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THE KINETICS OF MULLITE FORMATION
IN THE SYSTEM ALUMINIEM FLUORIDE—SILICA, II*

MECHANISM OF MULLITE FORMATION WITH ANHYDROUS ALUMINIUM
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Introduction

It was reported in the first communication of this series [1] that in the
course of the reaction between aluminium fluoride and silica, the topaz-like
phase of aluminium fluorosilicate formed in the temperature range 580 —900 °C
is followed by mullite formation at higher temperatures. This reaction takes
place in two activation stages, the first between 900 and 1100°. During the
reaction, owing to the use of water-containing materials, also the hydrolysis
of aluminium fluoride occurs. Thus, in order to obtain quantitative reaction
kinetical data, it is necessary to clarify how the mechanism of the reaction
between aluminium fluoride and silica is affected by the presence of water.

The mechanism ofthe reaction is apparently of a complicated nature and
it depends on a number of factors. It has been pointed out by earlier investi-
gations that the course of the reaction is actually different in the presence of
water-containing materials orin media containing steam. The reaction rate and
equilibrium depend also on the temperature gradient applied during the reac-
tion. Quantitative data can only be obtained if all these factors are accurately
known and fixed. Both the reaction mechanism and its kinetical conditions are
affected by the conditions of the investigation. The quality of the modification
of the silica used and the vapour tension of aluminium fluoride are further
factors influencing the processes taking place in the system. A quantitative
elucidation of the effects of all these parameters requires extensive experi-
mental work. In the present communication mainly the results of researches

carried out in order to clarify the role of anhydrous aluminium fluoride are
reported.

Theoretical
The mechanism of the reaction of topaz formation in the system A1F3

Si02 has been treated by Schober and Thilo [3] presuming an intermediate

* Part I.: Acta Chim. Acad. Sei. Hung. 33, 197 (1962).
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2 LOCSEl: KINETICS OF MULLITE FORMATION, Il

phase of SiF4. Accordingly, the process would start with hydrolysis, then the
hydrogen fluoride produced would react with silica to give SiF4
The presumed mechanism was as follows:

4 AIF3+ 6 H2 = 2 A1203*+ 12 HF (1)
12 HF + 3 Si02= 3 SiF., + 6 HX )
2 A1203* + SiF4+ Si02= 2 AI2SiO F2 ®3)

thus, on summing up reactions (1)—(3):
4 AL1F3+ 4 Si02= 2 AI2Si042+ 2 SiF. (4)

Under such conditions the water would have to play the role of a cata-
lyst. However, this mechanism was not confirmed, since the reaction did not
take place according to schemes (1)—(3) or (4), and the reaction product
contained only 15.08% of fluorine instead of 20.65%. Topaz formation was
observed by Schober and Thilo between 750 and 970°. The difference between
the calculated and found contents of fluorine means at the same time that the
ignition loss occurring during the reaction cannot correspond to the stoichiom-
etry of reaction (4), because in addition to SiF4also HF was formed, due to
hydrolysis [4, 5].

The dynamic investigations were carried out in the Departmentfor Fun-
damental Researches of our Institute, with the use of a Paulik—Paulik—Erdey
instrument [6], for differential thermoanalysis and differential thermogravim -
etry. The systematic heat treatment of the samples was carried out in air, in
nitrogen, further also in vacuum.

The basis of the experiments was the assumption that two extreme cases
are to be considered from the aspect of reaction mechanism: aluminium fluoride
may react directly with silica in the solid phase, or the end state may also be
attained through hydrolysis. In order to elucidate the mechanism of the reac-
tion, it is essential to decide whether aluminium fluoride directly reacts with
silica, or the reaction takes place through hydrolysis. In the latter case the
formation ofsilicon tetrafluoride is due only to the reaction of hydrogen fluoride
produced as a result of the hydrolysis of aluminium fluoride. Owing to the
presence of moisture in the starting materials and in air, there is always a
possibility of same hydrolysis of aluminium fluoride during the reaction. The
progress of hydrolysis depends again on the thermal gradient applied during
the experiment.

* A1 3 denotes an intermediate phase of active alumina.

Acta Chim. Acad. Sei. Hung. 54, 1967



LOCSEl: KINETICS OF MULLITE FORMATION, Il 3

It follows from what has been said above that the two extreme cases of
the reaction mechanism may be characterized by the hypothetic reaction
schemes given below.

12 AIF3 + 13 Si02= 2 (3 A1203 m2Si02) + 9 SiF, (5)
4 AIF3+ Si02= 2 A1,03+Si02+ 3 SiF4 (6)

The reaction equations (5) and (6) represent the extreme cases when,
during a process taking place in the solid phase, 3 A1203 +2 Si02 (3/2 mullite)
or 2 A1203 «Si02 (2/1 mullite) is formed by the direct reaction of aluminium
fluoride and silica, without the hydrolysis of aluminium fluoride [7, 8, 9].

The hydrolysis of aluminium fluoride, partial occurrence of which is to
be taken into account in the course of the kinetical investigation, follows the
scheme:

2 AIF3+ 3 H20 Al203+ 6 HF. )

The end state of the reaction depends on the temperature. Hydrolysis
begins to occur at 300 ~ 20°. According to scheme (7) it may take place only
above 800°; solely in that case can alpha-corundum appear as an end prod-
uct in addition to hydrogen fluoride. At temperatures below 800° a mixture
of aluminium oxide fluoride and alpha-corundum is obtained [3], the composi-
tion of which depends on the temperature and on the duration of heat treat-
ment.

The state when aluminium fluoride entirely undergoes hydrolysis can be
considered as the other extreme case of the reaction mechanism. This is indi-
cated by the two hypothetical reaction schemes:

6 ALF3+ 2 Si02+ 9 H20 3A1203+2Si02-f 18 HF (8)

4 A1IF3+ Si02+ 6H20 -V 2 A1203+Si02+ 12 HF. 9)

However, hydrogen fluoride formed by hydrolysis reacts with the silica
present in the system [1, 3]

4 HF + Si02 SiF, + 2 H20. (10)

The equilibrium of silica and hydrogen fluoride as a function of tempera-
ture in a closed system is known. However, this cannot be applied under the
prevailing experimental conditions because the investigation is carried out in
an open system [5]. The hydrolysis of aluminium fluoride occurs also on the

1* Acta Chim. sicad. Sei. Hung. 54, 1967



4 LOCSEI: KINETICS OF MULLITE FORMATION, 11

effect of atmospheric moisture and in the case of fluoride even oxidation may
be possible in the opinion of some authors [10],
According to the scheme:

4 A1IF3+ 3Si02= 2 A1203+ 3 SiF4 (11)

in the absence of the hydrolytic reaction theoretically the formation of corun-
dum and silicon tetrafluoride is expected.

Experimental
Materials

In the course of the present experiments, the following materials were employed
(chemical compositions are given in Table I).

1. Quartz sand of Hohenbocka, high purity grade as used in the glass industry,
2. Rock crystal,
3. Quartz glass prepared by melting,
4. Christobalite, prepared by ignition of chemically pure silica gel,
5. Anhydrous aluminium fluoride, prepared by the method of Rahifs and Biltz [2].
Table |
Composition of materials employsi in the experiments
No. of . ca0 . Na,0o Ignition
material sio, AL,0, S) MgO Tio2 K .0 loss A1F3 %
(see text) '
1 99.73 0.16 0.04 0.03 0.01 0.02 0.04 - -
2 99.9 0.05 0.02 0.01 0.01 — — —
3 99.6 0.25 0.05 0.04 0.03 0.03 — — —
4 99.3 0.40 0.08 0.03 0.10 — — —
5 — — — — — — 99.8 0.2
Method

The experiments were carried out under static and dynamic conditions examining
the influence of the temperature.

The static investigations were conducted by two different techniques. In one series
always new and other individual samples were treated at different temperatures between 400
and 1200°. In the other series of experiments, the same sample was exposed to gradually
increasing temperatures. The weight losses of the treated samples were measured. The reaction
products were identified by X-ray investigations and chemical analysis.

The materials listed in Table | were weighed in the stoichiometric ratios shown by
equations (5), (6) and (11). The components were mixed and compressed to pills at a pressure
of 50 kg/sq. cm. The diameter of pills was 12.4 mm, their thickness varied between 3 and 12 mm,
depending on the weight of the sample.

In the evaluation of the experimental results it should also he taken into account
that aluminium fluoride undergoes sublimation at higher temperatures. At 900° the tension
of aluminium fluoride is 290 torr and at 1290° it attains the value of 1 atm. [10].

Acta Chim. Acad. Sei. Hung. 54, 1967



LOCSEIl: KINETICS OF MULLITE FORMATION, Il 5

The possibility of sublimation means that aluminium fluoride may react with silica
also in vapour form. According to Schober and Thilo [3] and Reich [11], between 700 and
900° also silicon tetrafluoride reacts with alumina, leading to the formation of topaz.

Thus, the simultaneous occurrence of the following processes may be assumed:

(a) reaction of aluminium fluoride and silica in the solid phase,

(b) hydrolysis of aluminium fluoride,

(c) reaction of silicon tetrafluoride with alumina,

(d) reaction of hydrogen fluoride with silica,

(e) reaction of aluminium fluoride vapour with silica,

(f) conversion of aluminium fluoride into the oxide.

In the experiments described below we aimed at selecting the actual reaction mechanism
from among the possibilities that have been outlined above.

Experimental results

Hydrolysis of aluminium fluoride

During a reaction kinetical investigation of aluminium fluoride the pos-
sibility of hydrolysis must always be borne in mind. This process, may start
because of the action of atmospheric moisture, and its end state depends on
the temperature and the duration of heat treatment. In order to determine the
activation energy and the reaction rate of the hydrolysis process, its progress
was investigated by a static method. The results are given in Table Il. On
applying the Jander correlation [12] to the curve of weight losses (Fig. 1)
in the temperature range from 550 to 800°, we obtain:

Fig. 1. Hydrolysis of anhydrous aluminium fluoride vs. temperature and time of heat

treatment
100 - x Kt (12)
100 |

where x is the amount of aluminium fluoride converted during time t, a value
in Fig. 1 by means of Equ. (7), while K is a constant.

Acta Chim. Acad. Sei. Hung. 54, 1967



6 LOCSEl: KINETICS OF MULLITE FORMATION, II

Table 11

Progress of the hydrolysis of AIF 3 when acted upon by atmospheric moisture, expressed in per cent
by weight, as a function of temperature

Temperature, Time of heat treatment, min.

c 10 30 60 180 360

400 1.69 1.79 1.77 2.13 2.27
500 1.99 2.17 2.17 2.54 2.82
550 2.57 2.92 3.29 5.52 5.35
600 2.98 3.65 4.39 7.52 9.48
700 3.81 5.19 7.45 12.69 12.82
800 6.80 12.69 19.11 33.48 33.64

Relative moisture content of air: 50% at 23°C

The rate constant K has the following values at various temperatures:

*550° = 1.3-10-3
* goo° = 2.6- 10“5
* 700°= 8.3-10-5

« g = 11.0 10“4

E
log™ = log A — (13)
23 RT

where E is the activation energy, R the gas constant, T the absolute tempera-
tures (°K), and A is a constant.
The energy of activation may be calculated from the values given in

Table Ill. The calculation gives the following result:
; (14)
23 R
a= - 0.6792-10-*

E = 370 cal/g = 31.08 kcal/mol.

Reaction of silica with anhydrous aluminium fluoride
Dynamic investigations

The purpose of dynamic investigations was mainly to elucidate the effect
of the grain size of silica on the reaction rate and on the progress of reaction.
In the range between 0 and 60 microns, fractions of 2—3, 10—15, 25—35

Acta Chim. Acad. Sei. Hung. 54, 1967



LOCSEl: KINETICS OF MULLITE FORMATION, Il 7

Table 111
Data to the calculation of the activation energy of the hydrolysis of AIF3
n yi Xi x(y, *10° X\ 10 “m T—273
log K 1/T10*
1 - 4.8713 12.15 - 592 147.62 550
2 - 4.5884 11.45 - 526 131.10 600
3 - 4.0825 10.28 - 420 105.68 650
4 - 2.9586 9.32 - 276 86.86 800
Total -16.5008 43.20 -181.4 471.26 1866.24

n2 xy \-Z X2y
m= n2xr-(2x)*

where K is the rate constant of the hydrolysis at various temperatures (T) and T
is the absolute temperature (°K)

and 40—50 fi grain size were separated by sedimentation from finely ground
quartz sand, and mixed with anhydrous aluminium fluoride. The quantity of
aluminium fluoride in the mixture was 58.3%.

The experimental results are shown in Figs 2 to 5. In all four cases
the curves had the same shape, independently of the grain size of silica. The
increase of weight loss was found to be extremely rapid between 600 and 650°.

oC °C

Fig. 2. Derivatogram and DTA curve Fig. 3. Derivatogram and DTA curve

of a mixture of anhydrous aluminium of a mixture of anhydrous aluminium

fluoride and silica of a grain size of 2—5 fluoride and silica of a grain size of

microns. The stoichiometric ratio in the 10—15 microns. The stoichiometric ratio

mixture corresponds to reaction equa- in the mixture corresponds to reaction
tion (5) equation (5)

Acta Chim. Acad. Sei. Hung. 54, 1967



8 LOCSEI: KINETICS OF MULLITE FORMATION, II

In the range from 750 to 950° the reaction rates appreciably decreased, then
another maximum rate appeared above 950°. In the DTA curves, correspond-
ing to the first maximum rate, an effect appeared which directly passed over
to a more or less blurred maximum. Subsequently, another endothermic effect
was observed in the range 960 —980°.

The heating-up rate was 10°/minute. The derivatograph could be operated
up to 1000°. It follows from the nature of the recording that the equilibrium
corresponding to the end state could not he attained up to 1000°. According
to reaction scheme (5) the theoretical ignition loss would be 54.2%. In the
case of anhydrous aluminium fluoride the ignition loss averaged 34%.

T X
Fig. 4. Derivatogram and DTA curve Fig. 5. Derivatogram and DTA curve
of a mixture of anhydrous aluminium of a mixture of anhydrous aluminium
fluoride and silica of a grain size of 20 fluoride and silica of a grain size of 40
to 30 microns. The stoichiometric ratio to 50 microns. The stoichiometric ratio
in the mixture corresponds to reaction in the mixture corresponds to reaction
equation (5) equation (5)

It has been investigated by the derivatographic method how the reaction
mechanism is affected by the use of various modifications of silica. In experi-
ments with three different modifications, quartz christobalite and quartz
glass were applied. The results of the dynamic investigations are presented in
Figs 6—10.

The fluorine contents of the three mixtures were 38.2, 39.5 and 44.2%,
corresponding to the increasing ratios of ALF3used. The difference between the
fluorine contents ofthe first two mixtures isvery small though the two reactions
theoretically afford two different types of mullite. Under the conditions of the

Acta Chim. Acad. Sei. Hung. 54, 1967



LOCSEl: KINETICS OF MULLITE FORMATION, Il 9

dynamic investigations, the reaction starts only to a very small extent at a
temperature of about 500°. The rate of weight loss (the DTG curves in the
diagrams) markedly increases at about 700° and the maximum values are
attained in the range between 745 and 770°.

The samples weighed according to the stoichiometry of reaction equations
(5) and (6) showed a steady but slight loss above 800°. The only exception was
observed with the quartz glass sample weighed according to Eq. (11) where
an appreciable weight loss appeared above 800° up to 1000°. In thé other

Fig. 6. Derivatogram of a mixture of 56.3% Fig. 7. Derivatogram of a mixture of
anhydrous aluminium fluoride with quartz 65.1% anhydrous aluminium fluoride
glass. Heating-up rate: 10/C/min. with quartz glass. Heating-up rate:

jlO °C/min.

samples, the intensive decomposition of topaz did not begin up to 1000° under
the applied experimental conditions, at a heating-up rate of 10°/min. This
observation indicates the higher reactivity of quartz glass. The overall ignition
losses at 1000° (summarized in Table 1V) showed the maximum value in the
case of quartz glass, followed by christobalite and quartz; this indicates at the
same time the order of reactivities. The actual reaction, i.e. conversion into
mullite is just begun and it is still far from being completed at this temperature,
as proved by two experiments carried out at 1100° when no completion of the
reaction could be observed at this temperature either.
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10 LOCSEl: KINETICS OF MULLITE FORMATION, II

Table IV

Ignition losses (per cent by weight) obtained with various modifications of silica up to 10000
at a heating-up rate of 10°/min.

ALFS % (wiw) 56.3 65.1 58.3
Quartz glass 26.0 34.1 27.7
Christobalite 25.4 27.4 25.2
Quartz 20.6 243 23.6

Static investigations

In an investigation under static conditions of the effect of the grain size
of silica (quartz sand) on the state of the reaction, results resembling those
obtained under dynamic conditions were observed. The data are given in
Table Y. These experiments were carried out at 625° with quartz sand of grain
sizes of 2—3 and 40 —50 /u, respectively, applying the heat treatment for 10,
30, 60 and 240 minutes. The experiments were of a continuous nature; after
the elapse of certain periods the weight of the sample was determined and the

e O L 1 | S— | R L N— L R— 1 1 1 1 1 | | [
100200300100 500 6500 700 8009001000 100 200 3001+00500 600 700800 9001000
X °C
Fig. 8. Derivatogram of a mixture of Fig. 9. Derivatogram of a mixture of
58.3% anhydrous aluminium fluoride 56.3% anhydrous aluminium fluoride
with quartz glass. Heating-up rate: with christobalite. Heating-up rate:
10 °C/min. 10 °C/min.
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Table V

Effect of the grain size of silica on the reaction rate; static investigation at 625 °C

Sample Ignition Duration

weight loss ‘ of heat Grain size
S0 So—Si (1_i) 10 treatment, of quartz
g g % min.
0.6923 0.0100 1.45 10 2-3
0.6771 0.0200 2.95 30 2-3
0.6980 0.0685 9.90 60 2-3
0.6874 0.1399 20.30 240 2-3
0.6791 0.0064 0.95 10 40-50
0.6896 0.0298 431 30 40—50
0.6632 0.0836 12.60 60 40—50
0.6481 0.1333 20.60 240 40—50

test was continued with the same sample. In the case of solid state reaction
the experiments showed satisfactorily identical end states with both grain sizes
employed. The repeated heat treatment, for another 200 minutes, of samples
previously heat-treated for 10, 30 or 60 minutes, gave ignition losses of 20.2 —
20.9%. This can be explained only by presuming that the reaction proceeds
through a vapour phase. On the basis of these results, the investigation of the
reaction mechanism was continued with substances of various grain sizes below
60 /r.

The results of continuous isothermal experiments plotted againstthe
temperature are shown in Figs 11 to 15. These experiments were conducted at

100 200 300W 0 500600 70080090010001100
°C
Fig. 10. Derivatogram of a mixture of 56.3% anhydrous aluminium fluoride with quartz.
Heating-up rate: 10° C/min.
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identical concentrations and the same modifications of silica as those applied in
the dynamic investigations. On the basis of the dynamic results, heat treatment
was started at 500° and completed at 1200°. Identical samples were subjected
to heat treatment in the steps 500—600—650—700—750—800—850—900 —
1000—1100—1200°. In the cases of aluminium fluoride contents of 56.3 and
58.3%, the weight losses were practically the same, with the exception of
quartz glass. This can be interpreted by its amorphous state and higher
energy content.

T(°C)
Fig. 11. Weight loss of a mixture of
56.3% anhydrous aluminium fluoride
and quartz glass during continuous
isothermal heat treatment, as a func-
tion of temperature

Trec)
Fig. 12. Weight loss of a mixture of
56.3% anhydrous aluminium fluoride
and christobalite during continuous
isothermal heat treatment, as a func-
tion of temperature

W ith the first two ratios of aluminium fluoride the end product of heat
treatment was mullite, while in the third variation it consisted of corundum and
mullite.

Interaction of AIF3 and Si02 in vacuum

The weight losses observed both in the dynamic and in the static in-
vestigations were found to be appreciably lower than the theoretical losses
calculated on the basis of reactions (5) and (6). This points to the fact that both
the hydrolysis of aluminium fluoride and reaction (11) play an essential role
in the reaction mechanism. On the basis of the data obtained so far it also be-
came dubious whether a solid phase reaction of this type is possible directly
between aluminium fluoride and silica [1, 3].

In order to study this problem, experiments were conducted in vacuum,
at a pressure lower than 10-5 torr, in a resistance furnace. The results are
listed in Table VI. The values of weight losses accurately follow the theoretical
ignition losses calculated on basis of the weight of the samples. The diffracto-
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Table VI

Percentage weight loss in vacuum, plotted against the temperature

Tem‘lg’““'e 300 400 500 600 700 800 900 1000 1300
| 0.7 0.9 16 4.9 30.0 37.5 42.3 44.2 53.7
2 0.4 0.8 1.3 5.9 32.0 39.7 449 — —
3 — — — — — 38.1 — 54.2

1: Interrupted heat treatment

2: Continuous heat treatment between 300 and 900 °C

3: Theoretical loss, calculated for the formation of topaz at 800 °C, and for that of
mullite and corundum at 1300 °C.

T(°C) TrC)
Fig. 13. Weight loss of a mixture of Fig. 14. Weight loss of a mixture of
56.3% anhydrous aluminium fluoride 58.3% anhydrous aluminium fluoride
and quartz during continuous isother- and quartz glass during continuous
mal heat treatment, as a function isothermal heat treatment, as a func-
of temperature tion of temperature

grams of the substance heat-treated at 800 and 1300° are presented in Table
VII.

At 800° topaz of a fluorine content of 20.4% was formed; this value is
only slightly lower than the theoretical one. The ignition loss slightly exceeded
the theoretical value. Accordingly, the presence of mullite could also be detect-
ed in the product to a small extent. In the sample ignited at 1300°, mullite
and corundum were simultaneously present. Consequently, up to 1300° no
mullite (2 A1203 «Si02 has been formed, only a mixture of 3 A1203 «Si02
and corundum.

The derivatogram of the topaz formed at 800° is shown in Fig. 14. Since
this derivatogram was prepared in an ordinary furnace (not in vacuum furnace),
the hydrolysis of fluoro-topaz started to a small extent also at temperatures
below 800° owing to atmospheric moisture, in the sense of reactions (7) and (8).
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Table VII

Phases formed in vacuum during the reaction of Si02 with AIF3

Prior to heat treatment

d kX

3.852
3.488
3.731
2.494
2.230
2.112
2.066
2.014
1.933
1.756
1.728
1.581
1.557

where 5 denotes mullite,

17
98
37

at 800 °C
A d kX |
N 5.338 7
A 4.392 8
N 4.110 14
A 3.858 14
N 3.705 34
A 3.400 7
A 3.208 36
A 3.038 15
N 3.000 11
A 2.942 36
N 2.731 39
N 2.494 10
A 2.392 7
2.365 18
2.309 4
2.253 3
2.232 3
2.205 7
2.181 6
2.133 3
2.104 22
2.061 10
1.995 3
1.933 6
1.862 11
1.822 5
1.799 3
1.784 3
1.728
1.675 10
1.625 5
1.578 8
1.532 8

C corundum
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After heat treatment
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After heat treatment

d kX

5.400
3.900
3.482
3.430
3.400
2.885
2.747
2.700
2.549
2.430
2.380
2.298
2.242
2.210
2.115
2.085
1.938
1.893
1.845
1.736
1.698
1.600
1.581
1.525
1.462
1.442

at 3300 °C
|

33
10
16
41
58
10
33
25
35

8

8
10

3
16
15
18
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Accordingly, the decomposition of topaz which is complete at 1100° cannot
yield the theoretical value of the total ignition loss, since besides silicon tetra-
fluoride also hydrogen fluoride is split off, corresponding to the equilibrium
state which depends on the prevailing temperature of reaction (8).

T(C)
Fig. 15. Weight loss of a mixture of 65.1% anhydrous aluminium fluoride and quartz glass
during continuous isothermal heat treatment, as a function of temperature

Investigation by X-ray diffraction of the beginning of the reaction between
AlF.j and Si02

It has been proved in the static investigation ofthe reaction of aluminium
fluoride with silica that mullite formation starts also at low temperatures.
However, it is still uncertain which phases are formed besides mullite. This
investigation was carried out with a thermal diffraction chamber by Dr. T.
TakAts inthe Departmentfor Fundamental Researches of this Institute. The ex-
perimental results are shown in Figs 16 to 19. It appears from the series of X-ray
diagrams that in the temperature range from 500 to 550° the amount of alumi-
nium fluoride plotted against the time of heat treatment gradually decreases.
This can be observed in the diagrams from the decrease of the intensity of the
aluminium fluoride line 3.52 kX. After certain decreased level has been attained,
mullite formation begins in the material. Parallel with the increase of the
mullite content, which is shown by the increase of the intensity of the principal
line (3.40 kX), aluminium fluoride completely disappears. In the diffracto-
grams made with the samples after the disappearance of aluminium fluoride,
only the mullite line is perceivable. However, also the presence of an amorphous
phase can be detected on basis of the convexity of the basic curve of the dia-
gram. The amount of mullite was quantitatively determined using a synthetic
mullite preparation (2 A1203 +Si02; 76% A1203) as internal standard. On the
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16 LOCSEl: KINETICS OF MULLITE FORMATION, II

basis of Fig. 20, a mullite content of 10% can be established by taking into
account the ratio of intensities of the line 3.40 kX prior and after the addition

of synthetic mullite.

Degrees

Fig. 17. Thermal diffractogram of a
mixture of anhydrous aluminium
fluoride and quartz glass. Tempera-
ture 500 to 550 °C, exposure 10 and

o
Fig. 16. Derivatogram and DTA curve of
topaz synthesized in vacuum at 800 °C.
Heating-up rate: 10 °C/min.

15 min.

Degrees Degrees
Fig. 18. Thermal diffractogram of a Fig. 19. Thermal diffractogram of a
mixture of anhydrous aluminium fluo- mixture of anhydrous aluminium fluo-
ride and quartz glass. Temperature 500

ride and quartz glass. Temperature 500

to 550 °C, exposure 40 and 60 min. to 550 °C, exposure 150 to 180 min.
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After thermal treatment the fluoride content of the product was 14%.
The nature of the diagram, the fluoride content of the product, and the fact
that the hydrolysis of aluminium fluoride carried out in the discussed tempera-
ture range gave a product with a well-defined X-ray diagram constitute evi-
dence to show that, in addition to 10% of mullite, an amorphous phase of about
90% was formed, which latter contains the mentioned amount of fluoride. The
diagram obtained after the hydrolysis of aluminium fluoride at 550° is shown
in Fig. 21. It can be seen that the hydrolysis of aluminium fluoride at 550° by

Degrees

Fig. 20. Thermal diffractogram of a mixture of anhydrous aluminium fluoride and quartz

glass. Temperature 500 to 550 °C, exposure 210 min. The diffractogram was obtained iu a

cold state, after exposure to heat treatment. Diffractogram of the heat-treated substance

alone (left), and that of a mixture of the substance with 50% of synthetic mullite (right).

On the basis of the intensity ratios of the two diffractograms, the amount of mullite is
approximately 10%

the action of atmospheric moisture under conditions identical with those
applied in the X-ray investigations is incomplete in 240 minutes. The lines
of aluminium fluoride are still perceptible, and also those of the hydrolytic
product can be detected in the X-ray diagrams, though attempts to identify
them have failed thus far. The product of the hydrolysis of aluminium fluoride
is presumed to be aluminium fluoride with undefined contents of fluorine.

Discussion

It has been proved by the static and dynamic investigations with an-
hydrous aluminium fluoride that the reactions taking place in the system Si02
A1F3 are characterized by partial hydrolysis of aluminium fluoride occurring
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even with atmospheric moisture. The ratio of fluorine split off during the
reaction as hydrogen fluoride and silicon tetrafluoride, characterizes also the
reaction of aluminium fluoride with silica in the presence of water. It has been
confirmed by diffraction studies that in the presence of silica the conversion
and decomposition of aluminium fluoride take place more rapidly than the
hydrolysis of aluminium fluoride. This points to the possibility of a direct
reaction of aluminium fluoride with silica.

Fig. 21. Diffractogram of anhydrous aluminium fluoride after heat-treatment for 240 min.
at 550° C in a medium containing steam

Experiments in a vacuum furnace have shown, indeed, that aluminium
fluoride may react directly with silica (cf. Fig. 22) and that the weight loss
and the decrease of fluorine content are in accordance with reaction Eq. (6)
and indirectly also with reaction (5). Thus, it can be established that under
anhydrous conditions the fluorine present leaves the system as silicon tetra-
fluoride, to an extent determined by the equilibrium state which is defined by
the given parameters of temperature and heat treatment. These results sup-
port the reality of the reactions (5), (6) and (11) between aluminium fluoride
and silica which were considered so far only as hypothetical processes. In-
vestigations conducted in vacuum proved the existence of the fundamental
reaction and the formation of fluorotopaz from the aspects of both the weight
loss and the fluorine loss. Also the end state corresponds to the theoretical
weight loss. In the vacuum furnace at 1300°, besides mullite, also corundum
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was formed according to reaction (6), i.e. the formation of mullite approaching
a composition of 3/2 is possible. The end product contained 75.9% of alumina,
23.9% of silica and 0.4% of fluorine.

Acccordingly, the mechanism and progress of the reaction can he char-
acterized with the weight loss and with the decrease of fluoride content by the
following relation:

AS=A F m A 1+ A2
100 2

where AS is the weight loss up to temperature T/, AF = decrease of the
fluorine content (%), R = the quantity (ratio) of fluorine leaving the system
as SiF4, while Ax and A 2 are constants, equal to 4.894 and 0.578.

Fig. 22. Diffractogram of fluorotopaz synthesized in vacuum at 800 °C

On the basis of the dynamic and static investigations, the effect of the
thermal gradient on the kinetics ofthe reaction can be qualitatively established.
However, it appears advisable to subject this problem to a more thorough
quantitative examination.

In the course of the reaction of aluminium fluoride and silica in the
presence of water, three processes take actually place:

1. Direct reaction of aluminium fluoride and silica.

2. Hydrolysis of aluminium fluoride.

3. Reaction of silica with hydrogen fluoride formed in the hydrolysis of

aluminium fluoride.

The over-all result of this process may be adequately followed by measur-
ing the ratio of fluorine (the so-called “R” value) leaving the system as silicon
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tetrafluoride. However, it has not been possible to decide whether silicon
tetrafluoride is really formed as a primary or secondary product. Direct reaction
is also a possibility, as proved by experiments carried out in vacuum and by
thermal X-ray investigations.

During the reaction, amorphous and crystalline aluminium fluorosilicate
are formed as the intermediate phases which are then converted into mullite
by consecutive thermal decomposition. The fundamental importance of the
thermal gradient has been proved by the X-ray diffraction tests which show
mullite formation to begin at temperatures below 600° and prove the formation
of an amorphous phase. At low temperatures, mullite is formed through an
amorphous phase. Namely, the mullite line appears only after the consumption
of an appreciable portion of aluminium fluoride. The development of the
amorphous phase is of necessity simultaneous with the progress of the hydro-
lysis and the reaction of aluminium fluoride.

SUMMARY

On the basis of dynamic and static reaction kinetical investigations it has been shown
that anhydrous aluminium fluoride can also directly react with silica. This process may
quantitatively take place even in a completely anhydrous system. In the presence of water,
hydrolysis of aluminium fluoride may begin because of the action of atmospheric moisture,
and may markedly affect the reaction mechanism. In the reaction of aluminium fluoride
with silica, mullite is formed through an intermediate phase of amorphous and crystalline
aluminium fluorosilicate. The formation of mullite starts at temperatures below 600 °C,
depending on the thermal gradient of the reaction and on the fluorine content of the system;
in this case no crystalline aluminium fluorosilicate phase is developed. Mullite is formed
from the amorphous phase at lower temperatures than from topaz, the crystalline form of
aluminium fluorosilicate.
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Introduction

Our Institute has been working for four years on the subject of deter-
mining trace contaminants in various high purity metals and reagents. Besides
the methods of spectrography and activation analysis, anodic stripping voltam -
metry has also been applied with success in this work. The following electrode
types have been tested and are in use:

. Hanging mercury drop electrode at gilded platinum.

. Mercury drop pool electrode with platinum point contact.

. Hanging mercury drop electrode with side screw and “Nalgon” tube.
. Silver electrode covered by plastic material.

. Graphite electrode.

O B W N -

Some problems in connection with the above electrode types have already
been discussed at the Pure Metals Symposium in Dresden, in September, 1965
[1] and at the International Symposium on Microchemical Techniques in Penn-
sylvania, in August, 1965 [2]. In the course of a normal routine analysis, cop-
per, lead, cadmium, zinc and gallium can be determined in aluminium of
99.99—99.9999% purity, in a sample of max. 0.2 g, by means of a mercury
electrode. Ga is determined in a 0.001 M solution of benzoic acid, and the other
components in a hydrochloric acid medium of pH = 3. The copper, lead and
cadmium contaminants of high purity gallium are determined in a weak
hydrochloric acid medium; the zinc, copper, cadmium and lead contents of
high purity manganese in a sodium acetate electrolyte. The time of electrolysis,
voltage, rate of mixing and scan rate of stripping which are optimal from the
point of view of enrichment are selected in each case depending on the compo-
nent to be determined, and upon the electrolyte.

The most important condition of this method is the use of reagents of
sufficiently high purity for each determination. Our reagents were prepared,
in general, in this Laboratory. Ultra-pure hydrochloric acid, nitric acid, acetic
acid and ammonia were obtained by the cold distillation process. Sodium
acetate, sodium citrate and potassium chloride were freed from undesirable
impurities by extraction with dithizone and subsequent recrystallization.

Acta Chim. Acad. Sei. Hung. 54, 1967



22 LOVASI, TOMCSANYI: ANODIC STRIPPING VOLTAMMETRY

Investigation of the determination
of further trace contaminants of aluminium

In the investigation of trace contaminants of high purity aluminium, the
problem ofsilver determination is also encountered. Since very small quantities
(1—0.1 ppm) are involved, anodic stripping voltammetry is the only polaro-
graphic method which may be used to solve this problem. In this case a station-
ary mercury electrode is not suitable as the working electrode, since the normal
potentials of the systems Ag+/Ag and Hg2+/Hg are practically identical [3].
The methods mentioned in the literature for determining silver by anodic strip-
ping voltammetry or by coulometry suggest the use of platinum [4], graphite
[5, 6] and carbon paste [7, 8] as the working electrodes.

Fig. 1. Ip vs. CAgin 0.1 M HC1. Enriching electrolysis at — 0.7 V vs. S. C. E. for 10 minutes

Graphite which is a good conductor and has an inert character is a very
suitable electrode material in anodic voltammetry [9, 10]. Owing to its high
oxygen overvoltage, it is especially useful in the determination of anodic
oxidation processes and metals of not very negative normal potentials. Graph-
ite has one drawback: the renewal of its surface is a rather complicated pro-
cedure. The quality of graphite surface is of decisive importance as far as the
residual current is concerned. If the electrode surface is coarse, the residual
current is larger [11].

In order to develop a rapid and simple method, 0.1 M HC1 was chosen as
the supporting electrolyte, since aluminium can be dissolved most readily in
this acid. We determined the highest silver concentration which did not give
yet a precipitate in 0.1 M HC1 under the experimental conditions used. This
value was not identical with that calculated from the solubility product, the
latter being 1.56 <10 _9 M. In spite of this, no precipitate was obtained even
at silver concentrations of 7.5 «10~e M. This fact is probably due to the for-
mation of a chloro-complex. It is seen in Fig. 1 that the Ip—C”g function is
linear even at higher silver concentrations (the peak current is directly pro-
portional to the concentration), whereas formation of a precipitate should
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cause a breaking point in this function (Fig. 1). This means that 0.1 M HC1
can he used as the supporting electrolyte, since no silver precipitate is formed

in the presence of the small amounts of Ag present in the aluminium of
99.999% purity to be analyzed.

Experimental method

The working electrode had a surface of 3.14 mm2 and consisted of spectroscopically
pure graphite impregnated with paraffin. The electrode was soaked in a bath of chemically
pure hot paraffin for 2 hrs. The electrode surface was prepared by polishing withfine emery cloth

Fig. 2. Current-voltage curves for stripping of silver in 0.1 M HC1. Enriching electrolysis
for 10 minutes at —0.7 V vs. S. C. E.
Silver concentration: 1. Supporting electrolyte — 2,—3. 0.05 «g Ag/20 ml — 4. 0.10 us
Ag/20 ml — 5—6. 0.20 /w, Ag/20 ml — 7—8. 0.30 pg Ag/20 ml
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and with filter paper. The prepared graphite electrode may be polarized in 0.1 M HC1 between
+ 1.1V and —0.7 V vs. S. C. E., with the residual current in this range not exceeding 0.2 pA.

The measuring cell was a quartz beaker covered by a plexiglass cover with three per-
forations. A saturated calomel electrode which was connected to the cell by a salt bridge
was used as the reference electrode. The salt bridge was filled with the supporting electrolyte
— in this case with 0.1 M HC1 — and the end of the bridge submerged in the calomel elec-
trode was stopped up by a plug made of a twist of filter paper. Generally a solution volume
of 20 ml was used. Nitrogen or argon gas was used to remove oxygen from the sample solu-
tion. A Radelkisz Type OH— 102 Polarograph was used for the measurements, and the con-
stancy of material transport was ensured by a magnetic stirrer of constant revolution rate.

