:

(6)

For the above relations to he applied to the system studied, the composition
ofthe A-A 2B type ternary mixture must be known. Table | contains the values
of the association equilibrium constant referring to the liquid phase,

(7)

expressed in mole fractions for pure propionic acid as a function of the temper-
ature. In the last two columns of the Table are liquid phase mole fractions
relating to pure propionic acid of the monomeric and dimeric forms (xj and x2).
These latter data were calculated from Eq. (7) using the relation:

X\+Xx2= | (8)

Table |

True composition of pure propionic acid as a function of temperature

t°c K *) X°

8 3040* 0.0180 0.9810
20 1804** 0.0232 0.9760
21 1450* 0.0256 0.9744
31 868* 0.0334 0.9666
41 . 526> 0.0427 0.9573
51 332* 0.0535 0.9465
60 225%** 0.0644 0.9356
70 149*** 0.0785 0.9215
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The data denoted by * and ** are to be found in references [2] and [1], respec-
tively. The values denoted by *** were calculated with the equation

2039.9
log K = 3.7712 9)
T

determined from the first six rows of the Table. The data of Table I show that
even at 70 °C the amount of monomeric propionic acid in pure propionic acid
does not reach 8%. This permits the conclusion, in agreement with the earlier
dielectric studies [1], that to a first approximation propionic acid can he con-
sidered as dimeric propionic acid. If this approximation is permitted, then the
equilibrium vapour pressure of propionic acid is almost identical with the equi-
librium vapour pressure of dimeric propionic acid:

PpioPP%. (10
From similar considerations:

x2+ x3c/l (11
Xy 0). Hence the total pressure of the mixture:
P, X2Po-\-XsPs. (12)

From relations (6) and (11) the nominal mole fraction of carbon tetrachloride
in the liquid phase is

xg 1772 (13)
1+ X2

The calculation of the vapour-liquid equilibrium data is made using the
above approximations. x2, the actual mole fraction of dimeric propionic acid
in the liquid phase, is calculated with relation (13) from the given nominal mole
fraction, xb mP2 the partial pressure of dimeric propionic acid, is determined
from relations (5) and (10) using the known value of x2. Relation (11) furnishes
x3, the actual mole fraction of carbon tetrachloride. With xs known, Eqgs (2)
and (5) give P3, the partial pressure of carbon tetrachloride in the ternary mix-
ture. The total pressure can be calculated from relation (12). W ith the partial
pressures and the total pressure known, the nominal mole fraction of carbon
tetrachloride in the vapour phase is calculated from Eq. (4).
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2. Experimental data and check on the applied model

In our experiments the nominal composition of the vapour phase and the
total pressure of the system were measured as a function of the nominal mole
fraction of carbon tetrachloride. The apparatus used has been described in an
earlier paper [3]. The determination of concentration was performed via the
index of refraction in the case of propionic acid—arbon tetrachloride mixtures.
Measurements were made with mixtures at 30, 40, 50, 60 and 70 °C. The
results are givenin Tables Il —-VI and Figs 1—10. The first column in the Tables

Table 11

Vapour-liquid equilibrium data for propionic acid-carbon tetrachloride
mixtures at 30 °C

ay = 0.005; = 3 torr
X @ pm™ torr ve pc torr
0.000 0.000 6 0.000 6
0.091 0.795 25 0.802 25
0.165 0.885 41 0.889 39
0.191 0.902 40 0.905 43
0.201 0.915 44 0.910 45
0.265 0.920 50 0.927 51
0.272 0.928 51 0.938 55
0.282 0.948 62 0.941 57
0.341 0.951 61 0.954 64
0.343 0.950 67 0.955 65
0.345 0.956 70 0.958 65
0.352 0.958 62 0.956 66
0.401 0.964 72 0.964 72
0.410 0.965 77 0.966 73
0.415 0.968 71 0.966 73
0.420 0.970 72 0.967 74
0.435 0.965 73 0.969 76
0.450 0.975 75 0.971 77
0.455 0.972 79 0.971 78
0.495 0.970 85 0.975 82
0.512 0.971 81 0.977 84
0.630 0.986 94 0.986 95
0.782 0.981 108 0.993 107
0.952 0.995 119 0.999 118
1.000 1.000 121 1.000 121
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contains the nominal mole fraction of carbon tetrachloride in the liquid phase.
In the second column is the experimentally determined mole fraction of carbon
tetrachloride in the vapour phase, and in the third column is the measured
total pressure. The fourth column shows the calculated mole fraction in the

Table 111

Vapour—tiquid equilibrium data for propionic acid-carbon tetrachloride
mixtures at 40 °C

oy = 0.004; <m{= 4 torr

B ys Pt torr Y% torr

0.000 0.000 10 0.000 10
0.018 0.440 15 0.435 17
0.051 0.694 26 0.691 29
0.102 0.816 44 0.825 46
0.149 0.869 58 0.879 61
0.172 0.890 68 0.896 68
0.203 0.918 73 0.914 76
0.237 0.929 83 0.928 85
0.274 0.939 90 0.940 95
0.325 0.948 101 0.952 107
0.326 0.947 104 0.953 107
0.364 0.958 113 0.960 115
0.380 0.962 113 0.962 119
0.382 0.963 115 0.963 119
0.426 0.965 124 0.969 128
0.552 0.983 147 0.981 150
0.582 0.980 153 0.983 155
0.627 0.984 160 0.986 162
0.681 0.986 175 0.989 170
0.683 0.987 169 0.989 170
1.000 1i000 208 1.000 208

vapour phase, and the fifth column the calculated total pressure. For each
measurement series the mean square differences between the calculated and
the measured results are also given. The continuous lines in the Figures are
the calculated values and the circles are the measured results.

The presented results show that the vapour-liquid equilibrium data of
a propionic acid—earbon tetrachloride mixture can be described by the approxi-
mation formulae introduced in the first part of this paper. In the description
of these data, the role of monomeric propionic acid is disregarded. The propion-
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Table IV

, Vapour-liquid equilibrium data for propionic acid-carbon tetrachloride
mixtures at 50 °C

oy = 0.008; opfr= 2 torr

xB >E Pfn torr Pt torr
0.000 0.000 18 0.000 18
0.046 0.602 40 0.621 43
0.102 0.796 69 0.794 71
0.248 0.902 133 0.918 132
0.297 0.941 150 0.935 150
0.376 0.952 174 0.953 175
0.438 0.964 192 0.964 193
0.467 0.966 202 0.968 201
0.505 0.982 213 0.972 211
0.526 0.980 216 0.974 217
0.539 0.976 219 0.975 220
0.550 0.980 221 0.977 223
0.783 0.990 274 0.992 271
1.000 1.000 306 1.000 306
Table V

Vapour-liquid equilibrium data for propionic acid-carbon tetrachloride
mixtures at 60 °C

oy = 0.008; o4 = 3 torr

XB vB P torr ve PE torr
0.000 0.000 32 0.000 32
0.051 0.582 69 0.582 69
0.165 0.834 140 0.836 140
0.316 0.914 212 0.923 215
0.355 0.930 225 0.934 232
0.365 0.927 234 0.937 236
0.374 0.923 238 0.939 240
0.400 0.933 246 0.945 250
0.411 0.938 252 0.948 255
0.454 0.950 267 0.956 271
0.476 0.952 274 0.959 278
0.481 0.958 279 0.960 280
0.570 0.980 305 0.972 309
0.813 0.980 376 0.991 375
1.000 1.000 413 1.000 413
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Table VI

Vapour—tiquid equilibrium data for propionic acid-carbon tetrachloride
mixtures at 70 °C

Oy = 0.009; ffpt = 4 torr

XB v's P™ torr Ve PiCtorr
0.000 0.000 49 0.000 49
0.047 0.555 96 0.549 99
0.112 0.739 160 0.757 161
0.150 0.795 191 0.813 194
0.175 0.820 208 0.840 215
0.181 0.838 216 0.845 219
0.225 0.860 250 0.878 253
0.276 0.900 285 0.904 290
0.301 0.915 305 0.914 306
0.355 0.925 328 0.931 340
0.414 0.937 370 0.946 375
0.470 0.952 400 0.956 405
0.485 0.956 409 0.959 412
0.523 0.962 426 0.964 431
0.540 0.961 435 0.967 439
0.550 0.962 440 0.968 444
0.551 0.963 442 0.968 444
0.625 0.971 478 0.976 477
0.674 0.978 495 0.981 497
0.732 0.982 514 0.985 519
0.827 0.991 550 0.992 552
0.880 0.992 570 0.995 570
1.000 1.000 605 1.000 605

ic acid-carbon tetrachloride system behaves as if it were an ideal mix-
ture of dimeric propionic acid and carbon tetrachloride.

In the evaluation of the results, however, the following considerations
cannot be neglected. With increasing concentration of carbon tetrachloride
the association equilibrium is so displaced that the relative amount of mono-
meric propionic acid increases compared with that of the dimer. This phenome-
non implies that with the increase of xti the approximation should grad-
ually lose its validity. At the same time, however, with the increase of xB
the partial pressure of carbon tetrachloride contributes more and more deci-
sively to the total pressure of the system. As a result of these two contrasting
effects the approximation gives satisfactory results over the entire concentra-
tion range.
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Fig. 1. Vapour phase nominal mole fraction of  Fig. 2. Equilibrium total pressure of propion-

carbon tetrachloride as a function of the liquid ic acid—earbon tetrachloride mixtures as a

phase nominal mole fraction at 30 °C function of the liquid phase nominal mole
fraction of carbon tetrachloride at 30 °C

Fig. 3. Vapour phase nominal mole fraction of  Fig. 4. Equilibrium total pressure of propion-

carbon tetrachloride as a function of the liquid ic acid-carbon tetrachloride mixtures as a

phase nominal mole fraction at 40 °C function of the liquid phase nominal mole
fraction of carbon tetrachloride at 40 °C

Fig. 5. Vapour phase nominal mole fraction of carbon tetrachloride as a function of the liquid
phase nominal mole fraction at 50 °C
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Thus from an examination of the association properties of propionic
acid it appears that this carboxylic acid may be modelled more simply than for-
mic or acetic acids. In the case of formic acid chain association occurs [4],
while for acetic acid the monomeric molecules, which have a strongly dipolar
character, do not permit the application of an ideal mixture model [3].

Fig. 6. Equilibrium total pressure of propi- Fig. 7. Vapour phase nominal mole fraction of
onic acid-carbon tetrachloride mixtures as a carbon tetrachloride as afunction ofthe liquid
function of the liquid phase nominal mole phase nominal mole fraction at 60 °C

fraction of carbon tetrachloride at 50 °C

Fig. 8. Equilibrium total pressure of propi- Fig. 9. Vapour phase nominal mole fraction of
onic acid—earbon tetrachloride mixtures as a carbon tetrachloride as afunction of the liquid
function of the liquid phase nominal mole phase nominal mole fraction at 70 °C

fraction of carbon tetrachloride at 60 °C
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XB

Fig. 10. Equilibrium total pressure of propionic acid-carbon tetrachloride mixtures as a func-
tion of the liquid phase nominal mole fraction of carbon tetrachloride at 70 °C

The reported results are based in part on the scientific student circle work of I. Fatosp.
who presented a lecture on this theme at the 9th National Conference of Scientific Student
Circles.