Results

In the first part of our work the parameters which influence the determi-
nations were investigated in aluminium-free solutions. The graphs of potential
is. peak current, and time of electrolysis vs. peak current were obtained during
the enriching electrolysis. These curves showed an optimal electrolysis poten-
tial of —0.5 to —0.7 V, and an optimal time of electrolysis of 5 to 10 minutes
in the concentration range of 10 “8 M. The scan rate in the stripping process
was 1.5 ¥/min, the peak potential of silver was +0.1 ¥ vs. S. C. E. This value
varies by some 0.01 V depending on the concentration. Fig. 2 shows some typi-
cal silver stripping curves.

The peak currents were reproducible to +5 relative % provided the
electrode surface had been cleaned before each measurement by electrolyzing
for some minutes at +0.8 V. The presence of aluminium slightly modifies the
peak potential and the form of the stripping curves. The peak potential takes
on the value of 0.0 V relative to the saturated calomel electrode. Fig. 3 shows
that the silver stripping curves develop less sharply defined peaks in the
presence of aluminium.

The silver concentration vs. peak current curve was recorded in the
concentration zone of 10 ~8in the presence of different amounts of aluminium
(Fig. 4). These curves show that by increasing the amount of aluminium, the
slope of the curves, i.e. the sensitivity of the method, decreases.

The determination is disturbed by the presence of metals which have a
more positive formal potential than the potential of the enriching electrolysis.

We found thatonagraphite electrode Cuand Biwere represented by peaks
in the vicinity of the silver peak (Cu E,p= —0.2 V, and Bi E,p= —0.05 V).
Therefore, if these metals are presented in concentrations of a higher order
of magnitude, the method is not applicable. Even in amounts of the same order
of magnitude their presence interferes with the evaluation and so impairs the
accuracy of the method.

The method was tested with aluminium samples of different silver con-
tents. Before dissolving the aluminium of 99.9999% purity, different amounts
of silver were weighed and added to it, and the silver content was determined.
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Fig. 3. Current-voltage curves for stripping of silver in 0.5 M HC1 in the presence of 0.1 ¢
of Al. Enriching electrolysis at —0.7 vs. S. C. E. for 10 minutes
Silver concentration: 1. Supporting electrolyte — 2. 0.05 fig Ag/20 ml — 3. 0.10 fig Ag/20 ml
4—5. 0.20 fig Ag/20 ml — 6. 0.30 fig Ag/20 ml — 7. 0.40 fig Ag/20 ml

Fig. 4. Ip vs. CAgin 0.1 M HC1 in the presence of 0.1 g ... and 0.2 ¢ --—--—- of Al
Enriching electrolysis at —0.7 ¥ vs. S. C. E. for 10 minutes
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It has been found possible to determine 0.5 ppm of silver (0.05 fig of Ag in the
presence of 0.1 g of AL in 20 ml of electrolyte); the accuracy of the method is
+5 (relative) per cent. Parallel determinations were made by activation ana-

lysis, and the results were found to be the same as obtained by stripping voltam -
metry.

Similarly to the analysis of silver, also gold may be determined in alu-
minium by stripping voltammetry, using a paraffin-impregnated graphite
electrode. The development of this procedure is in progress in our Institute.

SUMMARY

The extension of stripping analysis to the determination of trace quantities of silver
and gold in aluminium has been investigated. Paraffin-impregnated graphite electrode was
used in the experiments. A method has been evolved for the determination of silver in high
purity aluminium. The error limit of the method does not exceed + 5 relative %, the lower

limit of sensitivity is 0.5 ppm. Further studies are in progress in our Institute for the deter-
mination of gold in aluminium.
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Introduction

When investigating the formation and structures of complex species, the
possibilities offered by ion-exchange and extraction techniques are the most
promising procedures. Though ion-exchange is considered generally useful
for systems in which there are only mononuclear complexes, it has some draw -
backs as compared with extraction:

(@) When approaching equilibrium, the Donnan penetration is to be
taken into account;

(b) Determination of the concentration in the resin phase usually runs
into difficulties;

(c) The time required for attaining equilibrium is considerably longer
than in case of liquid-liquid partition;

(d) Adaption of the data obtained with the aid of batch equilibrium
measurements to column operation necessitates uncertain approximations.

Most of the difficulties and disadvantages of the two methods can be
eliminated by using liquid ion-exchangers, and it was actually the primary
purpose of the present investigations to prove the applicability and reliability
of this technique.

Experimental

Equilibrium measurements were made using polythene bottles; after shaking for 4 hours
at 25° C, the bottles were stored overnight and aliquot portions of both phases were used
to determine the concentration and pH if required. The ratio of phases was adjusted to 1 : 1.

Radioactive ni~114mIn was produced by the conventional (n,y) reaction by irradiating
indium metal of spectrographic purity with a thermal neutron flux 2XK 13 n.cm'! sec” 1.
The irradiated target was dissolved in concentrated nitric acid, and the solution evaporated
three times to dryness, in the presence of excess c.p. perchloric acid, to avoid any complexing
due to nitrate or chloride ions.

The concentration of indium was maintained at 10~4 M. The ionic strength of the
aqueous solution was adjusted with HC104 to 0.5 M (with the exception of the series where
pH was to be changed).

a-Hydroxyisobutyric acid (AHIBA) solutions of the required concentrations were
prepared by diluting stock solutions. The free ligand concentration (AHIB~) was calculated
from the dissociation constant values given in the literature [1].

Di-2-ethylhexyl phosphoric acid (DEHPA) dissolved in toluene was chosen as the
ion-exchanger representing the organic phase. According to the literature [2], DEHPA s
present in dimeric form in a non-polar organic solvent:
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RO OR

(where R denotes the ethylhexyl radical).

The concentration of indium in both phases was determined by a well-type scintillation
detector and a Gamma Scaler type MK-108, while the pH was measured by Radiometer PH-4
using a glass-calomel electrode pair.

In measuring the hydrogen ion concentration in the region below pH = 1 troubles
due to electrode error were encountered, so in such cases a known volume of a standard
sodium hydroxide solution was added to the sample, and the pH of the original solution was
determined by calculation.

Results

In order to prove the reliability of the method the first series of experi-
ments was carried out in the absence of any complexing agent. Figs 1 and 2

Fig. 1. Distribution ratio as a function of the concentration of di-2-ethylhexyl phosphoric
acid [In3+] = 10“4 M, [HCIOJ = 0.5 M

show the dependence of distribution between the organic and aqueous phases
as a function of the pH at equilibrium in the aqueous phase, and the initial
concentration of DEHPA in the organic phase, respectively. Both sets of data
reveal third power dependence (slope = 3) indicating the distribution of the
trivalent indium ions.

The results of measurements at various concentrations of st-hydroxy-
isobutyric acid are shown in three types of diagrams.
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In the first set 1/D was plotted against the free ligand concentration at

o

D D
different ionic strengths (Fig. 3). The second set shows the plot----------—-- against

D (Fig. 4), while in the third, the change of log D as a function oflog [DEHPA]
is represented (Fig. 5). Each diagram indicates linear correlations.

Fig. 2. Distribution ratio as a function of the pH [In3+] = 10~ M, [DEHPA] = 10~2 F

Fig. 3. Inverse of distribution ratio as a function of the free ligand concentration at different
ionic strengths [In3+] = 10~4 M, [DEHPA] = 5 X 10"2F 1: 0.5 M HC104; 2: 0.4 M HC104;
3: 0.3 M HC104; 4: 0.2 M HC104; 5: 0.1 M HCIO,
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Discussion

In the absence of a complexing agent no complex formation is to be
assumed, therefore the exchange between the phases is described by the re-
lation:

uMT+] + MmO[(HA)] — o[M(HA2M + mwH+] (€))
D
Fig.4.9-°--:--|-3-tis. D for the system indium-a-hydroxyisobutyrate [In3+] = 10-4 M.
Ly [DEHPA] = 5 X 10"2 F, [HC104] = 05 M

Fig. 5. Distribution ratio as a function of the concentration of di-2-ethylhexyl phosphoric
acid in the presence of a-hydroxyisohutvric acid [In3+] = 10-4 M, [flI€10,] = 0.5 M.
p [AHIB] = 35 F

for which the law of mass action reads:

OM(HA2)m PI(HA)Zm
° WH+]m
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The left side of Eq. (2) might be replaced by the distribution ratio
measured in the uncomplexed system, consequently

De = ko °oL(A4lr (3)
nH+]T
or in terms of logarithms:
log D° = m {log O[(iE 4)2] - 1oSw[sA +1{ + logfcO . (4)

According to Eqs (3) and (4), when plotting log D° against the pH (at
constant [(HA)2]), or log D° against log [(HA)2] (at constant pH), respectively,
straight lines with slope = m are obtained.

The value of log kO, on the other hand, may be determined by extra-
polating the straight to the point log [(HA)2] = log w[H +] where, according
to Eq. (4), log D° = log k0. From Figs 1 and 2 the log kO values are — in
good agreement with each other — 3.56 and 3.63, respectively.

From the point of view of complex formation Figs 3 and 4 are to be
discussed in detail. The first task is to find out whether all the species formally
possible, i.e. [In3+], [InL2+], [InL3+] and [InL3] are present, and to deter-
mine the stability of the species the formation of which can be proved; the
mathematical treatment of the experimental data is considerably simplified
if any of the species assumed can be neglected.

In case of a stepwise formation of the complex species of indium with
AHIBA in the aqueous phase the distribution ratio (omitting symbols of
charge) will be defined as follows:

o[M]
»[M] + WML\ -f nfML2] +

(5)

Eq. (5) is valid with the assumption that no charged or uncharged com-
plexes are bound in the organic phase; since this phase contains a cation ex-
changer, the presence of neutral complexes can be, in fact, neglected. However,
the absence (or presence in only negligible amounts) of species
(0 < n< m) was proved only some years ago in the course of similar investi-
gations with liquid ion-exchangers [3—7], partly by using 14C-labelled ligands.

When D° is defined with similar simplified notations as

0[M]

b® = (6)
M)
and introducing the step formation constants
k = [ML,]
© ML "
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Equations (5), (6) and (7) can be combined to give
-N- = 14 k1[L] + kIk2[LV+ ... . (8)

Provided that only the 1 :1complex exists, plotting of 1/D against [L]
gives a linear relation from the slope of which kj is obtainable by calculation.

It is striking that values of 1/D extrapolated to [L] = 0 agree with the
values of 1/D° directly determined.

From curve 1in Fig. 3 the first stability constant was determined in this
simple graphical way, and the value log = 3.52 was obtained.

Analogous values in the range 3.50 to 3.56 were obtained from curves
2—5 of the same Figure, corresponding to different ionic strengths.

The linear relationship indicates that in the aqueous phase species
[M(AHIB)3+] predominates.

R ossotti has shown [8] that if both [M] and [ML] partition, so

D° + D' k1[L] (9)

2 KI[L]

If species [ML] is the only complex present in the aqueous phase, k1 may

be calculated according to Eq. (10):
*j = p*—D (10)
(D —DM)[LI]
which, on rearranging, gives
D°-D = fe, D - kxD". (11)
[L]
Plotting the left side of Eq. (11) as a function of D a straight line with slope k+
is obtained. According to Fig. 4, log  was found to be 3.53, in good agreement
with the value got from Fig. 3.

In Fig. 5, where the change of log D is presented as a function of log
[DEHPA] at constant [L] (pL = 3.5), straight line with slope 3 is obtained
which also implies that only the distribution of [M3+] is significant and the
concentration of [ML2+] in the organic phase is negligible; this is in good
agreement with the data of Fig. 4, from which according to Eq. (11) a D value
of about two orders of magnitude less than D might be estimated.

The accuracy of the graphical methods outlined above was checked by a
least squares method of numerical calculations. After rearranging, Eq. (8)
can be written as follows:

no m

X=— —1=2 kdLV (12)
Vv =
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and the task is to find the relation which gives minimum error regarding func-
tion X and the argument, i.e. to determine the value of fel for which the sum
of the squares of deviations between the left- and right-hand sides of Eq. (12)
is minimum. This value is obtained by making the first derivative equal to
zero; the calculations performed yielded a value of kx = 3250 (log fc1= 3.51).

The degree of formation of the species present as a function of the free
ligand concentration is shown in Fig. 6 from which the conclusion can unam-
biguously be drawn that in the region investigated species [M3+] and [ML2+]
are the dominating ones.

plLd
Fig. 6. Degree of formation as a function of the free ligand concentration
[In3+] = 10“4 M, [DEHPA] = 5 x 10'2 F, [HC104] = 05 M

The authors’ thanks are due to Mr. Gy. Toth for his valuable help in performing
the measurements.

SUMMARY

Using di-2-ethylhexyl phosphoric acid as liquid ion-exchanger, the formation of com-
plexes of a-hydroxyisobutyric acid with indium has been studied. It was found that the
distribution is characterized by the partition of indium ions between the two phases, and
besides the formation of [In(AHIB)2+], other complexes need not be taken into account
in the aqueous phase. The first stability constant of indium a-hydroxyisobutyrate has been
determined by graphical and numerical methods which gave in good agreement the value
of log fcj = 3.51.

Symbols
AHIBA a-hydroxyisobutyric acid
AHIB a-hydroxyisobutyrate ligand
D° distribution ratio in the absence of complexing agent
D distribution ratio in the presence of complexing agent
D' distribution ratio of a single complex species

DEHPA liquid ion exchanger: di-2-ethylhexyl phosphoric acid

fc, stoichiometric equilibrium constant in the absence of complexing agent
g step formation (stability) constant as defined by Eq. (7)

L ligand

M metal (indium)

m stoichiometric coefficient, charge
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negative logarithm of free ligand concentration
function defined in Eq. (12)
degree of formation

Indices
aqueous phase
organic phase
charge of species
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Introduction

The weight of methanol required just to bring about miscibility of a given
mixture of toluene and water is always a constant quantity at a given tempera-
ture. A slight change in the ratio of water to toluene will change measurably
the quantity of methanol required for miscibility. If potassium chloride is
added to the same amount of water, keeping the toluene content unchanged,
a different amount of methanol should he required.

The aim of the present investigation is to understand the state of the
solute in the solvent mixture from the compressibility data. On the assumption
that solvent molecules involved in solvating the ions do not contribute to the
compressibility of the solution, Passynsky [1] calculated solvation numbers,
Hn, by the formula

Hn (1)

where nl is the number of gram-moles of the solvent
n2 is the number of gram-moles of the solute
R is the adiabatic compressibility of the solution
R0 is the adiabatic compressibility of the solvent

B = ——5where u is the ultrasonic velocity and pis the density of the medium.
u 2q

Apart from the compressibility data, solvation numbers have also been
computed and are discussed.

Experimental

The methanol, toluene and potassium chloride used were of BDH Analar grade of
purity. Methanol and toluene were further purified before use [2]. The matter used was
double distilled. Its specific resistance was 1.11 ¢ 10s ohm-cm (35 °C).

The measurements of ultrasonic velocities were made using the Debye and Sears [3]
diffraction method. The frequency of the piezoelectric quartz oscillator used in our experiments
was 5 Mc/s. The second order diffraction fringes were taken in all cases for measurement.
A Hilger's X-Ray Microphotometer L486 was employed with Multiflex galvanometer of sensi-
tivity 8 ¢ 10-9 A/mm to measure the distance between the fringes. The solution was kept in
a specially fabricated water-jacketted stainless steel cubical vessel with chromium-plated
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inside, and two optically plane glass windows were cemented on the opposite faces to get
perfect transmission of the sodium light used as the source. Colora ultrathermostat Type N
was used, and the cell temperature maintained at 35°C + 0.05 °C. For each experiment,
the cell required about 105 ml of the solution. Special care was taken to avoid evaporation by
closing the cell with two well-fitting slotted covers, such that by introducing the slots in
the opposite direction the cell was covered well, except for the piezoelectric crystal holder.

Photographing of the diffraction patterns presented some difficulty, since mixtures
of organic liquids gave blurred patterns. This was overcome by giving exposures only for
short periods and using fast plates. The accuracy of the velocity measurements was + 0.3%.

Measurement of viscosity

A Cannon-Fenske type viscometer was used. The viscometer, while making measure-
ments, was kept immersed in a glass-walled thermostat at 35 °C + 0.05 °C. The flow time
of the various solutions varied from 64.3 to 102.4 seconds. The precision reported here is
+ 0.5%.

Density

A 10-mi specific gravity bottle was used, and care was taken that the bottle and
contents should attain the thermostat temperature before weighing. A Sartorius semi-micro
single-pan balance accurate to the fifth place was employed for weighing.

Conductance measurements

A Philips conductivity measuring bridge Type PR 9500/90 was employed. The cell
was kept immersed in a thermostat maintained at 35 °C + 0.05 °C. The instrumental accuracy
varied between 1.5% and 3% of the measured resistance. This accuracy was sufficient for
our purpose, as we aimed at knowing approximately the equivalent conductance values, in
different solutions.

Preparation of solutions

For determining ultrasonic velocities, larger quantities of solutions had to be prepared
(of the order of 120 ml). For this, a suitable ratio by weight of toluene and 0.1 M potassium
chloride in water was placed at 35 °C in a conical vessel, and methanol was added till the
opalescence produced just disappeared. The weight of methanol added was known. The same
ternary mixture without potassium chloride was prepared by taking the same weight percent-
age ratios of the three solvents as in the previous case. It should be mentioned that in this
latter mixture, the content of methanol is slightly more than just required for miscibility.
This is necessary to satisfy Passynsky’s equation. The density, viscosity, electrical resistance
and ultrasonic velocity measurements were done with the above solutions.

Discussion

The last column of Table Il gives solvation numbers which are negative
in almost all cases except the first. Negative solvation has no physical meaning.
Only in one case, Sudgen [4] reported negative hydration for potassium
chlorate and potassium nitrate, and explained it by depolymerization of the
water molecules. Based on experiments concerning the coefficient of self-
diffusion of water molecules, Samoilov [5] predicted the existence of negative
hydration for K+, Cs+, and Cl"ions. Experiments on the self-diffusion of
water molecules by Wang [6] confirmed Samoilov’s theory. However, the
present situation and the technique adopted here for determining solvation
numbers are quite different.
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At this stage it is appropriate to examine the reliability of Passynsky’s
equation which has been criticized as being based on dubious assumptions [7].
We feel that Passynsky’s equation is based really on logical grounds provided
the limiting factors are understood. Around an ion the solvent dipoles orient
themselves. The radial distribution of ordering around the ion is purely a
function of (a) the ion-dipole interaction and (b) the interaction between the
induced dipoles and the other solvent dipoles. In other words, the distance
through which induction bv the central ion is transmitted is a significant
factor. Passynsky’s main assumption was that the solvent molecules in the
hydration sheath do not contribute to the compressibility, in other words, to
the acoustic characteristics of the medium. Passynsky’s assumption can be
given a rational basis, if the frequency of the acoustic vibrations is also taken
into consideration. For example, at very high ultrasonic frequencies, it is
reasonable to expect that even the first layer of solvent molecules surrounding
an ion will be disturbed, and at still higher frequencies we may expect the
ions themselves to undergo some degree of compression. Similarly, at low
ultrasonic frequencies only solvent molecules several layers beyond the central
ion may be affected. In other words, the so-called solvation number obtainable
from Passynsky’s method will give an indication about the cluster of solvent
molecules around an ion which remains undisturbed for a given frequency of
ultrasonic vibrations transm itted through the medium. Therefore, a reasonably
reliable estimate of what is known as primary solvation numbers could be
obtained only by performing dispersion studies.

Under such conditions, the solvation numbers obtained at a particular
ultrasonic frequency such as 5 Mc/s employed in our experiment have no signif-
icance in the sense in which solvation numbers are understood in the electro-
chemical studies of ionic solutions. However, in comparing a series of solutions
whose constituents are the same, and which differ merely in concentration,
the values of solvation numbers obtained at a specific ultrasonic frequency
should qualitatively indicate the type of ordering around an ion.

We shall now analyze the data presented in Tables | and Il. Before we
understand the state of the solute in the ternary mixture, it will be of interest
to know the state of existence of water and methanol molecules in this system.
A comparison of viscosity values between Tables | and Il shows no fall in
viscosity due to the addition of potassium chloride, such as is well known in the
case of agueous potassium chloride solutions at low concentrations, where the
effect was explained as due to the breaking of the structure and consequent
depolymerization of the water associated molecules. Krishnamurthi [8]
explained the behaviour of methanol-water mixtures as due to their mutual
destruction of association. Hence, it seems that in the ternary system, water
and methanol molecules exist as single depolymerized entities. In fact, the
reason for choosing this ternary system to investigate the state of potassium
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Composition by weight in g

W ater

6.51
10.32
13.50
16.30
19.51
23.16
27.43
34.69

Toluene

45.48
31.00
23.31
17.94
13.43
10.01

6.79

3.76

Methanol

47.96
58.60
63.09
65.60
66.86
66.66
65.57
61.29

Composition by weight

01M
KC1
soin.

6.56
10.40
13.60
16.42
19.66
23.33
27.64
34.95

percentage

Toluene

45.48
31.00
23.31
17.94
13.48
10.01

6.79

3.76

Methanol

47.96
58.60
63.09
65.60
66.86
66.66
65.57
61.29

+2.4% to *5.4%.

Density
(g/mo0

0.8277
0.8278
0.8312
0.8344
0.8413
0.8479
0.8579
0.8657

Density
(g/ml)

0.8282
0.8284
0.8318
0.8351
0.8424
0.8488
0.8597
0.8671

Table |
Adiabatic . .
compres- Adiabatic
. . Ultrasonic sibility compres-
Viscosity velocity (xIO 1em?2 sibility
(centipoise) (m/sec) dyne-1) xl012cm2
(experi- dyne-J)
mental) (calculated)
0.640 1205 83.2 188.9
0.683 1220 81.2 224.7
0.725 1160 89.4 239.0
0.768 1216 81.0 272.7
0.814 1268 73.9 326.8
0.864 1237 77.1 254.0
0.931 1264 73.0 249.3
0.974 1292 69.2 250.9
Table 11
Ultra- Adiabatic "
Viscosity sonic C;’g‘iﬂrgf‘ r;ﬁggg‘ge
centipoise; elocit
(centipoise) V(mlselc)y (xI012cm3 (ohm-cm)
dyne-1)
0.651 1229 79.9 0.36 - 104
0.689 1213 82.0 0.19 - 10*
0.728 1152 90.6 0.14 m10J
0.773 1201 83.0 0.11 - 104
0.820 1231 78.3 0.09 m104
0.871 1216 79.7 c.ov e
0.931 1256 73.7 —
0.980 1271 71.4 —

Specific
resistance
(ohm-cm)

1.04
0.58
0.95
0.95
0.61
0.78
0.70
0.59

Equi-
valent
con-
duc-
tance

49.5
58.4
61.7
66.2
67.5
68.8

=105
« 105
* 105
=105
+ 105
- 105
- 105
« 105

Sol-
vation
number

144

- 101
51
13
38

The precision of the values of solvation numbers reported in this Table varies from

chloride in it is that previous literature has indicated the existence of free
molecules of water and methanol in this system, in contrast to their complicated
existence in pure water and pure methanol; the presence of toluene allows a
choice of different dielectric constants for the medium. On the other hand,
Table IV shows that the adiabatic compressibilities of solutions of potassium
chloride in water—methanol systems are low'er than in the corresponding water-
methanol mixtures. Further, Table V also shows that the adiabatic compressi-
bility of potassium chloride
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compared with 126 «10~12cm2dyne -1 for the pure solvent. This clearly shows
that potassium chloride solutions in methanol are solvated. From Table 111,
we can see that potassium chloride in water has a compressibility of 40.7 «10 ~12
cm2dyne-1 as against 43.6 ¢« 10 12 cm2 dyne-1 for pure water, thus giving a
Passynsky solvation number 37. As it has been mentioned earlier, even though
a solvation number of 37 is not much significant, from known values by other
physico-chemical methods it is established that in the case of potassium chloride
in water the ions are hydrated.

Table 111
Adiabatic
- Density Viscosity compres- Solvation
Liquid inoi sibilit:
a (g/ml) (centipoise) (x|012c¥n2 number
dyne-1)
W ater 0.9941 0.723 43.6 -
Toluene 0.8528 0.547 79.3 —
Methanol 0.7772 0.474 126.0 —
0.1 M KC1
soin. (AQ.) 0.9986 0.721 40.7 37
Table TV
Composition by weight Adiabatic
percentage Density Viscosity Ultrasonic compres-
(g/ml) (centipoise) vel/ocny Ing]lzllty ,
cm
Water Oéché éﬁﬂ) Methanol (misee) (Xdyne— *
79.7 20.3 0.9598 1.034 1584 415
79.7 20.3 0.9631 1.058 1639 38.7
50.4 49.6 0.9055 1.146 1499 49.4
50.4 49.6 0.9091 1.161 1504 48.6
19.8 80.2 0.8328 0.795 1260 75.6
19.8 80.2 0.8336 0.796 1271 74.3
Looking at the last column of Table Il, where the solvation numbers are

given for the different ternary mixtures containing potassium chloride, one
observation is unmistakable. The first system giving a solvation number of
144 stands out distinctly from the rest of the compositions in all of which the
solvation number is negative though of different magnitudes. Another interest-
ing point that comes out prominently for consideration is that the compressi-
bility values obtained experimentally as given in Column 7 of Table I, when
compared to Column 7 of Table 11, show an increase in compressibility of any
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one of the ternary compositions when potassium chloride is added. These two
observations require explanation. An increase in compressibility should neces-
sarily be explained as due to the creation of more voids in the medium. An
observation of significance is that in the first composition where the solvation
number is positive, there is a fall in the adiabatic compressibility on adding
potassium chloride (from 83.2 « 10 ~12cm2dyne -1 to 79.9 ¢ 10 ~122cm2dyne _1),
whereas in all other cases where the solvation number is negative, the indi-
cation is that addition of potassium chloride increases the compressibility.
Though no significance at this stage is necessarily attached to the variation
in magnitude of the solvation numbers obtained with 5 Mc/s ultrasonic irradi-
ation, the fact that they are negative brings out very important points; firstly,
that the ions are not solvated, and secondly, there is an implication that it is
the ions that perhaps surround the solvent molecules or clusters of them. One
has now to invoke the substitutional and interstitial solutions discussed by
Gurney [9, 10]. From these considerations, it appears that in the ternary
system ofpure solvent without the electrolyte there are clusters in which metha-
nol and water exist in substitutional state, with toluene in interstitial positions.
For the formation of a substitutional solution, the force of attraction between
the methanol and water molecules should be strong enough to prevent the
constituents from coming together and falling to a state of much lower po-
tential energy, and at the minimum, the force of attraction between a methanol
and a water molecule should be of an order that exists between two water
molecules or between two methanol molecules. Evidently toluene cannot form a
substitutional solution, and if it exists in a homogeneous solution it may only
occupy interstitial position with respect to methanol and water.
Three-dimensionally at least 4 molecules will be required to make a cluster
around a solvent molecule. Perhaps we may imagine a cluster, around a toluene
molecule made up of equal number of methanol and water. The extra molecules
of methanol or water, not existing in clusters, must be surmised to be floating
among the clusters. When potassium chloride is added to this system, what
really happens is solvation of the free water or methanol molecules. In all
cases investigated the methanol content was higher than that of water, and
by the same Passynsky’s method as recorded in Table Y, the solvation number
of potassium chloride in pure methanol is 223, a positive value at 5 Mc/s

Table V

Data for 0.019 M KCI solution in methanol

Density Viscosity Ultrasonic Adiabatic Solvation

e locit compressibility
(s/mO (centipoise) \zfn;)scelc)y (xI012 cm2 dyne-1) number
0.7782 0.480 1086 109 223

Acta Chim. Acad. Sei. Hung. 54, 1967



RANGARAJAN, SURYANARAYANA: WATER—TOLUENE—METHANOL SYSTEMS 41

frequency of ultrasonics. Thus the only explanation that can be given for the
positive and negative solvation numbers in Table Il seems to be that perhaps
in all cases there is a solvation of the ions, but in the first case where the magni-
tude is 144, the binding force between the ions and methanol molecules is
strong enough that the 5 Mc/s acoustic oscillation is not able to disrupt it. All
other cases where the solvation numbers have a negative sign imply that the
force of attraction is too small between the ions and the solvent molecules,
thus the 5 Mc/s acoustic vibration is able to disruptit. The dielectric constants of
the ternary systems studied here range from 20 to 43. In the first system,
where the solvation number is positive, the dielectric constant is the lowest
(20), therefore the electrostatic attraction between the ions and the dipoles
must be stronger. With an increase in the dielectric constant, as with other
compositions investigated (increasing as we go down in Table 1I), the ion-
solvent attraction becomes less, and it is known that ion-pair formation is
more favoured. Hence in the first case of positive solvation number of 144.
at a low dielectric constant, addition of potassium chloride orders the arrange-
ment of solvent molecules around the ion in a compact form, and therefore
there is a fall in compressibility. In the other cases the increase in compressi-
bility should be ascribed to the effect of increasing the dielectric constant, when
the ion-dipole or dipole-dipole interactions get more weakened. Also in the case
of clusters this will happen, resulting in a loosening of the cluster shells and
thus in an increase of their diameters, which is evidenced by an increase in the
compressibility.

Finally, it may be of interest to compare Columns 7 and 8 of Table I.
Column 7 givesthe experimentally determined adiabatic compressibility values.
Column 8 is calculated on the assumption that adiabatic compressibilities are
additive, that is

E'lBixi~ RBl,2... t- )

It is very interesting to note that in all cases the experimental values are far
lower than those calculated from Eq. (2). This only means that the formation
of the ternary mixture is connected with a heavy reduction in the free space
of the medium, which may be perhaps due to depolymerization of the water
and methanol molecules as mentioned earlier in the investigations of other
workers.

Our thanks are due to Prof. K. S. G. Doss, Director of this Institute, for helpful dis-
cussions.
SUMMARY
Ultrasonic velocities have been measured in solutions of potassium chloride in water

toluene-methanol mixtures. The compressibility values have been examined. The state of
existence of the ions with respect to the solvent molecules has been analyzed.
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Introduction

Several research workers have dealt with the different spectra of pyri-
dine and 4-halo-pyridines.

The most detailed ultraviolet spectra were published by Spinner [1];
these were recorded in aqueous solutions. Table | shows only the B-type bands,
which are of interest for the present work.

Table 1

Ultraviolet spectra (B-type bands) of pyridine and
the 4-halo-pyridines examined in this paper

~max 0°g e)
(nm)

Pyridine 4-chloropyridine 4-bromopyridine
240 (3.05)** 240 (2.94)** 240 (3.02)**
246 (3.22)** 246 (3.19)** 246 (3.13)**
251 (3.37) 252 (3.25) 252 (3.27)
257 (3.42) 258 (3.34) 258 (3.36)
263 (3.25) 265 (3.22) 265 (3.20)

The corresponding NMR spectra have also been investigated by numer-
ous workers. In Table Il the LW resonance spectra of the compounds are
given on the basis ofthe measurements of Bruge1 [2], and Wu and Daitey [3].
Briigel made his measurements in 30% dimethyl-sulphoxide solution and used
water as the external reference substance. Wu and Dailey used dioxan solu-
tions and their internal reference was TMS. The chemical shifts <& are given
in ppm units, while the coupling constants J,ain c/s.

* Present address: Central Research Institute for Chemistry, Hungarian Academy of
Sciences, Budapest.
** Shoulder.
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Table 11
NMR spectra of pyridine and 4-halo-pyridines studied in this work

Chemical shift

(ppm)
«@ oR
Pyridine® e -3.47 -2.26 -2.63
4-chloropyridinea ..o —3.54 -2.38 —
4-bromopyridinea ... —3.57 -2.62 -
Pyridine™ 1 .o -8.572 -7.235 —
4-chloropyridineb ..o -8.521 -7.372 -
4-bromopyridineb ... —8.437 -7.515 —
Coupling constant (c/s)
F3—5 )5 JUTie Jo— *2%6 Jss
Pyridine® ... 5.5 0.9 1.9 7.6 0.4 1.6
4-chloropyridinea ... 5.4 1.0 - - 0.4 1.6
4-proinopyridinea ... 5.4 0.8 — 0.4 1.8

*H 20 as external reference (Brugel).
bTMS internal reference (Wo and Dailey).

As it can be seen from the data in Tables | and 11, the difference between
the spectra of pyridine and 4-halo-pyridines is small.

The above three papers [1, 2, 3] present the spectra of many 4-substituted
pyridine derivatives, and on this basis it can be established that the smallest
differences between the ultraviolet and NMR spectra of the derivatives and
those of pyridine are found for 4-chloro-, 4-bromo-, and 4-methylpyridines.

This small difference is understandable in the case of 4-methylpyridine,
but it needs explanation for the first two compounds. It seemed therefore
interesting to examine the vibrational force fields of the latter molecules from
this point of view.

Vibrational spectra

There have been many papers on the vibrational spectra of pyridine and
its derivatives. The first complete vibrational assignments for the bands of
pyridine and its deuterated derivatives were given by Wilmshurst and
Bernstein [4] using the data of Corrsin, Fax and Lord [5], and of Ander-
son and co-workers [6]. The normal coordinate analysis of pyridine has been
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performed on the basis of different force field models, and to various degrees
of precision, by several authors; the most important papers are those by
Long, Murfin and Thomas [7], Wachsmann and Schmid [8], and last but
not least by Kovner, Korostelev and Berezin [9], and Berezin [10].

The vibrational spectra of the halo derivatives of pyridine have not been
investigated so extensively. There have been groups of research workers deal-
ing with vibrational assignments for some halo-pyridines but no quantitative
normal coordinate analyses have been reported so far. The complete vibrational
band assignment can be found in the works of Green, Kynaston and Paisley
[11] and of Spinner [12].

Calculations

In this work the force field of pyridine, as calculated by Soviet authors
[9, 10], has been applied as an approximation for the 4-halo-pyridine molecules
and only the halogen-sensitive diagonal force constants have been modified
in the course of the calculations. It has become evident from our calculations
that only the C—X force constant has to be modified in the A r species, but the
values of the planar and perpendicular deformation C—C—X force constants
need not be changed, since the original values taken from the pyridine calcu-
lations provide better approximations for the observed normal frequencies.

In the calculation of the G matrix elements — and in the course of the
whole normal coordinate analysis — the effective Cxsymmetry of 4-substituted
pyridines has been applied.

The distribution of the normal modes among the irreducible representa-
tions is the following:

r=10Ax+ 9B4+ 3Ar+ 5B2

The geometrical data used for the G matrix elements and the “spectroscopical
masses” applied for the compensation of the anharmonicity effects were identi-
cal to those used by Kovner, Korostelev and Berezin [9, 10]. The length
of the C—X bond was regarded as being identical to that of the corresponding
halobenzene.

The notation used for the internal coordinates of the planar vibrations are
given in Fig. 1

The internal coordinates of the perpendicular vibrations are the following :

m2, ¥3, Y, (CCCH perpendicular deform.)
(CCCX perpendicular deform.)
ry, t2, 73 t4, r5 716 (CCCC torsion)
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Table 111

Geometrical data of the 4-halo-pyridine molecules
and the spectroscopical masses
used in the calculations [9, 10]

Bond length (A) Bond angle
C,H2 1.092 CANC, 4 114°46'
c3H3 1.080 NC2C3 4 125°04
C,H4 1.080 C23C4 4 118°23'
NC, 1.355 C3C4C5 4 118°20'
cx3 1.378 NC2H2 4 114°18'
C3c, 1.397 C2C3H3 4 120°30
c4acl 1.670 C3C4H 4 4 120°50'
C4Br 1.86 C3C4X 4 120°50'

Spectroscopical mass values

For planar vibr. For perpend, vibr.
e = 1.088/A e = 1.008/A
H 1.0000 1.0000
o 0.0906 0.0839
n 0.0777 0.0719
ca 0.0307 0.0284
£Br 0.0136 0.0126

The symmetry coordinates formed from the linear combinations of the internal
coordinates are shown in Table IV.
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Table 1V
Symmetry coordinates used in the calculations [9, 10]

Species Al Species B,
Zj = 2-¥' (Rj + R.) Zt= 2-ya (R, - R.)
Z2 = 2-K (R2+ RE5) Z2= 2~y» (R, - R4
Z3 = 2~* (R, + R.) Z,= 2-* (r,- r6)
Z, = 2-y (r2-f-re) Z4= 2“% (r, - r5)
Z5 = 2-* (r, f r.) Zs = 2-K (cuj - <ub)
Z6 = T4 Zs= 2_¥r (w3- cob)
Z, =£U, zZ,= 2-* (R, - R10)
Zg = @ z3= 2"* (Bt- R7)
z9 = 2-* (Rt f Rt) Z,= 2"* (/2, - RBt)

Z10= 2“ % (R3 h BS)

Species A 2 Species B2
Zt = 2-y» (y>2 — \£6) Z,= 2-y* (w2 +1P6)
z2= 2“% (y3 - w5 Z22= 2 y“ (w3+ ybh
Z3- 2-Ya (12 f T)) 73 = V4

Z4= 2-ya (t, - rd)
Zs = 2“K (t, - tb6)

The G matrices of 4-chloropyridine and 4-bromopyridine have been
calculated. These are given in Tables V, Va, VI and Via.

The approximate force constant matrices used in the calculations are
found in Tables VII and Vila.

The element Fe6in species A xhas been modified to 6.0 and 5.0 for chloro-
pyridine and bromopyridine, respectively. These values have been adopted
from the works of Sverdlov and co-workers [13], they are the constants
reported for vinyl chloride and vinyl bromide, respectively. In the same papers
one can find values for the CCX planar deformation force constants (Cl: 0.32;
Br: 0.27); and for the perpendicular deformation modes the values 0.41 and
0.25 are also given. However, the use of the latter values led to poorer results
than the use of the original force constants of pyridine.

The eigenvalue calculations for the 5-, 9- and 10-dimensional matrices
have been performed on a National-Elliott 803 B digital computer. The essence
of the method was the following: the maximal eigenvalue was calculated by
an iteration method (the so-called power-method), the dimension of the matrix
reduced by one using the determined eigenvalue and eigenvector, and this
matrix, in turn, was again subjected to the calculation of the maximal eigen-
value, etc. [14, 15].
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0.1357

0.2009
0.0000
-0.0373
0.0000
—0.1155
0.0587
-0.0256
0.0000

0.0000

z2
-0.0521
0.1812

0.2242
0.0000
-0.0568
0.0631
-0.1253
0.0000
-0.0161
-0.1638
z2

(Calculated on the basis of [15]; the numbers are dimensionless)

Table V
The G matrix of 4-chloropyridine (Species Ax is above the diagonal, species I3,

z3 z, Z5 Zf
0.0000 -0.0373 0.0000 0.0000
-0.0431 -0.0462 -0.0460 0.0000
0.1382 0.0000 -0.0468 -0.0656
1.0906 0.0000 0.0000
1.0906 1.0906 0.0000
0.0000 1.0906 0.1213
0.1281 -0.061? 0.2675
—0.0617 0.1223 -0.1731 0.2506
-0.0664 0.0000 -0.1145 -0.0033
0.0000 -0.0605 -0.0101 -0.1109
0.0000 0.0605 -0.0266 0.1580
z3 z4 zs5 zo
Table Va

(Calculated on the basis of [15]; the numbers are dimensionless)

z,

1.7931

1.6777
-0.3546
0.5799

z7
—0.0791
0.0844
0.0000
-0.0939
0.0000
0.0000
0.2579

1.2347
0.0000

0.0000

The G matrix of 4-chloropyridine
(Species B2 is above the diagonal, species A 2 is below it)

z2
-0.3545
1.7082

1.6114
-0.5266

z2

Z3

0.0751

-0.4255

0.5062

0.6173

z3

-0.3890

-0.6833

z,

0.8394

1.1487

is below it)
zZ3 Z»
0.0000 0.1411
0.0880 -0.0778
-0.0880 -0.0631
0.0000 -0.0617
-0.0856 0.0617
0.1214 0.0000
0.0000 0.0045
0.2730 -0.0376
1.2731
1.2684
-0.1684 0.2821
z* Z3

z5

-0.9396

0.3874

-0,0873

0.4234
1.2078

Zio
-0.0587
-0.0788

0.1413
0.0617
-0.0617
0.0000
-0.0468
-0.0146
-0.1865
1.2975

*AMZSAOSTIVE
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Zt z2 Z3 z,
0.1357 0.0521 0.0000 -0.0373
0.1812 -0.0431 -0.0462
0.2009 0.1382 0.0000
0.0000 0.2242 1.0906

—0.0373 0.0000 1.0906

0.0000 -0.0468 0.0000 1.0906
-0.1155 0.0631 0.1281 -0.0617
0.0587 -0.1253 -0.0617 0.1223
-0.0256 0.0000 —0.0664 0.0000
0.0000 -0.0161 0.0000 -0.0605
0.0000 -0.1534 0.0000 0.0605

Z, z; zZ, Z4

1.7931

1.6777
-0.3546
0.5799

Zi

Table VI
The G matrix of 4-bromopyridine
(Species A, is above the diagonal, species B1 is below it)
(Calculated on the basis of [15]; the numbers are dimensionless)

z5 Zf
0.0000 0.0000
-0.0460 0.0000
-0.0468 -0.0656
0.0000 0.0000
1.0906 0.0000
0.1042
0.2675
-0.1731 0.2506
-0.1145 -0.0033
-0.0101 -0.1109
—0.0266 0.1532
Z5 z.
Table Via

z,

-0.0791

0.0844

0.0000

-0.0939

The G matrix of 4-bromopyridine
(Species B,, is above the diagonal, species A 2 is below it)
(Calculated on the basis of [15]; the numbers are dimensionless)

z2
-0.3546
1.7082

1.6114
-0.5266

z2

Z3

0.0751

-0.4196

0.4744

0.6173

z3

z,

-0,3890

0.8394

-0.6698

1.1487

0.0000
0.0000

0.2579

1.2347
0.0000

0.0000

Z8
0.0000

0.0880

—0.0880

0.0000

-0.0856

0.1214
0.0000

0.2730

1.2684

-0.1635

z5

-0.9396

0.3874

—0.0873

0.4234
1.2078

z8

Z9
0.1411

-0.0778
-0.0631
-0.0617
0.0617
0.0000
0.0045
-0.0376
1.2731

0.2407

z9

Zio
-0.0587
-0.0788

0.1413

0.0617
-0.0617

0.0000
-0.0468
-0.0146
-0.1865

1.2975
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13.

10.

568

195

105
170
170
005
001
446
038
088

z2
0.217
10.825

10.095

3.001
4.005

0.038

z2

Table VII
The F matrix of pyridine

(Species At is found above the diagonal, the elements of species Bt are below it)
(The elements are given in units 10° cm-2)

Z3 Z4 z5 z, z7 Zs Z3

- 1.021 0.363 - 0.023 0.255 2.469 -1.759 -0.953
0.217 0.340 0.340 0 -0.830 —0.830 0.458
13.231 —0.023 0.363 0.226 -1.759 2.469 0.545

8.630 0 0 0.353 -0.071 0

8.530 8.630 0 -0.071 0.353 0
0 8.630 8.630 -0.050 -0.350 0

- 0.327 0.073 13.187 4.180 -1.767 -0.860
0.073 —0.327 11.014 13.187 4.484 0.203
0 0 1.093 0.321 1.405 1.553
0 0 0.321 1.093 0.046 1.430
0 0 - 0.137 - 0.039 -0.037 -0.025 0.726
z3 z* Z5 z6 z17 z8 z9

Table Vila

The F matrix of pyridine
(Species B.2 is above the diagonal, ivhile species A 2 is below it)
(The elements are given in units 106 cm-2)

z, z2 z3 z4 z5
0.5717 -0.0266 -0.0537 0.0827 0.3055
0.5487 -0.0766 -0.2864 -0.0830
0.6439 0.6087 0.2690 -0.0274
-0.0541 0.6982 0.5108 0.1232
-0.2907 0.3398 0.5752 0.5896

Zio
0.545
0.458

-0.953

0.203
-0.860
-0.005

1.535
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The normal frequencies were calculated from the eigenvalues of the GF
matrix via the formula: v — 103 j/X The normal frequencies obtained are
compared with the experimental values in Tables VIIlI and IX. The first
column of the calculated values lists those results which have been obtained
by the use of the force field of pyridine, while the second column shows the
values derived by the modified force field.

Conclusions

Tables V111 and 1X show that the data derived by the use of the pyridine
force field [9, 10] reproduce the normal frequencies of 4-halo-pyridines on a
relatively small error level (the deviations are smaller than in the case of the
modified force field). The results obtained in this work are, therefore, in
agreement with the spectra in the ultraviolet region, and they are consistent
with the NMR spectra (see Tables | and II).

On this basis it can be inferred that the electron distribution in the rings
of the two 4-halo-pyridines well approximates the electron distribution of the
pyridine molecule itself. (According to the NMR spectra, the deviations are
somewhat greater in the case of 4-bromopyridine, than for 4-chloropyridine.)

The above results may be explained as follows. 4-halo-pyridines can be
regarded as such disubstituted benzene derivatives in which one of the sub-

stituents is the ring nitrogen atom, that has the effect ofa (—I, —M) ~substitu-
ent, while the other is the halogen atom, which has (—I, -|-M)~ effect. The
electron densities on the a-positioned carbon atoms are reduced by the —I and

—M effect of the ring nitrogen atom as compared to the benzene molecule,
while the halogen atom has only very small influence on such a carbon atom:
consequently, the <€ value of 4-halo-pyridines deviates only slightly from that
of pyridine. The cause of the difference is probably found in the change of the
shielding effect of the neighbouring ring members. On the carbon atoms in B
positions, it is first of all the —I and + M effects of the halogen substituent that
prevail. As a result of the two effects, there is hardly any change in the case
of chlorine, while with bromine the difference in the 68 value is greater. This
can partly he explained by the change of the shielding effect, and partly by
considering that in the case of bromine the inductive effect is relatively greater
than the mesomeric effect, as compared to the case of chlorine. (This is so in
spite of the fact that in the electronic ground state both effects of bromine are
smaller than those of chlorine.)

The greater deviations found between the NMR spectra of 4-halo-pyri-
dines and those of pyridine are substantiated also by the finding that the
average of the absolute values of the deviations from the normal frequencies
of 4-bromopyridine, as calculated by using the vibrational force field of pyri-
dine, is greater (Table I1X) than the similar figure obtained for 4-chloropyridine
(Table VI1II; 3.61% as compared to 3.15%).
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Table V111

The observed and calculated normal frequencies of 4-chloropyridine
and the average of the absolute value of the deviations

Numbering
according to
Wilson

At 1
2
6a
7a
8a
9a

12

18a
19a
20a

Frequencies
observed,
cm-1 [11]

1103
3076

712

414
1575
1219

996
1064
1485
3048

Average of the deviations:

Bt 3
6b
7b
8b

14
15
18b
19b
20b

1315

663
3048
1564
1359

300
1080
1407
3076

Average of the deviations:

A. 10a
16a
17a

914
390
955

Average of the deviations:

B2 4
5

10b
11

16b

722
856
182
811
491

Average of the deviations:
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Calculated frequencies

with pyridine force with modified force
field field

cm*1 % cm-1 %
1258 14.0 1189 7.8
3065 - 03 3068 -0.2
740 3.9 704 1.1
417 038 393 -5.1
1603 2.0 1590 0.9
1216 - 03 1217 -0.2
1007 11 1004 0.8
1026 - 36 1025 -3.6
1508 15 1479 -0.4
3057 03 3051 0.1
2.8 2.0

1202 - 95 1197 -9.9
668 0.8 660 0.5
3037 - 03 3037 —03
1548 1.0 1544 1.3
1270 - 66 1264 -7.0
250 -16.6 530 77.0
1101 1.9 1096 15
1387 - 14 1382 -1.8
3068 - 02 3068 -0.2
43 111

893 - 23 893 -2.3
374 - 41 374 -4.1
984 3.0 984 3.0
31 31

727 0.7 719 -0.4
881 2.9 878 2.6
182 0.0 163 10.5
805 - 07 798 -1.6
465 — 53 389 -20.0
19 7.0
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Table IX

The observed and calculated normal frequencies of 4-br_om_opyridine
and the average of the absolute values of the deviations

Calculated frequencies

Numbering Frequencies
according to observed, with pyridine force field  with modified force field
Wilson cm-1 [11]
cm-1 % cm-1 %
A, 1 1091 1240 13.7 1156 6.0
2 3072 3065 - 02 3068 - 01
6a 680 717 5.5 674 0.9
Ta 317 344 7.9 304 - 41
8a 1567 1600 2.1 1583 13
9a 1216 1216 0.0 1216 0.0
12 992 1006 1.4 1001 0.9
18a 1062 1026 - 34 1026 3.4
19a 1482 1505 1.6 1493 0.7
20a 3035 3057 0.8 3051 0.5
Average of the deviations: 3.4 1.8
B, 3 1316 1201 8.8 1196 - 91
6b 662 662 0.0 660 - 03
7b 3035 3038 0.1 3035 0.0
8b 1566 1549 11 1543 — 15
14 1339 1269 - 5.2 1263 - 57
15 256 216 -15.8 133 -48.1
18b 1076 1102 2.4 1097 2.0
19b 1403 1386 — 1.2 1381 - 16
20b 3072 3068 - 02 3067 — 0.2
Average of the deviations: 3.9 7.6
A2 10a 914 893 - 24 893 - 24
16a 390 374 - 43 374 4.3
17a 961 984 2.4 984 2.4
Average of the deviations: 3.0 3.0
B., 4 722 725 0.4 711 - 15
5 859 882 2.6 877 2.0
10b 182 164 9.9 101 - 39.0
1 805 803 — 0.2 793 15
16b 482 461 — 44 323 33.0
Average of the deviations: 3.5 15.4
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SUMMARY

The normal frequencies of 4-chloro-, and 4-bromopyridine have been calculated partly
on the basis of the force field data of pyridine, and partly by the use of a modified force field.
In the former case the results obtained were better. The results —- in agreement with the
ultraviolet and NMR spectra (IH nucleus) —- show that the n electron distribution of the
pyridine ring is the same in the compounds investigated as in pyridine. This result is explained
by the inductive and mesomeric effects of the ring nitrogen and of the halogen atoms.
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1. Fundamentals

Within the framework of thermodynamics of irreversible processes
Gyarmati [1, 2, 3, 4] derived a basic variational principle which is a local
formulation of Onsager’s principle of least dissipation of energy [5, 6] and
has the form

OL = 6 f fffdr = 0. (1.1)
\Y

Here the integration goes over the volume V ofthe system. The thermodynamic
LAGRANGian density J3? depends on the intensive thermodynamic variables
Ij and their spatial gradients grad I'j (i.e., the thermodynamic forces) and is
defined by

S {Ip grad rj) = Qk —ip, (1.2)

or more generally by

S(Tj, grad I'j) = a—y,

where g is the mass density of the system, s is the substantial time derivative
of the specific entropy, a means the entropy production density, and yj stands
for the local dissipation function (dissipation density) given as a homogeneous
quadratic function of the thermodynamic forces. The variations necessary
in (1.1) are to he seen from the corresponding Euler equations (cf. [7])

* 3 8n 8n (1.3)
a=i A(arl/oxa) 8lj

which are the Lagrange equations of irreversible thermodynamics containing,
as special cases, the equations of Fourier, Fick, Navier and Stokes, etc.
The essential progress in Gyarmati’s local formulation of Onsager’s
principle is that it covers very general classes of thermodynamic systems,
especially continuous (i.e. inhomogeneous) systems. A quite similar variational
principle was derived by Prigogine and Glansdorff [8] starting from other
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considerations, namely from attempts to extend the principle of minimum
entropy production to a general evolution criterion of macroscopic physics
[9, HO].

Since in (1.1) the time and thus the quantities I'j are not varied, it is
not possible to correctly construct a Hash LTONian formalism by introducing
generalized thermodynamic momenta as time derivatives of thermodynamic
variables [7], a procedure which would correspond to the methods, e.g., of
mechanics or quantum electrodynamics. Within the framework of a multi-
dimensional HAMILTONian formalism we can, however, define essentially the
spatial derivatives ofthe intensive state variables I' jand thus the thermodyna-
mic forces as momenta Hj which are then canonically conjugate to the Ij.
The setting-up of a thermodynamical HAMILTONian formalism is thus possible
as it is to be shown in Chapter 2.

A second and in principle different possibility for constructing a HAMIL-
TONian formalism as a very general basis of irreversible thermodynamics (and
continuum mechanics, too) is founded on a functional generalization of the
original variational principle of Onsager [5, 6]. This generalized principle was
given earlier by the present author [12]:

t
§f3 {xt, aj dt = 0 (1-4)

(t = time). Here the thermodynamic Lagrange functional, 3?, depends on
the state fields a,(r, t) which are intensive state variables (e.g. densities) derived
from extensive state variables, and one has

3?2 {a (r,t), ij (r't)} = © {a, Xj} + W {a, xy —S {a,, Xjj (1.5)

where @ and W are dissipation functionals and S is the entropy production
functional given by

S= —Z 2 j 1sik(r,r) X(r,t) xk(n\t) drdr' a6
‘'kvVvv
with
02S \xj ,(f D) | an
dxt(r,t) OXk(r(t) [a(r,t)-0, at(r, t)=o0.

The functional derivative of a functional F {x(r, t)J is here defined by

OF {x(r, )}

X 1) l:-ToT(F {x(r,t)y+ ei(r- M} - F Xt}

where 6(r —r') is the three-dimensional Dirac delta function (delta distri-
bution).
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The functional variational principle (1.4) is equivalent to the corre-
sponding Euler equations

A AL _ a8

0t OXxj O Xj

which are a system of partial functional differential equations for the state
fields xi(r, t) resulting in a system of coupled (linear) integro-differential
equations

« (r,t) = 2K$VLik(r,r') X k(r't) dr' (1.9)

(X k = generalized space- and time-dependent thermodynamic forces). These
equations are the most general equations of motions of irreversible thermo-
dynamics, and by specializing the integral kernels Ljk — which are, in general,
derivatives of delta distributions, or reciprocal Green’s tensors — we get
again Fourier’s law, Fick’s law, the Navier—Stokes equations, the basic
equations of magnetohydrodynamics, etc.

This generalized form of irreversible thermodynamics is valid for arbitrary
continuous systems [12], e.g. for anisotropic and nonlocal media (as materials
showing natural optical activity or rarified ionized gases at a nonzero tempera-
ture). A nonlocal medium is governed by nonlocal constitutive relations, that
means, the density of a thermodynamic flux at a given point is not determined
solely by the force field at that particular point, but also depends on the forces
at all other points of the medium.

A HAMILTONian formalism can be introduced into the general functional
form ofirreversible thermodynamics by means of canonical momenta defined by

T 8372 I<Xj(r't), <@(r''t)} (1.10)

oxt(r, t)

This is a functional generalization of the definition in mechanics, etc. The intro-
duction of a Hamilton functional, of canonical equations and of a correspond-
ing HAMILTONian variational principle is then possible in a straightforward
way. This formalism is discussed in Chapter 3.

2. Hamiltonian Formalism in Local Form

The construction of the desired HAMILTONian formalism proceeds in
four steps. The first step is the definition of canonical momenta. The variational
principle (1.1) contains the three space variables Xa, (X183 X 2, X3) = (x,y, 2)
instead of the time variable t of the common Hamilton principle. Therefore,
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spatial derivatives must appear in the definition of the generalized canonical
momenta Mka We define

Bb31 b3
0 (arvox,) 3rkx

(2.1)

where

(2.2)

Symbolically one may write:

S3
9(grad k)

W ith these momenta a so-called multidimensional HAMILTONian formalism is
generated: three momenta Mka are conjugate to one variable k.

For the sake ofillustration, we treat one of the simplest possible examples,
viz. pure heat conduction in a homogeneous isotropic solid without external
fields. We use two different formulations [4, 13]: firstly, the so-called Fourier
picture governed by the LAGRANGian density 3 Xand corresponding to the
original theory of Fourier, and secondly, the formulation with 3 2 being
strictly consistent with the formal framework of irreversible thermodynamics.

In the Fourier picture we have [I'(xa, t) = T(x,y,z t); the thermody-
namic force is given by X = —grad T, and [2, 4]

B3>l = qchf+-|£_(pade (2.3)

where ¢ ,= specific heat capacity at constant volume, and A (const.) = heat
conductivity coefficient.
The momenta are

N = -
9.7 = 9T (2.2)
s Tu 9*a
or
M= Agrad T .
In the second picture is N'(xa, t) = T-1, X = grad T _1 and
J?2= Qwtr - A (grad/T. (2.5)
£

(For the comparison of the two pictures it is necessary to assume A= L/T2=
= const., as it is well known.) The momenta are now given by
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ase 8T_1
N @256)
9(T-*)lit dxu
or
M — —Lgrad T 1.

It is to be seen from (2.4) and (2.6) that here the canonical momentum vectors
are identical with the negative heat flux vectors.

The second step is to define the HAMILTCwian function (or to be more
exact, the HAMILTONian density) by

OTV nky = Mkarka- 3? (2.7)

a K

where Tkx = T kA(MMT, F'T) have to be obtained (if possible!) by solving the

set of equations
%’
n mfi= r ™
Q@ mRB (

and then substituted into the r.h.s. of (2.5).
In our example:

3. = 2 n *rkx ) ._2 n*- ec*Tf=
9T
y y QcvTT
2 . 9*« J
|
ecv TN =
2L .,

L ~ (9r«12
- Qev T
2 T* 1 2x,

The third step is to derive the Hamilton equations. They are, as it can
be proved by straightforward calculations:

93l
39 r - (2.8a)
X, 9M ka
— o= 0T (2.8b)
g% 9lK

These equations can also be obtained as Euler equations from a variational
principle (see the fourth step below).
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In our example with we get:
nx- X QT (2.93)
dxx
t = — AT. (2.9b)
Qov

In the second picture, starting from B3I we have:

QT~1

17N = — L e (2.10a)
9*a

T = AT. (2.10h)

Eqs (2.8a), (2.9a), (2.10a) give once more the definition of the canonical
momenta. Eqs (2.8b), (2.9b), (2.10b) are identical with the thermodynamic
equations of motion, in the example chosen with the differential equation of
heat conduction.

The fourth step is the construction of a variational principle (generalized
Hamilton principle) which gives the canonical equations (2.8a), (2.8b). Start-
ing from (1.1) and using (2.5) we get:

éL:»f{gZ Mol Tkx- JT (Fj,nh)) dr= 0. (2.11)
y K

From this fundamental variational principle the canonical equations can be

obtained by independently varying the variables 'k and the canonically con-
jugate momenta /7":

oL M A, - 5IT
9T Kx
dJT
2 2 nkearh ~ 2 or orfndr.

The third term in the integrand can be transformed by integration by parts,
using Ofka = (0l k'a):

f2 2 &O/k dr= - J V V N,3a0lkdr,
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and it follows that

(2.12)

This results in (2.8a), (2.8b), g.e.d. It can be shown in a well-known manner that
the variational principle and the Hamilton equations are completely equi-
valent. There has thus been found a HAMILTONian formalism which is equi-
valent to Gyarmati’s LAGRANGian formalism of irreversible thermodynamics
and which is as general as that.

3. Hamiltonian Formalism in Functional Form

The construction of the HAMILTONian formalism can again be performed
in four steps. Starting from the functional variational principle (1.4) with the
Lagrange functional (1.5) we define at firstthe generalized canonical momenta
according to (1.10) by

N]ot4 . b3>ixj »*k} , Nk} aS{aj, ak

64j dit bij

The entropy production functional has already been given by (1.6) The dissi-
pation functional ® is a generalization of the dissipation function ® of Onsager
and is defined by

d\a] (r, t), ak(r't)} = Ay L IRXK(r ) &j(rot) ak (\t) drdr, (3.2)
2 j k )
AR

where Rjk(r, r') is the inverse of the continuous matrix L//&r, r'). i.e. the
generalized phenomenological coefficient. In general, Ljk = Ljk (grad) is a
(singular) linear partial differential operator of second order, and Rjk is
Green’s tensor belonging to Ljk (see below and [12]). Performing the func-
tional differentiation in (3.1) one gets:

Wr,t)y =21 i Rik(r, r') ak(r[t) dr' +
K V

+ h  1Sik(r, r') xk(r[t) dr". (3.3)
v

K
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The right-hand side of this equation is the transformed equation of motion
(1.9). Thus 7t,(r,t) = 0 (all'i) . This could be expected because the Lagrange
functional itself is zero. Taking into account fluctuation processes, we have the
momentum fields /7,- (r, t) ~ 0. This fact is connected with the statistical
interpretation of the fundamental variational principle (1.4) [12].

An almost trivial example is again pure heat conduction in a (homo-
geneous) isotropic solid without further external fields [14]. (The distinction
between the Fourier description with force X = grad T and the consistent

thermodynamic description with X — grad T “1is here not relevant.) We have
for the entropy

dS(t)= f pds(r,dr= [ £ ~ ~

Hr, t)

where n = specific internal energy. Thus @@= g(u — u0) where u0 is the equi-
librium value of u. From

ds

f o g (r) —Mr’ _o ( X(r,t)y a(r.t) dr (3.4)
df y  T(r.t) ot Vv
find
X(r,
.9 T(r,t)
wr, 1 |f--9:r--<<l

where gT — T — T0 and TO is the equilibrium temperature. Using (1.9) we
obtain

gu(r,t)= 1 L'(r,r") 6T(r't) dr' (3.5)
with L' = — L/Tq The ansatz for L'
L'(r,r') = Az Hr —r) = W (r r (3.6)
(nry= Az ) ( )

leads to
QU(rkt) = M aT(r, t) = XAT(t, t).

With u = cvT the differential equation of heat conduction (2.9b) is finally
obtained again.

The second step is to define the Hamilton functional 31? by

Moc,(r, t) 7ijrrny = Vojojr(rrt), a;{afl(F't), ake[t )} dr'—
1V

—.s (a,(r, t), ajr<k(r"t), gk(r’™ t)] m (3.7)
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On the left-hand side of this equation the functionals

<Ya*(r'4) w(r"'t)}

are to be substituted. They can be obtained by solving Eqs (3.3) for arby
means of relations

I O-Yr» R(r[r) dr' = &{t" —).

W ithout consideration of the fluctuations, we find = 0.
The third step is to derive the Hamilton equations

= t), nk(/t)}

(3.8a)
on((r,t)
A _ o~ {xj(rrt), nk{r[x.)) (3.8b)
ooci(r, t)

They can be obtained by direct calculations from (3.7) or by starting from the
variational principle (3.9). The Hamilton equations are especially interesting
if one takes into account fluctuation processes and thus the statistical inter-
pretation of the principle (1.4).

The fourth step is to establish the fundamental variational principle

t, t,
6 [3 dt=a j (25 fwArtcti(r,t)dr — t), Ay(r't)}) di= 0. (3.9)
t\ h k

This leads to (3.8a), (3.8b) by independently varying the conjugate field
variables a/t(r, t) and Trg(r, t) in a manner analogous to (2.12) taking all partial
derivatives as functional derivatives. The principle (3.9) contains the whole
apparatus of generalized irreversible thermodynamics in functional form. The
theory has been constructed here for a-type variables (for this notion see
[14]), but can be easily generalized for /?-type variables. Applications in the
field of plasma theory are given elsewhere [15].

It should be mentioned that for thermodynamic systems in magnetic
fields principal difficulties appear regarding the whole starting point of the
theory, i.e. the definition of entropy and thus entropy production [16]. These
problems are especially striking for spin systems [17, 18], which have become
so important in physical chemistry (spin resonance spectroscopy). Here only
the application of simplified variational principles and HAMILTONian formalisms
is possible [19].
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The author thanks Dr. Gyarmati and his co-workers for interesting discussion during
the Conference on Physical Chemistry in Budapest, April 1966. Exchange of opinions with
Dr. Gyarmati was especially stimulating.

Note: While completing the manuscript the author came to know a work by Dr. Verhas,
aco-worker of Dr. Gyarmati. This paper which will appear in Ann. Phys. also treats a multi-
dimensional HAMILTONian formalism on the basis of the variational principle of Gyarmati.
The ideas given there are similar to the content of Chapter 2 of the present work.

SUMMARY

Two methods are given for constructing, within thermodynamics of irreversible
processes, HAMILTONian formalisms for continuous systems. The first method is based on
the fundamental variational principle of Gyarmati which is a local formulation of Onsager’s
principle of least dissipation of energy. A HAMILTONian formalism is obtained by introducing
generalized canonical momenta as spatial gradients of the intensive state variables. The basic
differential equations of irreversible thermodynamics can then he written as Hamilton
equations which themselves result as Euler equations from a Hamilton principle. The second
method starts from a functional generalization of Onsager’s principle obtained earlier by
the author. The Lagrange functional containing the entropy production functional gives
the Hamilton functional through a Legendre transformation. The Hamilton functional is
determined by canonical functional differential equations which follow from a functional
Hamilton principle as Euler equations. These equations are identical with the thermo-
dynamic equations of motion being here generally linear integrodifferential equations for
the space- and time-dependent state fields. By specializing the integral kernels one obtains
the various vectorial or tensorial irreversible processes in any continuous anisotropic and even
nonlocal media.
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Various polyamino acids and their relatively simple derivatives have been
often used as model compounds for studying the connections between the
chemical structure and the biological activity of proteins. The preparation and
biological properties of polyamino acids were summarized by Katchalski
and Sela [1, 2], their chemotherapeutic possibilities by Stahmann [3].

Protein model compounds of another type with variable structural
requirements can be synthesized in a relatively simple way from polyamino
acids, prepared from trifunctional amino acids, or from their derivatives by
the action of properly selected bifunctional reagents. One of the functional
groups of these modifying reagents must be a typical protein functional group,
the effect of which is supposed to be essential for a given activity and is to be
studied, while the other serves only for the junction to the side groups of the
starting polyamino acid derivative.

This method was first used for the preparation of biologically active
compounds by Kovacs and Kotai [4]. The demonstrated antiphag [5], anti-
bacterial [6, 7], anticoagulant and antiphlogistic [8—10] activities of the
described basic derivatives of polyglutamic acid were similar to the character-
istic biological actions of protamines and histones [11— 13], the natural basic
proteins. Water-soluble polyamino acid derivatives have been synthesized
by similar methods for conformational studies by Berger et al. [14, 15] as
well as by Kulkarni and Blout [16]. Essentially the same reaction has also
been applied for the preparation of azo derivatives of some aromatic poly-a-
amino acids by Sela and Katchalski [17], further to the attachment of
cytotoxic groups to poly-DL-serine by Szekerke [18] and by Bruckner
et al. [19].

W ith the side group modification of polyamino acids it is further possible
to prepare model compounds structurally more closely related to the proteins,
in which diverse, randomly distributed functional groups are connected to the

* A previous report has been published in Kém. Koézi. 26, 231 (1966), as part of a
lecture, delivered at a session (24.2.1966) of the Committee of Organic Chemistry ofthe Hungarian
Academy of Sciences.
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peptide backbone. Since the products of these reactions as well as one of their
starting materials are polymeric polyfunctional compounds, it follows as a
m atter of course [20] that the structure of the prepared compounds is greatly
influenced not only by the characteristics of the starting materials but also by
other reaction conditions. This also means that a series of diverse compounds
with different average compositions and molecular weights can be synthesized
from the same starting materials depending on the reaction conditions. Thus
special substances that have properties fixed in advance can only be made
after a detailed study of the experimental conditions of their peparation.
Therefore, the purpose of the present investigations has been to elaborate how
model compounds of a predetermined structure, suitable thus for the
research of proteins, can be synthesized with side group modifications of poly-
amino acids.

The present paper, the first of a series, deals with the re-examination
and more detailed description of the reaction already reported by Kovacs and
KOTAI [4]. It is supposed, however, that most of the conclusions will be appli-
cable, with occasional modifications, to other similar reactions, too.

The reaction of poly-y-methyl-L-glutamate (1) (in short, PMG) with
different diamines (lia—c) having at least one primary amino group will be
discussed. The compounds (llia—c) prepared in the illustrated manner
are polybasic derivatives of polyglutamic acid — built by a single component

1- NHCHCO— —OH H— —NHCHCO
1
CH2 CH,,
1 + HNCH2CH,NR2-V 1
CH2 CH2
COOCH3 p CONHCH2CH,NR2
| Ha—c llia—c

(n= DP) (a: R = CH3; b: R = C2H5; ¢c: R = H)

and have the same average degree of polymerization (DP) as the starting
material. This is in practice, however, an ideal borderline case, which is some-
times difficult to achieve. It is far more probable that the indicated reaction
will be accompanied by some side-reactions, the results of which are always
detectable by careful examination of the products. A frequent side-reaction
is alteration of the DP during the course of the reaction. The “regular” monot-
onous structure of the product will also be changed, if the reaction modifying
the side groups is not unambiguous or is not going quantitatively to comple-
tion.

When discussing these reactions, it must always be borne in mind that
the starting polymers as well as their newly formed derivatives are polymo-
lecular mixtures, simply characterizable only by their average properties. For
this reason, in the course of later investigations it will have to be thoroughly
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tested whether the biological activity of the materials prepared in this way
depends unambiguously on the average properties, or the individual molecular
distributions also have to be taken into consideration.

The following factors have been found to have major influence on the
average properties of the compounds prepared by side group modification of
polyamino acids:

1. The characteristics of the starting polymer

2. The properties of the modifying reagent

3. The temperature and the duration of the reaction

4. Other parameters (e.g., accessory conditions of the reactions, working

up of the samples, etc.).
The influence of these factors on the products of the reactions modifying the
side group can be described as follows:

1. Effects of the characteristics of the starting polymer

One of the most important characteristics of the starting polymer is its
DP. The DP of any compound prepared from a definite starting polymer will
be limited by or agree with this value, depending on whether or not there has
been aDP-change during the reaction. Since many internal (e.g. conformational)
and external (e.g. solubility) properties of the polymers depend on the DP, a
similar DP-dependence of the reactivity of the side chain functional groups
can also he supposed. The same can be assumed aboutthe extent ofthe possible
DP change during the side group modification of polyamino acids.

To test these effects, different poly-y-methyl-L-glutamate (I) samples
were prepared. Their intrinsic viscosities were determined in dichloroacetic acid
(DCA) and the weight—average degrees of polymerization (DP,,,) were calculated
using the molecular-weight—intrinsic viscosity calibration curve prepared by
Sakurai and Okuda [21].* These starting polymers were reacted with 2-di-
methylaminoethylamine under standard conditions. The viscosities of 0.5%
solutions in DCA of the resulting different poly-N-(2-dimethylaminoethyl)-
L-glutamine (llia) samples (in short, poly-DMAG) were measured.

The DP-viscosity calibration curve for poly-DMAG is not yet available.
In order to obtain information about the possible DP changes the reduced
viscosities (rjsp/c) of the newly formed modified polymerswere divided with that
of the starting polymers determined under identical conditions. In first
approach these quotients (i?gUot) — used for comparison — can be regarded
as inversely proportional to the DP decrease during the reactions.

Data indicating the effect of the DP of the starting polymer on the modi-
fied polymers are summarized in Table I.

* It is pleasant duty of the author to express his thanks to S. Sakubai and T. Okuda
for reporting their unpublished results.

5* Acta Chirn. Acad. Sei. Hung. 54, 1967



68 KOTAI: SYNTHESIS OF PROTEIN MODEL COMPOUNDS, |

Comparing the i}quot values of Samples 3, 6 and 15, prepared in other
respects under identical conditions, it can be clearly seen that the higher the
DPh of the starting material, the greater is the observed DP decrease. At the
same time, a comparison of the percentage conversions of Samples 2, 11a, and
lib indicates that the times needed to complete the reactions of starting poly-
mers with higher DP,,, are also longer.

It cannot be concluded at present, however, whether or not the great-
er DP decrease observed when starting with polymers of higher DP”, indicates
a change between the relative rates of the two concurring reactions (aminolysis
of ester groups and splitting of peptide bonds). One must namely take into
account that the same absolute amount of splitting, undetectable with a
polymer of low DP, can cause a very significant drop of viscosity in a polymer
of high DP.

Another influencing characteristic of the starting polymer besides its
DP is its composition. It has been demonstrated by Doty et al. [22] that even
the most carefully prepared and stored poly-benzyl-L-glutamate samples
contain some acidic groups too, the quantity of which is independent of the
DP values. Still more acidic groups can be found in the poly-y-methyl-L-
glutamate (1) samples prepared without special care under technical or normal
laboratory routine conditions. On account of the presence of these acidic
groups, which are supposed to he glutamyl residues, the starting compound
(IV) is a copolymer, and the new modified polymers obtained from it must be
copolymers (Va—c) as well.

H— —NHGHCO— — —NHGHCO-
GH2 GH2 Ha
CH2 GH2
i
COOCH3 |, COOH
Y,

(n+ m= DP)

NHCHCO — —NHCHCO—
1
CH, CH?2
1 1
CH2 CH2
CONHCH,CH2NR2 COOH
Va—c

(a: R=CH3; b: R=C2H5; ¢c: R=H)

Since the discussed reactions take place mostly in suspensions, the dis-
persity of the starting polymer may constitute an additional influencing char-
acteristic. It has been attempted to eliminate this factor by using PMG as
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thoroughly dispersed as possible. It must be noted, however, that not all
samples could be dispersed to the same degree.

2. Effects of the properties of the modifying reagent

The modifying reagents, used for the side group modification of poly-
amino acids can be divided into two classes. The reagents of the first class, e.g.,
2-dimethylaminoethylamine (lia), have only one appropriate functional group
that is able to react with the starting polymer. The use of such a reagent leads
to a chain-polymer, similar to the starting one. Reagents, such as ethylenedi-
amine (He), belonging to the second group, contain two (or more) reactive
groups. As a result, the formation of branched, cyclic and network structures
is possible. To examine the modifying reagents having two reactive groups,
PMG was reacted with ethylenediamine (lie). Two different products could
always be isolated. One of them was a gel, insoluble in any solvent but power-
fully swelling in water. These properties are characteristic of a network struc-
ture, the formation of which can be explained by the presence of double acyl-
ated ethylenediamine residues (VI).