List of symbols

A — monomeric propionic acid

A2 dimeric propionic acid

B — carbon tetrachloride

K — association equilibrium constant (in mole fractions) referring to the liquid phase

P — pressure

T — absolute temperature

X — mole fraction in the liquid phase

y — mole fraction in the vapour phase

G — square mean difference of the differences between the measured and calculated values
Lower indices

B — carbon tetrachloride in the nominal mixture

prop — propionic acid in the nominal mixture

i — general component

t — total

pt — referring to the total pressure

y — referring to the vapour phase mole fraction

1 — monomeric propionic acid in the actual mixture

2 — dimeric propionic acid in the actual mixture

3 — carbon tetrachloride in the actual mixture
Upper indices

m measured (experimental) data

c — calculated data

0 — pure substance
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ANWENDUNG VON AMIDCHLORIDEN
IN RINGSCHLUSSREAKTIONEN, 11

SYNTHESE VON THIENO(2,3-d)-4(3H)-PYRIMIDINONEN

Z. Cstros, R. S00s, J. Patinkas und |. Bitter

(Lehrstuhl fur organisch-chemische Technologie, Technische Universitat, Budapest)

Eingegangen am 9. Januar 1970

Ausgehend aus 2-Amino-3-carbdthoxy-4,5-dimethylthiophen und Dimethylform-
amidchlorid wurde N,N-Dimethyl-N’-[(3-carbédthoxy-4,5-dimethyl)-2-thieny]]-forma-
midinhydrochlorid hergestellt. Das auf diese Weise gewonnene trisubstituierte Amidin
wurde mit Ammoniak, aliphatischen und aromatischen primaren Aminen, Hydrazin
und Alkylendiaminen cyclisiert. Dadurch wurden 5,6-Dimethylthieno(2,3-d)-4(3H)-
pyrimidinone und die bisher noch nicht beschriebenen Alkylen-bis-3,3’-5,6-dimethyl-
thieno(2,3-d)-4(3H)-pyrimidinone erhalten.

In einer friheren Mitteilung [1] berichteten wir (ber ein Verfahren zur
Herstellung von 4(3H)-Chinazolinonderivaten. Dieses neue Verfahren wurde zur
Herstellung von Thieno(2,3-d)-4(3H)-pyrimidinonen herangezogen.

Das Thieno(2,3-d)-4(3H)-pyrimidinon und seine Derivate sind —- &hnlich
wie 4(3H)-Chinazolinone — Stoffe mit therapeutischer Wirkung. Eine Verbin-
dung dieser Art wurde zuerst durch Baker und Mitarbeiter [2] als Komponente
des Thiophen-Isosteren der gegen Malaria wirksamen Hydrangea-Alkaloide her-
gestellt. Das Endprodukt wurde aus 2-Aceto-3-methylthiophen Uber einen
duBerst verwickelten Weg mit einer Ausbeute von 4% erhalten.

Schwedow und Mitarbeiter [3] erhielten das Thieno(2,3-d)-4(3H)-
pyrimidinon aus 2-Amino-3-carbalkoxythiophen und Formamid durch Kochen
bei 200—210 °C.

Im wesentlichen dasselbe Verfahren wurde durch Robba und Mitarbeiter
[4] beschrieben; daneben berichten sie auch Uber eine neue Synthese, in der
das Produkt aus 2-Amino-3-carboxamidothiophen mit Ameisensdure erhalten
wird.
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Den Ausgangsstoff, 2-Amino-3-thiophencarbonsdureamid, erhielten sie
durch Kondensation von Thioacetaldehyd mit Cyanamid.

Ried und Giesse [5, 6] stellten aufler den nichtsubstituierten Verbindun-
gen auch die 5- bzw. 6-Alkylverbindungen her, wobei die entsprechenden 2-
Amino-3-carbalkoxythiophenderivate mit Iminoester, Amidinen, Amidoximen
bzw. aktivierten Nitrilen in Reaktion gebracht wurden. Bei den verschiedenen
2-, 5- und 6-Substituenten erhielten sie in 1—16stindigen Reaktionen bei
120— 160 °C Ausbeuten von 12—47%.

Im Vergleich zu den genannten Verfahren besitzt unser Verfahren mehrere
Vorteile. Das Thieno(2,3-d)-4(3H)-pyrimidinon wird meist bei niedrigen Tem-
peraturen und kurzen Reaktionszeiten mit guten Ausbeuten erhalten. Auler-
dem ist es mdglich, die N-substituierten Derivate unmittelbar herzustellen.

Der erste Schritt der Synthese ist die Herstellung des Amidinsalzes.
Das N,N-Dimethyl-N’-[(3-carboxy-4,5-dimethyl)-2-thienyl]-formamidinhydro-
chlorid (I1l1) wurde aus Dimethylformamidchlorid (I) und dem als Ausgangs-
stoff gewé&hlten 2-Amino-3-carbdthoxy-4,5-dimethylthiophen (l1) gewonnen

IRC Cl

I.
eil

Cl® + HCI

HI

Die Komponenten wurden bei Zimmertemperatur in Chloroform in
dquimolarem Verhdltnis in Reaktion gebracht. Das Produkt wurde durch
Eindampfen der Lésung gewonnen.

D as Amidinsalz bleibt in kristalliner oder dliger Form zuriick. Aus dem
6ligen Riuckstand wird das kristalline Amidinhydrochlorid durch Verreiben
mit Dioxan erhalten.

Im zweiten Schritt, der Synthese wird der Ringschluff zum Thieno(2,3-d)-
-4(3H)-pyrimidinon (IV) durchgefihrt.

o

Il + RNH2 - > TnT | + EtOH + (O.H3)2NH2CI

R = H, 14H,, Methyl. Butyl, Benzyl, p-Toluyl
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Als RingschluBreagens wurden Ammoniak, aliphatisches Amin, Aralkyl-
amin, aromatisches Amin bzw. Hydrazin verwendet. Das Amidinsalz und das
Amin wurden in &quimolarem Verhdltnis in Alkohol in Reaktion gebracht.
Die Reaktion verlduft bereits bei Zimmertemperatur, kann jedoch durch Erwér-
men beschleunigt werden.

Zwecks Identifizierung der Produkte wurden einige Thieno(2,3-d)-4(3H)-
pyrimidinone auch nach dem Verfahren von Ried und Giesse [5, 6] herge-
stellt. Die N-substituierten Derivate wurden aus der Ausgangsverbindung durch
Alkylierung erhalten. Die Schmelzpunkte und IR-Spektren der nach den
beiden Verfahren hergestellten Stoffe waren vdllig identisch. In Einklang mit
den Ergebnissen von Robba und Mitarbeiter [4, 7, 8] wurde festgestellt, daRB
die Spektren der Thieno(2,3-d)-4(3H)-pyrimidinone und der entsprechenden
4(3H)-Chinazolinone einander recht &hnlich sind; was besonders fir die charak-
teristischen Schwingungen gilt.

Als Reispiel wird das IR-Spektrum des 3-Butyl-5,6-dimethyl-thieno-
(2,3-d)-4(H)-pyrimidinons vorgeflhrt.

Zwischen 1500 und 1700 cm-1 befinden sich zwei starke Banden. Die
stédrkere ist die Lactamcarbonyl-Bande, die schwéchere die Valenzschwingung
des aromatischen Kerns, die mit anderen Banden, u.a. vermutlich mit der
Bande der Bindung >C=N—, zusammen erscheint.

Die den Lactamcarbonyl-Gruppen der synthetisierten Verbindungen
entsprechenden Wellenzahlen sind in Tab. | angegeben.

Wurde Alkylendiamin als RingschluRreagens verwendet, so gelangten
wir zu den bisher noch nicht beschriebenen Alkylen-bis-3,3’-thieno(2,3-d)-4(H)-
pyrimidinonen (V),
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(cm')

Abb. 2

Die Komponenten wurden in dquimolarem Verhdltnis in Alkohol in
Reaktion gebracht. Nach kurzem Sieden wurde das Produkt durch Filtrieren
isoliert. Interessanterweise konnte das aminoalkylierte Derivat selbst mit
Diaminuberschu nicht erhalten werden. Diese Versuchsergebnisse sind in
Ubereinstimmung mit den bei der Herstellung von bis-4(3H)-Chinazolinonen
beobachteten Befunden [1].

Bei der Untersuchung der Spektren der bis-Verbindungen wurde fest-
gestellt, dal sie den Spektren der entsprechenden Thieno(2,3-d)-4(3H)-pyri-
midinonen sehr dhnlich sind.

Als Beispiel wird das IR-Spektrum des Hexylen-bis-3,3’-5,6-dimethyl-
thieno(2,3)-4(3H)-pyrimidinons gezeigt.

Zwischen 1500 und 1700 cm"1befinden sich auch hier zwei starke Ban-
den. Die stdrkere Lactamcarbonyl-Bande befindet sich bei 1683 cm"1

Die wichtigsten Angaben der synthetisierten Verbindungen sind in
Tab. | zusammengefallt; Hinweise auf das angewendete Verfahren sind
ebenfalls angegeben.

Die synthetisierten Verbindungen wurden durch Elementaranalyse,
gegebenenfalls durch Mischschmelzpunkte und Molekulargewichtsbestimmun-
gen, sowie durch IR-Spektroskopie identifiziert. Die IR-Spektren wurden
mit KBr-Pastillen auf dem Perkin-Elmer Spektrograph Typ 237 aufgenommen.
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Tabelle 1
Analyse
Verbindung ’ S;hunn]iltz beurs >c=0 _ berechnet 4 Rfunden %
;E “ % c H N c H N
5,6-Dimethylthieno(2,3-d)-

-4(3H)-pyrimidinon (P)

[5, 6] a 273-4 951 1670 53,33 4,44 1555 53,08 4,29 1534
3-Methyl-P a 144—6 84,9 1671 5556 5,15 14,43 5590 526 14,69
3-Butyl-P b 141-2 92,3 1665 61,01 6,78 11,86 59,71 6,85 11,70
3-Benzyl-P b 133-4 96,1 1670 66,66 5,18 10,36 66,30 531 10,12
3-p-Toluyl-P c 200-2 77,1 1689 66,66 518 10,36 5532 531 10,52
3-Amino-P d 181-2 92,1 1672 49,23 4,61 21,53 49,29 4,65 21,60
Athylen-bis-3,3-P e 321-3 936 1671 57,97 531 1352 57,53 546 13,34
Hexylen-bis-3,3"-P e 218-9 94,0 1683 59,72 588 12,67 5981 570 12,46

Experimenteller Teil

1) (1) Dimethylforniamidchlorid [1]

2) (I1) 2-Amino-3-carbathoxy-4,5-dimethy]thiophen [9]

3) (111) N,N-Dimethyl-N’-[(3-carb&thoxy-4,5-dimethyl)-2-thienyl]-
formaniidinhydrochlorid

13 g (0,1015 Mol) Dimethylformainidchlorid werden in 150 ml abs. Chloroform geldst.
Eine Losung von 19,9 g (0,1 Mol) 2-Amino-3-carbdthoxy-4,5-dimethylthiophen in Chlo-
roform wird langsam zugegeben, wobei die Temperatur nicht Gber 40 °C steigen soll.
Die Losung wird auf dem Wasserbad eingedampft. Das Produkt wird getrocknet. Bleibt das
Produkt in Form eines dligen Riuckstandes zuriick, so wird es mit wenig Dioxan verrieben und
die abgeschiedenen Kristalle werden filtriert und getrocknet.