! |
| i
NH NH

| |
CHCH,CH,CO—NHCH,CH2NH—COCH2CH2CH

| |
Cco CcO

| |
i \ |

The other product (lllc) was soluble in water, but still contained some
of the just mentioned residues, because titration always detected in it less
basic groups than would correspond to the quantity of ethylenediamine found
in its hydrolysate.

The reagents of both classes can he further characterized by whether
they are homogeneous ornot. Namely reagents that are a mixture of two or
more components can also he used, giving rise to the formation of modified
polyamino acid derivatives which have different kinds of side chain functional
groups at random distribution. The details ofthe application of mixed reagents
will he discussed in a next publication [23].

3. Effects of temperature and the duration of the reaction

The temperature and the duration of the discussed reactions are the
most easily variable influencing factors. Their alterations make possible to
prepare either different products from the same starting materials (see Table
1), or compounds with the same average properties (within certain limits)
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Table |

Data of the prepared poly-DMAG and poly-DEAG samples and the characteristics of their preparation

Characteristics of the pre-
pared materials

Name4
indicating
composition

poly-DMAGSYMG4GIu4
poly-DMAG&MG10GIud
poly-1)MAGBMGIGUN
poly-DMAG%GIlud
poly-DMAGXGIu4
poly-DMAG%GIlud
poly-DMAG%GIu4

poly-DMAGIGIu7
poly-DMAG®GIu7
poly-DMAGRGIu7

poly-DMAGZ2MGT7IGIu4
poly-DMAG®MG4GIlud
poly-DMAG%GIu4
poly-DMAG%GIlu4

poly-DMAG2MG73G1u3
polv-DMAG®MG5GIu3
poly-DMAGY9/GIu3
poly-DMAGEIMG4GIu3
poly-DMAG9GIu3
poly-DMAG9/GIu3
poly-DMAGI/GIu3
poly-DMAGY9/GIu3

poly-DMAG"GIlul

poly-DMAGXGIu5

V,pb
Cc
dl./g.

0.62
0.61
0.63
0.60
0.56
0.48
0.32

0.75
0.66
0.47

1.10

1.13
0.49
1.43
1.16
1.17
0.84
0.66

0.45
0.32

0.55

0.69

Sign

DPW

210

295

480

640

660
700

Characteristics of
the starting PMG

Vsp
Cc
dig.

0.49

0.65

1.29

mole-%

68 ; 140»
70 ; 1401
70 ; 140s
70 ; 95«

75 ; 95e

Characteristics of the
reaction

Time,
hours

240
672
2064
4200
100
3 ;70"
1; 18f

100
3 ; 70e

240
2352
6450
3 ; 70«

240
4250
8700

100

200

200 ; 18»
2 ;181
1;181

3 70«

3 ; 70e

Conversion
of ester groups,

%

56
90
97
100
100
100
100

100

100

1.26
1.24
1.28
1.22
1.14
0.98
0.65

1.15
1.01
0.72

1.06

1.09
0.47
1.13

0.92
0.93

0.67
0.52
0.36
0.25
0.43

0.51
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16a
16b

17a
17b

19

20

poly-DEAG MG~ Glu4d
poly-DEAGXGIud

poly-DEAGIOMG G Iu7
poly-DEAGBGIu7

poly-DEAGIOMG3IGIu7
poly-DEAGAMG5GIu7

poly-DEAGI/GIu3

(1]

Xk ~D %

B . woee B

0.96 f 20 3150

0]6 1 B 205 065 7 ] 207,0160k 31506;79k

0.64 ) | 160 0.5

0.36 D 640 1.26 3 70 ; 140° 2 ;181
Names are constructed according to Gil] 111. [30]; DMAG stands for N-(2-dimethyl-

aminoethyl)-L-glutamine, DEAG for N-(2-diethylaminoethyl)-L-glutamine and
MG for y-methyl-L-glutamyl residues

¢ = 0.5%, in dichloroacetic acid
The temperature of the heating bath is given in the Table

(product)
FAUOL = —mmmmmmmmm e (c = 0-5%, in dichloroacetic acid)
SSCE. (PMG)

Heating at 75 °C for 3 hrs., then at 95 °C for 70 hrs.

”» 75 99 1 14 i 50 140 18

" ., 10 " 3 ., . . 95 70 o
. . 68 o 200 ., 140 18
» . 10 99 2 . ” , 140 . 18 o
» . 10 99 1, " , 140 18
» ., 20 , 3150 ,, » , 160 9

1.45
1.29

1.47
1.17

0.98

0.29
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from different starting materials. The importance of the latter possibility is
emphasized by the fact that the well reproducible preparation of starting
polymers which are identical in all respects is still an unsolved problem.

The side group modification of PMG by 2-dimethylaminoethylamine
(lia) was carried out at different temperatures. The corresponding reaction
times that are necessary to reach a certain degree of conversion are shown in
Table I. Stopping the conversion before it is complete, then treating the produc-

H—r-HNCHCO — —NHCHCO — [-NHCHCO—
CH2 CH, CH,
J 1 1
CH, CH2 CH,
i 1
CONHCH,CH,NR, | COOH p COOCH,
Vil

(a: R=CH3; b: R=C2H5 (n+ m+ q= DP)

ed material (Vila,) which contains still unreacted ester groups, with another
reagent, make it possible to introduce successively as many different functional
groups, as desired. In this way protein-like model compounds can be prepared,
which have several functional groups in different relative amounts and at
random distribution. From Table I it is also seen how the reaction temperature
influences the reduced viscosity of the prepared modified polymers. The effect
of temperature was more striking if starting polymers of high DP were used.
From the observed data it is obvious that higher temperatures are more favour-
able to peptide chain splitting than to the aminolysis of ester groups. It may
be supposed that at sufficiently low temperatures complete aminolysis of the
ester groups can be accomplished without noticeable breaking of the peptide
chains. *Since the material, prepared in this way, would have the same DP as
the corresponding starting polymers, its t?quot value would be the proportional-
ity factor of the viscosities of the two qualitatively different polyamino acid
derivatives. With the help of this factor and of the DP-viscosity calibration
curve of PMG, the DP of other, partially degraded basic derivatives could also
be estimated, assuming that the viscosity-DP relationships of these newly
prepared polymers and of the PMG’s are parallel or nearly parallel.

* Different criteria — besides the use of independent physical-chemical methods
can be found to prove whether this point has been reached or not: the r/quot values of different
compounds prepared either from the same starting polymer at different temperatures, or
from starting materials of essentially different DP’s at identical temperature, have to be
compared. It is very probable that the required condition is met at the point where i2qUX
becomes independent of the temperature of the reaction in the first case, or of the DP of the.
starting polymer in the second. Since several months are needed to complete reactions at
about room temperature, sufficient data are not yet available for full evidence. It is supposed,
however, that in the preparation of the poly-DMAG sample Id there occurred no splitting of
the peptide chain.
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It was not the purpose of the present work to investigate the structure
of the terminal residues of the prepared compounds and to discuss the mecha-
nism of the reactions in detail. It should be mentioned, however, that the vis-
cosity of the products was found to depend on the period of preheating, if the
reaction mixtures, before subjected to boiling for equal times, weretreated at 70°
for a shorter or longer period. Since prolonged preheating reduced the amount
of available ester groups in the molecule, this observation means that the split-
ting of the peptide chain occurs mostly (or exclusively) at glutamyl residues
bearing ester groups. It seems very probable that chain splitting is in connec-

tion with cyclization of y-alkylated glutamyl residues [24, 25] and takes place
as follows:

ICHCO NHCHCO- NHCHCO
CH2 CH2 CH,
1
CH2 CH, CH2
COOCH3 COOCH3 COOCH3
base
.—NHCHCO- -N-CHCO—CHCO NHCHCO—...
X |

CH yC b CH. CH2

| c /\ / |

CH CH, CH?2

| |
COOCH COOCH,

H2NCH2CH2N(CH3)2
reaction at “a”

-NHCHCO—NHCH,CH,N(CH3J),
|

CH,
CH,
1 HN—CHCO -NHCHCO —. ..
CONH + / \ 1
1 .C CH2 CH2
CH, o "\ / 1
1 CH, CH,
CH, 1
1 CONHCH,CH,N(CH3).
N(CH3)2

There is, however,no chain-splitting if the pyrrolidone ring containing structur-
al part, formed intermediately, reacts with the amine at “b”.

The available experimental data are yet insufficient to reach any con-
clusionwhetheranother type of cyclization of glutamic esterresidues — leading
eventually to isomerization of the glutamyl residues [26—28] — also takes
place or not.

As it can be seen from the data of Table I, results similar to the just dis-
cussed ones can be obtained when poly-N-(2-diethylaminoethyl)-L-glutamine
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(1llb) samples (in short, poly-DEAG) are prepared from PMG, using 2-di-
ethylamine (lib) as the reagent.

4. Effects of other parameters

Besides the most important influencing factors, discussed in detail in
the previous parts, some others have also to be considered in order to be able
to accomplish the side group modification of polyamino acid derivatives in a
reproducible manner. Though their effects may be eliminated if they are con-
stant or nearly constant in a series of experiments, their greater variation may
significantly change the properties of the prepared products, therefore they
must not be overlooked. Such additional parameters are:

The speed of stirring which has to be controlled, since “the reactions
always start in a heterogeneous phase, and very often they also end as such.

The bulk of the mixture may influence both the intensity of the stirring
and the effect of the temperature. The speed with which the internal tempera-
ture can follow the variations of the external heating also depends on this
factor.

The working up of the samples is also a very important parameter. The
crude products of the reactions that are formed in about 90% yield always
contain an excess of the modifying reagents. Some loss (up to about 30%) of
the polymeric material cannot be avoided when removing these impurities,
and it is possible that some fractionation occurs at this stage of the operations.
To test the role of this factor, the viscosities of some compounds were measured
before and after purification. No appreciable viscosity change was found in
samples of high nguot values, but some increase of the viscosities could be
detected after the purification of samples of low t)quot values. In the latter
cases the loss of purification was also slightly higher than in the others, indicat-
ing the removal of a part of the low molecular weight fractions.

Experimental

Poly-y-meth\1-f.-glutamate (PMG)

Poly-y-methyl-L-glutamate (I) samples were made from freshly prepared y-methyl-L
glutamate-N-carboxy-anhydride in dry ethyl acetate with the use of triethylamine as initiator.
y-methyl-N-earboxy-L-glutamate-anhydride was prepared from L-glutamic acid by a slight
modification of the procedure claimed by Jakus et al. [29]; namely the hydrochloride of
y-mcthyl-i.-glutumate was isolated in dry state and suspended again (200 g) in dry dioxan
(400 ml) and acetic anhydride (400 ml) before phosgene was bubbled through, and the mixture
was worked up as usual.

To a solution of the N-carboxy-anhydride (150 g) in ethyl acetate (1500 ml) triethyl-
amine (1.12 ml; A/1* = 100), diluted with ethyl acetate (10 ml) was added. Polymerization

* A/l = The molar ratio of anhydride to initiator.
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proceeded at 20° with the evolution of carbon dioxide to yield a gel. After standing for 72 hr.
it was filtered off, washed with ether and dried in vacuum at room temperature over H2S04
and paraffin. The yield was 104—107 g (91—93%). The viscosities of the compounds were
measured in dichloroacetic acid (DCA) at five different concentrations. The values were
extrapolated to zero. The intrinsic viscosities varied between 0.87 and 1.15 dl/g. This corre-
sponds to DP,,’s ranging from 480 to 700, determined with the use of the calibration curve
obtained from Sakurai and Okuda [21]. The samples contained 3—5% of glutamyl residues,
as calculated from methoxy determinations and titrations with tetraethylammonium hydrox-
ide. For detailed data of the individual compounds, see Table I. It should be noted that
in the preparation of sample A more triethylamine initiator (11.2 ml; A/l = 10) was used;
sample B was prepared and kindly supplied by CHINOIN Chemical and Pharmaceutical
Works Co., Budapest.

Side group modification reactions of poly-y-niethyl-L-glutamate

General procedure: Poly-y-methyl-L-glutamate (2.0 g) was suspended in the appropriate
amine (30 ml) and stirred at temperatures and for periods given in Table I. Then the mixture
was cooled to room temperature and worked up as required, and as described below.

Poly-N-(2-dimethylaminoethyl)-I,-glutamine (poly-DMAG)

The mixture was diluted with anhydrous ether (120 ml) to obtain an amorphous
precipitate. It was centrifuged and washed with ether (3 X 50 ml) in the centrifuge tube.
Then the precipitate was filtered off, washed with ether and dried in vacuum over H2504.
The crude poly-DMAG (llia; 2.3—2.6 g) was treated with anhydrous ethanol (10—15 ml)
and after a while with anhydrous ether (100 ml). The precipitate was filtered off and this
procedure was repeated (from two to five times) until the material contained less than 0.2% of
unreacted 2-dimethylaminoethylamine. The loss of material in a single step of purification
was about 5%.

Poly-N-(2-diethylaminoethyl)-L-glutamine (poly-DEAG)

Poly-N-(2-diethylaminoethyl)-L-glutamine (Illb, resp. Vb) was isolated and purified
according to the procedures described formerly for the preparation of poly-DMAG.
The yield was 2.2—2.9 g.

Poly-N-(2-aminoethyl)-L-glutamine

The mixture was diluted with ethanol (30 ml) and centrifuged. The solid was washed
in the centrifuge tube with ethanol (4 X 30 ml) and dried. The product was a swelling gel
(0.8—1.0 g), insoluble even in hydrochloric acid. The combined liquids of the former operations
were concentrated in vacuum to about 4 ml. The residue was diluted with ethanol (8 ml)
and then triturated with ether (8 ml). A gummy precipitate formed that soon solidified. The
solid was treated with ethanol (8 ml) and ether (8 ml), then centrifuged. The material was
treated with several portions of anhydrous ethanol (8 ml) until it contained less than 0.4%
of unchanged ethylenediamine. It was then dried in vacuum over H2S04 and finally over
P2 5 The hygroscopic material (0.70—0.79 g) could not be completely freed from the solvents
without loss of its solubility. A part of its glutamyl residues (about 22%) was involved in
the formation of diacylated ethylenediamine residues (VI).

Analytical procedures

Elemental analysis was of little value for the determination of the exact compositions
of the mostly copolymeric compounds. The elemental compositions of the individual structural
units did not differ enough to permit accurate calculations and characterization of the products.
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Quantitative determination of all basic structural units

The amount of basic structural units was determined by titrating samples (50—100 mg)
with solutions of 0.1 N perchloric acid in 99.9% acetic acid [31]. The material was dissolved
either in 99.9% acetic acid (30 ml) containing two drops of a solution of Crystal Violet (0.2 g
in 100 ml of glacial acetic acid), or in the mixture of 99.9% acetic acid (20 ml) and acetonitrile
(20 ml). The end-point of the titration was determined in the former case by the appearance
of a blue colour and in the latter one potentiometrically (normal glass and calomel electrodes).

Quantitative determination of the acidic structural units*

The acidic glutamyl residues were determined by titrating samples (20—60 mg) with
solutions of 0.01 N tetraethylammonium hydroxide in methanol-benzene (1 : 8 v/v), prepared
in the same manner as described for tetrabutylammonium hydroxyde solutions [32]. The
material was dissolved in water (0.5 ml) and diluted with pyridine (10 ml), containing four
drops of a solution of Thymol Blue (0.3 g in 100 ml of isopropanol). The determinations were
carried out under a nitrogen current, the end-point was determined by the appearance of a
bluish green colour.

Quantitative determination of the unneutralized basic structural units

To check the former two determinations, samples (50— 100 mg) dissolved in water
(40 ml) were titrated with 0.1 IV HC1. The end-point was determined either potentiometrically
(glass and calomel electrodes) or by the appearance of a violet colour in the presence of two
drops of a mixed indicator solution (0.2 g of Bromocresol Green and 0.1 g of Methyl Red
in 150 ml of 96% ethanol) added before titration. The results of these titrations agreed with
the molar differences of the basic and acidic groups.

[Quantitative determination of the ester group containing structural units

The amount of the y-methyl-glutamyl residues was determined by the use of routine
methoxyl determinations.

Calculation of the composition of the prepared compoundsfrom the analytical data

The quantities of each structural unit, expressed in milliequivalents per gram, were
summarized and from their sum — supposed to be 100% — their percentages were calculated,
giving the composition of the material in mole-percentages.

In order to obtain evidence whether the material in question contained only the
supposed and determined structural units or not, its actual analytical data were compared
with the calculated ones, expressed from the just determined composition. Agreement — within
the experimental error — indicated with great probability the completeness and correctness
of the determined composition. This was the case for poly-DMAG and poly-DEAG.

The determined data, however, never fitted the calculated ones if poly-N-(2-amino-
ethyl)-L-glutamine samples were treated in the formerly described way. These discrepancies
could be well explained by assuming the presence of diacylated ethylenediamine residues (VI).
Their amount was calculated by subtracting the milliequivalents of the titrated basic structural
units from the total ethylenediamine content of the material, determined as follows:

Quantitative determination of the total ethylenediamine content of poly-N-(2-aminoethyl)-L-
glutamine samples

Poly-N-(2-aminoethyl)-L-glutamine (80— 120 mg) was hydrolyzed in a sealed tube
with a solution of 6 IV HCI (1.0 ml) at 105° for 12 hrs. Ethylenediamine in the hydrolyzate
was determined by the method of Maros et al. [33]; the ammonia, liberated through oxidation
with periodate, was titrated with a solution of 0.01 N HCI. The results were expressed in
millimoles per gram.

* For the elaboration of the method and for the measurements | am greatly indebted
to Gy. Szokan.
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Other methods of investigation

Paper chromatographic determination of the purity. The material was dissolved in
a solution of 0.1 N HC1 and two different quantities (5 and 10 y) were applied on the paper
(Whatman 1). The appropriate amine, the removal of which had to be tested from the material,
was dissolved in a solution of 0.001 N HC1 and applied (0.02 and 0.04 y) on the same paper.
The chromatogram was run (ascending technique) for a period of about 2 hrs. in butanol—
acetic acid—water (4:1:5) system, and afterwards sprayed with an alkaline ninhydrine
solution [34]. The intensity of the colour of the developed spots was visually compared.

Viscosity measurements were carried out at 25.0° in an Ubbelohde viscometer, in which
the flow time of dichloroacetic acid (1.58 ml) along a capillary tube (length: 96 mm) was
166 sec.

Control of the optical purity. A sample (120 mg) of the compound to be tested was
heated with a solution of 6 JV HC1 (2.10 g) at 105° for 16 hrs. in a sealed tube. A mixture of
L-glutamic acid and the appropriate amine, corresponding to the quantities formed upon
total hydrolysis of the former sample, was treated at the same time under identical conditions.
A comparison of the optical activities of the two solutions indicated that — within the limits
of experimental error — the glutamic acid obtained by the hydrolysis of the investigated
poly-DMAG and poly-DEAG samples, had fully retained its optical activity.

My grateful acknowledgement is due to Prof. V. Bruckner, Director of the Institute
of Organic Chemistry, for his interest and advice.

| wish to express my thanks to our Microanalytical Laboratory, supervised by Mrs. H.
Medzihradszky, for the methoxyl analyses and to Mrs. M. A1mas for most of the experimental
work done always reliably and with high precision.

SUMMARY

The synthesis of various basic polyglutamic acid derivatives prepared from poly-y-
methyl-L-glutamate (PMG) is described. PMG has been transformed with different diamines
having at least one primary amino group. It has been demonstrated that a great number
of diverse compounds can be prepared from the same starting materials, depending on the
conditions of these “side group modifying reactions”. The most important influencing factors,
that determine both the composition and the average degree of polymerization of the materials
prepared, have been investigated. In this respect the characteristics of the starting polymer,
the properties of the modifying reagent, the temperature and the duration of the reaction,
and some other parameters of minor importance are discussed. It has been shown that the
presence of the esterified glutamyl residues is responsible for the partial peptide chain splitting
occurring during the reactions.
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Introduction

In former investigations we have found that cyclic N-monosubstituted
acid amides (lactams) in the solid state (KBr pellets) form cyclic dimer asso-
ciation rings (I) like those noted in the case of carboxylic acids [1—3]. Char-
acteristic for their IR spectra is a broad NH stretching vibration band in-
dented by submaxima and appearing at unusually low frequencies, namely
between 3200 and 2500 cm _1, and this band points unmistakably to the asso-
ciated structure mentioned. For, according to data in the literature, the NH
stretching vibration band of amides does never appear at wave numbers
below 3000 cm _1.

In what follows we report about the investigations of the spectra of some
pyridone compounds, among them of some where the NH stretching vibra-
tion hand characteristic of the associated cyclic dimer appears.

Discussion

The starting material for this family of compounds is 2-methyl-4-car-
bethoxy-5-cyano-6-pyridone (Ha), and the formation of its iminohydrin
(lactim) tautomer of aromatic structure (llia) is also conceivable.

COOR COOR
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However, the appearance of a rather intensive amide-1 band at 1665
cm in Spectrum 1 at once excludes this possibility, in accord also with for-
mer investigations concerning the structures of pyridone derivatives. These
studies have shown that the complete shift of the tautomeric equilibrium be-
tween amide » imino-hydrin to the amide (lactam) form (IV) is due to the fact

3800 3600 3Ne 3200 3000 2800 2600 2i00 2200 2000 1800 1600 1400 1200 1000 800 700 600 500 COI’
Spectrum 1. 2-methyl-4-carbethoxy-5-cyano-pyridone

that the mesomery energy IV <> V of the amide group is greater than the
energy liberated by the aromatization involved in the formation of the imino-
hydrin tautomer (V1) [4].

Thus the very intensive, diffuse, and indented absorption between 3200
and 2500 cm-1 is assignable to NH stretching vibrations. The shape of the
band is evidence for a cyclic dimer association structure (VII). Between 3100
and 3000 cm-1the weak stretching vibration bands of the CH group adjacent
to the double bond, and in the interval between 3000 and 2800 cm _1the bands
of the aliphatic groups (methyl and ethyl) coalesce with the NH stretching
vibration band. We suppose that the surplus energy of the very strong associ-
ation of type VI also contributes to the stabilization of tautomer Il, in contra-

ICOOEt
CN

fY

H H

4 A
Vol
NC/y'
COOEI
vl
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Table I*

Partially deuterated
2-methyl-4-carbethoxy-
cyano-6-pyridone

2-methyl-4-carbethoxy-
5-cyano-6-pyridone

2-methyl-4-carbomethoxy-
5-cyano-pyridone

vNH, and j>XD bands,** 3200-2400, v.s., 2400-2000, s., 3200-2400, v.s.,
respectively with sub-maxima with sub-maxima with sub-maxima
vC=N band 2230, m. 2230, m. 2230, m.
vC=0 (ester) band 1730, s. 1730, s. 1730, s.
Amide-1 band 1670—1640, v.s. 1670-1640, v.s. 1680-1650, v.s.
vC=C bands 1625, m. 1605, m. 1625, m.
1540, m. 1550, m. 1550, m.
Amide-Il band 1490, w. 1280, w. 1490, w.
RSCH2, <sCl113 and 1470, 1450, 1410, 1470, 1450, 1405, 1490***, 1440
&CII( bands 1385, 1370, m.-w. 1390, 1370, m.-w. 1415, 1385 m.-w.
vC—C(=N) band 1330, m. 1330, m. 1330, m.
vC—0 —C (conjugated ester) bands 1255, 1220, 1200, 1130, 1280, 1255, 1220, 1200, 1250, 1220,
1120, 1020, 1010, s. 1120, 1020, 1010, s. 1130, 1065, s.
Amide-V (yNH) band 940, m. 770, m. 960, m.
y(=CH) band? 760, in. 760, m. 760, m.
Vmide-VIl (yC=0) band? 585, m. 585, m. 585. m.
* Values in this Table are given in cm-1. Relative intensities are marked thus, v.s. = very strong, s. = strong, w. =
medium, w. = weak. Vibration modes are marked thus, JasXY, vsXY, resp., and dasXY, &XY, resp. = XY asymmetric, resp. symmetric
stretching and vibration and deformation vibration bands; — i>XY, BXY and yXY — XY stretching vibration, in plane, deformation vibra-

tion and out of plane deformation vibration.
** |n cyclic dimer association.
Superimposed on the amide-ll band.
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distinction to simple OH...OH or OH...N-type intermolecular hydrogen
bonds possible in structure I1I1.

Table | shows the assignations ofthe main spectrum bands; these assigna-
tions are supported by results of partial deutérations. Also the frequencies of
the deuterated compound are listed in Table 1.

Acid hydrolysis in alcohol [5] of lia yields two substances (cf. Spectra
2 and 3), one of which is 2-methyl-4,5-dicarbethoxy-6-pyridone (Villa), and
the other a half-ester having structure 1Xa or structure Xa. The formation of
the latter can be visualized as the result of partial hydrolysis of the di-ester

LiF NaCl KBr

0 W

Transmission,%
5385383338

3800 3600 3400 3200 3000 2800 2600 2WO0 2200 2000 1800 1600 HOO 1200 1000 800 700 600 500 cm

Spectrum 2. 2-methyl-4,5-dicarbethoxy-6-pyridone

Transmission,%

3800 3600 3i00 3200 3000 2800 2600 2i00 2200 2000 1800 1600 %00 1200 1000 800 700 600 500cm’
Spectrum 3. 2-methyl-4-carbethoxy-5-carboxy-6-pyridone

Villa. Spectrum 2 of the di-ester (Villa) is similar in every respect to Spectrum 1
of lla,hut,of course,the ester bands are more intensive and splitting (cf. frequen-
cy values in Table Il1), and nitrile bands around 2230 and 1330 ¢cm -1 do not
emerge. The greater intensity of the amide-I stretching vibration band of the
amide group, and that of the C=C double bonds isquite notable and attributable
to the increased electron-withdrawing effect, due to the presence ofthe two
ester groups, which decreases the electron density near these groups, and en-
hances the polarity of the C=0 and of the C=C bonds. The unchanged
structure ofthe NH stretching vibration band supports the view that also this
compound forms a cyclic dimer association.

Chemically considered, between the alternatives 1Xa and Xa the forma-
tion of the former may be expected, since a simple hydrolysis of the nitrile
group suffices to yield this compound. At the same time, partial hydrolysis
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Table I1*

2-methyl-4 5-dicar- 2-methyl-3-nitro-4,5-

bethoxy-6-pyridone dicarbethoxy-6-pyridone
vNH band** 3200-2400 v.s., 3200-2600 s.,

with sub-maxima with sub-maxima
vC =0 (ester)band 1750-1730 v.s. 1760 v.s.
Amide-1 band 1645 v.s. 1660 s.
j'C=C bands 1560 s. 1620 m.

1485 s. 1570 m.
»WNOe - 1530 s.
wvsN 02 — 1360 s.
&CH2 &sCH3 several weak bands several weak bands
&CH3 bands in the range between in the range between

1460 and 1370 1460 and 1370

vC—0 —C (conjugated ester) 1275, 1230, 1270, 1225,
bands 1085, 1065 s. 1140, 1085 s.

Amide-Il band 1490 w. 1490 w.
Amide-1ll band 1300 m. 1300 m.
Amide-V (yNH) band? 965 w. 950 w.
v(=CH) band? 850 m. 850 m.
Amide-VI (yC=0) band? 590 m. 610 m.

* Cf. footnote * to Table I.
** In cyclic dimer association. The vCIl bands of the saturated and of the unsaturated

groups are superimposed.

of the di-ester (Villa) is more likely to produce Xa, since the reactivity of
substituents at position 4 of pyridine compounds is generally greater [6—9).
To substantiate these suppositions, we synthesized [10] and investigated
Spectrum 4 of the products of the partial hydrolysis of Villa.

COOR COOR COOH
a:R B aR B y a R &
Mil bR M IX b:R M N b:R Me
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3800 3600 3T 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 700 600 500 cm'l
Spectrum 4. 2-methyl-4-carboxy-5-carbethoxy-6-pyridone

Spectra 3 and 4 are not identical, and they also differ from Spectra 1 or
2, thus they correspond, indeed, to structures 1Xa and Xa. Now it remained to
clear whether Spectrum 3 is that of IXa, and Spectrum 4 that of Xa, as ex-
pected.

This task is rather complex. It seemed best to start with Spectrum 4
where in either of the ranges between 2600 and 2200 cm -1, and between 2000
and 1800 cm -1, one very diffuse “immonium” [11] hand appears, characteristic
of AN H +-type ionic groups. It is well known that an amide group can only
exceptionally form a salt, and that none of the bands of the >NH?2
group would appear in the intervals mentioned, but they would have maxima
between 2800 and 2400 cm -1, around 2600 cm _1. Therefore, obviously, only
a pyridine salt structure (llia) can be supposed to emerge, at least in part of
the molecules, by the formation of zwitterions, with the participation ofthe free
carboxyl group. Accordingly, the asymmetric, the symmetric stretching vibra-
tion bands of the carboxylate ion, and those of the C=N + type double bond
of the aromatic ring appear at 1685, 1640 and 1400 cm -1, respectively. The
i>C=0 hand of those carboxyl groups that do not participate in zwitterion
formation coalesces with the latter.

Spectrum 3 contains no bands characteristic of zwitterions. Compared
with Spectrum 1 (cf. Table I11), the frequency ofthe amide-1 band is lower by
about 20 wave numbers. The band at 1745 cm -1 of the ester-carbonyl is about
twice as intensive as bands of the same origin in Spectra 1 and 4, obviously
because it is superimposed on the C=0 stretching vibration band of the
carboxylic-acid groups. The comparatively high frequency of the acid carbonyl
band shows that no cyclic dimers are formed with carbonyl groups; conversely,
at the same time, the diffusiveness and low wave number of the OH stretching
vibration band, to be found superimposed on the NH stretching vibration
band between 3200 and 2400 cm -1, further the sharp profile around 930 cm "1
of the band due to the out of plane OH deformation vibration, are indica-
tive of the formation of strong intramolecular hydrogen bonds. Taken in
conjunction with the mentioned shift towards lower wave numbers of the
amide-1 hand, it is highly probable that the acid hydroxyl group associates
intramolecularly with the amide carbonyl to produce a chelate structure.
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rOH** and vNH*** bands
superimposed

rOH band****

V("NH+) bands

vC= 0 (ester) band

BC=0 (acid) and
rC=N* bands superimposed

vasC 02 band

vsCO4
Amide-1 band
vC=C bands

Amide-1ll band

vC—0 —C (conjugate ester)
bands

vC—O0(H) (carboxyl) band?

VOR** and vNH*** bands
superimposed

RsCOZ band?

Table I11*

2-methyl-4-carbethoxy-
5-carboxy-6-pyridone

3200—2400 v.s., diffuse,

1740 v.s., broad*****

1625 s.

1530 m.
1480 %% g,

1390 w.

1240 s.
1065 s.

1160 s.

930 m.
broad

2-methyl-4-carboxy-5-
carbethoxy-6-pyridone

3300-2700 s.

2700-2200 m.
2100-1800 w.

1750 s., sharp

1685 s.
1640 s.

1400 m.

1560 w.
1480 w.

1280 v.s., broad
1095 s.

600 s.

However, it is only structure 1Xa that allows such an association. According
to expectation, the foregoing seem to support the view that the half-ester pro-
duced by acid hydrolysis has structure IXa. Lactam dimers are formed at the
same time, thus formula XI| that takes account also of associative circum-
stances corresponds to Spectrum 3. This accounts for the very low wave number
of the amide-1 band: owing to the chelate structure and the twofold hydrogen

bonding, the C=0 bond order is significantly reduced.

* Cf. footnote * to Table I.
** in intramolecular association.
*** jn cyclic dimer association.
**** jn very strong intermolecular association.
***x** vE _q (carboxyl) band also superimposed.
*x*kxkxk Amide-11 band also superimposed.
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Thus Spectrum 4 is that of Xa; this is supported by the zwitterion struc-
ture X1l whose emergence here is obviously due to significant mesomeric and
inductive effects between the carboxylate ion at position 4 and the hetero
ring, and this circumstance stabilizes the zwitterion form. Otherwise, also the
greater reactivity of position 4 is connected with the possible inductive and
mesomeric effects between the ring and the substituent at position 4.

Xe

The prerequisite of mesomerism is that the carboxylate ion should be
co-planar with the aromatic ring. This requires that the ester group should
turn out of the plane of the ring. This explains the higher frequency of the
ester bands (the degree of conjugation is lower) compared with the values found
in Spectrum 3. For the same reason the phenolic hydroxyl group at position
6 cannot become intramolecularly associated with any of the oxygens of the
ester group, therefore it is probable that it forms quite a strong hydrogen bond
with the carboxylate ion of an other molecule. Accordingly, in contrast to
findings with potassium bromide pellets, in a strongly polar solvent (dimethyl-
sulphoxide) the hydrogen bonds are disrupted and the zwitterion structure is
abandoned at the same time, in accordance with the spectroscopic finding that
pyridine-carboxylic acids show no zwitterion structure in water [12].The super-
imposed stretching vibration bands of the OH and the NH groups solvated by
the solvent appear in the 3700 to 3100 cm -1range. Atthe sametime, substance
Xa with Spectrum 4, investigated in the same solvent, is found to have retained
the diffuse band between 3100 and 2200 cm-1, thus here intramolecular
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hydrogen bonds are present, in accord with the association structure X (cf.
Spectra 3a and 4a).

Spectravery similarto those of the carbethoxy derivatives are produced
by the carbomethoxy compounds lib, VUIb, IXb, and Xb, thus for them the

LiF Nod KBr

Spectrum 3a. Infrared spectrum of 2-methyl-4-carbethoxy-5-carboxy-6-pyridone in 10 3 m/1
dimethyl-sulfoxide solution (4000—700 cm-1)

LiF NQ KBr

Spectrum 4a. Infrared spectrum of 2-methyl-carboxy-5-carbethoxy-6-pyridone in 10 3 m/1
dimethyl-sulfoxide solution (4000—700 cm-1)

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 700 600 500 cm
Spectrum 5. 2-methyl-4-carbomethoxy-5-cyano-6-pyridone

LiF Nad KBr
hyWw7 Ay
1z f F-
u

F = m -
Ry
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 700 600 500cm'l
Spectrum 6. 2-methyl-3-nitro-4,5-dicarbethoxy-6-pyridone
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foregoing statements are valid in every respect. As an example, Spectrum 5,
that of 2-methyl-4-carbomethoxy-5-cyano-6-pyridone (lib) is shown (cf. also
Table ).

Di-esters of structure VIII and derivatives that carry a nitro group at
position 3 give spectra with diffuse NH stretching vibration band of low wave
number and indented by sub-maxima, thus also these compounds enter into a
cyclic dimer association. As an example, Spectrum 6 of 2-methyl-3-nitro-
4.,5-dicarbethoxy-6-pyridone (XIII) is shown (cf. also Table 1l), where loss
ofintensity ofthe NH stretching vibration band due to the electron withdrawing

effect of the nitro group is clearly noticeable. This loss of intensity occurs in
connection with the lower polarity of the C =0 double bond, since, owing to the
electron attraction of the nitro group at para position, the carbonyl oxygen is
less negative, consequently the hydrogen bond formed with it is weaker, thus
the polarity ofthe N—H bond isreduced, and this causes that the NH stretch-
ing vibration and the amide-1 bands become less intensive [13].

Experimental

Infrared spectra were recorded by an UR-10 double-beam spectrometer of Zeiss, Jena;
samples in KBr pellets.

Spectra of solutions were recorded with the sample in a sodium chloride cuvette, path
length 10 mm, in concentrations of about 10“ 3mole substance per litre of dimethyl sulphoxide.

Partial deuteration was carried out in 98% heavy water. 2 g of substance in 10 ml
of heavy water was boiled for 1 hr., this was then evaporated in vacuum to dryness. Boiling
with another 10 ml of heavy water and evaporation followed, then the substance was dried
in vacuum over phosphorus pentoxide at 105° for 24 hrs.

SUMMARY

In the IR spectra of the pyridine derivatives studied, the diffuse, indented NH stretching
vibration band extends over the interval of wave numbers lower than 3000 cm” ’, between
3200 and 2500 cm-1. Former experiments of ours have shown this to be the consequence
of the formation of a cyclic dimer association structure. In the half-esters of pyridine dicar-
boxylic acids, depending on the position of the free carboxyl group, in the one case this type
of hydrogen bond remains intact and also the OH group of the carboxyl becomes associated
with the amide carbonyl within the molecule; in the other case, cyclic dimer association is
not possible because of the simultaneous emergence of the tautometric iminohydrin form;
this gives rise to zwitterion structures and the bands of the NH+ and OH groups in inter-
molecular hydrogen bonds appear in the spectrum. On the basis ofthe divergent circumstances
for association, the relative positions of the free carbonyl and ester groups, i.e. the structure
of the molecules can be elucidated.
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DIMERIC STRUCTURES, IIlI
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Introduction

In the course of former studies [1, 2] we have found that contrary to
data in the literature [3, 4], cyclic N-monosubstituted amides (lactams) in the
solid state (KBr pellets) exhibit spectra in which the NH stretching vibration
(vNH) band extends to regions of wave numbers lower than 3000 cm -1; the
band becomes diffuse (appearing in the range between 3200 and 2700 cm _1)and
it is indented occasionally by sub-maxima. This shape of a band reminds us
of the structure of the rOH bands of dimeric carboxylic acids, and just this
fact suggested that these characteristics of the rNH band might he in some
connexion with an association structure that is related to the one formed by
hydrogen bonds in the case of carboxylic acids. Therefore, compounds were
selected for study in which it was reasonable to suppose that an association

S -o f >

y \|—H 0~

structure (I1) similar to that of carboxylic acid dimers (1) will occur. Lactams,
if they contain no other groups capable of association, are, indeed, liable
to form relatively strong hydrogen bonds, since in them the conditions of the
emergence of the association structure (Il1) are given [5, 6], as it will be
discussed below.

Discussion

Conditions favourable for the emergence of a cyclic dimeric association
structure are the following:
1. Spatial arrangement of molecules

A simple, intermolecular association of cyclic compounds is labile, be-
cause substantial disruptive forces affect the hydrogen bond; these forces tend
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to keep off the molecules from one another. This favours the formation of
cyclic dimers, since in the case of a simple intermolecular polymeric association
the rings cannot be co-planar; however, they are in the same plane in a cyclic
dimer, and thus they present a smaller surface to the attack of disruptive
forces. This view is supported by the analogous, generally accepted, and ex-
perimentally proved fact that with cyclic compounds or with those of great
spatial extension, if at all possible, intramolecular hydrogen bonding is much
more probable than some intermolecular linkage between the molecules [7].

2. Spatial structure of the association ring

In N-monosubstituted acid amides the hydrogen atom isnearly co-planar
with the NCO group. This follows from the spectroscopic values, notably from
the comparatively low frequency values of the amide-1 band, and the high
frequencies of the amide-Il band. These values can be explained by the hy-
bridization of the C=0 and N—C stretching vibrations, and by that of the
in-plane deformation vibrations of the NH bond. The coupling of these vibra-

—
o f
OV N
\
Il \V2
tion modes is correlated with the Il IV mesomerism evidenced in amides;

this phenomenon forces the N—H bond into the NCO plane. In the limiting
structure of mesomer IV, which is the more probable, the hydrogen bonds en-
hance the deformation ofthe CONH group into a planar arrangement, therefore
the eight-membered association ring can be considered practically planar. The
planar arrangement stabilizes the association structure.

3. Twofold linkage

In structure Il two hydrogen bonds per pair keep the molecules together.
Also this twofold linking makes this type of association more probable than any
other linkage between the molecules.

4. Symmetry

By the formation of dimers of type Il, the symmetry of the molecule
always increases, and an arrangement is brought about that is centrally sym-
metric. Since this is favourable energetically, and has, as shown by a number
of analogous instances, astabilizing effect, it can be one of the causes responsible
for the formation of structure II.
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5. Very strong hydrogen bond

The circumstances listed demonstrate that the cyclic association struc-
ture is more favourable than simple intermolecular associations. There is no
doubt, however, that the characteristics of the corresponding rNH band are
decisively affected by the fact that in amides especially strong hydrogen bonds
are formed, and the diffuse, low wave number hand sometimes indented by
sub-maxima will emerge in the spectrum only if the hydrogen bonds appro-
priate to structure Il are strong enough.

The formation of very strong hydrogen bonds in the case of acid amides
is ensured by the following circumstances.

(@) From the outset, the negatively polarized carbonyl oxygen and the
NH-hydrogen of acidic character allow the formation of strong hydrogen bonds.

(b) Owing to the 111 IV mesomerism, the plane-hybrid electron struc-
ture of the nitrogen atom is prevailing, thereby a more intensive interaction of
the pillar atoms is allowed than by hydrogen bonds in cases when the valencies
of the N atom ofthe NH group are arranged pyramidally [5, s].

(c) In structure 11, the two 0. ..H—N atom triads directly involved in
the formation of the hydrogen bond, viz. the pillar atoms and the proton, are
co-linear like inthe dimeric carboxylicacids; this again will favour the formation
of strong hydrogen bonds. All these together explain the special features of the
rNH band that characterizes the association structure 1l of lactams.

If these ideas are correct, in addition to the case of lactams, a vNH band
of a similar structure may be expected in every other group of compounds which
satisfies, at least for the greater part, the conditions listed under Points 1to 5.
If structure Il is to be wholly generalized it suffices to require that the NH
group should remain intact and the other atom X, i.e. that in position B,
bonded to the nitrogen, should function as an electron reservoir, i.e. it should
possess at least one lone pair of electrons. Atom Y directly linked to the NH
group can be of any kind; thus the general formula for structure Il may be
written as in V. The free valence of the nitrogen atom may form a bond with
any group of atoms, or with any atom, thus, e.g. ring closure towards Y or X
is possible, or it may link up with Y in the form of a Y =N double bond. The
hydrogen atom is excepted since with primary acid amides, according to experi-
ence, no cyclic dimer association is formed, obviously because the mesomeric
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system is shifted towards Ill, and so conditions 2, 5a, and 5b, are not fulfilled.
Of course, also the possible further valences of X and Y may serve for any
bondings that are actually feasible; the association ring is always imaginable
and actually emerging if otherwise allowed by the chemical character and spa-
tial arrangement of the atomic groups involved.

Amidines

J*R

R(2)-C
N jhr(»

M

If in the general formula Y, Y is a carbon atom and X is a nitrogen atom,
further if also the second valence of the nitrogen atom at position X forms a
bond with the atom at Y, i.e. a double bond X=Y or C=N is present in
the molecule, then an amidine (V1) is formed, of which the cyclic dimer associ-
ation V11 will emerge according to the character of the substituents attached to
the carbon and nitrogen atoms. Spectrum 1, that of N,N’-diphenylbenzamidine
(VI; Rx= R2= R3= Ph) and Spectrum 2, that of N,N’-diphenvlacetamidine
(VI; Rx= Rsz= Ph; R2= Me) have been studied.

1. Spectrum of N,N’-diphenylbenzamidine

In the spectrum of this compound the rather weak NH stretching vibra-
tion band appears between 3400 and 3200 ¢m -1, with a maximum around 3310
cm _1. This suggests that no cyclic dimer association did emerge, and only
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Spectrum 1. N, N’ — dipbenyl-benzamidine

simple intermolecular conditions of the occurrence of an association structure
similar to Il in mind, it seems highly probable that by the joined electron-
withdrawing effect of substituents R2 and R3, the electron donor character

Acta Chim. Acad. Sei. Hung. 54, 1967



SOHAR: NH STRETCHING VIBRATION BANDS, il 95

of the nitrogen of the C=N double bond is weakened to a level at which no
hydrogen bonds strong enough to cause a lowering of frequency and a diffusive-
ness as mentioned, can be formed.
The further bands are assigned as follows:
1630 cm-1 is arasN—C=N band of vC=N character
1590, 1490 and 1440 cm are bands of the vibrations of the aromatic skeleton
1540 cm -1 is a /3NH band with, possibly, a superimposed band of one vibration
mode of the aromatic skeleton
1330 cm-1is arsN—C=N hand of vC—N character
1225 cm -1 is a rC(Ph) —N hand [rC(R1)—N, and rC(R3)—N band]
780, 760, 740 and 700 cm -1 are aromatic y(=CH) or yCC bands characteristic
of monosubstitution
As intermolecular association develops, internal rotation is made possible,
sothe yNH band gets diffuse. On the band there superpose absorptions also of
other origin that appear in the very same region, therefore the yNH band may
be suspected only from the deflection between 800 and 400 cm _1 of the spectral
base line.

2. Spectrum of N,N ’-diphenylacetamidine

In Spectrum 2, that of this compound, besides a significant rise in inten-
sity, the frequency of the i>NH band is lowered by several hundreds of wave
numbers. This band extends from 3350 cm _1 down to 2500 c¢cm _1 and exhibits
one less, and one more, pronounced maximum around 3250, and 3050 cm -1,
respectively. From this we deduce that with the greater number of the mole-
cules the cyclic dimer (VII; Rj = Rz = Ph; R2= Me), and with the remainder

Rea R(d
N mH— N
\
H..../
RO> RJ
V1l

a simple intermolecular association is formed. Thus the electron donor effect of
the R2 = methyl substituent sufficiently increases the electron density at the
R atom of the C=N double bond to render the formation of strong hydrogen
bonds of type VII possible, at least for a greater part of the molecules. The
polarization of the H—N—C=N system is also expressed by the enhanced
intensity of the bands ofthis group. In accordance with the two kinds of associ-
ation, the hands of the N—H —C=N group are widened or split. The yNH
band around 510 cm-1 that corresponds to the molecules present in cyclic
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dimer association emerges with a sharp outline, since no internal rotation is
possible in these molecules, whereas the corresponding band of the molecules
with simple intermolecular hydrogen bonds is diffuse also here and causes a
shift of the base line towards lower transmission values between 900 and 600
cm -1.

The other bands have the same frequencies as shown by Spectrum 1, and
also the bands assignable to the methyl group appear. From among these, the
stretching vibration bands coalesce with the vNH absorption.

3800 36003100 3700 3000 7800 7600 2W0 7700 7000 1800 1600 UOO 1200 1000 800 TAD 600 500cm 1
Spectrum 2. N, N’ — diphenyl-acetamidine
The further bands are assigned as follows:

3400 to 3100 cm is a rNH band (in simple intermolecular association)

3200 to 2500 cm _1, with a maximum around 3050 cm ~1, is a tNH band (in
cyclic dimer association) superimposed, at around 2930 and 2860 cm _1,
on the TasCHs and rsCH3s bands

1645 cm-1is a N—C=N band of rC=N character; the higher frequency is
due to a greater electron density around the bond system than in N,N’-
diphenylbenzamidine

1590, 1500 and 1450 cm -1 are bands of the stretching vibrations of the aro-

matic skeleton (the maximum around 1450 cm -1 is superimposed on the
6aCHs3 band)

1545 cm-1 is a BNH band

1380 cm-1 is a 6sCH3 band

1335 cm-1 is arsN—C=N band

1220 cm-1isavC(Ph)-N band [r C(R)-N and vC(R3)-N bands]

800 cm _1is a 6cCHs “sweeping” band?

760, 750 and 695 cm 1 are aromatic y(=CH) and yCC bands characteristic
of monosubstitution

510 cm 1isa YyNH band (in a cyclic dimer association)

900 to 600 cm _1is a diffuseyNH band (in a simple intermolecular association).

Experimental

Spectra were recorded with a double-beam UR—10 infrared spectrometer of Zeiss,
Jena; samples in KBr pellets.

Our thanks are due to Dr. K. Kobmendy (Dept, of Organic Chemistry, L. EOtvos
University, Budapest) for the gift of the substances used in these studies.
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SUMMARY

In the spectra of cyclic secondary acid amides (lactams), the NH stretching vibration
band extends to wave numbers lower than 3000 cm” 1, it is rather diffuse as it appears between
3200 and 2500 cm™”\ ofand isindented occasionally by sub-maxima. These effects are explained
by supposing that a cyclic dimer association structure (I1) is formed. The conditions of this
are the following: spatial arrangement of the molecule (a planar ring structure or great spatial
extension is favourable); planar arrangement of the association ring: a twofold linking of
each group of molecules; an increase of symmetry brought about by the association; and the
emergence of very strong hydrogen bonds due to the great associative tendency of the amide
group enhanced also by mesomerism and co-linearity of the three atoms directly involved
in hydrogen bonding. Structure Il may be generalized, e.g., if the hydrogen bonds are sufficiently
strong, also in the case of amidines the formation of cyclic dimers, and there with the appearance
of a rNH hand as characterized before, is to be expected. Such a band has been actually
identified in the spectrum of e.g., N,N'-diphenylacetamidine.

REFERENCES

1. Sohar, P.: Acta Chim. Acad. Sei. Hung. 40, 317 (1964).

2. Sohar, P., Farkas, L.: Previous article in this number.

3. Jones, R. N., Sandorfy, C.: Infrared and Raman Spectrometry (in Weissberger, A.:
Chemical Applications of Spectroscopy) Interscience Publ. Inc. New York, 1966.
pp. 515-519.

4. Cross, A. D.: Introduction to Practical Infrared Spectroscopy. Butterworths, London,
1960, pp. 65—67.

5. Sohar, P.: Magy. Kém. Foly. 71, 415 (1965).

6. Sohar, P.: Infrared Spectroscopic Study of Association Structures (Post-doctoral Thesis)
Budapest, 1964 (In Hungarian).

7. Kuhn, L. P.: J. Am. Chem. Soc. 74, 2492 (1952).

Pal Sohar; Budapest IV., Szabadsagharcosok Gtja 47/49.

7 Acta Chim. Acad. Sei. Hung. 54, 1967






Acta Chimica Academiae Scientiarum Hungaricae, Tomus 54 (1), pp. 99—106 (1967)

DIE ANWENDUNG DER AUTORADIOGRAPHIE
ZUM STUDIUM DIFFUSIONSARHANGIGER
REAKTIONEN REIM VISKOSESPINNPROZESS*

D. Paul, A. Grobe und H. Jost
(Institut fur Faserstoff-Forschung, Teltow-Seehof)

Eingegangen am 22. April 1967
Problemstellung

Noch immer stellen die Fasern auf Cellulosebasis den groRten Anteil der
Chemiefaserproduktion der Welt. Die erheblichen Verbesserungen der textil-
physikalischen Eigenschaften der Cellulosefasern in den letzten 10 Jahren
zeigen, dall diese Entwicklung noch nicht beendet ist [1].

Das Prinzip des Viskosespinnprozesses ist in Bild 1 dargestellt. Die Vis-
kose, eine alkalische Ldsung von Na-Cellulosexanthogenat, wird durch die
Spinnduse in das Spinnbad gefdrdert; der entstehende Celluloseregeneratfaden
wird von einem Aufwickelorgan aufgenommen, sdurefrei gewaschen, getrocknet
und einer Nachbehandlung unterworfen [2].

Die Zusammensetzung von Viskose und Spinnbad enth&lt Tabelle I.
Die Konzentrationsangaben beziehen sich auf den Superkordspinnprozef3, der

Tabelle |

Aufstellung der Viskose- und Spinnbadbestandteile

Viskose Spinnbad
6—8 % Cellulose 50-60 g H,S041
5-6 % NaOH 50-70 g ZnSO./1
42-47% CS, 140-160 g Na,sSO,/I
CeII—O1 S04—

c=s Zn++

s — H +
CS3- - Na+
S-- H,0
OH- Modifikator
Na+
H,0

* Nach einem Vortrag auf der Konferenz »Uber einige Gebiete der physikalischen
Chemie« vom 25.—28. April 1966 in Budapest.
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von uns untersucht wurde. Des weiteren sind die Hauptbestandteile der Viskose
und die Bestandteile des Spinnbades in lonenform angegeben. Die Modifikato-
ren werden in Konzentrationen von 1—2 g/1 der Viskose oder dem Spinnbad
zugesetzt. In Verbindung mit der Superkordspinntechnologie verdndern sie
wesentlich die textilphysikalischen Eigenschaften von Celluloseregenerat-
faden [3].

Als Modifikatoren eignen sich die verschiedensten Substanzen, wie z. B.
Cyclohexylamin und seine Derivate oder auch Polydthylenglycol mit einem
Molekulargewicht von 1500 [4].

Fur den HerstellungsprozeR der F&den sind Informationen Uber die
Diffusion der Spinnbadbestandteile erforderlich, denn sie bestimmen die Struk-
tur und somit die textilphysikalischen Eigenschaften des fertigen Fadens.

Die Diffusion der Spinnbadbestandteile wurde bisher wéahrend des
Spinnvorganges durch den Farbumschlag eines Indikators gemessen und dabei
das Verhalten der Wasserstoffionen gepruft [5]. Eine Fragestellung fur den
Superkordspinnprozefl lautet jedoch:

»Wie verhalten sich die Zinkionen des Spinnbades wéahrend der Faden-
herstellung?«

Es gibt Autoren, die eine Zinkverteilung Uber den gesamten Fadenquer-
schnitt annehmen [¢6], wdhrend andere aus experimentellen Werten eine peri-
phere Verteilung schluBfolgern [7]. Mit herkémmlichen analytischen Methoden
ist nur der Gesamtzinkgehalt des Fadens zu bestimmen [s¢]. Auskinfte Uber
eine ortliche Verteilung sind damit nicht zu erhalten.

Fir solche Untersuchungen ist es zweckmdRig, die in den Faden ein-
diffundierenden Spinnbadkomponenten zu markieren und auf ihrem Weg in
den Faden zu verfolgen. Dieser Forderung werden die Radionuklide vollauf
gerecht. Die einzelnen lonen des Spinnbades kdénnen radioaktiv markiert
werden und mit Hilfe des autoradiographischen Nachweisverfahrens ist eine
Ortliche Bestimmung des in den Faden hineindiffundierten Nuklids mdglich [9].

Als markierte Spinnbadbestandteile verwendeten wir radioaktives Zn
(Mzn), radioaktives Sulfat (35S) und einen 14C-markierten Modifikator.

Experimentelles

Die Celluloseregeneratfdden wurden in einer Modellspinnapparatur nach dem Prinzip
von Abb. 1ersponnen. Die Zusammensetzung der radioaktiven Spinnbéader ist im folgenden
aufgefihrt:

1. Im Reaktor aktiviertes, metallisches Zink (100 mCi/4,6 g Zn) wurde in 7,8 g reiner,
konzentrierter H2504 gelést; H,S04und Na2S04 wurden zur Erreichung der Badzusammen-
setzung von 54 g H2504/1, 56 g ZnSOj/1 und 156 g Na2S 041 zugefugt. (Spezifische Aktivitat
des Spinnbades: 0,5 mCi/ml.)

2. 3BS wurde in Form von trdgerfreiem Na2¥3S04 mit einer Aktivitdt von 20,4 mCi
dem Spinnbad (70 g H2S0j/l, 90 g ZnS04/I1, 140 g Na2504]1) zugesetzt. (Spezifische Aktivitat
des Spinnbades 03 mCi/ml.)
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3. Als 14C-markierter Modifikator wurden 162 mg eines Gemisches von Cyclohexylamin

und N-Methylcyclohexylamin einer Aktivitdt von 8,43 mCi verwendet und 81 ml Spinnbad
zugesetzt (Modifikatorkonzentration: 2 g/1, spezifische Aktivitat des Spinnbades 0,103 mCi/ml).

Der Faden durchlief in den Spinnbddern eine bestimmte Strecke, gelangte dann auf
das Aufwickelorgan und wurde mit Lésungen bespilt, welche eine weitere Diffusion hemmen
bzw. abbrechen. Wir benutzten

1 m Natriumacetatlosung fur die Versuche mit tJZn (um eine weitere Zersetzung des
Cellulosexanthogenats zu verhindern) und

1 m Bariumacetatlésung fir die Experimente mit 35S (dabei wird das Sulfat als BaSO,
fixiert).

Abb. 1. Schematische Darstellung des Spinnvorganges

Die Diffusion des Modifikators wurde nicht unterbrochen, sondern die Faden mit
dem anhaftenden Spinnbad trocken aufgewickelt. Fur die weitere Untersuchung betteten
wir die Faden in einer Mischung von 30% Paraffin, 20% Stearin, 45% Versamid 950(R) und
5% Dibutylphthalat ein und fertigten mit einem Mikrotom 5 bzw. 10 fim starke Quer-
schnitte an. Diese fixierten wir mit einer Mischung aus EiweiB-Glycerin auf Objekttragern,
Iosten das Einbettungsmittel mit Chlproform, tiberzogen sie mit Polyformaldehyd und brach-
ten auf die 50 geschitzten Querschnitte autoradiographische Filmemulsion [10].

Wiir verwendeten Strippingfilm OR WO K 105 mit einem Durchmesser des entwickelten
Filmkorns von 0,5 fim [11]. Die Expositionszeiten beliefen sich bei radioaktivem Zink auf
36 h, bei 355 und 14C auf 21 d. Exponiert wurde in Metallkassetten bei ;- m°C im Kuhl-
schrank. Nach bestimmten Kontaktzeiten wurden die Filmemulsionen mit ORWO A 30
5 min bei 20 °C entwickelt und mit saurem Fixiersalz ORWO A 300 fixiert. Auf dem Film
zeigen sich an den Stellen Schwarzungen, die der radioaktiven Strahlung ausgesetzt waren.
Aus die Verteilung der Schwérzung tber den Fadenquerschnitt kann somit auf die Ver-
teilung des Radionuklids im Faden geschlossen werden.

Ergebnisse

Das Ergebnis unserer Untersuchungen mit 69Zn zeigt Abb. 2. Nur dort,
wo sich im Fadenquerschnitt Zink befindet, tritt eine Schwérzung auf. Aus
unserer Autoradiographie muf man deshalb schluBfolgern, da im Faden eine
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periphere Zinkverteilung vorliegt. Die Photometerkurve in Abb. 3 bestétigt
durch 2 Schwérzungsmaxima am Fadenrand diesen Sachverhalt. Aus dieser
Schwadrzung 148t sich nicht ableiten, in welcher Form das Zink gebun-
den ist. Tabelle | zeigt, da bei der Reaktion der Zinkionen des Spinnbades
mit den Viskosebestandteilen Zn(OH)2, ZnS, ZnCSs oder Zn-Cellulosexantho-
genat gebildet werden kann. Von diesen Verbindungen ist nur das ZnS exakt
nachgewiesen worden [12].

Abb. 2. Autoradiographie eines Fadenquerschnittes (Strippingfilm), Diffusion von markiertem
Zink aus einem Spinnbad in Viskosekapillarfaden; Dusenloch 0 ; 100 pm: Probeentnahme:
25 cm Disenabstand

Abb. 3. Radiale Schwérzungsverteilung der Autoradiographie gemaR Abb. 2

Die Diffusion des Sulfatanions bei der Fadenbildung wurde bisher nur
an Modellen untersucht, diese Ergebnisse sind nicht ohne Einschrdnkung auf
den technischen Prozell zu ubertragen [13]. Es war zu erwarten, daB die
Untersuchungen mit 35S AufschluR Uber die Koagulationsvorgdnge beim Vis-
koseprozeR geben.
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In Abb. 4ist die Autoradiographie einer Fadenprobe zu sehen, die 3,5 cm
hinter der Spinndise entnommen wurde. Zu diesem Zeitpunkt ist das
markierte Sulfat in die &uBeren Bereiche des Fadens eingedrungen.

Abb. 4. Autoradiographie eines Fadenquerschnittes; Diffusion von 3S-markiertem Sulfat
aus einem Spinnbad in Viskosekapillarfaden; Disenloch 0 ; 100 /um: Probeentnahme: 3,5
cm Disenabstand; links: Fadenquerschnitt, rechts: Autoradiographie

Wie die Autoradiographie in Abb. 5 zeigt, ist nach einer Badstrecke von
13 cm das Sulfat Uber den gesamten Fadenquerschnitt verteilt. Man mufB des-
halb diskutieren, daR die Koagulation des Yiskosesols sowohl durch die
Neutralisation von NaOH durch H2S04 als auch durch in den Faden diffun-
dierendes Na2S04 ausgeldst wird. Wenn man die Eindringtiefe der Sulfationen
in den Faden gleich der Halbwertsbreite der autoradiographischen Schwérzung

Abb. 5. Autoradiographie eines Fadenquerschnittes; Diffusion von 35S-markiertem Sulfat aus
einem Spinnbad in den Viskosekapillarfaden; Disenloch 0 : 100 ,um; Probeentnahme: 13 cm
Diisenabstand

setzt, lalRt sich aus der Zunahme der Halbwertsbreite mit der Zeit der Diffu-
sionskoeffizient des Sulfats abschétzen.

Nach einem von Crank [14] angegebenen Verfahren errechnet sich ein
DSo4-=(2,4 T 1>85) «10-6 cm2sec in guter Ubereinstimmung mit Angaben
von Morimoto [15] (Dso”-- = (0,200 — 1,78) +10-6 cmz2/sec).
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Fir unsere Versuche mit radioaktivem Modifikator setzten wir ein de-
markiertes N-Methyl-cyclohexylamin dem Spinnbad zu.* Die Autoradio-
graphie eines solchen Versuches zeigt Abb. 6. Der Modifikator ist Uber den
gesamten Faserquerschnitt verteilt. Dieses Ergebnis war Uberraschend, denn
auch hier hatte, ebenso wie bei den Versuchen mit eZn, ausschlieRlich eine
periphere Verteilung des Modifikators vorliegen kdnnen, denn es ist aus anderen
Untersuchungen bekannt, dal dieser Modifikator mit den Zinkionen des

Abb. 6. Autoradiographien von Fadenquerschnitten; Diffusion von 14C-markiertem Modifi-
kator aus einem Spinnbad in Viskosekapillarfdden; Disenloch 0 ; 100 /mi: Probeentnahme:
10 cm Disenabstand; links: Autoradiographie, rechts: Fadenquerschnitt
Spinnbades und den schwefelhaltigen Verbindungen der Viskose schwerlésliches
Zinkdithiocarbaminat bilden kann [16]. Unsere Versuche mit @8Zn haben ge-
zeigt, dal die flr eine solche Reaktion notwendigen Zinkionen nur am Faser-
rand anzutreffen sind. Die Autoradiographien demonstrieren, dafl der Modi-
fikator nach einer mdéglichen Reaktion am Faserrand auch das Fadeninnere
erreicht und somit kann er an den kolloidchemischen Reaktionen wie Sol-
Gelumwandlung auch dann teilnehmen, wenn er dem Spinnbad zugesetzt
wird. Damit ist auch die Annahme eines indirekten Einflusses des Modifikators
vom Fadenrand aus auf die Strukturbildung im Fadeninneren, wie er von
Van De Ven diskutiert wird, nicht notwendig [17]. Eine Diffusion des Modi-
fikators aus dem Spinnbad in den Faden erklart, dal Modifikatoren beim
technologischen ProzelR sowohl dem Spinnbad als auch der Viskose zugesetzt

werden kdénnen [3, 10, 18].

Die autoradiographischen Untersuchungen an Fadenquerschnitten er-
bringen eindeutige qualitative Aussagen lber das Eindringen der markierten
Spinnbadkomponenten in den Faden. Die bisherigen Versuche einer quanti-
tativen Auswertung der Mikroautoradiographien zeigten jedoch unbefriedigende
Ergebnisse und stellen mehr oder weniger nur Abschdtzungen dar.

* Das Préparat war freundlicherweise von Fri. Dr. BubnEH, Zentralinstitut fir Kern-
forschung, Dresden-Rossendorf, hergestellt worden.
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ZUSAMMENFASSUNG

In der Arbeit werden die diffusionsabhdngigen Reaktionen von radioaktivem Zink,
3S-markiertem Sulfat und eines 14C-markierten Modifikators als Spinnbadkomponenten im
Faden untersucht.

Es erfolgt damit erstmalig der Nachweis der Reaktionszonen der Radionuklide im
Faden mit der Methode der Mikroautoradiographie.

Mit diesem Verfahren wurde festgestellt, daR Zink nur im Faserrand mit Schwefel-
verbindungen der Viskose reagiert, wahrend das Sulfat und der Modifikator die Fadenmitte
erreichen.

Die Ergebnisse werden im Zusammenhang mit der Fadenbildung beim Viskosespinn-
prozeB diskutiert.
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REACTIONS IN STOICHIOMETRY
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(Central Research Institute for Chemistry, Hungarian Academy of Sciences, Budapest)
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1. Introduction

The linear algebraic character of the formal representation of chemical
species and their reactions has been more or less recognized by several authors
[1—10], among whom especially Aris [10] has recently presented a mathem at-
ically very elegatn and fairly complete discussion ofthe subject. In the present
paper we are concerned with so-called simple chemical reactions, already
introduced to stoichiometry by the author [11—14]. By the methods of linear
algebra several general properties of simple reactions are proved, including
that whether or not the ratios of the stoichiometric coefficients in a reaction
might be irrational. All these properties are new from a mathematical point
of view, too [15]. The search for simple chemical reactions can be applied in
chemical reaction kinetics and wherever multicomponent reaction systems
occur.

2. Definition of simple chemical reactions and several criteria
for their existence

Definition 1. Let us consider the different atomic substances Aj (i = 1,
2, ..., m). Then a chemical species S is characterized by an appropriate linear
combination of these Ai:

m
S= >'a(Ab (1)
i=i

where o/ are integers (not all zero). Similarly, for a set of chemical species
{sj}, the representations

m
sj= 2 aijAf j=L2,...,n (2)
=1
can be written.
Remark 1. According to the above definition a molecule, radical or occa-

sionally even an atom are chemical species. lons constitute chemical species,
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108 PETHO: ALGEBRAIC TREATMENT OF CHEMICAL REACTIONS

too; they may be derived from corresponding neutral species by addition or
subtraction of electrons, which have to be considered as a kind of atom in
this context.

Remark 2. On the basis of Eq. (2) a column vector ay= [al;,.. amy]*
can be associated with each chemical species sj and the matrix A = [al(..
an\ — [ay] can be defined.1 We wish to mention two properties of A:

a) A has no column consisting of zero elements2 only,

b) we might assume A to have no row with merely zero elements;
provided such a row existed, the corresponding atomic substance Aj could
be a priori disregarded in the set {A/}.

For example, let us consider the atomic substances Ax= C, A2= H,
A3==0 and the chemical species Sx— C, S2= C2H2 Sz = CeéH6 Sa= CH=20,

Se = 02 Then we have

12610 0,
A = [aba2,a3,a4,ab,a6]= 026220 . (3)
000102 Ly
E :
Definition 2. A reaction among the speciesSj(j = 1, 2, ..., n) is defined
as the relation
n
i2:15jsj= 0

where the numbers sy, when substituted for xj, must satisfy the vector equation

£ xjav= °. (4)
7
or, in matrix representation

Ax = 0, X= Xny . (5)

About the sj, called stoichiometric coefficients, we stipulate only that they
should be real numbers.

Remark 3. Due to the above definition, by any solution s of Eq. () a
reaction is determined. Therefore, further on we will use the terms ‘reactions’
on the one hand, and ‘solutions of Eq. (5)’ on the other, as synonyms.

Definition 3. In the set of the solutions s of Eq. (5)

a) the trivial solution should be disregarded, and

b) two solutions s and .As, 4 =f=0 being a real number, should he regarded
as a single solution.

1The transpose of a vector is designated by an asterisk as a superscript.
2Elements or components of a vector are used as synonyms.
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So the number of linearly independent different solutions is n—r, r
being the rank of A.

Remark 4. According to b), it is only the ratios of the stoichiometric
coefficients that are characteristic of the reaction; in chemistry these ratios
are always rational numbers.

For the sake of simplifying the discussion, this circumstance will further
on be left out of consideration. We shall come hack to it in Part 4 only.

Remark 5. Rewriting Eq. (5) in full, one obtains the following set of
homogeneous linear equations:

n
J? Xjaij= 0o, {1i=1,2,...m, ()
i'=1

In chemistry these equations are known as the equations of conservation of
mass with respect to the atomic substances A[. Chemical species with positive
stoichiometric coefficients are called products, those with negative ones
reactants. If a stoichiometric coefficient vanishes, the corresponding species
does not partake in the reaction.

For the previous problem, Eq. (5) becomes the following:

126100 o 0
026220 * = 0
000102 _ =3 _0_

*4

*5

_*6

E.g., one ofits solutions, [—2, =2, 1, 0, —1, 0]*, corresponds to the reaction

—2C - 2C2H2+ CeHe- H2= 0
or

2C + 2C2H2+ H2= CsHEB,

in which the other chemical species: CH20 and 02 do not take part.

Definition 4. Let the non-zero elements of the reaction s = [si5.. . sn]*
be sys. .. sj, and C= {jv ..-,jg} the corresponding combination of the
numbers 1, 2, ..., n, taken g n at atime. Then s is called a reaction (solu-
tion) over C; in detail: s is a reaction over the chemical species sj», ... sj.

(The word “over” and not “among” has been used, cf. Definition 2.)
For example, the former reaction [—2, ®»2, 1, 0, —1, 0]* is a reaction
over the combination (1, 2, 3, 5}
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Definition 5. Let us consider the set of equations

xjaj= 0, xam= »/+, E= Xh -o (8)
J=i

where C = {y?+1,jg+ 2 *+.,jn} is a combination of the numbers 1, 2, ..., n,
taken n—q at a time: C denotes, therefore, the complementary set of C in
Definition 4. It is clear that a reaction s over C is a solution of Eq. (s). Now,
s will bo said simple if it is the only solution of Eq. (8). In other words: s is
called a simple reaction if it is the only reaction among the chemical species
Sh, . . Sj,

Remark 6. Considering Definition 3, the reaction s is obviously simple
if and only if

rank [ay,, ...,ayj = qg— 1. (9)

For example the reaction already mentioned [—2, —2, 1, 0, —1, 0]*

(2C -j- 2C2H2 - H2 = CeHQ is not simple, whereas the reaction [0, —3, 1,
0, 0, 0]* (3C2H2 = CeH®6) is simple, — as it can be immediately seen from

Eq. (9).
Theorem 1. For the number q of the non-zero elements in a simple reac-
tion the inequality holds:

2 <Ag<jr-f-1, r= rankA. (19)

Proof. Since the trivial solution of Eq. (5) has been disregarded owing
to Definition 3, no reaction with q = 0 exists. Nor does a reaction exist with
g = 1, in accordance with a) of Remark 2. Thus, for every solution of Eq. (5),
consequently for the simple ones as well, 2 g holds. On the other hand, the
inequality

rank [ay,, ...,ayj <:r
is always true, hence, owing to Eq. (9):

g=rank [ay,, ...,a + 1< r+ 1.
Q. e. d.

However, the relation (10) does not suffice for s to be a simple reaction.

In our example already mentioned r = rank A = 3, and so 2 <Cq <C 4.
Note, however, that the reaction [—2, —2, 1, 0, —1, 0]* is not simple, though
for q (= 4) in it the inequality (10) holds.

Definition 6. Let s1 be a reaction over Cl and s2 a reaction over C2 The
reaction si is said better than sz if C1 is aproper subset of C2: C1d C2 In this
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case the chemical species partaking in si are contained by those in s2 (but
are not the same).

For example, the reaction [0, —3, 1, 0, 0, 0]* (3C2H2= CeH#] is better
than [-2, -2, 1, 0, -1, 0]* (2C + 2C2H2+ H2 = CeH¥).

Definition 7. The reaction si1is said just as good as sz if they are reactions
over the same C. In this case the chemical species partaking in the reactions
s1 and s2 are identical.

For example, the reaction [—2, —5, 2, 0, —1, 0]* (2C -j- 5C2H2 -f- H2 =
= 2CeHY) is just as good as that already mentioned [—2, —2, 1, 0, —1, 0]*
(2C + 2C2H2+ H2 = CsH6).

Theorem 2. A reaction is simple if and only if there does not exist any
better one.

Proof. The condition is trivially necessary on the basis of Definition 5.
To show that the condition suffices we will prove that, if a reaction is not
simple, a better one can always be found. Let s be a not simple reaction over
C= {1, ...jq}, then according to Definition 5

rank [aj,, ..., aW <Tq- 2.

Making, e.g., Xj*in Eq. (s) equal to zero, the new equation

n
Xxja; =0, X,,= Xj,f=...== 0 (11)

becomes such that unchanged

rank [ay, ..., ay,] < q- 2.

Therefore, Eq. (11) will still have a solution s' (in the sense of Definition 3)
over some C, such that C a C, so s' is a better solution.

Remark 7. The number of non-zero elements in a simple reaction is at
least 2 according to Eq. (10). Thus, a reaction with 2 non-zero elements — if
existing — is certainly simple on the grounds of the former theorem.

Theorem 3. A reaction is simple if and only if there does not exist any
other just as good reaction.

Proof. The condition is trivially necessary on the basis of Definition 5.
The sufficiency will be proved in the form that if a reaction is not simple,
another just as good can always be found. Let s be a not simple reaction over
C= {j\, ...jq}, then Eq. (8) has also another solution, say s'. Let us now
form the solution s -j- es', where e> 0 is a real number. If e is small enough,
the non-zero elements of s vary only a little, that is, do not become zero.
Therefore, s -f- es' will be a reaction just as good as s.
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Remark 8. Dealing with simple reactions the following question may also
arise: when does a simple reaction exist over the given chemical species Sy,,
..., Sjt? In this respect, one can immediately realize the following

Theorem 4. Let a combination C — {jv .. .,jg} be given. A simple reac-
tion over C exists if and only if
a) the solution of Eq. (8), say s = [s1?.. sn]*, is unique, moreover

b) for this unique solution
I_, She- 12)
1=

This theorem is a trivial consequence of Definitions 4 and 5.
Theorem 5. The statement of the previous theorem holds if and only if

rank [ay,, *e*e, ayj = q—1, (13)
" esenayidib aA+. eee’aldtl = 4 1» (14)
(_ n

N

In order to formulate this theorem more simply, let us designate a system
of linearly dependent vectors as a simplex if, by omitting any ofthem, the
remaining vectors become linearly independent. Then the vectors ay,, . . ., ay?
constitute a simplex if and only if Eqs. (13) and (14) hold.

Theorem 5 can now be formulated also in the following way: a simple
reaction over C = {j\, .. .,jq} exists if and only if (ay,, ..., ay} forms a sim-
plex.