26,6 g (94,7%). Schmelzpunkt: 147—150 °C.

4) (I1Va) 5,6-Dimethylthieno(2,3-d)-4(3H)-pyrimidinon (a)

29,05 g (0,1 Mol) N,N-Dimethyl-N’-[(3-carb&thoxy-4,5-dimethyl)-2-thienyl]-formami-
dinhydrochlorid werden in 100 ml Athylalkohol gelést und die Lésung wird mit Ammoniak
gesattigt. Nach 6stindigem Stehen wird die Lésung am Wasserbad eingedampft, der Rick-
stand mit wenig Wasser und Alkohol gewaschen und getrocknet.

17,1 g (95,1%). Schmelzpunkt: 273—274 °C.

5) (Ivb) 3-Butyl-5,6-dimethyllhieno(2,3-d)-4(3H)-pyrimidiiion (b)

29.05 g (0,1 Mol) N,N-Dimethyl-N’-[(3-carbdthoxy-4,5-dimethyl)-2-thienyl]-formami-
dinhydrochlorid werden in 100 ml Athylalkohol geldst. 7,31 g (0,1 Mol) Butylamin werden zuge-
fligt. Die Losung wird 1 Stunde lang im Sieden gehalten und anschlieRend eingedampft. Der
kristalline Rickstand wird mit wenig Wasser und Alkohol gewaschen und getrocknet.

21,8 g (92,3%). Schmelzpunkt: 141—142 °C.

6) (I1Vc) 3-p-Toluyl-5,6-dimcthylthicno(2,3-d)-4(3H)-pyriinidinon (c)

29.05 g (0,1 Mol) N,N-Dimethyl-N’-[(3-carbdthoxy-4,5-dimethyl)-2-thienyl]-formami-
dinhydrochlorid werden in 100 ml Athylalkohol gelést. 10,7 g (0,1 Mol) p-Toluidin werden zuge-
geben. Die Losung wird 3 Stunden lang im Sieden gehalten, anschlieBend abgekihlt und mit
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der doppelten Menge Wasser versetzt. Der abgeschiedene Niederschlag wird filtriert, mit Was-
ser und wenig Alkohol gewaschen und getrocknet.
20,8 g (77,1%). Schmelzpunkt: 200—202 °C.

7) (Ivd) 3-Amino-5,6-diinethylthieno(2,3-d)-4(3H)-pyrimidinon (d)

29.05 g (0,1 Mol) N,N-Dimethyl-N’-[(3-carbathoxy-4,5-dimethyl)-2-thienyl]-formami-
dinhydrochlorid werden in 100 ml Athylalkohol gelést. 3,2 g (0,1 Mol) Hydrazinhydrat werden
zugegeben. Nach 24stindigem Stehen wird der abgeschiedene Niederschlag filtriert, mit wenig
W asser und Alkohol gewaschen und getrocknet.

17,9 ¢ (92,1%). Schmelzpunkt: 181—182 °C.

8) (V) Hexylen-bis-3,3’-5,6-dimethylthieno(2,3-d)-4(3H)-pyrimidinon (e)

29.05 g (0,1 Mol) N,N-Dimethyl-N’-[(3-carbathoxy-4,5-dimethyl)-2-thienyl]-formami-
dinhydrochlorid werden in 100 m| Athylalkohol gelést. 5,53 g (0,05 Mol) Hexamethylendiamin
werden zugegeben. Die Lésung wird 1 Stunde lang im Sieden gehalten und anschlieBend
abgekihlt. Der abgeschiedene Niederschlag wird filtriert, mit wenig Wasser und Alkohol gewa-
schen und getrocknet.

20,8 g (94,2%). Schmelzpunkt: 218—219 °C.
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SYNTHESIS OF DIHYDRO-[I,SIBENZOTHIAZEPINES BY THE REACTION OF
0-AMINOBENZENETHIOL WITH oc,/S-UNSATURATED KETONES

O. HiDEG-HanKOVSZKY and K. HIDEG

(Pharmacological Institute of the University Medical School, Pécs)

Received January 23, 1970

The synthesis of disubstituted dihydro-[l,5]benzothiazepines by the reaction of
o-aminobenzenethiol with the appropriate a,jS-unsaturated ketones (e.g. pyridylacrylo-
phenones, pyridylacrylonaphthones and 2-heteroarylidenetetralin-l-ones) is reported.
The position of the double bond is also discussed.

The first synthesis of dihydro-[1,5Jbenzothiazepines by the reaction of
o-aminobenzenethiols with some oc,/?-unsaturated ketones was reported by
Mushkalo [1], Ried and Marx [2] and Stephens and Field [3].

Our investigations in the benzothiazepine series have been extended to
include other a,/?-unsaturated compounds, such as /?-methyl-vinyl-pyridyl
ketones, heterocyclic acrylophenones, pyridylacrylonaphthones and 2-aryli-
denetetralin-1-ones (IV). The unsaturated ketone compounds are partly un-
known, but they have been synthesized in our experiments according to the
usual routes for chalcones, e.g. by condensation of an aldehyde with the appro-
priate ketone; the catalyst employed was alkali hydroxide in aqueous ethanol.

The ketone compound (1) is allowed to react with an equimolar amount
of o-aminobenzenethiol (I). The first step is a nucleophilic attack by the sulf-
hydryl group on the ~-carbon atom of the double bond, followed by condensa-
tion of the carbonyl group with the aromatic primary amine to give a seven-
membered ring system.

In the formed dihydro-compound the double bond can be a C=C (lll/a)
or C= N (llIl/b) bond, depending on the electron-withdrawing effect of the sub-
stituents present. When R1=CH3 and R2=p-methoxyphenyl, the double

*Part I1l: K. Hideg, H. O. Hankovszky, Acta Chim. Acad. Sei. Hung. 57, 213 (1968).
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bond is As and NH stretching can be observed at 3320 cm”1, while C= N
stretching cannot be detected. The double bond preferably assumes a position
in conjugation with the aromatic ring. The other compounds have the structure
I1/b (2,3-dihydro-2,4-disubstituted[l,5]benzodiazepines) supported by the pre-
sence of the C= N stretching (1650 cm” 1) and absence of the NH stretching
frequencies in their IR spectra.

If the ketonic component is a 2-arylidenetetralin-l-one (1V), the com-

pound produced has a new ring system (12-aryl-10,11,12,12a-tetrahydronaph-
tho[l’,2’-e]lbenzo[b][l,4]thiazepine (V):

The dihydrothiazepines (111) can be reduced with complex metal hydrides
to the tetrahydro derivatives (VI).

The hydrochlorides and alkylpyridinium salts of Il and VI have also
been prepared.

The compounds prepared are listed in Table 1.

Experimental

All m.p.’s were determined on a Boetius Melting Point Apparatus and are uncorrected.
The IR spectra were obtained with a Beckman Model IR-4 spectrophotometer

The a,/?-unsaturated ketones were synthesized by the reactions of ketones with aldehydes
in the presence of alkali.

2,3-Dihydro-2-(4-pyridyl)-4-(4-methoxyphenyl)-[I,5]benzothiazepine (No. 8)
A solution of 23.9 g (0.1 mole) of 4-methoxy-/?-(4-pyridyl)acrylophenone and 12.5 g

(0.1 mole) of o-aminobenzenethiol in 100 ml of xylene was refluxed in an apparatus equipped

with a water separator adapter for 3 hrs.; during this time 1.8 ml (0.1 mole) of water was col-
lected.
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On cooling, a yellow solid (31.8 g; 92°,,) precipitated. A sample was rccrystallized from
xylene to give a bright yellow substance, m.p. 43—44 °C; the IR spectrum did not reveal any
NH stretching at 3350—3000 cm- * but C= N at 1650 cm~ 1(m) was observable.

Dihydrochloride

The base was dissolved in ethanol-acetone and acidified with ethanolic hydrochloric
acid (1 : 1) to pH 5; the yellow dihydrochloride precipitated. A sample was recrystallized for
analysis to give m.p. 135—136 °C.

Monomethiodide (No. 9)

A solution of 0.01 mole of the base in acetone was mixed with 3 ml of methyl iodide and
refluxed for 3 hrs. The precipitated solid was filtered off and dried (3.5 g; 70%). The recrystal-
lized sample had m.p. 118—120 °C.

Reduction

Reduction of No. 8 to 2,3,4,5-Tetrahydro-2-(4-pyridyl)-4-(4-inethoxyphenyl)-[l,5]-
benzothiazcpine dihydrochloride
(a) With NaBH,

3.5 g (0.01 mole) of No. 8 was dissolved in 100 ml of abs. ethanol, 5g of NaBH,, suspended
in 50 ml of abs. ethanol was added in small portions, and the mixture was refluxed for 10 hrs.
The complex was decomposed by water, the alcohol removed in vacuum and the oily residue
extracted with chloroform (3X100 ml). The chloroform solution was dried over anhydrous
Na,S0, and the solvent evaporated.

The solid was recrystallized from aqueous ethanol to give a bright yellow substance
(3.0 g; 85%), m.p. 214—216 °C; IR analysis: 3225 cm- 1(m) (NH).

C21H20N20S (348.47). Calcd. C 72.38; H 5.79; N 8.04; S 9.20. Found C 72.84; H 5.54;
N 8.00; S 9.09%.

Dihydrochloride

A solution of the base in 100 ml of acetone was acidified with alcoholic hydrochloric
acid, when a yellow solid precipitated. A sample recrystallized for analysis had m.p. 143— 145 °C.

C21H 20N20S « 2HC1 (421.39). Calcd. C 59.85; H 5.26: N 6.65; S 7.61; Cl 16.83. Found
C59.26; H 4.85; N 7.08; S 7.40; Cl 16.77%.

(b) With LiAIH,

To a solution of 0.01 mole of No. 8in 100 ml of abs. ether there was added 3 g of LiAIH4
suspended in 100 ml abs. ether, and the mixture was refluxed for 3 hrs. After decomposition of
the complex in the usual manner, the ethcral layer was separated, and dried over anhydrous
Na2S04. The ether was evaporated and the residual solid dissolved in acetone, acidified, and
worked up as before. The product had m.p. 143— 146 °C.

12-(2,4-dichlorophenyl)-11,12,12a-tetrahydronaphtho-
[1',2,-e]benzo[b][l,4]thiazepine (No. 18)

2-(2,4-dichlorobenzylidene)-tetralin-l-one (30.3 g; 0.1 mole) and 12.5 g (0.1 mole) of
o-aminobenzenethiol were refluxed in 100 ml of xylene for 4 hrs. The solution was cooled and
the precipitated solid filtered off (26.5 g; 65%), m.p. 148— 152 °C. The recrystallized sample
melted at 151— 152 °C.

Ada Chim. Acad. Sei. Hung. 68, 1971



18 'peRIY "WIiyd ey

16T ‘89 "BunH

No.

-CH3
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202-210/0.3

153-154

124—125

149-150

55- 57

140 — 141

143-144

195-196

Formula
(Molecular

clh Ilnos
(283.39)

CITH INOS - HCI
(319.85)

A20HIRNZS
(316.43)

C20H1N,S - 2HCI
(389.35)

C..0H MCIN, S
(385.31)

C.OH16N,0S
(332.43)

C..H..N,0S . 2HC1
(405.35)

C21H 191N 208
(474.36)

72.05
71.98

63.84
63.58

75 92
75.78

61.70
61.80

62.34
62.13

72.26
72.02

59.26
59.09

53.18
53.39

6.05
6.18

5.67
5.77

5.10
4.93

4.66
4.73

3.67
3.59

4.85
4.62

4.47
4.48

4.04
4.08

Analysis, %

N

Hlg

Calcd./Found

4.94
4.93

4.38
4.79

8.85
8.58

7.19
7.13

7.27
7.40

8.43
8.53

5.90
5.73

11.08
11 15

18.21
18.27

18.40
18.20

17.50
17.47

26.75
26.22

11.32
11.28

10.03
10.03

10.13
9.91

8.23
8.53

8.32
8.25

9.65
9.76

7.91
7.81

6.76
7.05

CH3

10.95
10.84

9.70
9.45
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10.

11.

12.

13.

14.

A-QCHS3
A.QCHS3
~ \ A “ 0CH3
- 0  “0CHs3

-<">-0CH3

=y

—

-< 3 AN -GH-

/ICH3

CIN =\
4L

~A"~T [/~ 0CHs

121-122

138-140

43- 44

135-136

118-120

113-114

145-147

33- 34

118-119

112-113

186-187

47- 49

133-135

C2IH 18N 20S « 2HC1
(419.37)

C2IH 18N 20S * 2HC1
(419.37)

C2iH 18N,,08
(346.45)

C2IH 18N,,0S « 2HC1
(419.37)

C2H 21N 20S
(488.39)

C2,H20N 20S
“(360.48)

C2H 20N 20S « 2HC1
(433.40)

¢ 2h 18n 2
(346.45)

C2IHIBN20 « 2HC1
(419.37)

C2H 20N 20S + HC1
(396.94)

/\29/\23/\/\
(417.57)

Amn 18N %5
(366.48)

CAHjsNjS » 2HC1
(439.41)

60.15
59.99

60.15
59.94

72.81
72.60

60.15
59.85

54.10
54.15

73.31
73.12

60.97
60.81

72.81
73.22

60.15
60.08

66.57
66.78

83.42
83.67

78.66
78.85

65.60
65.26

481  6.68
466  7.02
481  6.68
506  6.86
524  8.09
492  7.80
481  6.68
473 6.42
433 573
430  6.42
559  7.77
543  7.69
512  6.46
529  6.79
524  8.09
544 791
481 6.68
471 6.94
533  7.05
512  6.92
555  3.35
573 3.43
495  7.64
5.13 - 7.48
459 j 6.37
469 ' 6.45

16.91
16.55

16.91
16.52

16.91
16.79

25.99
26.10

16.36
16.58

16.91
16.80

8.93
9.07

16.14
16.12

7.64
7.42

7.64
7.66

9.25
9.32

7.64
7.55

6.57
6.72

8.89
9.05

7.40
7.40

9.25
9.03

7.64
7.55

8.07
7.97

7.68
7.50

8.75
8.60

7.30
7.08

7.40
7.60

7.40
7.48

8.96
9.12

7.40
8.00

6.35
6.75

8.61
8.61

7.16
6.98

8.96
9.12

7.40
7.80

7.82
7.54
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16.

17.

18.

19.

/y/\/
Kn/

1

R3

* CH3

204—205

180-181

46— 57

\ f T

151-152

184-186

Formula
(Molecular

weight)

C,5HnINZS
(508.43)

C.6H.3IN,S
(522.45)

c,An 18n 2
(366.48)

C23H 17CINS
(410.37)

c.3h 2ns
“(343.49)

59.06
59.15

59.77
59.69

78.66
78.71

67.32
66.82

80.43
80.24

4.16
4.08

4.44
4.58

4.95
4.76

4.18
4.38

6.16
6.31

Analysis, %

N 1 Hig
Calcd./Found
5.51 24.96
5.59 24.83
5.36 24.29
5.16 24.64
7.64
7.90
3.41 17.28
3.17 17.35
4.08
4.14

S

6.30
6.49

6.14
6.39

8.75
8.72

7.81
8.04

9.33
9.65

1 cHs



20.

21.

22.

23.

24.

187-188
- < 1 > - OCH3
173-174
/=N x 171-173
A4 /
128-129
N
yVS XU>~ocH3
; \ 4OCH3 95- 96

(CH,)3-CH 3

C25H23N0O22s

(401.54)

CnHINS2
(347.50)

C.2H18NZS « 2HC1
(415.39)

C2ZHI8NZS + 2HC1
(415.39)

CHH3INO0S
(409.60)

74.74
74.56

72.59
72.64

63.61
63.78

63.61
63.38

73.31
73.10

5.77
5.22

4.93
4.62

4.85
4.55

4.85
5.07

7.63
7.91

3.49
3-36

6.75
6.70

6.75
6.72

3.42
3.64

17.07
16.99

17.07
16.78

7.98
8.21

18.45
18.38

7.72
7.52

7.78
8.02

7.83
7.62

15.46
15.39

15.15
15.19
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INVESTIGATION OF THE RHEOLOGICAL
PROPERTIES OF GLUTEN, Il

THE ROLE OF HYDROPHOBIC BONDS IN THE RHEOLOGICAL PROPERTIES OF
GLUTEN
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(Department of Food Chemistry, Technical University, Budapest)
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Although no suitable methods are available for the direct experimental detection
of hydrophobic bonds present in the gluten complex, numerous indirect observations
point to the importance of hydrophobic bonds in determining the rheological properties.
The most important findings are:

1. The rheological properties of glutens hydrated with water containing higher
aliphatic hydrocarbons (heptane to undecane), exhibit a significant deterioration as
compared to the control gluten. This effect increases with increasing chain length.

2 The cohesivity of glutens, hydrated with water containing higher aliphatic
fatty acids or alcohols decreases strongly with increasing molecular weight of the alco-
hol or fatty acid added.

3. The simultaneous presence of urea and aliphatic hydrocarbons hinders gluten
formation to a higher degree than urea alone.

It has been pointed out in earlier communications [1, 2] that bonds be-
tween the fractions forming the gluten complex and their interactions play an
important role in determining the rheological properties of gluten.

W hile great attention has been paid in wheat protein research to disul-
fide bonds, and a few attempts have been made at clarifying the role of hydro-
gen bonds, practically no studies were undertaken in connection with the hy-
drophobic bonds.

Only during the recent decade did protein chemists begin to investigate
the importance of hydrophobic bonds (interaction of the non-polar groups of
proteins in aqueous medium). Several theoretical problems relevant to this
theme have been solved, as evidenced by the review by Scheraga [3]. It has
been proved or assumed for several proteins that hydrophobic bonds play an
important role in determining the structure (ribonucléase, /Mactoglobulin,
etc.).

Gluten proteins contain several amino acids which possess hydrophobic
side chains (alanine, leucine, phenylalanine, isoleucine, valine, proline). More-
over, taking into consideration that the hydrophobic parts of longer polar
side chains (e.g. in the case of lysine and glutamic acid) may also interact, there
can be no doubt about the potential possibility of the formation of hydrophobic
bonds.

Dough and gluten formation proceed in aqueous media. Owing to the
fact that an interaction of the non-polar groups with water is ‘unfavourable’
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from the thermodynamic viewpoint, the thermodynamic tendency points
towards a linkage of the non-polar groups with each other (with a consequent
weakening of the interaction between these groups and water). This problem
is dealt with in the review by Kauzman [4]. In general, the formation of
hydrophobic bonds is an endothermic process, i.e. the change in thermody-
namic potential is negative since the effect of the change in entropy (TAS)
exceeds that of the change in enthalpy (AH). Up to a certain temperature
limit, the strength of hydrophobic bonds increases with increasing temperature,
so that hydrophobic bonds are of particular importance from the viewpoint of
thermal stability of proteins.

The solubility of gliadin in non-polar solvents, and the influence of the
latter on solubility are also indicative ofthe possible importance of the role of
hydrophobic bonds. All this shows convincingly that a study of the hydropho-
bic bonds is unavoidably necessary for the understanding of factors which
influence the structure and rheological properties of gluten proteins.

Up to now wheat protein research paid little attention to this problem.
Only the observation might perhaps be mentioned that the rheological proper-
ties of doughs are changed already by small quantities of certain aliphatic
hydrocarbons [5—8].

In earlier studies [9] concerned with the effect of certain hydrocarbons
on the formation and rheological properties of dough, we found an increase in
the development time and stability of the dough, while its extensibility became
slightly poorer. Owing to the complexity of the system, no unequivocal conclu-
sions could be drawn. It was presumed, however, that there is a relationship
between the effect of hydrocarbons and the hydrophobic bonds of the protein
skeleton of gluten.

Though several papers discussing the theoretical aspects of hydropho-
bic bonding appeared in recent years, the comparison with experimental
data, the verification by measurements, i.e. experimental techniques are at
the initial stage, and are restricted primarily to model substances [10,
11, 12, 13].

In a recent work, Gratzer and Doty [11] report the extremely high
stability of the L-polyalanine helix in aqueous media. This high stability is
explained by Bixon et al. [14], among others, by the stabilizing effect of
hydrophobic bonds. Other authors [15—17] attribute importance to hydro-
phobic bonds in determining the stability of glutamic acid-leucine polypeptides.
From the experimental point of view, research [18, 19], aimed at studying
the bonding of various organic compounds to proteins and their interaction
with proteins is of interest.

Indirect methods have been used primarily also in the present work.
The effect of compounds has been studied, which are able to interact with
the hydrophobic groups of the gluten complex, and through these groups can
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interact with the existing hydrophobic bonds. Moreover, the relationship
between the amount of amino acids with hydrophobic side chains and the rheo-
logical properties of the gluten complex has been studied.

Materials and methods

148 flour samples were used for the investigations. These samples were made by labo-
ratory milling of wheat species or milling mixtures produced in the period from 1963 to 1968.
The samples were selected so as to give an overall characterization of Hungarian wheats and
flours from the viewpoint of baking quality, species and place of cultivation.