Proof. At first we show that, if (ay,, ..., ay"} forms a simplex, the state-
ments a) and b) of Theorem 4 are fulfilled. But, exactly because of Eq. (13),
a) obtains. Now we prove that bj holds, too. Should namely any sy 11 <Tt <Cq)
be zero here, Eq. (8) without the term corresponding to ay would have no
solution according to Eq. (14), notwithstanding that s was the solution of

Eq. (s).
Now we show that, if the statements a) and b) of Theorem 4 hold, the
vectors ay,, . . ., ay form a simplex. Owing toa) Eq. (13) is true. Now we prove

that Eq. (14) is also valid. If namely, in contradistinction to this, after omitting
any vectoray (1 <(t<[q)inthe matrix of Eq. (13), the rank of the new matrix
were less than gq—1, then the corresponding Sy in the unique solution of Eq. (8)
would be zeroi despite the statement b).

For example, no simple reaction exists over the combination already
mentioned (1, 2, 3, 5}, i.e. over the species C, C2H2, CeHe and H 2

1lcf. Appendix.
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3. Construction of the simple reactions

In the foregoing it has not yet been mentioned how the simple reactions

in a system of chemical species sj (j = 1, 2,.. n) can be found. A theorem
with respect to this question will now be proved.

Definition 8. In order to solve Eq. (5), let us choose a basis {ay,, . . ., ay}
among the vectors ax a2 ... an, i.e. let be rank [an,... ayj = r. After

this choice the general solution of Eq. (5) has the following form:

N
s = kgr+1X|*b (15)
where the xj are the so-called free variables (arbitrary numbers). The vectors
Sj we will designate as base solutions. Consider now all the general solutions
of type (15) belonging to the possible bases among al5a2 .. anand consider
the set of the different sjkin these solutions. Thus we have obtained all the
base solutions of Eq. (5).
For example, choosing {alb a2 a4} as a basis in matrix (3), the general
solution of Eq. (7) becomes [13]:

Xi 0 2 —2
X2 -3 -1 2
X3 — x3 1+ *5 0 + xe 0
X| 0 0 -2
X5 0 1 0
* 6 0 _ 0 1_

So we have found 3 base solutions. All the base solutions of Eq. (7) will be the
column vectors of the following matrix:

0 -2 6 —2 -6 —2 0 0
-3 1 0 2 0 0 —1 0
1 0 1 0 2 0 0 -1 (16)
0 0 0 -2 6 2 2 6
o -1 -3 0 o —2 -1 -3
0 0 0 1 3 -1 1 -3

Now, we can formulate the following:

Theorem 6. The simple reactions are identical with the base solutions
of Eq. (5).

Proof. At first we show that the base solutions are simple reactions.
Consider a base solution according to Definition s. Without loss of generality
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we may assume this base solution to be the solution of the set of equations
*A + eme + Xxrar+ xr+lartx = 0, xr+2= ... = * = 0 (17)

where (aws ..., ar}is a basis. Obviously, this solution is unique and xr+1 ==0.
As for the other unknowns, let xjt,. .., Xj (2 g<lr - 1) be different
from zero, then, owing to Definition 5, the solution of Eq. (17), i.e. the base
solution considered, will be a simple reaction over C = {jx ...,j¢ X r -j- 1}.

We prove now that a simple reaction is a base solution. Let us consider
a simple reaction s, without loss of generality assuming it to be of the form
[sIf ... sg o,...,0]% Sj, ... sqbeing different from zero 2~ T~ r + 1).
s is, due to Definition 5, the unique solution of the equation

Xxax+ ... + xgagq= 0, xg+tx==...= xn= 0. (18)
Here, according to Theorem 5, {ax, ..., aqg} is a simplex, so we may complete
the vectors ax ..., a?_1with r — (s—1) > o new vectors from among agtx,

..., anso as to get a basis. Now we can rearrange Eq. (18) with respect to this
basis obtaining an equation of type (17), whose solution is indeed a base
solution.

For example we determine all the simple reactions among the chemical
species C, C2H2 CeH6 CH20, H2 02 For this purpose, according to the
previous theorem, the base solutions of Eq. (7) have to be determined. These
are, as already mentioned, the column vectors of matrix (16), i.e. the follow-
ing reactions:

(1) 3C2H2 = CsH6,

(2) 2C-f-Hz2= CzH2,

(3) sC+ 3H2= CeHs

(4) 2C+ 2CH,0 = 2C2H2+ 02,
(5) 6C+ 6CH2 = 2CsHs+ 30,,
(6) 2G+ 2H2+ 0, = 2CH20 ,
(v C2H2-)-H2+ 0, ==2CH,0,
() CeHe+ 3H2+ 302= 6CH20 .

Remark 9. As a consequence of Definition s, the base solutions belonging
to a basis constitute linearly independent solutions of maximum number,
i.e. of number n—r. It is, therefore, trivial that from the set of all the base
solutions one can always choose a maximum number of linearly independent
solutions. In other words: from the set of the simple reactions one can always
select a maximum number of linearly independent reactions. Hence it follows
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that any reaction among the given chemical species may be represented as
a linear combination of simple reactions.

In our example we have s simple reactions (see Eq. (16)): sl s2 .. ., s&
E.g., take sland any of s2and s3, take further to these two reactions any of
s4, s5, se, s7, and s8: the three reactions thereby obtained are linearly independ-
ent reactions of maximum number.

4. Rational and irrational reactions

Definition 9. Let s = [si5 ... sn]* be a reaction over C = {jv .. .,jq}.
If the ratios of Sjt, . . ., sj are rational, the reaction s is said to be rational,
otherwise irrational. Naturally only the rational reactions have a sense in
chemistry. Mathematically, however, irrational reactions may also exist.
Regarding this, interesting is the following

Theorem 7. The simple reactions are rational .1f a reaction is not simple
but rational, a just as good and irrational reaction can always be found. If
a reaction is irrational, a just as good and rational reaction may always be
constructed.

Proof. The first part of the theorem is based upon Theorem 6. Since the
procedure of solving Eq. (5) contains only rational operations and the elements
of the matrix A are rational numbers, it is clear that the base solutions accord-
ing to Definition s, that is, by virtue of Theorem s, the simple reactions, are
rational.

The second part of the theorem can be proved as follows. Let s be a not
simple, rational reaction. Owing to Theorem 2 there exists a better reaction,
say s',and s' can at once be supposed to have rational stoichiometric coeffi-
cients. Consider now the reaction s -j- as', where a is some irrational number.
Among the non-zero elements of s -f- as' there are, because ofthe construction,
both rational and irrational ones, whose ratios will accordingly be irrational
as arule. Therefore, s -j- as" is also irrational.

The third part of the theorem can be proved as follows. According to
Remark 9 any reaction, therefore any irrational as well, may be represented
as a linear combination of simple, i.e. rational reactions, in short:

S = J? Ae 8™tional.
€

Here the numbers XQmust be, in general, irrational. Take such a linear combi-
nation, consider the numbers A, therein, and take their rational approxima-
tions that are good enough: A'. Consider now the new reaction

s' = 2 K"ational;

e
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it is rational on the one hand, while on the other hand, A’ differing only a little
from Xe, it is just as good as s.

For example the reaction [—2, —2,1,0, —1,0]* (2C -j- 2C2H2+ H:2 =
CeH6) is not simple and rational. A better reaction than this is the reaction
[0, —3,1,0,0, 0]* (3C2H2 = CgHg). Let a be some irrational number, then the
irrational reaction s -|- as' will be as follows:

2C+ (2 -f3a)CeH2+ H2= (1 + a)CeHs .
Let us now consider the irrational reaction
2C+ (2+ 3m)C2H2+ H2= (1 + n) CeHg, (19)

where n = 3.1415 .... Take a rational approximation of n, e.g. 314/100,
and the new reaction

314 314
2C+ 2+ 3 cH2+ Ha— 1+ ce6h 6
100 100

or
200 C+ 1142 C2H2+ 100 H2 = 414 CeHs ;

this reaction is rational and just as good as (19).

Appendix

The system of homogeneous linear equations (4) has a solution in which the unknown
x), (jl = 1.2,..., n) is uniquely (identically) zero if and only if the rank of the matrix of
Eq. (4) is by one greater than that of the matrix in which the jt-th column is dropped [16]:

rank [a/2, ..., ay,] = rank [at, ..., an] —1= r — 1.

The author takes pleasure in thanking Professor G. Schay for reading the manuscript
and for his valuable comments on the subject.

Legend

ati number of the atomic substance A( occurring in the chemical species Sj
aj column vector with the typical component ay

i index running from 1to m

j index running from 1 to n

number of the different atomic substances occurring in the chemical speciesin question
number of the chemical species in question

number of the non-zero components in a reaction

r rank of the matrix A

s- stoichiometric coefficient of the chemical species Sj

Xj unknown stoichiometric coefficient of the chemical species Sj

x column vector with the typical component Xj

A matrix with the typical element ay

Ai the i-th atomic substance

C a combination of the numbers 1, 2, ,. n taken ¢ < n at a time

Sj the jr-th chemical species

.Q:B
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SUMMARY

Starting from the linear algebraic character of the formal representation of chemical

species and their reactions, we are concerned with so-called simple chemical reactions, which
we have defined as follows: a given reaction will be called simple, if no other reactions may
exist stoichiometrically among the chemical species occurring in this given reaction. (Reactions
being multiples of each other are to be considered identical.) Several general properties of the
simple reactions are proved by the methods of linear algebra and illustrated in an example.
The search for simple chemical reactions can be applied wherever multicomponent reaction
systems occur.

BWN
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For the determination ofsmall quantities of germanium in general spec-
trophotometric methods have been recommended. The earlier methods are
based practically without exception on the spectrophotometric measurement
of germano-molybdic acid or of molybdenum blue prepared from the former
by reduction with various reducing agents. Nowadays phenylfluorone is the
most generally used reagent; the application of this compound to the quantita-
tive determination of germanium was first described by Cluley [1]. The rea-
gent is insoluble in water and soluble in alcohol only in the presence of strong
acids. It forms with germanium, in the molar proportion 1:2, a red, scarcely
soluble complex which, however, can be kept in solution with the help of some
protective colloid and is thus available for photometric determination. Cluley’s
method was later modified by several researchers, e.g., some of them suggested
instead of the original reagent solution (containing 0.300 g of phenylfluorone
and 50 ml of 1 :6 dilute sulphuric acid in 1 1 ofethyl alcohol) other phenylflu-
orone and acid concentrations, or methyl alcohol as solvent.

Prior to the measurement, the solution under investigation has to be
adjusted to a well defined acid concentration, as both the reaction rate and
extinction greatly depend on the concentration of the acid, while this latter
depends on the preliminary operations necessary for the separation of germa-
nium (distillation or extraction). Luke and Campbell [2] maintain that at
pH 3.1 being the optimum for complex formation, though at this pH other
metals are liable to form a precipitate with the reagent. Schneider and
Sandell [3] recommend the use of hydrochloric acid instead of sulphuric
acid, since germanium is normally obtained in a hydrochloric medium from the
preliminary operations. In the very considerable number of publications on
this subject, there are also differences in the quantity and concentration of the
reagent solution in the time while the solution should be allowed to stand in
the protective colloid to be used and the quantities that can be determined.
Because of these many contradictory data it was necessary to clarify the opti-
mum conditions for photometric measurement.
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Compared with the molybdate methods, the procedure using phenyl-
fluorone has the considerable advantage that it is not affected by arsenic and
silicon which are often present in materials containing germanium. At the same
time the separation of germanium from the interfering ions (Ga, Ti, Sn(ll),
Sn(lV), Sb, Mo, W, etc.) presents no difficulty. Strong oxidizing agents inter-
fere the determination, as they may oxidize the reagent and this factis highly
essential in the present case.

There are reports on attempts to increase the sensitivity of the reaction.
Kimura et al. [4] suggest the use of dimethylaminophenylfluorone on the
grounds that due to the basic group in the molecule a true solution is obtained
in acid media instead of a colloidal system, and germanium can be determined
down to concentrations of 0.05 /ig/ml. There are, however, some contradictory
reports made by other authors on the applicability of the new reagent. Finally
Campe and Hoste [5] settled the problem by very detailed experiments. They
found that a solution containing at least 80% alcohol is necessary to achieve
the above sensitivity, when the advantage mentioned is lost because of the
dilution with alcohol. According to Hillebrandt and Hoste [6] both the
phenylfluorone reagent and the complex can be extracted with benzyl alcohol
when again a true solution is obtained. We have subjected this method to
experimental trial, and measured an about 1.5 times higher extinction coeffi-
cient. However, the poor separation of the phase makes extraction cumber-
some and the results scatter, so that in our opinion this method is not better
than the original.

To separate germanium from the interfering ions we have chosen the
extraction method, as in the case of small quantities distillation may involve
considerable losses. Fischer and Harre [7] were the first to investigate the
conditions of extraction. They found that the distribution of germanium be-
tween the aqueous and the carbon tetrachloride phase greatly depends on the
concentration of the acid. In water and dilute acid the equilibrium is shifted
practically entirely in favour of the aqueous phase, while above 6.5 N HC1
the situation is reversed and the equilibrium is shifted towards the organic
phase; above 9 N HC1 98—99% of the germanium can be extracted. Schnei-
der and Sandell [3] worked out a detailed procedure of the extraction which
proved to be very effective in our experiments. Under identical conditions only
As(l1l) was extracted in about 75% together with the germanium, but this
did not interfere the phenylfluorone reaction. The method is simpler and more
rapid than the distillation, with the added considerable advantage of furnish-
ing a neutral aqueous solution which allows the adjustment of the acid
concentration to the optimum value required for spectropliotometric meas-
urement.

To the best of our knowledge, there are no data in the literature on the
elimination of the interfering effects of hydrogen fluoride and hydrogen per-
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oxide. The purpose of the present work was to develop a microanalytical
method for the determination of germanium in /tg/ml concentrations in solu-
tions containing HF and H20 2

Experimental

Determination with phenylfluorone

Because of the contradictory literary data, the optimum conditions of the determina-
tion had to be established. As shown by later experiments, a 0.5 N acid concentration is the
optimum for the formation of a germanium complex. A reagent containing hydrochloric acid
as well was prepared whose addition ensured at the same time the final acid concentration.
Preliminary experiments have shown that a solution consisting of 0.200 g/1 of phenylfluorone
and 160 ml/1 of concentrated hydrochloric acid in alcohol is the most expedient; this reagent
solution was then used throughout the experiments.

Fig. 1. Absorption spectrum of phenylfluorone

First the optical properties of the reagent and of the complex had to be clarified. The
spectra of the pure reagent and of the germanium complex were taken with a Unicam SP— 700
spectrophotometer. In the range 50 000—30 000 cm*®1no difference was found in the light
absorptions of the reagent and the complex. Two flat maxima were observed at 41 700 and
38 500 cm*“ 1

Fig. 1 shows the absorption diagram of the reagent in the range between 30 000 and
15000 cm*“ 1 The curve has a flat maximum at 29 100 and a sharp peak at 22 000 cm*“1
455 nm).

( I21 Fig. 2 the absorption maximum of the complex appears in addition at 19 800 cm” 1

(505 nm).
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Fig. 3 shows the absorption diagram of the complex as compared with that of the pure
reagent. The peak at 505 nm appears quite sharply, but unfortunately at this wavelength the
absorption of the reagent is not negligible, thus accurate addition must be carefully observed.
(Three ml of the above reagent solution diluted to 10 ml shows against distilled water at this
wavelength an extinction of E — 0.306.)

The next series of experiments was devised to clarify the necessary quantities of the
reagent. Samples containing 5 and 10 /ig germanium were weighed and mixed with 1 ml of
a 0.5% gum arabic solution and various quantities of the reagent in a 10 ml volumetric flask
which was then filled up to the mark with distilled water. Solutions prepared in the same
way, but without germanium were used as blanks. The results are summed up in Table I.

333 m 500 600
Fig. 3. Absorption diagram of the germanium complex compared to that of the reagent

Table 1

Dependence of the extinction on the quantity of the reagent

Reagent 5 jU-gml Ge 10 jbigiml Ge
ml E (505 nm) E (505 nm)
0.5 0.243 0.570
1.0 0.540 1.03
15 0.567 1.06
2.0 0.600 1.13
25 0.600 1.14
3.0 0.600 1.14

In Table | the data show that a considerable excess of the reagent is needed to attain
equilibrium, as from the reagent solution of the above concentration about 0.5 ml are required
for 10 /«g of germanium, considering a molar ratio of 1 : 2.

Optimum hydrochloric acid concentration was checked by adding a further quantity
of hydrochloric acid to the solution prepared with the same quantity ofreagent and containing
5/ig/tO ml of germanium, while in other experiments part of the acid was neutralized. (Three
ml of this reagent solution in 10 ml final volume corresponds to about 0.5 N HCL1.)

In Table Il the data indicate a strong dependence of the extinction on the concentration
of the acid, thus the addition of enough acid to the reagent to establish the desired final acid
concentration is expedient, since in this way the accurate addition of a single solution achieves
the adjustment of the desired concentrations of both the reagent and the acid.

Table Il shows the dependence of the extinction on the time of standing before meas-
urement.These data indicate that it is necessary to wait for about 30 to 40 minutes for the full
development of the colour. The value of the extinction remains then unchanged for several
hours, but decreases about 10% overnight.
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Dependence of the extinction on the concentration of the acid

Table 11

HC1 concentration

inthe final volume

Dependence of

Time
min.

10
15
20
25
30
35
40
45
50
55
60
120
240
17 hrs.

0.1
0.3
0.5
1.0
1.5

the

z 2 2 zZz Z

Table 111

extinction on the time of standing

6 /xg/ml Ge
E (505 nm)

0.613
0.626
0.640
0.650
0.660
0.670
0.670
0.668
0.668
0.670
0.670
0.668
0.668
0.668
0.610

0.528
0.545
0.590
0.562
0.520

10 jug/ml Ge

E (505 nm)

E (505 nm)

1.10
i

i

lu

1.13
1.13
1.13
1.12
1.12
1.12
1.13
1.12
111
1.13
1.05

123

Once these data were available, a calibration curve was plotted in the concentration
range 0—1—2 /rg/ml of Ge by means of a Spektromom Type 201 photometer (Fig. 4) (the
details of this procedure are given below).

A linear correlation should be obtained provided the compound behaved in full agree-
ment with the Lambert—Beer law, in spite of the fact that complex formation involves a
concentration decrease of the reagent which also absorbs light. Ndmely, the total extinction

at the given wavelength is:

(Cr — 2Ck) er+ Cksk = E

where Cr and er are the concentration and extinction coefficient of the reagent, and Ck and
i'k the concentration and extinction coefficient of the complex, respectively. (Two moles of
the reagent are used for one mole of the complex.) The Crermember is eliminated if the meas-

2
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urements are performed not against water but a blank containing the same quantity of the
reagent. Then:

Cj*k  2Cker — -“measured
or

~Ak(ek  2fr) = -"measured

resulting in a straight line with a smaller slope. ek — 2er = el9 the apparent molar decade
extinction coefficient is 8.6 « 104 for the linear section of the curve, thus the compound fails
to observe strictly the Lambert—Beer law. For analytical purposes the curve is nevertheless
satisfactory. The mean error of the method was calculated from eight measurements, E =
= + 0.005, which corresponds to +0.005 jug/ml of germanium.

Fig. 4. Calibration curve for germanium obtained on a Spectromom Type 201 photometer

Determination of germanium in the presence of hydrogen fluoride and hydrogen
peroxide

Experiments were made to achieve the separation of germanium from the accompanying
impurities, and to eliminate the disturbing effects of hydrogen fluoride and hydrogen peroxide.

As it has been mentioned, separation was carried out by extraction according to
Schneider and Sandell. Hydrogen fluoride and hydrogen peroxide had to be removed prior
to extraction. The solutions used in these experiments contained 4 parts by weight of distilled
water, one part by weight of 40% hydrogen fluoride and one part by weight of 30% hydrogen
peroxide; the germanium concentration of the solution was 2 ~g/ml. Samples of this solution
were measured into polythene flasks with an accuracy of 0.01 g.

Removal of the hydrogen fluoride by neutralization was out of question, since a hydro-
chloric acid solution was required for the extraction. Binding of the fluoride in complex form
gave, however, the desired result. Experiments were carried out with ferric salts and boric
acid. This latter compound was more satisfactory, as it could simply be added in the solid
state, and the equilibrium conditions were more favourable. The fluoroborate complex no
longer attacks the glass, not even in strongly acid solutions. About 0.5 g of boric acid was
stoichiometrically required for the largest sample. In the experiments about 1 g of boric acid
was used. Boric acid binds not only the free hydrogen fluoride, but also replaces germanium
in the fluorogermanate complex and germanium then can be quantitatively extracted as
chloride. First, however, hydrogen peroxide must also be removed, or it will later interfere
the determination. The removal of hydrogen peroxide was carried out by “titration” with an
about 2 N potassium permanganate solution in sulphuric acid medium; the excess of perman-
ganate was reduced with a small amount of hydroxylaminesulphate. Chloride ion must not be
present in the solution during these operations, since any evolving gas may carry away some
of the volatile germanium chloride. Thus, the hydrochloric acid used for extraction should be
added only after the removal of the fluoride and hydrogen peroxide. The results obtained with
this method are summed up in Table IV.
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Table IV

Values measured after the removal of H20 2 and HF and extraction

Weighed Ge Found Ge A Difference
My My %
3.02 2.84 -6.3
5.84 5.46 -6.5
7.24 6.84 -5.5
8.81 8.80 0~
8.75 8.44 -3.5*

* Re-extraction with 10 ml of H2.

Experience has shown that the negative error of the method can be reduced, if —
contrary to literary data — 10 ml of water is used instead of 6 ml for re-extraction and an
aliquot part of 5 ml is taken for the measurement.

Method

Reagents

Potassium permanganate solution: about 60 g of crystalline KM n04 was dissolved in
1 1of water.

Hydrochloric acid (for extraction): 4 parts by volume of cone. HC1 were mixed with
1 part by volume of water.

Gum arabic solution: 1 g of solid gum arabic was dissolved in 200 ml of hot water
and filtered.

Phenylfluorone reagent solution: exactly 0.200 g of phenylfluorone was dissolved in a
mixture of 700 ml of 96% alcohol and 160 ml of cone. HC1. The mixture was made up to 11
with alcohol, filtered and stored in a tightly closed polythene flask.

Phenylfluorone standard solution (instead of preparing a germanium-free standard for
each test it is advisable to make up a larger quantity); 75.0 ml of the phenylfluorone reagent
solution was measured into a 250 ml volumetric flask, 25 ml of gum arabic solution was added
and the flask was filled up to the mark. The solution was stored in a tightly closed polythene
flask.

Germanium stock solution: 0.1441 g of germanium dioxide was weighed into a Il volu-
metric flask and sufficient 0.1 N NaOH was added to dissolve the substance. The solution was
slightly acidified with 0.1 N HC1 and the flask filled up with distilled water to the mark.
The concentration of the solution was then 0.100 mg of germanium per ml. The required dilu-
tions were made from this stock solution immediately before use.

Calibration curve

A solution containing 2.0 jug/ml of germanium was prepared from the stock solution
and 0.50 to 6.00 ml quantities of the dilute solution were measured into a 10 ml volumetric
flask. One ml of the gum arabic solution and 3.00 ml of phenylfluorone (from a burette with
not greater than 0.05 ml divisions) were added to the samples. The flasks were filled up to
the mark with distilled water, the solutions were shaken, and after about 40 minutes standing
the extinctions were measured at 505 nm against the phenylfluorone standard solution.

Measurement

A fraction of the solution under investigation containing about 1— 10 [xg of germanium
was measured into a 100-ml polythene beaker. The volume of the solution should not be more
than 5ml; 1 g of solid boric acid and 2 ml of dilute sulphuric acid (1 : 1) were added to the
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sample. After the boric acid had dissolved, KM n04solution was slowly added from a burette
until the colour persisted. The addition should take place slowly, so that the evolution of the
gas should cause no loss. A few crystals of solid hydroxylamine sulphate were added and the
solution transferred into a separatory funnel. The volume of the solution was calculated and
four times of this volume of cone. HC1 was added (some of the acid was used to rinse the
beaker). The solution in the funnel was then vigorously shaken for 2 minutes with 10 ml of
carbon tetrachloride. After the separation of the organic phase, this was transferred into a
second separatory funnel and the procedure repeated by adding 10 ml of carbon tetrachloride
to the solution in the first funnel. The combined carbon tetrachloride solutions were shaken
with 5 ml of 9 N HC1. After separation the carbon tetrachloride phase was washed in a third
separatory funnel with 10ml of water by shaking for 2 minutes.The organic phase was separat-
ed, the aqueous phase filtered through a dry filter into a dry beaker. 5 ml of this solution
was measured into a 10 ml volumetric flask, 1 ml of gum arabic solution and 3.00 ml of phenyl-
fluorone reagent solution were added, and after 40 minutes standing the solution was measured
photometrically at 505 nm against the standard phenylfluorone solution.

SUMMARY

A method has been developed for the determination of germanium in 10-6 g/ml cone,
in etching solutions containing hydrogen fluoride and hydrogen peroxide. Interference of
hydrogen fluoride is eliminated by forming its boric acid complex. Hydrogen peroxide is
removed by “titration” with potassium permanganate. From the resulting solution germanium
is extracted with carbon tetrachloride in hydrochloric acid medium, and re-extracted from the
organic phase with water. The determination is carried out by means of phenylfluorone reagent,
in hydrochloric acid measuring the extinction at 505 nm.

The authors wish to express their thanks to Egyesult Izz6lampa és Villamossagi RT.
(United Incandescent Lamp and Electric Works, Budapest) for financial help.
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Interfering reactions

It frequently happens during in-pile irradiation that identical nuclides
are produced from different elements by fast and slow neutron activation.
Reactions producing the same activity as that to be measured are called
interfering reactions. Frequent reactions of this type are, e.g., 27Al(n, y)28Al
and 29Si(n, p)2s8Al; seCo(n, y)eoCo, enNi(n, p)60Co and e3Cu(re, a)eoCo; for other
mutually disturbing reactions see the tabulation by Okada [1].

The problem is usually overcome by exposing the sample to neutron
fluxes of different energy distributions, that is by irradiating them once with,
then without cadmium filter. The energy dependence of the individual
reaction cross-sections being appreciably different, both parent nuclei can
be quantitatively determined from the activities produced in the same nucleus
when irradiated with fluxes of different energy distributions.

In this case, however, the minimum detectable quantity cannotbe deter-
mined by the usual practice of activation analysis, requiring simply that the
measurable activity should exceed some given level. This is quite obvious if
one considers that, e.g., the 28Al activity produced by the 27Al(n, y)2BAl reac-
tion even with minute quantities of aluminium, though well measurable indi-
vidually, cannot be identified in a sample with considerable silicon contamina-
tion because of the statistical error of the much higher 28A1 activity produced
by 20Si. Or, in the opposite case, since the cadmium ratio as a rule does not
exceed two orders of magnitude, when using cadmium filter, the sensitivity
to silicon will be considerably reduced by the presence of much alumi-
nium.

It can be said in general that if the radioisotope C is produced from
elements A and B, the minimum detectable quantity for either will depend,
besides on background activity, also on their relative quantities present.
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The maximum-likelihood method

Measurements of a statistical nature can be usually most precisely
evaluated by the maximum-likelihood method, though in some cases an appro-
priately weighted least square fit may yield the same results. The maximum-
likelihood method has been described thoroughly by Janossy [2]. Here we
restrict ourselves to consider only the points of present interest.

In practice, quite often the quantities we want to know cannot be
directly measured but have to be evaluated from measured data, say, Av

A2, ... Ah (of course, the method is also applicable when the number of data
is greater than that of the parameters). If the statistical distribution of the
measured values as a function ofthe sought parameters, xv x2,.. Xk, is known,

the values of the latter will have minimum standard deviation if calculated
by the maximum-likelihood technique. The probability of measuring the values
Av A2 ... Ah hasits maximum when the parameters are calculated by the
maximum-likelihood method.

In order to estimate the parameters, we have to write down the distribu-
tion probability function P(AV .. Ax;xr, ..., Xk.)where the independent vari-
ables xv .. Xk are those to be evaluated from the measurement. This function
defines the probability according to which for the parameter values xv . .., Xk,
the measured values will be Av ..., Ak. Obviously, the probability function
is at a maximum if the parameters satisfy the condition:

GP(AT. ...Ak. .®W)__ o, (1)
, 2, 1

The solutions to this set of equations yield the measured values, xv ... xKk,
of the parameters.

The standard deviation of the measured value x1is given by the element
MJi of the inverse of matrix M, constructed as

Q P(AI, ..., Ak, X ..., X
dx; dxk

Fi=*1: .. Xk = Xk .

Use of the method for interfering activities

We shall use the following symbols:

a, b and ac, bc expected total number of counts/*g of standard, obtained
from elements A and B on irradiation without and with
cadmium filter, respectively;

n, nc total numberof counts obtained from sample on irradiation
without and with cadmium filter;
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y.yc total number of background counts during measuring time
with and without cadmium;
Y, Yc expected total number of background counts, taken separately,

for k times the measuring time, with and without cadmium;
(The values ofy,yc, Y, Ycmay be substantially different, since
the background is given by the activities from both the main
component and any other than the contaminants of interest
present in the sample; moreover, the different background
measuring times need not be identical.)

XA, XB measured values of A and B in sample (in yug);

cr(A), a(B) standard deviation (in jug) of the measured values xA, xB.

The counts are assumed to obey the PoissoNian law of distribution
and the statistical error of the standard counts a, ac and b, bc, Y, Yc as well
as the total systematical error are neglected. Using the above symbols, the
probability distribution function as given by the folding of the individual
PoissoNian distributions, takes the following form [3]:

P{A ..., Alcxxt,. .., Xir) =
(XAcac+ XB-b:H‘ya‘i.(x'q_a + )<B'b+>/)n(k}©%'(ky)Y
) nc\n!'Ydy!
eexp[- xA(@a + ac) - xB{b+ bc)- yc(l + k) -y (I + k)].

Hence, we get under condition (1) the set of equations

Yy Yy
XAac+ xBbc=nc--—-- r-; xA-a+ xB-b—n ——;

K K
Yc = Yy = (2)

which, of course, can also be obtained by simple physical considerations.

The maximum-likelihood method has the advantage to yield, in addition
to the expected values of a measurement, also the standard deviation of the
measured values. If one constructs the matrix M and considers the diagonal
elements of its inverse, Eqs. (2) lead after some calculations to

\b'iln + Y/KL)+ V (nc+ YdI-)p [6&n + ~“n o
\acb — abcl

[«kKn + Y /fc2) + QK + Ydk2)jie \a2n + a2n,j13

lach — abc\ lach — aba\ )
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The approximation holds if for adequate sensitivity the background has
been measured for a sufficiently long time. In practice, the value of the mini-
mum detectable quantity, xg min, can be reliably established if xg T|M= xog,
choosing a = 6 for single and x = 6/J/TV for N times repeated measurements.
Introducing this condition into Eq. (3), the minimum detectable quantity of
A as a function ofthat of B is given by the positive solution of the equation:

Xa{abc — acbf - xAx2(ab2- ach2) —x2[xBbbces + bc)+ b2y + bdc\ = 0 (4)

with a wholly symmetric expression for the sensitivity to B.

The standard data used in the equations can be calculated if the condi-
tions of irradiation and measurement are known, however, one should rather
determine them experimentally by irradiating pure elements.

Determination of aluminium and silicon in tungsten

The method described above has been successfully employed for the non-
destructive activation analysis of aluminium and silicon in tungsten [5].
Samples of 100 mg were irradiated in a reactor with 5 X K12 n/cm2-sec thermal
flux, first with, then without, cadmium filter. The samples were conveyed to
and from irradiation by a pneumatic tube system [6]. A similar pneumatic
system was used to take the samples to the measuring assembly, consisting
of a 3" X 3" Nal(TIl) scintillation detector and a single-channel differential
discriminator. The latter was set to the 1.78 MeV full energy peak of 28Al
For optimum schedule and maximum accuracy [7] the samples were measured
for 2 X 136 sec, thatis twice the half-life of 28Al, and after 20 minutes allowed
for the decay of 28Al, we evaluated the background activity due in the first
place to tungsten. The scheduled two measuring intervals served also as a crude
check of activity half-life. The counts from the standards were always nor-
malized to the cooling time of the sample. The aluminium and silicon contents
ofthe sample were evaluated from Equations (2), and the error of the measured
values determined from Eq. (3). Since usually a great number of samples had
to be analyzed, the calculations were performed on an ICT 1905 computer.
Under the given experimental conditions, the values corrected for sample
cooling and measuring time were found to be, on the average,

ac= 200; bc= 50; yc= 200 ;
a = 1100 ; b = 13 ; y = 700..

The curves showing the maximum sensitivity of the method for aluminium
and silicon in tungsten, as evaluated from Eq. (4) with x = 3 and assuming
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high precision background measurement, have been plotted in Fig. 1. It is
apparent that for activation with pile neutrons the sensitivity to aluminium
decreases only in the presence of large amounts of silicon, while that to silicon
is markedly affected even by small quantities of aluminium.

* a, (I<g)
-1 ! ! J 1 L_
SO 100 200 300
x si (K)

Fig. 1. Minimum detectable quantity of Al in 100-mg Tungsten samples as a function of
silicon concentration in sample (lower and left scale), and minimum detectable quantity of
silicon as a, function of Al concentration (upper and right scale)

Thanks are due to Mr. A. Simonits physicistand Mr. A. Elek chemist for their valuable
help in the analysis of tungsten.

SUMMARY

A quite general expression has been obtained with the use of the maximum-likelihood
method which permits to evaluate the maximum sensitivity for activation analysis in the
presence of interfering activities produced by in-pile irradiation. The application of the formula
is illustrated in the determination of aluminium and silicon in tungsten by non-destructive
activation analysis.
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OKTAEDRISCHE CHROM(III)- UND KOBALT(III)-KOMPLEXE

M. Ban und J. Csaszar
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Eingegangen am 17. Februar 1967

Unsere vorangehende Mitteilung [1] berichtete Uber die Berechnung
der charakteristischen Parameter (A, B, C) von normal paramagnetischen
[(i2g)e(eg)2] oktaedrischen oder pseudo-oktaedrischen Nickel(ll)-Komplexen
mit [Ar]ds-Elektronenkonfiguration. Die Parameter wurden auf Grund der
spektralen und magnetischen Daten der Komplexe mit Hilfe der Ligandenfeld-
(LF)-Methode berechnet. Unter Verwendung dieser Parameter wurden die
GroBen R, or und 6°/0 erhalten, sowie Schliisse auf die Natur der in den Moleki-
len zustandekommenden Bindungen gezogen, und es wurde versucht, Zusam -
menhédnge zwischen der Struktur der Molekile und den obigen Parametern
bzw. GréBen zu finden.

Die vorliegende Arbeit behandelt auf Grund der LF-Methode die Ab-
sorptionsspektren oktaedrischer Chrom(Il1l)- und Kobalt(lll)-Komplexe
sowie ihre Struktur- und Bindungverhéltnisse.

Theoretischer Teil

Mit der theoretischen Deutung der Lichtabsorption oktaedrischer Cra+-
und Cos+-Komplexe und solcher von niedrigerer Symmetrie, unter Verwendung
der Molekulorbital- und Kristallfeld-Methode haben sich bereits zahlreiche
Forscher beschéftigt [2—7]. Unter den Cr3+- und Co3+-Komplexen von
duBerst wechselvoller Zusammensetzung und Struktur werden in der vorlie-
genden Arbeit nur die mit guter Anndherung als oktaedrisch koordiniert
(Oft-Symmetrie) zu betrachtenden Me(ll11)X6 und Me(lll)L3-Molekile be-
handelt, wobei die sich aus der eventuellen Verschiedenheit der L-Donoratome
ergebende Symmetrieabnahme nicht beachtet wird. Sdmtliche Cr3+-Komplexe
sind, dem nur-Spin-Wert (3,83 BM) entsprechend, unabhdngig von der Natur
und Struktur der Liganden, paramagnetisch, wéhrend die Coz+-Verbindungen
ausnahmslos diamagnetisch sind.
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A) Das Cr3+ (d3) Problem. Die Spektren der Cra+-Komplexe, d&hnlich
wie das System ds, weisen drei LAPORTE-verbotene Banden mittlerer Intensitat
auf, die den spinerlaubten Ubergingen

V; = *T2g+-*A2Z (1a)
V2 =*T\g+-*Aig (1b)
"3 = 471,N-*A 2 (le)

zugeordnet sind (Abb. 1). Die Wahrscheinlichkeit des dritten Uberganges ist
sehr klein, da dieser mit der gleichzeitigen Anregung zweier Elektronen ver-

Abb. 1. Energieniveau-Diagramm der Cr3+-Komplexe von oktaedrischer Symmetrie mit den
wichtigsten Ubergingen

bunden ist und damit kann erklart werden, daR diese Bande in den Spektren
im allgemeinen nicht erscheint, v* erscheint gut auswertbar z. B.im Ld&sungs-
spektrum von [Cr(H20)s13+ und im Kristallspektrum von K:2Na[CrF6] [s].
An der langwelligen Seite von v+ kann die dem spinverbotenen Ubergang

vl = EI<-*A g (1d)

zugeordnete Bande bzw. Inflexion beobachtet werden.
Aus den elektrostatischen Matrizen [9] der Quadruplett-Zustdnde wei -
den nach Elimination von A und unter Bertcksichtigung, dal

(tzgy3 = -1,2 A,

(hg)2 (eg) = — °’2 /1 und

(hg) (eg)2= +0,8 A st,
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die vier Quadruplett-Zustiande, und auf Grund dieser die Energien der Uber-
gange v=, v+ und vl erhalten. Sowohl die den einzelnen Termen wie die den
Ubergangen entsprechenden Energiewerte stimmen mit den fiir das System d8
erhaltenen Werten uberein (siehe Formeln la bis Id in Mitteilung I). Wenn nur
die diagonalen Elemente berlcksichtigt werden, so ergeben sich fir die er-
wahnten Uberginge die folgenden Zusammenhénge:

vl = A, (2a)
V=A + 12B, (2b)
W= 2A -f-SB und (2¢)
vsl= 9B + 3C. (2d)

Sofern alle drei symmetrieverbotene Banden im Spektrum gut auswert-
bar erscheinen, kann auch hier der Elektronenwechselwirkungsparameter B
aus dem Zusammenhang

R _ V2+ v3~ 3A
15 (3)

berechnet werden. Da jedoch in der Uberwiegenden Mehrzahl der bekannten
Beispiele nur die Lage von r*und v* bekannt ist, kann B im allgemeinen auf
Grund der Formel

3v e A-(vtf-24a*
Bt ( (4)
27 A - 15v*

berechnet werden, wahrend sich auf Grund der Gleichungen (2a) bis (2d) die
Zusammenhénge

(5)

und

_ 3 —29) + 4V
C= (6)
12
ergeben.