Gluten was prepared as described in earlier publications [20, 2]. Similarly, the relaxation
of wet gluten was measured in the same way as described earlier [20]. Relaxation time and relax-
ation constant, too, were calculated by this method.

The amino acid composition was determined after performic acid oxidation and hydro-
lysis with hydrochloric acid, by paper chromatography, using the butanol process [21, 22].

Results and discussion

1. Relationship between the amount of amino acids with hydrophobic side-chains
and the rheological properties of gluten

In research work carried out up to the present, the amount of proline
and other amino acids with hydrophobic side-chains has been scarcely studied
in connection with the rheological properties of gluten. However, in consider-
ation of the fact that the total quantity of these amino acids may amount to
more than 30 per cent of the gluten proteins, their importance in the develop-
ment of gluten structure and gluten properties is indubitable.

A mathematical-statistical evaluation was made from data available on
the amino acid composition and the rheological characteristics of gluten. On
the basis of this evaluation, it has been established that the strictest correla-
tion between amino acid composition and rheological properties will be obtained
if the total amount of proline, leucine and isoleucine isconsidered. The numer-
ical data are given by the following equations and correlation coefficients:

tr= 7574 - 0.194 H - 0.044 H: and

K = 89.37 - 0.267 4 - 0.053 H:

rir = 0.501 and rK — 0.482
where
/l = 10 h — 228,
tris the relaxation time (sec),
K is the relaxation constant (g),

his the proline -f- leucine -f- isoleucine content (in per cent).
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The relationship found can he represented by a second order curve with
a maximum (c/. Figs 1 and 2). The correlation is not very strict, but neverthe-
less, it is definitely significant even at a reliability level of 1 per cent.

Fig. 1

Fig. 2

As concerns the explanation of the relationship, primarily the role of the
hydrophobic bonds must be considered, which may be partly intramolecular,
and partly intermolecular. It is reasonable to assume that such bonds partic-
ipate in the formation of those parts of the gluten structure which, after the
hydratation of gluten practically do not remain hydrated, do not participate
in the swelling, and ensure that swelling remains limited, and no peptization
occurs.

The negative effect after a given optimum quantity is due most probably
to the following reasons. At a too high proportion of amino acids with hydro-
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phobic side-chains, the amount of the other amino acids decreases, and together
with this, the number of those primary or secondary bonds which are also of
importance from the viewpoint of the rheological properties of gluten. Indeed,
this explanation is supported by results obtained for the rheological properties
of glutens modified chemically [2].

2. Effect of hydrocarbons on the rheological properties of gluten

These tests were carried out as follows. Dehydrated gluten was contacted
with water containing a known amount of hydrocarbons. After hydratation
and swelling, the hydrated mass was worked mechanically, until a continuous,
homogeneous substance was obtained. The excess solution was removed, and
the relaxation test was performed as described earlier. The experimental results
are shown in Table 1.

The data in Table | show that the rheological properties of gluten are
affected unfavourably by the presence of higher aliphatic hydrocarbons. When
tested organoleptically, gluten becomes less stretchable and crumbly. In the
case of pentane and hexane, an increase in the relaxation time and in the force
necessary to cause a deformation of identical degree can be observed, particu-
larly with glutens of poorer quality.

The pronounced changes which can be detected even at the relatively
low concentrations used, definitely indicate an interaction between the hydro-
carbons and the proteins of gluten. As concerns the character of this interac-
tion, on the basis of thermodynamical considerations one can assume that a
linkage is formed between the hydrocarbons and the hydrophobic side chains

Table 1
Effect of hydrocarbons on the rheological properties of gluten
Relaxation time (sec)

No. I Control J Pentane | Hexane Heptane Octane | Undecane

0.03 mole/100 g of gluten

1 102 106 101 94 82 65
2 95 95 96 82 76 72
3 88 91 82 71 66 50
4 73 72 70 72 68 53
5 69 65 63 58 55 48
6 62 65 60 55 54 45
7 58 60 62 59 51 45
8 53 48 49 44 40 37
9 43 44 40 38 37 35
1« 38 45 40 38 40 41
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of proteins. In the case of pentane and hexane, a weaker bond is formed, extend-
ing or rather protecting those hydrophobic nuclei which in the course of hydra-
tation, osmotic water uptake and swelling, and peptization prevent the aggre-
gates from unlimited swelling and disintegration. When higher hydrocarbons
are added, the interaction may become stronger due to the higher affinity, so
that existing interactions between side chains may cease, i.e. existing hydro-
phobic bonds may be ruptured, and replaced by bonds between the added
hydrocarbon and the side chains. This situation is analogous to that assumed
for the rupture of the hydrogen bonds by urea. The two analogous processes
are illustrated by the following scheme:

(0] 0
.
C
s I \ !
N C N C
I/ \ I/ 0\
H CH2 H
|
CH3X CH CH
\CH-CH3 /I \
CHY¥ CH3 CH3
H H3
| I /H
N c/ CH
[\ | X [
C CH3
r
o} H CH3
| | /H
N

3. Effect of fatty acids on the rheological properties of gluten

The procedure was the same as in the preceding series of experiments
with the difference that part of the fatty acids was present in the aqueous
medium as an emulsion.

The rheological properties of the glutens under these conditions are sum-
marized in Table II.

The data in the table show an interesting pattern. The changes in rheolog-
ical properties are different depending on the acid and the gluten. In the case
of formic and acetic acid, the peptizing effect predominates, which brings about
rapid deterioration of the rheological properties. With acids of increasing car-
bon atom number, up to and including valeric acid, an increase in relaxation
time can be observed, while palmitic and stearic acid already cause a slight
deterioration of rheological properties.
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For the explanation of the observed changes it is assumed that, similarly
to pentane and hexane, fatty acids with 3—5 carbon atoms, bring about hydro-
phobization. On the other hand, the decreasing relaxation time observed with
higher fatty acids indicates that the interaction of more strongly hydrophobic
compounds with proteins may result in the rupture of existing hydrophobic
bonds.

Table 11
Effect of fatty acids on the rheological properties of gluten

Relaxation time (sec)

No. Acid added: 0.01 molar solution (emulsion)

Control Formic Acetic  Propionic  Butyric ~ Valeric  Palmitic Oleic Stearic
| 102 39 40 56 72 85 80 b 75
2 93 47 30 50 68 80 82 b 71
3 88 39 28 52 59 69 79 b 80
4 73 48 a 41 48 53 63 b 65
5 69 41 a 44 50 60 62 b 58
6 62 42 a 48 47 50 52 b 47
7 58 29 a 32 39 40 52 b 49
8 52 a a 30 30 42 48 b 41
9 43 a a 27 30 40 42 46 30
10 38 a a 25 28 32 32 57 28

not measurable (sticky, spreading mass)
not measurable (crumbling, disintegrating mass)

[S )

Unsaturated oleic acid does not fit at all into the series. Oleic acid causes
a change similar in character to a very high degree of thermal dénaturation.
Presumably, this is caused by the interaction of oleic acid with a preferred
side chain.

4. Effect of aliphatic alcohols on the rheological properties of gluten

In order to examine the effect of aliphatic alcohols, the process of gluten
formation and the properties of the gluten formed were studied in 0.01 molar
aqueous alcoholic medium (solution or emulsion). The rheological properties
of the glutens are summarized in Table III.

The data listed in the table show that with the exception of methanol and
ethanol which have a slight peptizing effect, the cohesivity of gluten diminishes
and its rheological properties deteriorate with increasing number of carbon
atoms in the alcohol. In view of the fact that solutions of identical molar con-
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centration were used in each case, this effect on gluten may be ascribed to the
increasing hydrophobic character of the side chain. The interaction of the hy-
drophobic side chain is believed to be similar to that assumed in the case of
hydrocarbons or fatty acids.

Table 111
Effect of aliphatic alcohols on the rheological properties of gluten

Rheological properties of gluten
Aliphatic alcohols

No- s(oolll?tliow%l?rer?]quulse?ou:) Penetration Organoleptic
(in 0.1 mm) characterization
| Methanol 201 soft, inelastic, cohesive
2 Ethanol 190 soft, cohesive
3 Propanol-1 112 elastic
4 Butanol-1 103 tough, elastic
5 Pentanol-1 98 elastic
6 Hexanol-1 125 crumbling
7 Heptanol-I 179 crumbling
8 Octanol 211 crumbling

5. Effect of hydrocarbons on the formation of gluten in the presence of urea

In earlier works concerned with the role of hydrogen bonds, the effect
of the addition of increasing amounts of urea on the rehydration of dry gluten
and on gluten formation has been studied. These experiments were now repeated
with the difference that various hydrocarbons were added to the urea solution
(0.03 mole per 1 g of gluten). The experimental results show that under these
conditions, the absence of gluten formation or a considerable decrease in the
amount of gluten formed is observed already at a lower urea concentration.
The results are plotted in Figs 3 and 4.

Urea content (mole/lit)

Fig. 3
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The observed behaviour can be explained by assuming that the combined

addition of urea and hydrocarbons hinders not only the formation of inter-
molecular hydrogen bonds but also the formation of the corresponding hydro-
phobic bonds as a result of the interaction between hydrocarbons and non-
polar protein side chains.

WN -

~No o b

Fig. 4
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In a previous paper we have reported on the reactions of 2’-OR-chalcone

epoxides (R =

CH2—CeH5; CH2—C,H4—p —N 02; CH3) [1]. Our investiga-

tions have now been extended to studies on the preparation and conversions

of some 2°-OR-chalcone aziridines (I1, I1l) unknown so far.

The aziridines were prepared by allowing the substituted chalcones la,
Ib and Ic to react with cyclohexylamine in the presence of iodine [2]; cis- and
trans-l-cyclohexyl-2-(p-R’-phenyl)-3-(2,-OR-benzoyl)-ethyleneimine (Ma, llia;

lib, 1llb and lie, Illc) were then isolated from the reaction mixture by frac-
tional crystallization. The aziridines lie, Il1lc were also prepared from the chal-
cone dibromide IVc with cyclohexylamine [3].
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a: R = CH,C6H5 R’= H; b: R = CH2-0-CH 3 R’”= H;c: R = CH.CcH5;
R’= Cl;d: R = CH2XRI5 R’ = NO.

*Part XX: Acta Chiin. Acad. Sei. Hung., in press.
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422 BOGNAR et al..: FLAVONOIDS, XXI

The chalcone Id and benzylamine gave in the presence of iodine cis- and
irans-I-benzyl-2-(p-nitrophenyl)-3-(2,-henzyloxybenzoyl)-ethyleneimine (lid,
Hid).

The structures and stereochemistry of the aziridines obtained were deter-
mined by analysis, IR and UY spectroscopy [4]. Some data are given in
Table I.

Table 1

Aziridine derivatives

Calcd. Found
Yield, Mdn nto
% C N N [em-1] a\Ws (log «)
C H [} H
cl d
lia 21 118-119 82.0 6.7 3.37 1688 252 (4.02); 311(3.68)
82.0 7.0 3.40
Ilia 415 90- 92 81.9 6.7 3.38 1650 254(4.13); 311 (3.78)
lib 125 98- 99 759 7.4 3.61 1670 251 (3.96); 302 (3.55)
75.9 7.4 3.84
1llb 34 100-102 75.9 7.3 3.84 1660 257 (4.15); 300(3.72)
lie 41.5 125 -127 75.8 6.2 3.14 1680 254(3.69); 311(3.40)
75.5 6.3 3.14
Illc 38.5 120-122 755 6.1 3.18 1649 260(3.96); 312(3.58)
lid 21.5 125-126 751 5.3 597 1675 259(4.14); 293(4.10)
75.0 5.1 6.05
Ilid 48 107-109 74.9 5.2 6.10 1658 266(4.22); 289(4.22)

The cis- or tnms-aziridines were allowed to react with dry HC1 in ether.
Under similar conditions, the analogous irans-2’-OR-chalcone epoxides (R =
—CH2—C6H5CH2 O—CH3)yield dihydroflavonol [1, 5], or the tx-hydroxy-/?-
chloro derivatives (chlorohydrins); the aziridines give a mixture of the hydro-
chlorides of cc-chloro-/3-R”-amino- and oc-R”-amino-/?-chloro derivatives. In
the course ofthese reactions, the formation of flavanone derivatives could not
be detected.

Formation of cis- or iraras-aziridines from 2’-acetoxy chalcone (le), or
2’-hydroxychalconc (If) with cycloliexylamine, in the presence of iodine, could
not be observed, however, after treatment of the reaction mixture with dry
HC1 in ether, 3-cyclohexylaminoflavanone hydrochloride (V; R” = C6Htl)
and 2-benzalcoumaranone (I1X) were isolated from the reaction mixture by
fractional crystallization.

The reactions of 2’-acetoxychalcone dibromide (IVe) with cyclohexyl-
amine and subsequent treatment of the reaction mixture with HC1 in ether
gave the flavanone derivative (V; R” = C6Hn)in ayield of 15%.
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(0]
e: R = COCH3 R’= H; f: R R’= H; V: R” = C«HIN; VI: R” = CH2CeHs; VII:
R” = re-C4H9; VIII: R” = i-C4H9; X: R” = C6H,,; XI: R” = CH2XCBH 5
Table 11
3-R”~aminoflavanone derivatives
Calcd. Found
Yield., M.p., »CO
% °c c " N c " N [em* 1] Imax M/1 (log «)
cl cl
V 26.5 179 180 705 6.7 3.92 703 6.6 4.01 1705 252(4.00) 326(3.53)
9.92 9.89
VI 36.5 157-158 722 55 3.84 716 57 3.84 1699 220 (4.27) 256 (4.08)
9.75 9.68 326(3.61)
VIl 23 163-165 68.8 6.6 423 68.8 6.6 4.14 1700 252 (3.96) 326 (3.53)
10.07 9.71
VIl 27 171-173 68.8 6.6 424 68.7 6.8 4.20 1700 252(3.96) 325 (3.56)
10.07 9.99
X 78 98-100 785 7.1 437 789 6.8 4.43 1693 217 (4.39) 253(3.98)
325 (3.57)
X1 78 94- 96 805 5.8 426 804 58 4.22 1695 222(4.23) 252 (3.96)
323 (3.53)
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Under similar circumstances 2,-hydroxychalcone (If) and benzylamine, or
n-butylamine, or isobutylamine yielded the flavanone derivatives (VI VIII;
R” = CH2CeH5; n-C4H9; i-C4H9).

When 3-cyclohexylamino- (V; R” = CeH 14) or 3-benzylaminoflavanone
hydrochloride (VI; R” = CH2C6H5) were allowed to react with a calculated
volume of alkali, the products were 3-cyclohexylamino- (X; R” = C6Hn)

or 3-bezylaminoflavanone (XI; R” = CH2COH 5).
Some data of the prepared derivatives are given in Table II.

*

Our thanks are due to Mr. Z. Dinya, Mrs. E. D. R akosi and Mr. S. Szabs for the anal-
yses, and to Mrs. S. Hajna1 for her valuable technical assistance.
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The chemistry offunctional groups. Ed. by S. Patai. The chemistry of the carbon-
nitrogen double bond, pp. 794 -(- xiii

Interscience Publishers, a division of John Wiley and Sons, London, 1970.

The new volume of the well-known series “The Chemistry of the Functional Groups”
deals with the carbon—nitrogen double bond. As pointed out in the Preface of the series “The
emphasis is laid on the functional group treated and on the effects which it exerts on the chemi-
cal and physical properties, primarily in the immediate vicinity of the group in question, and
secondarily on the behaviour of the whole molecule.”

The first, introductory chapter (written by C. Sandorffy) deals with general and theo-
retical aspects of the azomethine group. The next chapter (Methods of formation of the carbon-
nitrogen double bond, by Shiomo Dayagi and Yair Decani) is devoted to the formation of
the azomethine group, either from groups present in the molecule, or by introducing the new
group directly or indirectly. The next three chapters (Analysis of azomethines, by D. J. Curran
and S. Siggia; The optical rotatory dispersion and circular dichroism of azomethins, by R.
Bonnett; Basic and complex-forming properties, by J. W. Smith) describe the characterization
and characteristics of the carbon-nitrogen double bond. Five chapters deal with the reactions,
transformations and rearrangements which the azomethine group can undergo, either alone
or in conjunction with other reagents (Additions to the azomethine group, by Kaoru Harada;
Cycloaddition reactions of carbon-nitrogen double bonds, by Jean-Pierre Anseime; Substitu-
tion reactions at the azomethine carbon and nitrogen atoms, by R. J. Morath and G. W.
Stacy; Syn-anti isomerization and rearrangements, by C. G. McCarty; Cleavage of the car-
bon-nitrogen double bond, by A. Bruytants and Mrs. E. Feytmants de Medicis.) The next
two chapters are devoted to the electrochemistry (by H. Lund) and photochemistry (by G.
Wettermark) of the carbon-nitrogen double bond. The last chapters describe the chemistry
of imidoyl halides (by R. Bonnett) and quinonediimines (by K. T. Fintey and L. K. J. Tong)
containing carbon nitrogen double bond too.

The authors of the present volume similarly to those of the former ones did not aspire
“to give an encyclopedic coverage of their subject, but to concentrate on the most important
recent developments and mainly on material that has not been adequately covered by reviews
or other secondary sources by the time of writing of the chapter . ..”.

This new volume of the series, as has been becoming customary, is excellently edited
and, appearing in a tasteful presentation, will be of great value to readers interested in this field
of organic chemistry.

Gy. Deak
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E. S. Stern and C. J. Timmons:

Gillam and Stern’s Introduction to Electronic Absorption Spectroscopy in Organic
Chemistry, pp. 277 + VI

Edward Arnold Ltd., London, 1970.

Almost a generation of organic chemists have obtained their first introduction to UV-
visible spectroscopy from Gittam and Stern’s book. It is therefore an event that this classic
is republished in a completely rewritten form. The organization of the book remains the same
as in the second edition, but the subject matter has been brought up to date, spectra are pre-
sented on linear wavenumber scale and wavenumbers and wavelengths are both given in the
Tables.

The book consists of the following chapters: I. Introduction; Il. The determination and
presentation of absorption spectra: I11. General principles and simple examples of the assign-
ments of bands; IV. The selective absorption of molecules containing one functional group;
V. Conjugated chromophores; VI. Benzenoid absorption; V II. Aromatic heterocyclic compounds;
V IIl. Application of absorption spectrophotometry to qualitative analysis; 1X. The spectro-
photometric determination of organic compounds; X. Ultraviolet absorption spectroscopy
applied to problems of molecular structure; three appendices: a short bibliography, the use of
solvents, and some data of temperature effects. A Table of four place logarithms and of recipro-
cals and an Author and Subject Index complete the volume.

The book is written primarily for the organic chemist; although the results of quantum -
mechanical calculations are referred to, quantum-mechanical theory is not needed to under-
stand and use the book. Examples of elementary calculations and rules are generously used to
give easier understanding to the less physico-chemically minded. The amount of information
on the various groups of compounds is enormous in relation to the size of the book and the
organization of the Tables and the short discussions on the subjects make the information
usable even to beginners.

The reviewer finds it especially important that steric effects are discussed and the impor-
tance of scale projection diagrams and other aids are stressed.

The book will be an excellent companion for postgraduate students and for practising
organic chemists who are trying to obtain additional information about their compounds or
who want to use electronic absorption spectroscopy as an analytical tool.

M. Vajda
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ERRATUM

Integrated Rate-Equations in Chemical Kinetics

P. J. Robinson, Acta Chim. 66, 407 (1970)

The following typographical errors have occurred
in Table | of the above paper:
(a) The first line should refer to m =1, notm = \.

(b) The third expression forf (for m = n = 0.5)
should have T not in the denominator.

(c) In the last expression for/ (for m n = 1.5)
the second term in the square brackets should be

a ZfBj/IA] not a Jf[A]J[B] .
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PE3IOME

PaBHOBeCUA KOM/IEKCOB MOHOB MepPexXofHbIX MeTasfloB C (»-aMUHO-
Kucnotamu, IV

KOHCTaHTbl CTabWNbHOCTW, SHTANLNUN K SHTpPONMUN 06pa3OBaHI/Iﬂ
KOMMNNEeKCOB a/laHnHa, qJEHI/II'IaJ'IaHI/IHa n TUPO3NHa

A. TEPTEN, N. HAALMAN n 6. KUPAN

pH-MeTpuyecku onpesensnncb KOHCTaHTbl CTabUIbHOCTU KOMMIEKCOB MEXAY MOHaMW
MepexofHbIX METAI/IOB C3NMEKTPOHHOM CTPYKTYPOii 3d6-3d10m (heHMTanaHNHOM ¥ TUPO3VHOM !'I&/I
Temnepatypax 20, 25, 30 n 35°C. Bbifo HallfeHo, YTo B 3TMX cucTemax BenmumHa 10g Ki/Ks
BCErfa HWXKe BeNIMUMHbI [/151 COOTBETCTBYHOLLMX KOMMNJIEKCOB anaHuHa.

SHTabMUM 06pa30BaHNA KOMIM/IEKCOB MEXY NOHaMV NePexX0iHbIX MET/II0B C3N1EKTPOH-
HOW CTPYKTYpoii 3d6— 3d10 1 anaHMHOM, (heHWNIaHMHOM M TUPO3MHOM OMpPefensuCL Kak Ha
OCHOBE TeMMepaTypHOI 3aBUCMMOCTMN KOHCTaHT CTabUILHOCTY, TaK U Ka/IOPUMETPUYECKUM MyTeM.
PacxoxeHne Mexay BeMunmHaMu, NolydeHHbIMA ABYMS Pas/IMuHbIMU METOLaMU, He NpeBbillaeT
+0,24-1,0 KKan/mosb.