B) Das Cos+- (d6 Problem. Der Elektronenkonfiguration (t2g)e entspre-
chend (S = 0) ist der Grundterm ein Singulett: 1A Ig. Das Absorptionsspektrum
einer jeden oktaedrischen oder mit guter Anndherung als oktaedrisch zu be-
trachtenden Cos+-Verbindung kann durch zwei voneinander scharf getrennte

Banden symmetrischer Form* und mittlerer Intensitdt charakterisiert werden.

* Nach unseren Berechnungen konnte fiir rj eindeutig und fiir rjj nmrit guter Annaherung
bestatigt werden, dal 6+ <5 (wobei &+ und 6 _ die gegen héhere bzw. niedrigere Frequenzen
berechneten Halbwertsbreiten der Banden sind).
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Diese beiden Banden werden den spinerlaubten, LAPORTE-verbotenen Uber-
gangen

vi — (hg)5 (eg) W ig < (h g6 xA Ig (7a)
Ve = (t2gV (eg) 'T 2g+-mGg)s 1A Ig (7b)

zugeordnet [9, 10] (Abb. 2). Im Gebiet der gr6Beren Wellenldngen kann auch
hier am absteigenden Ast von r* eine Bande von geringer Intensitdt bzw.

Abb. 2. Energieniveau-Diagramm oktaedrischer Kobalt(l11)-Komplexe mit den entsprechen-
den Ubergéingen

eine Inflexion beobachtet werden, die einem spinverbotenen Ubergang zuzu-
ordnen ist:

vU = (hg)5(eg) 3T2g"™ (t2)*iAlg. (7¢)

Unter Verwendung der diagonalen Elemente der Matrizen, die der
Tanabe —SUGANOschen Ndherung entsprechen [11], erhalt man fur die Ener-
gien der einzelnen Niveaus die folgenden Werte:

E(1Alg)= -2,4 ZI,

E(irig)= —1.4N1-C,
E(IT2) = —14274+ 16 R —C,
E(*TIg)= -1,4 A—3C und
E(3TQ) = -1,41+ sB - 3C,

Acta Chim. Acad. Sei. Hung. 54, 1967



BAN, CSASZAR: UNTERSUCHUNG DER ELEKTRONENANREGUNGSVORGANGE 137
aus denen sich fiir die entsprechenden Ubergange

(<g)° (eg) IMlg  (hgY I*lg

V<= E(XTlg)- E(xAlg)= A-C, (sa)
(hg)5(*) ITy+-(t29° 'Alg

V2= E(XT29)- E(xAlg)= A+ 16B-C, (sb)
(hg)5 (eg) 3T Ig «=—(tig)e 1Aig

VA = E(*Tlg) - E(xAlg)= A- 3C und (sc)
(hg)" (eg) STy<—(hgf lj4ig

v¥2= E(3T29)- E(xAlg)= A+ 8B - 3C (s d)

ergibt. Aus den Ausdriicken ist ersichtlich, dafl die Kenntnis des experimentell
bestimmten Wertes einer spinverbotenen Bande zur eindeutigen Bestimmung
der Parameter unbedingt erforderlich ist. Im allgemeinen ist zu diesem Zweck
die durch GI. (sc) charakterisierte Grofe, v=15 geeignet. In Kenntnis dieses
Wertes erhdlt man daher fiir LF und fir die Elektronenwechselwirkungs-
parameter die folgenden Ausdricke:

s=h 48 9
D v*-A+C V2 -vi
- (10)
16 16
c= v'~2v*-l . (11)

Diskussion der Daten

In den Tabellen 1 und Il sind die Daten der Komplexe von TypMe(lll)Xs
und Me(lll)Ls einiger einzdhniger und zweizdhniger Liganden zusammen-
gefaBt. Die angefiihrten Daten beziehen sich auf den geldsten Zustand; im
festen Zustand sind die Spektren fast gleich, die Verschiebung von 20 bis 30
ist den Kristallgitter-Kréaften zuzuschreiben.

A) Crs+-Komplexe. Es folgt einerseits aus der Struktur der Liganden und
wird andererseits durch Daten der Infrarotspektroskopie bestatigt, dall in
den Verbindungen 2 und 4 bis 9 Cr—O Bindungen vorliegen. Aus Tabelle I
ist z. B. ersichtlich, daB TMNO ein besserer Komplexbildner als DMSO,
PyNO oder HMPA ist. Dies ist leicht verstandlich, wenn man bedenkt, daf
bei den letzteren infolge der a-Bindung die Elektronendichte am O-Atom, und
demzufolge auch die Donor-Eigenschaft des Sauerstoffes verringert wird.
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In PyNO ist der Sauerstoff zu einem elektronegativeren N von sp2-Konfigura-
tion gebunden, in TMNO hingegen zu einem sp3-hybridisierten N, so dal das
letztere ein stdrkeres Donorvermdgen besitzt. Interessant ist es, dal Liganden
die S-Donoratome enthalten, ein schwdcheres Ligandenfeld besitzen als die 0-
haltigen, was aus Vergleich der Daten der Oxalat- und Thiooxalat-Komplexe
klar hervorgeht. Fir ein- und zweizdhnige Liganden ist die J-Serie:

Tabelle 1

No. Komplex* \h A n *4s)u ek
| [CrClg]3- _ 12 500 18 500 28 750 26 500
2 [Cr(DTP)3] 13 150 14 400 18 900 30 645 29 925
3 [Cr(DMAB)]3+ — 14 880 21 550 33 545 31 425
4 [CrF6]3~ 15 700 14 900 22 700 35 440 31 750
5 [Cr(PYyNO)6]3+ — 15 385 22 548 35 052 32 561
6 [Cr(DMSO)6]3+ — 16 773 22 523 35 176 33 232
7 [Cr(TMSO)6]3+ — 15 748 22 523 35 161 33 188
8 [Cr(HMPA)6]3+ 14 500 15 900 22 300 35 015 33 399
9 [Cr(AXan)3] — 16 000 20 300 33 610 33 074
10 [Cr(Kbd)(0]3+ 14 450 16 100 22 600 35 480 33 823
11 [Cr(CaL)6]3+ 14 250 16 180 22 620 35 565 33971
12 [Cr(ValL)6]3+ 14 290 16 210 22 620 34 710 34 022
13 [Cr(BuL)6]3+ 14 430 16 230 22 940 35 935 34 137
14 [Cr(AeA)6]3+ — 16 450 22 940 36 100 34 523
15 [Cr(TMNO),]3+ — 16 520 24 700 38 405 35 083
16 [Cr(TMM)3] 3+ — 16 900 23 100 36 660 35 351
17 [Cr(S2CD 2)3]3- — 17 000 21 900 35 910 35 224
18 [Cr(HD )3+ 15 000 17 360 24 550 37 800 36 517
19 [Cr(Mal)3]3- 14 450 17 500 23 900 37 945 36 599
20 [Cr(Ox)3]3- 14 200 17 700 24 100 38 315 36 999
21 [Cr(AcAc)3] 13 000 17 900 26 300 40 870 37 900
22 [Cr(PyCS)3] 13 800 18 400 25 000 39 785 38 450
23 [Cr(NCS)6]3- — 17 700 23 800 37 940 36 924
24 [Cr(Gly)3] 14 000 18 400 25 100 39 865 38 474
25 [Cr(NH3)6]3+ 15 300 21 500 28 490 45 940 44 746
26 [Cr(An)3 3+ 15 000 21 800 28 500 46 320 45 274
27 [Cr(CN)6]3_ — 26 600 32 200 55 300 54 601

*DTP = Didthyldithiophosphat; DMA = N,N-Dimethylacetamid; PyNO = Pyridin-
N-oxyd; TMSO = Tetramethylensulfoxyd; DMSO = Dimethylsulfoxyd; HMPA = Hexamethyl-
phosphoramid; AXan = Athylxanthat; Kbd = Karbamid; CaL = e-Caprolaetam; VaL = <%
Valerolactam; BuL = y-Butyrolactam; AcA = Acetamid; TMNO = Trimethyl-N-oxyd; TMM =
N,N,N'N'-Tetramethylmalonamid; Mal = Malonat; Ox = Oxalat; AcAc = Acetylaceton;
PyCS = Pyridincarbonsdure; Gly = Aminoessigsaure; An = Athylendiamin.
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Cl-< DMA < F- < PyNO < TMSO < HMPA < KM < CaL <

139

< VaL < BuL < AcA < TMNO < DMSO < H20 < NCS~< NHs< CN*

bzw.

B

650
423
697
896
763
692
696
641
394
652
643
580
679
646
903
604
454
728
623
621
898
639
576
651
662
628
500

**x CO =

DTP < AXan < S2C202= TMM <

0,68
0,44
0,74
0,95
0,81
0,73
0,73
0,68
0,42
0,69

0,68

0,77

0,66

3850 cm

-1

< Mal < Ox < AcAc <

500
375
555
650
597
562
564
533
358
541
537
534
559
541
648
517
408
599
533
533
700
550
508
558
582
558

467

0,57
0,68
0,54
0,43
0,63
0,56
0,56
0,74

PyCS = Gly < An.

C‘A*

3258

3283

3234

3193
3140
3161
3133

3227
3217
3134
2233
2950

2992
3354
3326
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OE(<P - *F)

9

10
13
11
10
10

13

750
345
455
440
445
380
440
615
910
780
645
700
185
690
545

9 060

10

810
920
345
315
470
585
640
765
930
420

500

«%

31,3
55,3
26,4

5,4
19,4
26,9
26,5
32,3
58,4
31,1
32,1
38,7
28,3
31,8

4.6
36,2
52,1
23,1
34,2
34,4

5,1
32,5
39,2
31,2
30,1
33,7
47,2
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Die Werte der Elektronenwechselwirkungsparameter B und C sind fir
Komplexe im allgemeinen kleiner als die fir freie Gasionen berechneten. Diese
Verringerung der elektrostatischen Wechselwirkung kann der durch die Gegen-
wart des Liganden-Atoms hervorgerufenden Orbital-Expansion und der
demzufolge zustandekommenden Erhéhung des Kovalenzgrades zugeschrieben
werden. Im Falle von Cr3+ sind die hoheren (eg)-Niveaus unbesetzt, wéhrend
z. B. bei Co2+ sich bereits im Grundzustand Elektronen an diesen Orbitalen
befinden. So stehen die Cr3+-Orbitale den eintretenden Elektronen viel leichter

Tabelle H
No Komplex® wW Vi \a A Bb 3 c D
| [Co(AcAc)3] 12200 16700 23700 18950 438 0,41 2250 58,9
2 [Co(Aes)3] — 17 550 23 050 — 344 0,32 — 67,7
3 [Co(AXan)3] 8860 16200 20800 19870 288 0,27 3670 73,0
4 [Co(Cys)..] 10650 17200 22600 20475 338 0,32 3275 68,3
5 [Co(C033p - 8000 16300 22800 20500 406 0,38 4200 61,9
6 [Co(Ox)3p - 8350 16500 23800 20575 465 0,43 4075 56,3
7 [Co(H20)0]3+ 8500 16600 24900 20650 519 0,49 4050 51,3
8 [Co(Gly)3] 11200 19230 26730 23245 469 0,44 4015 56,0
9 [Co(Al)3] 11100 19300 26770 23400 467 0,44 4100 56,2
10 [Co(Tn)3I3+ 12670 20570 28670 24520 506 0,47 3950 525
11 [Co(NO 2)c]3- 13250 20900 28800 24725 494 0,46 3825 53,6
12 [Co(NH3)1] 3+ 13200 21050 29500 24975 528 0,49 3925 504
13 [Co(DAN),]3+ 13650 21400 29500 25275 506 0,47 3875 525
14 [Co(An)3|3+ 13700 21450 29500 25325 503 0,47 3875 52,8
15 [Co(NH.,OH)c]3+ 13350 22800 30000 27525 450 0,42 4725 57,7
16 [Co(CN)6p - 25000 32400 39000 36100 413 0,39 3700 61,2

. aAes = Mercaptodthylamin; Cys = Cystein; Al = (S-Alanin; Tn = Trimethylendiamin;
DAn =, Diédthylentriamin.
B, ="1065 cm*».
zu Verfugung. AulRerdem &ndert sich auch die an den (eg)-Orbitalen zustande-
kommende Elektron—Elektron-Wechselwirkung viel empfindlicher mit der
Natur der Liganden als im Falle von Co2+, wo das Prinzip der partialen Be-
setzung zu einem gewissen Grad bereits das Zustandekommen der Wechsel-
wirkung begrenzt. So wird der Parameter B bei Cra+-Komplexen gegeniiber der
Natur der Liganden wesentlich empfindlicher sein [10]; der Wert von C &ndert
sich hingegen kaum, da ja auch das Niveau 22 g aus dem Zustand (i2g)3 stammt,
und solange die Elektronen in derselben Konfiguration bleiben, wird auch die
elektrostatische Wechselwirkung mehr oder weniger konstant sein.
Die Absolutwerte der mit den Formeln 4 und 5 berechneten Parameter
Bxund B2 sind verschieden, doch ist die Richtung ihrer Anderung die gleiche.
Die auf Grund Liganden aufgeschriebenen nephelauxetischen Reihen sind
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sowohl fur Cr(ll1)Xe-als auch fur Cr(l11)L3Verbindungen von den vorange-
hend angegebenen spektrochemischen Reihen verschieden:

CN-< NCS-= YaL < HMPA = CaL = AcA = CI* < Kbd < NHz<

< BuL < DMSO = TMSO < DMA< HX < PyNO < F“ = TMNO
und
AXan < DTP < S2C,02< TMM < Mal <

< Ox < An < PyCS < Gly < AcAc,

doch entsprechen sie im allgemeinen den in der Literatur (siehe z. B. [10]
angegebenen Reihen. Bei Liganden die Uber O-Donoratome verfiigen, d&ndert
sich B in der Reihenfolge DMSO ~ TMSO <<H20 < PyNO, was durch die
stdrkere Polarisierbarkeit der S—O Bindung bedingt ist.

Der Wert von C &ndert sich in einem sehr engen (2950—3354 cm -1)
Intervall, und demzufolge kdnnen die berechneten y-Werte (y = C/C0) kaum
zur Charakterisierung des Bindungstyps herangezogen werden. Hierfir sind
die auf Grund der Anderung der Energiedifferenz 4P —4F berechneten <5%
W erte viel eher geeignet.

B) Co3+-Komplexe. Die niedrigsten A- und gleichzeitig die kleinsten R-
W erte ergeben sich fir die S-haltigen Verbindungen, ihnen folgen die Komplexe
der O, N und Cals Bindungsatome enthaltenden Liganden. Aoxist nahezu AH2
gleich, und &hnlich An~ Ad”a »Tn« bildet einen weniger stabilen Komplex
(Sechserring) als »An« (Fiinferring), und dementsprechend besitzt es auch einen
niedrigeren zl-Wert. Entsprechend den Bindungsatomen N und O, kommen
»Gly« und »Al« zwischen H20 und Athylendiamin zu liegen. Beim Typ Co(I11)Xs
gibt A die Reihe

H20 < N0 < NHs< NH2H < CN-,
wéhrend fiur Bidentate die folgende Reihe gilt:

AXan < Cys< Ox< Gly< Al< Tn < DAn < An.

Interessant ist zu bemerken, daB sich bei dieser Verbindungsgruppe
A innerhalb ziemlich weiter Grenzen (~19 000 bis ~ 36 000 cm _1) dndert,
so daR die spektrochemische Reihe nach LF leicht festgestellt werden kann.
Hingegen weichen die Werte des Wechselwirkungsparameters B bzw. des
nephelauxetischen Quotienten B in vielen Féllen kaum voneinander ab. So ist
z. B. Boly = RAU Rin = R'An’ so daB J1 zur Bestimmung des Bindungscharak-
ters bzw. zurVerfigung der Anderung der Bindungsart viel geeigneter erscheint
als B, obzwar sich im Falle der Co(lll)L3 Verbindungen auch B auf &hnliche
Weise wie A &ndert.
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Abgesehen von 1 in Tabelle I, &ndert sich der Wert von C kaum oder zu-
mindest nicht in solchem Male, dal der Quotient y (Co= 5120 cm ~I)
Schliisse zulassen wiirde. Die Anderung von 6% ist gering, dennoch kann aus
diesem viel besser auf die Bindungsverhéltnisse gefolgert werden, als aus y.

Allgemeine Bemerkungen

Es kann festgestellt werden, dall die niedrigsten A- und gleichzeitig die
kleinsten /LWerte von Verbindungen der Liganden mit S bzw. N Donoratomen
geliefert werden. So wurde fir die diskutierten Cr3+- und Co3+-Komplexe im
Falle von zweizdhnigen Liganden die A-Reihe

< S303< S3N3< 0B< 0O3< 03N3< Ne
bzw. von einzdhnigen Komplexen

Cl, < Fe< 0s< Ne< Cg
gefunden.
Diese Reihen entsprechen der Reihe der Liganden-Atome nach abnehmendem
lonenradius [10]:

Cl<S<F<O0<NC<C.

Bei den Komplexen zweiz&dhniger Liganden mit S303 S3Ns und O03Ns
Donoratomen kommt der Wert von A, dem »average environment rule«
entsprechend, zwischen den A-Werten der Komplexe Se—06 So—Ns und
Og—Ne zu liegen.

Zur Charakterisierung der Glieder dieser beiden Verbindungsgruppen
scheinen vor allem die zI-W erte geeignet zu sein. Bei Cra+-Komplexen kénnen in
bezug auf Bindungsart aus der Anderung von B und 6% wertvolle Schliisse
gezogen werden, wahrend sich hierzu bei Cos+-Verbindungen eher die Ande-
rung von 0% eignet. Die Anderung von C bzw. y ist bei weitem nicht von sol-
chem Ausmal oder so eindeutig, als die der librigen Parameter bzw. GréBRen. Die
auf Grund von R erhaltenen nephelauxetischen Reihen weichen von den A-
Reihen ab, doch zeigen sowohl die B, als auch die <5%-Werte, daB Bindungen
von stdrkstem kovalentem Charakter im Falle von S-Verbindungen gebildet
werden.

ZUSAMMENFASSUNG

Es wurden fir Komplexe vom Typ Me(ll1)X6und Me(ll1)L3 (Me = Cr3+, Co3+) auf
Grund der Ligandenfeld-Theorie charakteristische Parameter (4 B, C), sowie mit dem kova-
lenten Charakter der Bindungen proportionale GroRen (R und 5%) berechnet. Die spektrochemi-
sche Reihe der Donoratome (Cl < S < F <0< N < C ) verlauft mit der Anderung des
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lonenradius parallel. Bei Co3+-Verbindungen dndert sich 8 kaum, so daR eher 0% und beson-
ders A zur Charakterisierung der im Molekil zustandekommenden Bindungen geeignet zu sein
scheint. Bindungen von starkstem kovalentem Charakter und mit kleinstem A werden in beiden
Verbindungsgruppen von den Thio-Verbindungen geliefert.

HWN
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In the present work the infrared and Raman spectra of pyrazine-di-N-
oxide have been studied, and vibrational assignments as well as the interpre-
tation of some combination bands are given.

Our aim was to clarify bonding relations of the pyrazine-di-N-oxide
molecule. A number of possible mesomeric structures may be written for tliig
compound. The most probable ones are shown in Fig. 1. As it is seen from the
given representations, the bond order may be one or two for the N—O bond.

Fig. 1*

In order to solve the bond order problem, it was thought useful to make
comparisons between pyrazine-di-N-oxide and p-difluorobenzene which are iso-
electronic systems. For this purpose pyrazine-di-N-oxide was prepared and the
infrared and Raman spectra were measured. The two molecules have been com-
pared on the basis of our assignments of the pyrazine-di-N-oxide frequencies
and on the assignments of StojilkoviCand Whiffen [1] reported for the fre-
quencies of p-difluorobenzene.

The geometrical means of the effective nuclear charges and electronega-
tivities, furthermore the reduced atomic masses are nearly the same for both

* Errata. The possible mesomeric structures of pyrazine-di-N-oxide molecule have

errors in representation on page 350 of Acta Chimica 53 (4). The correct figure of meso-
meric structures can be found on the Fig. 1 of this paper.
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molecules. The N—O distance was taken to be 1.26 A [2], that of C—F
1.30 A [3].

Using the Schomaker—Stevenson table [4] for the calculation ofinter-
atomic distances, the values 1.48 and 1.492 A are obtained for N—0 and C—F,
respectively, assuming single bonds. The bond lengths found experimentally are
shorter by 0.22 and 0.19 A, indicating that the bond order must be consid-
erably higher than one. The same authors [4] state that a bond of the order
two should correspond to the interatomic distances of about 1.24 and 1.27 A
for CF and NO, respectively.These data are indeed close to the experimentally
observed values, therefore, considering also the Pauling principle [5], the
bonds in NO and CF must be nearly of order two.

The agreement in terms of masses and electronic structure is emphasized
by the extraordinary similarity of the vibrational spectra. Fig. 2 shows the
infrared spectrum of crystalline pyrazine-di-oxide recorded with a UR-10
spectrometer in KBr pellet, while Fig. 3 is the spectrum obtained with a

Li/ Nad KBr

cm'l
Fig. 2

Hilger Raman spectrograph in saturated aqueous solution. The line in the
Raman spectrum at 992 cm is a Ba line, those at 2602, 2290 and 2457 cm _1,
are Hg lines.
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Preparation of pyrazine-di-N-oxide

The substance was prepared by the method of Koelsch and Gumprecht [6]. A slight
modification consisted in crystallizing the compound from water instead of methanol. Contrary
to the reported m.p. 0f 285—295°, the substance does not melthut sublimes at this temperature

Vibrational assignments

The molecules belong to the symmetry point group D 2h, having an inver-
sion centre that is very helpful in the assignment, as the mutual exclusion prin-
ciple can be applied.

The assignments to symmetry species were performed according to [7], a
convention accepted generally, thus axis z passes through the NO bonds, and
axis x is perpendicular to the plane of molecule. The numbering is analogous to
that of benzene, as given by Wilson [s8].

Species Bla

The rather intensive skeletal bending frequency band (12) is shifted from
737 cm _1 of p-difluorobenzene to 880 cm _1 in pyrazine-di-oxide. Owing to its
high intensity, the band at 1265 cm~1has been assigned to the stretching vibra-
tion of the N—O bond; the analogous band in p-difluorobenzene is found at
1212 cm-1

The frequencies of vibrations 18a, 19a, 20a of benzene remained nearly
unchanged in comparison to corresponding frequencies in benzene and p-difluo-
robenzene.

Species B2J

The planar bending vibration of the substituents (numbered 15) was
observed at 412 cm -1, deviating from the related p-difluorobenzene frequency
at 350 cm-1. (This vibration was found in pyridine-N-oxide at 462 cm -1 [9].)
The 18b, 19b and 20b modes are nearlyunchanged, so istheC —Cvibration (14).

Species Aig

The stretching vibration ofthe N-oxide molecule at 1300 cm -1 is of rather
high intensity; this corresponds to the vibration of difluorobenzene at 1245 cm-1.
A component arising from splitting ofthe 606 cm _1 (E 29) benzene vibration was
assigned at 394 cm -1. This corresponds to the vibrations in pyridine-N-oxide at
545 and in difluorobenzene at 451 cm-1. The breathing vibration observed at
ggs cm _1 is analogous to the 858 cm -1 frequency in difluorobenzene; this is
the most intensive band in the Raman spectrum. Vibrations 2, sa, 9a do not
essentially differ from the corresponding frequencies of p-difluorobenzene and
pyridine-N-oxide.
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Species B3

Vibration 3 differs only moderately from that ofp-difluorobenzene, and it is
in excellent agreement with the 1325 cm -1 frequency of pyridine-N-oxide. No
significant deviations were found for the 7b (CH stretching) and sb (skeletal)
vibrations.

It has not been possible to identify mode sb. We assumed it to be at
about 630 cm-1 on the basis of combination tones. Similarly, the 9b in-plane
deformation frequency of the substituents could not be found either. This
vibration was reported by StojitkoviOand Whiffen to appear at 427 cm -1
in the spectrum ofp-difluorobenzene; therefore in pyrazine-di-N-oxide it was
assumed to be in the region 460—480 cm -1. It is possible that analogously to
vibration 15, this frequency shifts towards higher values.

Out-of-plane vibrations
Species B2g

The frequencies of vibrations 4 and 10b appearing in the Raman spectra
are in good agreement with the corresponding frequencies in difluorobenzene.
The vibration at 375 cm -1 of difluorobenzene characterizing the substituents
is found here at 294 cm _1.

Species Blg
The 830 cm _1 band has been assumed taking into account different com-
binations. The analogous band was observed inp-difluorobenzene at 800 cm -1.
Species B3u

The infrared frequencies of pyrazine-di-N-oxide are very close to modes
11 and 16b of difluorobenzene. Vibration 17b was not observed because it lies
in the far infrared at frequencies that could not be observed in our investiga-
tions. The value of about 220 cm -1 was obtained on the basis of combinations.

Species Au

Vibrations 16a and 17a are inactive both in the Raman and in the infra-
red, however, they can be assigned from combinations. The frequencies of
pyrazine-di-N-oxide are given in Table I compared with the corresponding
values of difluorobenzene. The interpretation of bands and intensities is given
jn Table 1.

Bonding relations and the properties of spectra

The wave numbers of the corresponding symmetric and antisymmetric
stretching modes assigned to C—F and N—O bonds are in close resemblance.
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Table 1
Difluorobenzene [1] Pyrazoi:isé-edi-N-
1 858 888
2 3084 (3060)
6a 451 394
Ag 7a 1245 1300
8a 1617 1644
9a 1142 1181
3 1285 1310
6b 635 (630)
B 3g 7b 3084 3020
8b 1617 1620
9 (427) (460)
12 737 880
13 1212 1265
B.u 18a 1012 1035
19a 1511 1491
20a 3050 3065
14 1285 1306
15 350 412
B.u 18b 1085 1130
19b 1437 1450
20b 3080 3115
B.g 10a 800 (830)
4 692 694
B2 5 375 294
10b 928 952
16a - (400)
Au 17a 943 (970)
11 833 810
B3u 16b 509 542
17b (186) (220)

Because of the dependence of kinetic energy on the interatomic distances
and reduced atomic masses, an agreement between most of the G matrix
elements was expected. Following from the structure of the secular determi-
nants when eigenvalues and G elements are similar, the corresponding F matrix
elements must also be similar to one another.
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Table 11
Intensity Raman Intensity Interpretation
294 W. B2
394 w. Ag
412 v. S ®2U
542 S. 545 V. V. W, B 3
685 V. V. w. — 400 + 294 B2
694 W. B2g
810 V. S. - B3,
880 S. - Biu
888 V.S Ag
905 w. — 694 + 220 B1U
1035 V.s. - Biu
1040 w. — 830 + 220 B
1090 V. V. w. — 694 + 400 B
1100 V.ow. — 888 + 220 BU
n3o w. 1125 V.V.w. B A
1181 S. Ag
1190 w. — 810 + 394 B
1240 w. - 830 + 412 B
1265 V.s. — B u
1300 -s Ag
1306 m. _ B2U
1310 w. 1310 w. B3y
1390 V. V.w. — 1181 + 220 B
1450 V.s - Bl
1491 s. 1492 w. B.u
1500 V.ow. — 810 + 694 B1IU
1510 V. V. w. — 880 + 630 B
1552 V. V. w. — 1265 + 294 BU
1570 V. V. W, — 880 + 694 B
1620 w. B 39
1644 V.s. Ag
1710 V. V. W. — 1300 + 412 B
1722 m — 1310 + 412 Blu
1760 V. V.ow — 952 + 810 Blu
1780 w. — 1491 + 294 B
1810 V. V.w. — 1035 + 400 + 400 Bln
1872 V. V. w. — 1491 + 394 B,u
1920 L. — 970 + 952 B
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Table Il continued
Infrared Intensity Raman Intensity Interpretation
2100 w. — 1300 + 810 B
2135 V.V ow. — 1265 + 888 Blu
2268 V. V. W, — 1310 + 970 B
2545 V. W, — 1300 + 1265 Blu
2568 V. V. W, — 1310 + 1265 B
2590 V. V.ow. — 1620 -1- 970 B
2640 V. V.ow. — 1620 + 1035 BAJ
2668 w. — 1644 + 1035 BWU
2668 w. — 1491 + 1181 BWU
2720 V.V.w. — 1094 + 1644 B
2720 V.V.ow. — 880 + 412 -f 1450 BIU
2750 V.V.ow. — 1450 + 1310 Blu
2778 w. — 1491 + 1300 B
2805 w. — 1491 + 1310 B
2855 V. V. w. — 1491 + 400 + 970 B
2893 V.V.w. — 1644 + 1265 B,u
2932 V. w. — 1644 -(- 1306 B
2968 w. — 1265 + 1306 + 412 B, ,
2968 w. — 1782 + 1181 B
3000 V.V.w. — 1712 + 1300 B
3000 V. V.ow. — 1491 + 970 + 542 B
— 3020 w. Bag
3025 w. — 1722 + 1310 B
3025 w. — 1491 + 412 + 1130 BU
3040 W. — 1401 + 1644 B
3040 W. — 880 + 1035 -f 1130 BIU
3065 m. — B1U
3075 V. w. — 1644 + 1450 B
3115 m. — ®U
3130 W. — 1644 -f 1491 BWU

The potential energy function of amolecule depends on the atomic arrange-
ment and on the electronic structure; therefore it seemed obvious to extend
the analogies found in electronegativity, effective nuclear charge, bond length
contraction values and in isoelectronic properties, also in the area of force field
calculations.

It was surprising that agreementinthe cases of vibrations sa, 12,15 and 5
was poorer than expected, which can be explained by the fact that the N—O
bond interacts with the ring to a lesser degree than C—F bond does.
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All the facts listed above indicate that the bonds containing substituents
have indeed nearly double bond character, therefore the mesomeric struc-
ture shown in the upper part of Fig. 1is the more probable representation of
the actual molecular structures.

The nearly double bond character at the marked places may result from
a partial shift of the fluorine or oxygen electrons into the bond.

This aim of this paper has not been to give a full interpretation and
evaluation, or acomplete comparison of the spectral data of isoelectronic mole-
cules; our purpose was merely to demonstrate that the transferability of
force field elements in isoelectronic molecules is greater than it is usual in
the cases of related compounds.

SUMMARY

The frequencies and bond distance contractions found in a study of the infrared and
Raman spectra of pyrazine-di-N-oxide indicate that the N—O bond of this compound has
double bond character. Great similarities in the normal frequencies of pyrazine-di-N-oxide
and p-difluorobenzene are the consequence of the fact that the two compounds have iso-
electronic structures.
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BINDUNGSSYSTEM DER N-ACYL-SULFILIMINE, Y*

IR-SPEKTROSKOPISCHE UNTERSUCHUNG DER N-p-NITROPHENYLSULFONYL-
SULFILIMINE

A. Kucsman, |I. Kapovits und F. Ruff

(Institut fir Organische Chemie, L.-E6tvds-Universitat, Budapest)

Eingegangen am 5. Juli 1966

Die erste, eingehendere Information uUber das Bindungssystem der N-
Sulfonyl-sulfilimine (RR’SIVNSVIO 2Q) konnte aus IR-spektroskopischen Daten
gewonnen werden [1]. In den IR-Spektren dieser Verbindungen war im Rereich
von 1020—935 cm _1 immer eine intensive Rande aufzufinden, die wir der
Valenzschwingung einer SIVN Doppelbindung zuordneten, und zwar aus fol-
genden Grunden: (a) Die fur Sulfilimine der Struktur (R,R)SIVN(SO.,Q)
charakteristische intensive Rande kommt in den IR-Spektren der isomeren,
substitutierten Sulfonamide der Struktur (R)SUN (S02Q, R) nicht vor. (b) Die
Frequenz dieser Rande wird von den an das SIV-Atom angekniupften Gruppen R
und R’ (infolge einerinduktiven bzw. konjugativen Wirkung) aufpregnante Art
beeinfluBt, wéhrend eine derartige Wirkung der Gruppe Q kaum zum Aus-
druck kommt, (c) Die Gruppe Q Ubt einen induktiven Effekt auf die r§o2
Valenzschwingungen aus. (d) Die Frequenz und integrale Absorption der v$o2
Banden wird in Sulfiliminen von der Wechselwirkung der S02 und NS-Gruppe
im groBen und ganzen ebenso beeinflulft wie in den Sulfonamiden durch die
Wechselwirkung der S02- und NH2-Gruppe. (¢) Die Abweichungen, die in den
Fso2 bzw. 7'sN-Daten zwischen dem Chloramin-T und den N-p-Tolylsulfonyl-
sulfiliminen bestehen (vgl. Tab. I), d. h. die gleichzeitige Schwé&chung der SN-
und der SO-Bindungen im Chloramin-T im Vergleich zu den analogen Bindun-
gen der N-p-Tolylsulfonyl-sulfilimine, ist mit der Annahme unvereinbar, daf
in den Sulfiliminen die dyr-Bindung ausschliefflich zwischen den SV- und N-
Atomen lokalisiert wdre. Aus den oben erwé&hnten Feststellungen haben wir
geschlossen, daB in den N-Sulfonyl-sulfiliminen die S W-Bindung bedeutend
starker ist als eine einfache Bindung, d. h. die Atome SIV und N sind auBer
einer ff-Bindung auch noch mit einer dyr-Bindung verknupft (I). Gleichwohl
konnte die Wechselwirkung dieser Bindung und der S02-Gruppe mit Hilfe der

* V. Mitteilung: Acta Chim. Acad. Sei. Hung. 53, 97 (1967).
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IR-Spektroskopie nicht genau ermessen werden.

R R & A- d+
= N—S02—Q N SiiEN-=S02 Q
r rn

Eine jungst durchgefuhrte Rontgenstrahlbeugungs-Untersuchung [2, 3]
fihrte zu dem Ergebnis, dal das S,S-Dimethyl-N-methylsulfonyl-sulfilimin
ein sich auf die Atome SIVNSW erstreckendes, delokalisiertes dyr-Bindungs-
system enthdlt (Il; R = R’= Q = CHJY); die SIVN und SVIN dyr-Bindungen
sind beide stark. Gleichzeitig weist die fir den kristallinen Zustand kennzeich-
nende (mdglicherweise die allergiinstigste) Konformation des Sulfilimins darauf
hin, dal die Wechselwirkung der SVIO 2 Gruppe und des, dasselbe SVI-Atom
enthaltenden SVINSIV-Bindungssystems minimal ist, daf also der sogenannte I1.
Fall der Konjugation nach Koch und Moffitt [4] verwirklicht ist. Ebendeshalb
besteht die Mdglichkeit zur Bildung gleich starker SO und SN dyr-Bindungen, in
welchen ein und dasselbe Schwefelatom einbezogen ist. Das anomale Verhalten
der SIV-Methylgruppe im IR-Spektralbereich [1], d. h. die gleichzeitige Ver-
ringerung der Frequenz und der integralen Absorption der als Tsn bezeichneten
Bande von Sulfiliminen, die eine SIV-Methylgruppe enthalten, ist kein allein-
stehender Fall. Laut Daten der Rdntgenstrahlbeugung ist die SIVC-Bindung
in dem untersuchten Sulfilimin auffallend kurz. Dies diirfte einer Artvon Hyper-
konjugation zugeschrieben werden, die in den Sulfiliminen infolge der glinstigen
Raumlage der d-Bahnen als Wechselwirkung zwischen dem Elektronensystem
der Methylgruppe und dem SIV-Atom auftritt.