Cymma A H, n aH2 s cnyyae komnnekcos Co(ll), Ni(ll) n Zn(ll) ¢ dheHunanaHmHoMm v
TUPO3VHOM O0ObIMHO HWXKE TeX CaMblX BEIMYMH 415 COOTBETCTBYHOLLMX KOMMSIEKCOB afilaHUHa.
Pa3HOCTb >Ke BenumH /LU, 1 A H 2 B HEKOTOPbIX C/ly4asX OTHOCUTE/BHO Bbille 4715 NePBbIX Nepe-
YUCMIEHHbIX CUCTEM, HEXKEeNN 419 KOMMIEKCOB. 3TO ropasfo 3HauuTe/lbHee NposBASETCA B Clydae
KOMM/IEKCOB C TUPO3VMHOM, HEXeNW B Cyyae XenaTHbIX KOMI/IEKCOB (heHuNanaHnHa.

Ha ocHoBe 3kcreprMeHTanbHbIX %aHHbIX 6bl10 YCTAHOBNEHO, YTO CTABUNIBLHOCTL KOMM-
NEKCOB apoMaTUYeCKUX aMUHOKMC/IOT 00YCNOB/eHa TakXKe 06paTHOM KoopauHauweld. B cny-
yae TUPO3MHA 3TO ABNIEHWE MPOABAAETCS rOpasfo CW/bHee.

OCHOBHbIM (DaKTOPOM, OMpeaenstowym CcTabunbHocTb kommnnekcos Cu(ll) ¢ apomatu-
YeCKMMU aMMHOKMCIoTaMu, aBnseTcs atekT dxkaHa-Tennepa.

MexaHn3m afcopbumoHHoii nHgukaumm, VI

A30-Kpacutenn Kak afcopbuMOHHble MHAMKATOPbl. BnusHue 3amectuTteneit
Ha MexaHW3M aACoOpOLMOHHON WHAMKALMK

n. NETPAAN

MprBoAATCA 46 a30CcoeaMHEHNIA, KOTOpbIE MOTYT 6bITb UCMO/Lb30BaHbI B KaUecTBe afcopo-
LIMOHHBIX MHAMKATOPOB. Bo/bluas YacTb COeAMHEHWIA elle HeM3BEeCTHa B uTepatype. [1puBo-
OATCS MOHbI, B apreHTOMETPUYECKOM TUTPOBaHMM KOTOPbIX OTAENbHbIE COeAMHEHUS MOTYT ObiTb
VCMOMb30BaHbI, MPUBOAATCA YCIOBUS MPUMEHEHUS, a TAKXKe MPUHLMILI, HA KOTOPbIX OCHOBAaHO
[eliCTBME UHAVMKATOPOB. BOMBLIMHCTBO a30-aCOPBLIMOHHbIX MHAVKATOPOB AE/CTBYET N0 KNCIOT-
HO-OCHOBHOMY MPUHLIMMY, KPOME TOro Mo anHumn%/ MOBEPXHOCTHOM afcopbuM Ha ocafke, a
TaKXKe Ha OCHOBE 06OMX MPUHLMMOB. [MOApOGHO OGCYXKAAETCS PO/b 3aMECTUTENEN MHAMKATO-
POB MPU MCMOMBb30BAHUM X B APreHTOMETPIYECKOM TUTPOBaHMM.



O HeKOoTOpbIX BOMpocax pasfefieHUsa CnefoB 3/1EMeHTOB ocaxkaeHuem, VI

Copbuus pefKO3eMeNbHbIX METa//lIoB M CKaHAWSA Ha TUMAPOOKMCU
enesa(lM) B KapboHaTHbIX cpegax

3. YNopr n Ab. HAAb

I/I3l¥qana0b copbuma pesKoseMe/bHbIX METaIIOB U CKaHAWS Ha MMAPOOKWCU dKefesa B
cpege Na”Og. Bbl1o yCTaHOBMEHO, YTO, BCNEACTBYE MMAPO/IMTUYECKOTO Pas/ioXkeHns kapboHaT-
HbIX KOMM/IEKCOB CO CPaBHUTENLHO HU3KOW CTAabUIbHOCTbLIO, NpU KOHLEeHTpauun Na2C03 paBHoiA
0,2 M copbuus Nerkux naHTaHUAOB SBASETCS MOHOW 1 cOpoLMS TAXKENbIX TaHTaHWULOB — MOYTH
nonHoii. C ysennueHreM KoHUeHTpauum Na2C03 a Takxe MopsAkoBOro Homepa NaHTaHWAoB
nxX copbums ymeHbluaeTcs. oBefieHNe CKaHAWA MOLOOHO MOBEAEHMIO TSXENbIX NaHTaHWAO0B.
B nHTepBane pH = 9-k 11 KpuBas copbumm npoxoaut yepe3 MUHMMYM. Lu+3 Yb+3 n SciS
MOTyT ObITb o'\TAqeneHbl 0T Fe+3 1 B HEKOTOPOWA CTeneHW OT ApYrux peako3emeNbHbIX MeTansoB
¢ nomoLLpo 2M NaZC03 Bee pefkoseMesbHble MeTanbl MOTYT ObiTh OTAE/EHbI OT ypaHa, HO OT
TOPUA N LUMPKOHUA pasfenatoTcs NULWb MNepBble YNeHbl paga.

HekoTopble 3aMe4daHWsi K pacyeTy 3HTPOMWM aKTMBaLUUW Ha OCHOBe
Teopun abCoNOTHbLIX CKOPOCTEN peakuwmii

Ob. BAPWAHN

BbIN0 MOKAa3aHO, YTO BEMMYMHBI 3HTPOMUM aKTVBALMM, PacCUMTaHHbIE OBbIYHBLIM MyTEM,
YacTO OKa3blBAlOTCA (PabLUMBLIMI Ha OCHOBE TEOPWUM aBCOMIOTHBLIX CKopocTeld peakumid, Mo-
ApOGHO 06CYXKAeTC METO pacyeTa, U NMpUBOAMTCA AuarpamMma Ans nornpasku, ONMparoLLeiics Ha
KPUTUYECKME YacToTbl HOPMasbHbIX KONe6aHUii U Ha KOS(MLMEHT aHrapMOHWYHOCTU. Mpu-
MEHVMMOCTb METOAa UNMIOCTPUPYETCS HEKOTOPLIMM KNAacCUYECKVMI MpUMEepamm.

M3yuyeHne afcopObuMOHHbLIX SAB/EHMI Ha NAATUHOBOM 3/1EKTPOJe
C MOMOLLBKD MeTofa pagnoakTuBHol umHankaumm, VIII

O HEeKOTOpbIX HOBLIX HAGMOAEHUAX OTHOCUTENbHO 3aBUCUMOCTY
afcopouMmn YKCYCHOM W CEpPHON KMCAOT OT MoTeHumana

Ob. XOPAHW, 3. PUSMAWVEP n ®. HAJb

BbiN0 YCTAHOB/IEHO, YTO 3aBUCUMOCTL 8[COPOLMN YKCYCHOM 1 CEPHOM KWC/OT OT MOTEH-
|f.|,(m§m(a ISI KOHLIEHTpaumy — nogobHO Cny4varo CONSHOM KUCNOTbl — MOXET ObITb OMNMcaHa B BUAE
c)F(E).
B M3yyeHHbIX Cryyasx 3aBMCUMOCTb aAcopbumm OT MoTeHUMana MOXET ObITb pasgeneHa
Ha 60/1ee MM MeHee IBHO OFpaHUYEHHbIE YUYaCTKM.

Moaxo4 K BbIpaBHEHHLIM 3/1IEKTPOOTPULATENLHOCTAM C MOMOLLbGHO
MOJIEKY/ISIPHBIX MapameTpoB

W. CEKE

CpefHsAs aNeKTPOOTPULIATENBHOCTb, SBAAIOLLASCS XOPOLUMM NPUGVKEHNEM K BbIPaBHEH-
HbIM 3/71EKTPOOTPULIATENLHOCTAM, MOXET 6bITb CBf3aHA C MOMOLLBHO MPOCTOM 3aBUCUMOCTU C
(hyHAAMeHTaIbHBIMI MONIEKYIIPHLIMI MapamMeTpamm.

CWNOBble MOCTOSIHHbIE BYXAaTOMHbIX MOMIEKYN WM OTAEMbHbIX U30/IMPOBAHHbIX CBA3EN
MOTYT 6biTb BbIpaXeHbl C MOMOLLBIO BEMMYMH BbIPABHEHHBIX 3/IEKTPOOTPULIATENLHOCTEN, SHEp-
VA~ CBA3M, MOPSIAKOB CBA3EM 1 MEXaTOMHbIX PAacCTOSHUIA.



Vicnonb3ya ypaBHEHMSI CUMOBbLIX MOCTOSHHbLIX, BblpaBHEHHbIE 3/1eKTPOTPULATENBHOCTU
MOoryT 6bITb MCMOMb30BaHbl Kak MONEKyNnApHbIE NapaMeTpbl A1 MOCTPOEHUA 3IMMUPUYECKNX
3aBUCUMOCTEN I'IOTEHLI,VI&I'IbHOVI 3Heprun.

bbina Ha|7|,qua TaKXe npocTasd 3aBUCMMOCTb MeXAY 3NEKTPOOTPULIATE/IbHOCTAMU C Of-
HOM CTOPOHbI, a C ,u,pyr0|7| CTOPOHbI N CUNOBbLIMW MOCTOAHHBLIMA KonebaTenbHOro OBVKEHUSA, a

TaKXXe OBYXUEHTPOBbIMU MHTETrPasiaMn KBaHTOBOI XV1MUW, OTHOCALLMMUCA K MOJMEKYNE NN K
CBA3N.

M3ydeHne mMoHM3aUMN MeTalsIoB U BOCCTAHOB/IEHUS MOHOB MeETasls1oB
C MOMOLLbLI0 BpallaroLLeroca AMCKOBOr0 3fekTpoga c Kosbuom, VI

3aBMCMMOCTM aHOAHOrO PacTBOPEHUS MeAy OT KOHLEHTPaLMU XNOPUCTbIX
IOHOB

N. knw, N. PAPKALWL n A, KEPEWW

C nOMOLLBK BpALLAKOLLErocs AUCKOBOrO 3/1eKTPOAa C KOMbLOM M3Yy4asoch aHOAHOe
pacTteopeHue mean B pactBopax 1,0 v HZS04-|~Xh HCI ka = 6,7-10~3—8,7-10~2 H). YcrTa-
HOBJ/IEHO, YTO CKOPOCTb MOHM3aLMM Meau B YKas3aHHbIX pacTBOpax onpegensercs augdysuelt
KOMMNEKCHbIX MOHOB CK(1) ¢ NOBEPXHOCTW 3/1eKTpoja B rybuHy pactsopa. Ha nosepxHocTv
aeKTpofa, Npy onpefesieHHo NIOTHOCTU TOKa, 3aBUCALLIEV OT CKOPOCTU BpalLieHUs 3/1eKTpoja
M OT KOHLEHTpaUun X/IOPUCTUX MOHOB ocaxkaaeTcs cnoit CUCL. Bbinn 06bSCHEHBI SIBEHMSA, CO-
MPOBOX/AKOLLME NPOLIECC OCAXK/AEHWS 3TOro CNos.

CprKTyprIe npespawleHnAa B CKEJieTe TMOBEPXHOCTHOIrO C/ioA CUJTMKATHbIX
CTeKon

W. AOBOLL

Mpn o6pa3oBaHUM MOBEPXHOCTHOIO C/I0A CTeKNa, Hapsay € MOHHbIM O6MEHOM, KOHTPO-
npyembIM AnGIy3vel, a TakxkKe pacTBOPeHMEM CUMMKATHOTO CKeneTa Ha rpaHuue pasgena a3
MOBEPXHOCTHbIA CMOM — BOAA, 4acTo HEOBXOAMMO CUMTATLCA M CO CTPYKTYPHbLIMU MpeBpaLlie-
HUAMU B CU/IMKATHOM CKefleTe MOBEPXHOCTHOIO €105, CTPYKTypa CUIMKATHOTO CKEfeTa MOXET
M3MEHATLCS BCMEACTBME MEeperpynnupoBOK B MPOCTPAHCTBEHHOW CeTKe WAW BCNEACTBUE M3Me-
HeHWs uncna cesizelt *>Si—O—Si<. 3T N3MeHEeHNA MOryT BbiTb 06HapPY>KeHbI Ha OCHOBE pac-
npegesneHnsi KOMMOHEHTOB B MOBEPXHOCTHOM CJI0€, & B HEKOTOPbIX C/lyYasiX Ha OCHOBE V3MEHEHVS
CKOPOCTW PacTBOPEHUS CUIMKATHOTO CKeneTa BO BPEMEHMW.

CTPYKTYpHbIE U3MEHEHWA B CKEJIETe MOBEPXHOCTHOTrO C/Ios mnmoCTme/y}OTCﬂ 06pasLom ¢
ncxoaHbIM cocTasom KD - 20 mon.%, Sr O —12 mon.% u Si02—68 mon.%. CyLuHOCTb 3TnX
M3MeHeHUIA CBA3aHa C NeperpynnupoBKamMy B NPOCTPaHCTBEHHOW CETKe, YTO NPUBOAUT K MOBbILLIE-
aijmo XMMUYECKOW CTOMKOCTU CUNMKATHOTO CKefeTa W K MOBbILLEHWIO MPOHMLAEMOCTU Mo Aud-

Y3 VIOHOB.

MOBTOPHLIM NJiaBfieHWEM CTEKNA C UCXOAHbIM cocTaBoM 20 KD —12 SrO - 68 Si02mMoxeT
ObITb MOJy4EHO CTEK/IO KaK C M3MEHEHHOI, TaK M C HeM3MEHHOW CTPYKTYpOW CKeseTa MoBsepx-
HOCTHoro cnosi. Ha ocHose MK cnekTpockonuyeckux n ATA vccnegoBaHin 66110 YCTaHOBNEHO,
4TO Takoe NPOTMBOPEUMBOE MOBEAEHME MOXHO MPUNICATb PasIMYHON CTPYKTYpe CTekon, obpa-

3YHOLWNXCA NMpn CPaBHUTE/IbHO OAWMHAKOBbLIX YC/TOBUAX MNaB/1eEHNA N U3 OANHAKOBOIo NCXOAHOro
COCTaBa.

V3yyeHne paBHOBECUS Map — XXWAKOCTb B CMECUM MPOMMOHOBAS
KUCMOTA — YeTbIPEXX/IOPUCTLIN YIIepos

A. nmcn

MpV M3yyeHnn paBHOBECUS Map — XWAKOCTb B CICTEME MPOMMOHOBAA KICNOTa — YeTbl-
PEXX/IOPUCTbIN YrNnepos 6bUo HaiiieHo, UTO NOCNeAHNS, B MePBOM NPUG/VKEHWM, NpeaCTaBnseT
CO6OI MaeanbHyl0 CMECh AMMEpa MPOMMOHOBOM KMCMOTbI C YETbIPEXXIOPUCTLIM  YIIEPOAOM.

PacueTHble NapameTpbl PaBHOBECUA Map — XWAKOCTb MPOBEPA/NCH 3KCMEPUMEHTAIbHO MpY
30, 40, 50, 60 n 70° C.



Mcnonb3oBaHune XNOPUCTbIX aMnioB B peaKunax uunknmsaugnu, ]

CuHTe3 TneHo(2,3-c!)-4(3H)-nupMmmngnMHoHoB

3. YIOPELW, P. WOW, N. NAAUHKAL un WU. BUTTEP

Mcxoms n3 2-aMmHO-3-KapbeToKey-4,5-AMMeTUNTUOEHa U X/TIOPUCTOrO AUMETUOPMa-
Muaa, 6bin NonyyeH consHokucnbld 14, 14-auveTnn-M*-[ (3-Kkap6eToKcy-4,5-AMMeTIN)-2-TUeHnN]-
thopMammamH. TlonyyeHHbI Tpex3amelleHHbI aMManH NoABeprancs LKIn3auum ¢ amMmuakom,
annaTMYeCKMMN 1 apoMaTUUYECKUMK  aMUHaMK, FVIA})a3I/IHOM N ankuneHayaMnuHamn. Takum
06pa3oM 6b1IM NONYYEHBI 5,6-,qmmeTV|n-TV|eHo%2,3-<1)-4 3H)-NMpUMUAMHOHDI, a TaKKe HeomnucaH-
Hble 0 CUX NOP BUTEPaType ankuneH-6uc-3,3*5,6-aumeTnn-treHo(2,3-c!)-4/3H/-nnpruMmManHoHBI.

BeHs3azenuHbl, IV

CuHTes gurmngpo-[1,5]6eH3TnasennHoB Ha OCHOBE peakLun
0-aMMHO6EH30TUONA C a,/SHEeHACbIWEHHbIMW KETOHaMK

0. XWAEFM-XAHKOBCKUM n K. XUJQET

MpUBOAUTCA CUHTE3 AM3aMELLEHHBIX AUMAPO-[1,5]-6eH3TIa3eNMHOB Ha OCHOBE peaKLvy
0-aMMHOGEH30TVOMA C COOTBETCTBYHOLMMM a,”-HEHACILEHHLIMWA KETOHaMM (Hamp., nUpuaunn-
aKpUNO(eHOHbI, NUPUANNAKPUNOHAMTOHBI 1 2-TeTepoapunfeH-TeTpanH-1-0Hbl).  O6CYXpa-
eTCs TaKXKe MOMOXKEHUE [BOVIHOI CBS3U.

VM3yueHne peonornyeckux CBOWCTB KNeKoBWHBI, |1

Ponb rnapotobHbIX CBA3ei B (POPMMPOBAHMN PEONOrMYECKUX CBONCTB
KNEeAKOBUHBI

P. NACTUTWN

HecMoTps Ha TO, UTO Hanmnune rmapoobHbIX CBA3EH B KOMM/IEKCAX KMEAKOBMHBI eLle He
6bU10_A0KAa3aHO 3KCMEPUMEHTaNIbHO, OAHAKO, Ha OCHOBE MHOFOUMCEHHbLIX KOCBEHHbLIX Hab/o-
[EHWUA, NONyYeHHbIX COOTBETCTBYHOLLMMY METOLAMM, Bblia YCTaHOB/IEHA POsib MMAPOOOHBIX CBS-
3ell (hOpMUPOBaHUM PEOIOTYECKMX CBOMCTB KJIEKOBMHLIL. Hanbonee BaXHbIMA 3aK/IHOUEHUSMU
ABNAIOTCA_CNefytoLme:

1. Peonornyeckume cBOWCTBA K/IEKOBMHBI, M14paTMPOBaHHON BOAOMN, codepykallein anudga-
TUYECKIIE YT/IEBOA0PO/bI C 6O/BLLIMM YUCTIOM YTIePOAHBIX aTOMOB (renTaH—yH/eKaH), 3HaunTeslb-
HO YXYALIAOTCA MO CPaBHEHWIO C KOHTPOSIbHOW KNeMKOBWMHOW. BnusHWe yBenMunBaeTcs C
YOMHEHVEM Lienu.

2. Koresns K/elikoBWHbI, TMApaTPOBaHHO BOAON, COAepXKaLleln anudaTnieckre Xup-
Hble KMUCMOTbl WM CIMPTbI, C GOMBLUMM YMC/IOM YTNepOAHbIX aTOMOB, MafiaeT C YBEIMYEHMEM
MOJ‘IEKyﬂHgHOFO Beca A06aBMIEHHbIX KUCMOT UK CRMPTOB.

3. CoBMeCTHOe npucyTCTBME Kap6amuaa W anmdaTMyecKoro YrieBofopofa B 60sbLueit
CTEMeHU NpensTcTBYeT 06pa30BaHUIO KMEMKOBUHBI, HEXENM OAMHOYHBIA PacTBOp kapbamumpa
CTOI >Ke Camoli KOHLEHTpaLMEN.



M. B. NEIMAN-D. GAL
THE KINETIC ISOTOPE METHOD AND
ITS APPLICATION

One of the isotope applications is the Kinetic Isotope Method (KIM), elaborated by
Professor Neiman in the USSR and developed further by Professor Gal in Hungary.
The monograph summarizing the theoretical concepts of the KIM, gives a detailed
description of results achieved in the fields of homogeneous and heterogeneous reac-
tions (oxidation, decomposition, dehydration and others) using this method.

In English « Approx. 370 pages « 17 x 25 cm « Cloth

A joint edition —distributed in the socialist countries by KULTURA, in all other
countries by ELSEVIER PUBLISHING Co., Amsterdam

J. TOLGYESSY—T. BRAUN-M. KYRS

ISOTOPE DILUTION ANALYSIS

A monographic treatment is given of the theory of the isotope dilution analysis
including all variants of its application. The classification problems of the processes in
question are dealt with in detail and isotope dilution and other procedures, e.g. radio-
reagent analysis, are compared.

In English « Approx. 190 pages ¢ 17 x25 cm < Cloth

A joint edition —distributed in the socialist countries by KULTURA, in all other
countries by PERGAMON PRESS, Oxford

RECENT DEVELOPMENT IN THE
CHEMISTRY OF NATURAL CARBON
COMPOUNDS I11-1V

Editors of the series R. BOGNAR, V. BRUCKNER, CS. SZANTAY

Volume Il contains the monograph “Plant L—14 Glucanphosphorylase” by
J. Holl6, E. Laszl6 and A. Hoschke.

Volume 1V includes the following three monographs: “Aldehydogenic Lipids” by
N. A. Preobrazhensky and G. A. Parfenov; “Sugar Orthoesters and their Synthetic
Applications” by K. N. Kochetkov and A. F. Bochkov; “Thalictrum Alkaloids” by
N. M. Mollov, H. B. Dutschewska and V. St. Georgiev.

In English ¢ Volume Il 211 pages « 17 x25 cm « Cloth « Volume IVapprox. 240 pages
e 17x25 cm « Cloth
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