Diese neuerdings gewonnenen Kenntnisse Uber das Bindungssystem der
N-Sulfonyl-sulfilimine veranlassen zu einiger Modifizierung der friheren
Deutung der IR-Spektren und auch zur Untersuchung neuer Modellverbin-
dungen. Wahrscheinlich ist vor allem, dal die im Bereich von 1020—935 cm _1
auftretende Absorptionsbande nicht der Valenzschwingung des mit einer a-
und einer dyr-Bindung verknipften SIVN Atompaares zuzuordnen ist, sondern
der asymmetrischen Valenzschwingung der Atomgruppe SIVNSVI mit einem
delokalisierten dyr-Bindungssystem; (eine entsprechende Bezeichnung dieser
Bande ist daher: \&kivs)-* Eine genauere Erwdgung macht die Wirkung der
durch das SMI Atom gebundenen Gruppe Q notwendig. Es ist ndmlich mdglich,
daBR eine aromatische Q-Gruppe die Bindungssysteme SVIO 2 und SVINSIV, die
ein und dasselbe SVI-Atom enthalten, auf verschiedene Weise beeinflut; man
kann z. B. vermuten, dall eine aromatische Q-Gruppe auf das erstere System
eine induktive, auf das letztere jedoch eine konjugative Wirkung ausibt;

* Uber die Berechnung der normalen Schwingungen wird spéter berichtet
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dies wdre daim der Fall, wenn der aromatische Ring (ebenso wie das im sp2-
Hybridzustand befindliche Stickstoffatom) zur S02-Gruppe derart orientiert
wadre, wie es dem sogenannten Il. Fall der Konjugation entsprache (Abb. I).

Eine derartige Orientation (die auf die S02-Gruppe eine minimale W ir-
kung hat) schafft notwendigerweise eine gunstige Mdglichkeit der Wechsel-
wirkung des aromatischen Systems und des Bindungssystems der SVINSIV-
Gruppe.

Zur Ermittlung der Wirkung der Gruppe Q und eingehenderen Unter-
suchung des S-Methyleffektes haben wir eine Reihe analoger N-p-Tolylsulfonyl-

Siv

sulfilimine und N-p-Nitrophenylsulfonyl-sulfilimine aufgebaut und ihre IR-
Spektren aufgenommen. Die Ergebnisse dieser Untersuchungen sind in den
Tab. I —II1 zusammengefalt.

Ein Vergleich der spektroskopischen Daten |4Rt folgende Schlusse zu.

1. Die Wirkung der Grujipe Q I4Rt sich besonders gut durch Vergleich der
spektroskopischen Daten der Verbindungen vom Typ der S,S-Diéthyl-sulfili-
mine (Tab. 111 und Abh. 2—4) feststellen.* Laut den rgNg- und tgoz-Frequenz-
werten verstarkt sich die SN-Bindung nach der Reihenfolge Q = p-Tolyl<
<p-Nitrophenyl <[ Benzyl, die SO Bindung hingegen im Sinne Q = Benzyl<
<j>-Tolyl <[ p-Nitrophenyl.** Dies weist darauf hin, dall die Gruppe Q die
Gruppe SNS auf konjugative, die Gruppe SO02 hingegen auf induktive Art
beeinfluft.

2. Die Wirkung der Gruppen R und R’ auf das SNS-Bindungssystem
kommt auf gleiche Art zur Geltung in der Reihe der N-p-Nitrophenylsulfonyl-

*Zum Vergleich sind S-Athylderivate deshalb besonders geeignet, weil bei ihnen eine
das Spektrum modifizierende Wirkung der SIV-Subst.ituenten nicht zur Geltung kommt.

** Die Vso2W erte sind bei analogen Verbindungen der p-Tolyl- und der p-Nitrophenyl-
Reihe fast gleich.
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Frequenz und integrale Absorption der Vgq0 und

RR’SNSO,CeH4CHa
RR’=

S,S-Dimethyl
S,S-Didthyl i,
S,S-Dipropyl

S,S-Diisopropyl
S,S-Diphenyl
S-Methyl-S-phenyl
S-Athyl-S-phenyl........
S-Propyl-S-phenyl

S-lsopropyl-S-phenyl..........
S-tert.Butyl-S-phenyl
(Chloramin-T)

Tabelle 1

rSOsasym. (cm-1)

KBI- CHl,-

Tablette Losung
1274 1300
1276 1299
1278 1300
1272 1299
1298 1301
1281 1301
1280 1304
1284 1301
1284 1301
1282 *
1258 1258¢

KUCSMAN et al.: BINDUNGSSYSTEM DER N-ACYL-SULFILIMINE

-Banden der N-p-Tolylsulfonyl-sulfilimine

VS02 sym* (cm* 1)

KBr- CHCI3-
Tablette Lésung
1138 1146
1141 1145
1145 1146
1135 1144
1141 1148
1145 1146
1141 1150
1143 1148
1149 1147
1145 *
1142 1132°

*Die Verbindung ist in Chloroform unléslich.
** Die Loslichkeit der Verbindung in Chloroform ist zu gering um die Intensitdat messen

zu kdénnen.

a) In Acetonitril-Ldsung, b) Wert der VgN-Bande.

VSNS

KBT-
Tablette

950
978
973

960
935
978
979

959
940*

(em-J

CHCL».
Lésung

959
975
981
978

951
973
976
977

942e-*

AMS « 100

CHCIg-

Lésung

13
2,2
2,1
2,2
2,7
1,4
2,6
2,4
2,5

Tabelle 11
Frequenzund integrale Absorption der FgQ2 und rgNg-Banden der N-p-Nitrophenylsulfonyl-sulfilimine
VS0Zsym. (cm* 1) vACsym  (em-1) rsns (@n-1) ASNS' 10 *
RR'SNS0aCeH 4N 02
RR'= KBr- CHCls- KBr- CHCls- KBr- CHCls- CHCu-
Tablette Loésung  Tablette Lésung  Tablette Lésung Lésimg
S,S-Dimethyl ... 1288 1303 1145 1150 968 977 3,2e
S,S-Didthyl. i, 1288 1300 1145 1149 975 980 2,4
S,5-Dipropyl e 1298 1303 1149 1151 970 985 2,8
S,S-Diisopropyl..... 1286 1302 1140 1149 980 985 3,0
s,S-Diphenyl...... 1302 1300 1152 1150 961 962 =
S-Methyl-S-phenyl 1288 1302 1148 1150 940 962 17
S-Atliyl-S-phenyl........ 1299 1303 1149 1151 966 981 3,6
S-Propyl-S-phenyl ... 1298 1303 1149 1151 982 985 2,9
S-lsopropyl-S-phenyl......... 1298 1303 1151 1151 972 983 3,9
S-ieri.Butyl-S-phenyl 1288 * 1161 * 972 * *
(Chloramin=N)..cuern 1257 1270° 1140 1139° 939, 949 * 1,0
949*

* Die Verbindung ist in Chloroform unldslich.
** Die Loslichkeit der Verbindung in Chloroform ist zu gering um die Intensitdt messen

zu konnen.

a) In Acetonitril-L6ésung,

b) Wert der rgjj-Bande.

c) Der Wert ist wegen der an selber Stelle erscheinenden Deformationsschwingungen der

Methylgruppe unsicher.
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Tabelle 111

Frequenz der tgNg- und v§g2Banden der S,S-Di&thyl-N-sulfonyl-sulfilimine
in Chloroform-Liisung

(CH5)*SNSONQ VSNS vS02 asym.

2 sYme t-SOt

- (cm-) em ) G cm )

P-Tolyl i 975 1299 1145 1222

p-Nitrophenyl............. 980 1300 1149 1225

BeNzyl e 993 1298 1115 1207
LiT NaCl KBr

Abb. 2. IR-Spektrum des S,S-Diathyl-N-p-tolylsulfonyl-sulfilimins

FD DT 3203000 TO MBO0WO 2200 F00 WO WO WO WO KO S0 610 S0

Abb. 3. IR-Spektrum des S,S-Didthyl-N-p-nitrophenylsulfonyl-sulfilimins

LiF NeCl KBr

F\} v
\Ai Y -fl | mt\ l[:

g 0T

3800 3600 3WO0 3200 3000 2800 2600 2W0 2200 2000 1800 1600 WO 1200 1000 800 600 500cm1
Abb. 4. IR-Spektrum des S,S-Didthyl-N-benzylsulfonyl-sulfilimins

sulfilimine und der N-p-Tolylsulfonyl-sulfilimine. So &ufert sich z. B. der
konjugative Effekt der S!V-Phenylgruppe und der hyperkonjugative Effekt der
SIV-Methylgruppe auch hier aufrecht pregnante Weise in der Verminderung der
fSNS-Frequenz. Besonders bedeutend ist (im Vergleich zum tsNS-Wert des
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S,S-Diathyl-Derivats) die /JrSNs-Frequenzvermin<ierung im Falle des S,S-
Diphenyl-+und S-Methyl-S-phenyl-N-p-nitrophenylsulfonyl-sulfilimins (zlfsns:
18 cm -1), sie ist aber auch beim S,S-Dimethyl-Derivat (zJFgNS: 3 cm-1; im
Vergleich mit anderen S,S-Dialkyl-Derivaten A v g 8 cm-1) zu beobachten.

Interessanterweise kommt auch in der Reihe der N-p-Nitrophenylsul-
fonyl-sulfilimine die RegelméaRigkeit zur Geltung, daR die S-Athyl-S-phenyl-,
ferner die S-Propyl-S-phenyl-sulfilimine eher den entsprechenden S,S-Dialkyl-
sulfiliminen analoge Spektren aufweisen, als den S,S-Diphenyl- bzw. S-Methyl-
S-phenyl-sulfiliminen.

3. Keine andere SIV-Alkylgruppe zeigt eine derartige Wirkung
Methyleffekt«), wie die SIV-Methylgruppe.

Beschreibung der Versuche

Die auf die Herstellung der untersuchten Sulfilimine beziglichen Daten sind in Tab.
IV; zusammengefalt.

Tabelle 1V

Angaben {ber die Herstellung der N-Sulfonyl-sulfilimine

RR’S
RR'SNS0OXQ C‘I(RCIZI"‘: QT camane :tth:r
RR’=
Herstel-  Herstel- AUS Schmp. (°C) Schmp. (°C) Herstel-
lungsart lungsart be‘(%?@ (beobachtet) (Literaturangabe [7]) lungsart
S,S-Dimethyl e 5] - 185 187,5-188,5  [g]
$,S-Ditthy Lo [5] 73 137,5-1385  137,5-1385  [9]
S,S-Dipropyl e 5] 53 121 121,5—1225  [10]
S,5-DiisOPropylecen, [5] > 65 138 136,0—138,0  [10]"
S,5-Diphenyl e [6] 2 160-162 160,0-161,0  [11]
S-Methyl-S-phenyl ......... 6] * 30 165 164,0-166,0  [12]
S-Athyl-S-phenyl..... [1] > 46 120-121 117,0-118,0  [13]e
S-Propyl-S-phenyl * > 30 114—115c¢ 109,0-110.0  [12/
S-lsopropyl-S-phenyl .... * * 28 141-142 [12/
S-teri.Butyl-S-phenyl ... * * 20t 105-107 *

* Herstellung s. im Versuchsteil.

** Herstellung nach dem allgemeinen, im Versuchsteil beschriebenen Verfahren.

a) Die Ausbeuten beziehen sich auf (aus Alkohol) umkristallisierte, analysenreine Produkte.

b) Wegen der Hitzeempfindlichkeit der Substanz ist Umkristallisieren aus Methanol
angezeigt.

c) Analyse: C15H 16N 20 452 (352,4). Ber. C 51,1, H 4,6%: Gef. C 51,5, H 4,7%.

d) Hergestellt nach dem angegebenen Verfahren, nur wurde Isopropylbromid anstatt
Propylbromid verwendet. Ausbeute 34% d. Th.

e) Sdp. 88°/15 mm; nf0= 1566. Ausheute 76% d. Th.

f) Sdp. 98°/13 mm; nf0= 1,554,

g) Sdp. 95°/15 mm; nf0 = 1,546.

f Dies ist das einzige N-p-Nitrophenylsulfonyl-sulfilimin, dessen SN-Bindung schwécher
ist, als die des analogen N-p-Tolylsulfonyl-sulfilimins.
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tért. Biitylphenylsulfid. — Es wurde zu 225 ml gerthrter und mit Eis gekihlter konz.
Schwefelsaure zuerst 65 g Eis, dann 50,4 g (0,6 M) tert. Butylalkohol gegeben, nachher lieR
man binnen 30 Min. 33 g (0,3 M) Thiophenol zutropfen, darauf achtend, daf die Temperatur
des Reaktionsgemisches -(-10° nicht tberschreite. Nach Entfernung des Eisbades wurde das
Gemisch bei Raumtemperatur noch 30 Min. weiter geriuhrt, dann die abgetrennte waRrige
Schicht mit dem gleichen Volumen Wasser verdiinnt und zweimal mit insgesamt 60 ml Ather
ausgeschittelt. Die dtherische Losung wurde mit dem abgetrennten Thiodther vereinigt, dann
mit 30 ml 10%iger Natronlauge, hierauf mit Wasser durchgeschittelt, mit festem Kalium-
hydroxyd getrocknet und zum SchluB der Ather abgetrieben. Das riickstindige Ol lieferte
bei der Vakuumdestillation als Hauptfraktion 22,7 g (55% d.Th.) tert. Butylphenylsulfid.
Sdp. 85—87°/12 mm, nf>° = 1,530, fast Gbereinstimmend mit der Literaturangabe [14].
S-Propyl-S-phenyl-N-p-tolylsulfonyl-sulfilimin. — Die Verbindung konnte nach der
friher beschriebenen allgemeinen Herstellungsart der N-p-Tolylsulfonyl-sulfilimine [6] aus
Propylphenylsulfid [12] und Chloramin-T in wafrigem Dioxan in 50%iger Ausbeute gewonnen
werden. Schmp. 85,5°, Ubereinstimmend mit der Literaturangabe [15].
S-lsopropyl-S-phenyl-N-p-tolylsulfonyl-sulfilimin. — Die Verbindung lieR sich aus Iso-
propylphenylsulfid [12] und Chloramin-T in wéaBrigem Dioxan nach der allgemeinen Herstel-
lungsart der N-p-Tolylsulfonyl-sulfilimine [6] in 53%iger Ausbeute gewinnen. Schmp. 115—
116°, praktisch (bereinstimmend mit der Literaturangabe [16].
S-tert.Butyl-S-phenyl-N-p-tolylsulfonyl-sulfilimin. — Eine L6sung von 2,45 g (15 wM)
tert.Butylphenylsulfid in 50 ml absol. Methanol wurde mit einer Losung von 4,2 g (15 mM)
Chloramin-T in 50 ml absol. Methanol versetzt, wobei Selbsterw&rmung zu beobachten war.
Das nach 25stiindigem Stehen eingedampfte Gemisch ergab einen Rickstand, der nach dem
Bearbeiten mit 15 ml absol. Ather 2,8 g rohes (mit Natriumchlorid verunreinigtes), kristallines
Sulfilimin lieferte. Das mit 5 ml Wasser verriebene Produkt wurde abfiltriert und noch im
nassen Zustand aus 5 ml Methanol umkristallisiert. Auf diese Weise konnte 1,19 (22% d.Th.)
eines analysenreinen Produktes gewonnen werden, das — mit der Literaturangabe [16] Uber-

einstimmend — bei 98— 100° u. Zers, schmolz. Gegeniiber Hitze oder Lauge ist die Substanz
besonders empfindlich.
Allgemeine Herstellungsart der N-p-Nitrophenylsulfonyl-sulfilimine. — Die friher an-

gegebene [6] allgemeine Herstellungsart der N-p-Tolylsulfonyl-sulfilimine ist auch zur Her-
stellung von N-p-Nitrophenylsulfonyl-sulfiliminen geeignet, wenn man Chloramin-N anstatt
Chloramin-T verwendet. Die Zusammensetzung des Lésungsmittelgemisches (Dioxan—W asser)
wird fallweise (durch Zugabe von mehr Dioxan) so modifiziert, dal eine homogene Ld&sung
entsteht. — Die Herstellung von Chloramin-N erfolgte auf bereits beschriebene [17, 7] Art.
Die umkristallisierte Verbindung erwies sich laut jodometrischer Bestimmung als 99— 100%ig,
berechnet auf die Formel O2NCOH4SO2NNaCl «1,5 H20.

S-lsopropyl-S-phenyl-N-p-nitrophenylsulfonyl-sulfilimin. — Die Verbindung wurde
nach einer zur Herstellung anderer Sulfilimine ausgearbeiteten Methode nach Petranek,
Vecera und Jureoéek [7] in einer Ausbeute von 31% gewonnen, nach den oben von uns
angegebenen Verfahren in 28%iger Ausbeute. Das aus Alkohol umkristallisierte Produkt
schmolz bei 141—142°.

CI5H uN20 4S2 (352,4) Ber. C 51,1 H 4,6 N 7,9 S 18,2%
Gef. C 51,2 H 4,7 N 7,8 S 18,1%
S-tert.Butyl-S-phenyl-N-p-nitrophenylsulfonyl-sulfilimin. — Eine L06sung von 2,45 g

(15 mM) tert.Butylphenylsulfid in 50 ml absol. Methanol wurde mit einer Lésung von 4,28 g
(15 mM) Chloramin-N in 50 ml Methanol versetzt. Es war Selbsterwdrmung zu beobachten,
spéter setzte Kristallausscheidung ein. Nach Stehen Uber Nacht wurde das kristalline Produkt
abfiltriert und mit wenig Methanol gewaschen. Das so gewonnene schwach gelbliche Produkt
wog 1,6 g (29% d. Th.) und schmolz bei 103° u. Zers. Das aus absol. Methanol einmal umkristal-
lisierte Produkt (Verlust 30%) war analysenrein; Schmp. 105—107° u. Zers.

CicH 18N 20.,S2 (366,5) Ber. C5 N 7,6 O 175 S 17,5%
Gef. C5 H 5,0 N 7,5 O 175 S 17,7%

Die IR-Spektrenaufnahmen wurden mit einem Doppelstrahlspektrofotometer vom Typ
UR— 10 der Fa. Carl Zeiss (Jena) unter Anwendung des KBr-, NaCl- und LiF-Prismas in
KBr-Tabletten, ferner in Chloroform-L6sung durchgefuhrt. Die integrale Absorption wurde
nach der Methode von Ramsay [18] berechnet. Die Fehlergrenze der angegebenen Frequenz-
werte betrdagt +2 cm-1.
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ZUSAMMENFASSUNG

Die in den IR-Spektren der N-Sulfonyl-sulfilimine im Bereich von 935—1020 cm- 1
liegende intensive Bande ist wahrscheinlich der asymmetrischen Valenzschwingung der S'"*NS' 1-
Gruppe zuzuordnen Usns)- ft der Reihe der N-p-Nitrophenylsulfonyl-sulfilimine (RR’SNS02Q;
Q = COH4NO2p) beeinflulRt die Gruppe Q (ebenso wie im Falle Q = CeH4CH3-p) die SO,-
Gruppe aufinduktive, die SNS-Gruppe hingegen aufkonjugative Art. BeiSulfiliminen, die als R-
Substituenten eine Phenyl- bzw. Methylgruppe enthalten, &uBert sich der konjugative bzw.
hyperkonjugative Effektin derVerminderung der Frequenz der Vj*g-Bande (*"snS- 3—23 cm-1),
und zwar gleicherweise in beiden Féallen Q = CeH4N02und Q = C6HA4CH3.
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THE INFLUENCE OF THE FIELD EFFECT UPON THE
TENDENCY OF SOME QUINOLIZINONE DERIVATIVES
TO FORM KETALS

L. Novak,* P. Sohar and CS. Szantay**

(Department of Organic Chemistry, Polytechnical University and Pharmaceutical Research
Institute, Budapest)

Received January 18, 1967

In the course of our studies [1] on the synthesis and chemical properties
of 2-oxo-hexahydro-benzo[a]Jquinolizines we have noted that the salts of
several derivatives readily form stable ketals, and even hydrates. Similar
findings have been reported [2] in connexion with some pyridone derivatives.
In view of the fact that the hexahydro-benzo[a]Jquinolizine system is much
more rigid than the flexible piperidines, it seemed reasonable to make a more
detailed investigation in our case.

W hen the infrared stretching vibration frequencies of the carbonyl group
of the benzo[a]quinolizinone derivatives, la—p, are compared with the same
vibrations of the corresponding salts, it is seen that the carbonyl groups of
the salts absorb at wave numbers higher by 5 to 25 cm-1 (cf. Table I); only
derivatives (llia, b) that contain the carbonyl group in a position conjugated
to a double bond are exceptions. The spectra of the bases in solution (CHC13)
remain unchanged.

CH.O-i
\*\/N n/ R4
rA /\r3
Ir2
o

I a—p T

Ri

0

V a—e

For the sake of comparison, the spectra of some indolo[2,3-a]quinoli-
zinone (1V a-c), and piperidone (Va—e) derivatives were recorded (cf. Table 1).

*This paper is a part of the post-graduate thesis of L. N.
** To whom inquiries should be directed.
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Carbonyl stretching vibrations of the bases | —V, and of their hydrochlorides

- - A Compound isolat-

Compound K, R, K, R. ‘(fage? (I-\(C(l: ggm \\//CC:(:)(OH C(%z)asé) elqu:rlgr?na sEoti(r)],Hof
lall H H H H H 1718 — — ketal HC1
b 12 a-furfuryl H H H H 1715 1740 25 keton HCI
c2 CrLH5-CH , H H H H 1715 1735 20 keton HCI
a1 CH3 H H H H 1715 1725 10 keton HCI
ell H C6l15CH?2 H H H 1710 1735 25 keton HCI
fit H CH3CH?2 H H H 1710 1725 15 keton HCI
g12 H CH3CH2 ch2chXn H H 1705 1720 15 keton HCI
h1 H CH3 H H H 1715 1725 10 keton HCI
in H C6H5 H 1 H 1720 1730 10 ketal HCI
iu H CH2CH(CH?J)2 H H H 1715 1720 5 keton HCI
k12 H H H H a-furyl 1715 1735 20 ketal HCI
2 H H H H CHBEN020p) 1715 1733 18 ketal HCI

m 12 H H H H CcH 5 1714 1730 16 ketal HCI
n i H H H CH3 CH3 1715 1730 15 ketal HCI
o2 H H H H C6H 50CH 3(p) 1715 1728 13 ketal HCI
P12 H H 1 H C,H5O0CtI3)2(m,p) 1720 1732 12 ketal HCI
1 un - - - - - 1718 1738 20 keton HCI
Iial H - - - - 1690 1690 - keton HCI
b 12 OCH3 - - - 1690 1690 - keton HCI
1Vals H C,H5CH?2 - - - 1708 1733 25 keton HCI
b 15 H CH3CH2 - - - 1710 1735 25 keton HCI
clb CH3 CH3CH2 - - - 1710 1725 15 keton HCI
vall CeH5CH?2 1 H H H 1725 1735 10 keton HCI
b18 C6H5CH?2 C6H 5 CH3 H C,H5 1725 1735 10 keton HCI
c8 CH3 C,H5 CH3 1 C,H5 1730 1735 5 keton HCI
ds CH3 CfH5 CH3 CH3 ctH5 1713 1730 17 keton HCI

e 10 H C,H5 CH3 H C«H5 1705 1725 20 keton HCI

e 18 MYAON

103443 471314 IHL 40 IONINTANI
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Obviously, the cause ofthe shift ofthe carbonyl frequency is to be sought
— as compared to the base — in the positive charge appearing on the nitrogen
atom which thus exerts a strong inductive effect. Owing to this effect, the
resonance structure B of the carbonyl group will be considerably lessim portant,
therefore a greater amount of energy will be needed to generate stretching
vibrations.

A B

The shift observed is in agreement with the order of magnitude of the
increase of the stretching vibration frequencies of the carbonyl group of cyclo-
hexanones when a halogen atom is introduced to it in a-equatorial position
(20 cm -1) [3]. Thus the shiftis so great that it cannot be explained by an effect
imposed on the cr-electrons; therefore we think that the effect is exerted across
space (field effect). Kirkwood and Westheimer [4] showed as early as nearly
30 years ago that a quantitative description ofthe effect of charged substituents
is possible even when field effects alone are taken into account, and polariza-
tion acting through cr-electrons is neglected. For the decrease ofthe polarization
along cr-electrons, i.e. of the classic inductive effect, Waters [5] gives 0.022
as the factor of transmission for one methylene group; accordingly, after two
methylene groups this effect is already negligible. Recently, Dewar et al. [6]
concluded that the “inductive effect” of substituents is, in general, an electro-
static interaction effective across space much more than aclassicinductive effect.

The validity ofthis conclusion is supported by our following observations.

The potential energy of the interaction between the charge and the
carbonyl group diminishes approximately with the square of the distance [10],
and supposing chair conformation for the salts of compounds 11—V, the dis-
tance between the centre of the positively charged nitrogen and that of the
carbon of the carbonyl group is about 4 A or, owing to the flexible conforma-
tion, possibly less; therefore, a strong interaction can be expected.

Besides the frequency shift of the carbonyl group, the tendency to form
ketals affords further evidence in this respect. If no substituent disturbs the
situation on ring C (la), the hydrochloride is obtained as pure hydrate even from
water, and like in the case ofchloral hydrate, dehydration is not easily achieved.

Substituents on the C—4 atom likewise do not perceptibly reduce the
tendency to form ketals. In contrast to this, in the presence of alkyl or aralkyl
groups at C—1 or C—3, i. e. on the carbon atoms in oc-position to the carbonyl
group, the tendency to form stabile ketals is absent. This may also be explained
primarily with the inductive effect of these substituents operating across
space. Since this effect is positive in this instance, it becomes manifest in a field
effect that diminishes the influence of the charged nitrogen.
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Table 11
Analytical data of compounds Via—d,
Analysis
Compound MécP' Empirical formula Mol. weight C%

Via HC1 174 CI19H 30N O 4Cl 371.89 61.35
Via 97-98 c1% Yno4 333.43 68.43
Via CHa3l 149 —150 C20H32N 04l 477.38 50.52
VIb HC1 142-144 C25H 34N 04C1 447.99 67.02
Vib 155-156 c25h Bno4 411.52 72.96
Vic HC1 148-150 A26736705C1 478.02 65.32
Vic 121-123 C2KH 35N 05 441.55 70.71
Vid HC1 130 c27h 33n o 6bei 508.04 63.83
Vvid 141 A27A37706 471.58 68.76

For this phenomenon some other explanation might also be sought.
Thus, e. g. Casy [2] ascribes the acetal forming tendency in piperidones mainly
to the fact that in consequence of ketal formation the trigonal carbon atom is
converted into the ideal staggered conformation. However, if a substituent is
present in cx-axial position, then ketal formation leads to unfavourable steric
interactions, which is not the case with a /9-equatorial substituent.

The behaviour of the compound of structure li contradicts this in our,
since with a phenyl group at position 3 it readily forms a ketal, and even a
hydrate. Thus, a bulky substituent in a-position that does not exert a positive
inductive effect also promotes ketal formation since, as against the argumen-
tation of Casy this reaction leads to a loosening of the “compressed” state of
the system owing to an interaction with the carbonyl oxygen; the cause of
this interaction is similar to that of the “2-alkyl-ketone effect”.

Our studies thus support the view that field effects have a determinant
character.

Our thanks are due to the Hungarian Academy of Sciences for support of this work,
snd to Mrs. L. Balogh, and Mrs. J. Viszt for the microanalyses.

Experimental

2,2-Dihydroxy-9,10-dimethoxy-1,2,3,4,6,7-hexahydro-llbH-benzo[a]quinolizine
hydrochloride (Vie. HC1)

2-0x0-9,10-dimethoxy-1,2,3,4,6,7-hexahydro-llbH-benzo[a]quinolizine (la) (1.0 g; 4
mmoles) was dissolved in warm 2 N HC1 (3 ml), and the precipitate that separated on cooling
was collected by suction. Recrystallization from water (3 ml) gave the hydrochloride of the
ketohydrate (0.57 g; 44.6%), m.p. 137—138° (decomp.).*

* Brossietal. [17] give m.p. 161° for the HC1 salt of la. The analysis and the conditions
of crystallization are not mentioned.
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and of their hydrochlorides

Analysis
Calculated Found

H% Ne/,, Cl% C% H% N% ci%
8.14 3.76 9.53 61.08 8.23 4.03 9.62
8.76 4.20 68.34 8.60 4.18

6.75 2.93 26.58 (1%) 50.26 6.83 3.01 26.78 (1%)
7.65 3.12 7.91 66.84 7.74 3.34 7.66
8.08 3.40 73.13 8.06 3.68

7.59 2.93 7.42 65.30 7.80 3.10 7.71
7.99 3.17 70.59 8.02 3.28

7.54 2.76 6.97 63.67 7.48 2.96 6.78
7.91 2.97 68.69 7.65 3.24

CI5H 22N 04C1 « H20 (333.81). Calcd. C 53.59; H 7.25; N 4.19; Cl 10.62; H20 5.39. Found
C53.86 H 7.24 N 4.30 Cl 10.67 H20 5.72%.

The hydrochloride of the ketohydrate VIf was prepared in a similar way starting from
salt li. According to the IR spectrum, the crude product contained about 10% ketone hydro-
chloride. On recrystallization from water the pure hydrochloride V If was obtained, m.p. 173°.
(C21H 24N 03C1) * 2H20 (396.90). Calcd. C63.54 H 7.11 N 3.53 Cl 8.93 Found: C 63.27 H 6.92
N 3.54 CIl 8.88%.

2,2-Diethoxy-9,10-dimethoxy-1,2,3,4,6,7-hexahydro-llbH-benzoralnuinolizine
hydrochloride (Via. HC1)

Into a solution in ethanol (15 ml) of the base la (8.3 g; 32 mmoles) hydrogen chloride
gas was introduced for 5 minutes without cooling. The warm solution was allowed to cool
to room temperature and the substance that separated was recrystallized from ethanol. The
product (Via. HC1) (8.07 g; 68.5%) had m.p. 174°.

A solution of the hydrochloride of Via (5 g) in water (25 ml) was made alkaline with
5% Na2C03 (20 ml). The precipitate was recrystallized from ethanol (5 ml). The ketal (Via)
(3.92 g; 87.5%) had m.p. 97—98°.

The ketals VIb and their hydrochlorides could be obtained similarly; the physical
constants and analyses are listed in Table II.

3 VVNI4 gp

V] -r2
R30Xo0R 3

VI a, R,=R2=H R3=C2Hj
h, R(=C6HS r2=h R3=C2Hi
¢, Ri=C6Hs—OCH3 (p) R2=H R3=C 2H.
d, R1=C6H5(OCH32(mmd= h R3=C 2H=
e, Rj=R2=R3=H
f, Ri=R3=H r2= cbh 5

The IR spectra were recorded with a Zeiss UR— 10 instrument.
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SUMMARY

There is relationship between the tendency of some quinolizinone derivatives and their
salts to form ketals or hydrates and the shift of their carbonyl stretching vibration frequencies.
An explanation for this can be given primarily on the basis of a field effect.
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INDOL UND INDOLDERIVATIVE, I.

DEHYDRIERUNG VON INDOLIN UND INDOLINDERIVATEN

A. Gerecs und T. Toé6th

(Lehrstuhl fir Chemische Technologie der L.-Edtvds-Universitat, Budapest)

Eingegangen am 14. Februar 1966

Die Dehydrierung von Indolinderivaten kann einerseits als Modell fur
die Untersuchung der Dehydrierungsreaktion, andererseits als eine prédparative
Méglichkeit zur Darstellung von Indolderivaten betrachtet werden. Die Dehy-
drierung von Indolderivaten ist fir préparative Zwecke in denjenigen Féllen
von Bedeutung wenn die Einfiuhrung eines Substituenten in das Indolin-Gerlst
einfacher durchfihrbar ist als in das Indol. Deshalb haben Konoshita und
seine Mitarbeiter s-Nitro- und 5-Nitro-indol durch Dehydrieren von s-Nitro-
bzw. 5-Nitro-indolin mit Palladium-Katalysator dargestellt [1]. Ahnliche
Methoden wurden auch von anderen verwendet [2, 3]. Jakontow und seine
Mitarbeiter haben s-Methoxy-indolin mit Natrium in flissigem Ammoniak
dehydriert [6]. Auch mit Chloranil konnten mehrere Indolinderivate dehy-
driert werden [4, 5, s].

Von den erwéhnten Methoden unterschieden sich wesentlich die von
Lesiak beschriebenen, in der Dampfphase durchgefiihrten katalytischen bzw.
katalytisch-oxydativen Dehydrierungen [7, s].

Zur Darstellung von Indolderivaten scheinen die in flussiger Phase
durchfuhrbaren, katalytischen Dehydrierungsmethoden am besten anwend-
bar zu sein. Es ist jedoch auffallend, daB diese Dehydrierungen, nach den
diesbezuglichen Angaben der Fachliteratur, meistens bei verhdltnismé&Rig
hohen Temperaturen (mindestens 100°, meist aber 160—210°) durchgefihrt
wurden, obwohl aus mehreren Grinden darauf zu schlieRen ist, dall diese
Dehydrierungsreaktionen schon bei niedrigeren Temperaturen stattfinden.

Diese Voraussetzung veranlafRte uns zur ndheren Untersuchung der
Dehydrierung von Indolin und Indolinderivaten. Eines der Resultate unserer
hier beschriebenen Versuche ist die Feststellung, dall diese Dehydrierungen,
in Ldsungsmitteln, mit Raney-Nickel schon bei etwa 70°, mit fir kinetische
Messungen und auch fir prdparative Zwecke entsprechenden Geschwindig-
keiten durchgefuhrt werden kdénnen.
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Der Dehydrierungsapparat und die Methode

Der Apparat besteht aus einem 10 ml fassenden Rundkolben mit Rick-
fluBkuhler und Gasburette mit einem Niveaugefadll (Abb. 1). Im Mantel der
Gasbirette und des RuckfluBkuhlers zirkuliert durch einen Thermostaten
W asser von Zimmertemperatur. Als Sperrflissigkeit in der Gasbirette dient
(gefarbtes) Wasser.

Die Dehydrierung wurde mit Raney-Nickel als Katalysator in einem
Lésungsmittel beim Siedepunkt desselben oder bei einerniedrigeren Temperatur

durchgefuhrt. Im letzteren Fall wurde die Reaktion unter Riuhren mit einem
Magnetrihrer oder ohne Riuhren durchgefihrt. Als Ldsungsmittel wurden
Benzol, Toluol, Xylol, Cyclohexan und Methylcyclohcxan verwendet.

Als Katalysator diente in jedem Falle wasserfreies Raney-Nickel.
Wo keine diesbeziiglichen Bemerkungen zu finden sind, wurde der Katalysator
mit der urspringlichen Korngréfe, ohne Fraktionierung entwdéssert und zum
Dehydrieren eingesetzt. Zu einigen Versuchen wurde der Katalysator unter
W asser zerkleinert und durch Sieben in Fraktionen getrennt.
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Das Entwéssern wurde folgendermafen durchgefuhrt: Etwa 10 g wéBriges Raney-
Nickel wurde mit 50 ml Cyclohexan versetzt und das Wasser-Cyclohexan-Azeotrop unter
standigem Zutropfen von Cyclohexan abdestilliert. Nach Abdestillieren von 150—200 ml
wurde der Siedepunkt des Cyclohexans erreicht, wonach unter Zutropfen von wasserfreiem
Cyclohexan noch 150 ml abdestilliert wurden. (Es muR darauf geachtet werden, daR das ganze
Raney-Nickel immer mit Cyclohexan bedeckt sein soll.) Auf dieser Weise wird ein stark pyro-
phores Raney-Nickel erhalten.

Enth&lt das zu Dehydrierungsreaktionen verwendete Benzol, Toluol oder
Xylol Thiophen und Thiophenhomologe, so missen diese entfernt werden, da
sie fir das Raney-Nickel als Katalysatorgifte wirken. Die verwendeten
Lésungsmittel wurden mit Schwefelsdure bis zur negativen Isatinprobe be-
handelt, dann mit Wasser gewaschen, getrocknet und destilliert. Cyclo-
hexan und Methylcyclohexan wurden nur destilliert. Die Siedepunkte und
Brechungsindexe der gereinigten Ldsungsmittel sind in Tabelle I zusammen-
gefalit.

Tabelle 1
no Siedepunkt, °C
Benzol 1,5010 80-80,2
Toluol. 1,4963 110-110,4
Xylol i 1,4960 138-139,5
Cyclohexan ... 1,4263 81-81,5
Methylcyclohexan . 1,4222 100,2-100,8

Durchfihrung der Dehydrierung

In dem mit Stickstoff gefullten Rundkolben wird 0,1 g mg) wasser-
freies, cyclohexanon-feuchtes Raney-Nickel mit 5 ml Ldésungsmittel versetzt
und dann etwa 1 mmol (20,2 mg) dehydrierende Substanz zugegeben. Der
ganze Luftraum des Apparats wird mit Stickstoff gefiillt. Nach Einstellung
des Wasserniveaus auf den Nullpunkt wird das Reaktionsgemisch mit einem
Gasbrenner bis zum intensiven Sieden erhitzt, wé&hrend im Apparat durch
Nachstellung des NiveaugefédBes atmosphdrischer Druck aufrechterhalten
wird. Nach 2—3 Minuten anhaltenden raschen Anwachsen des Gasvolumens
ist die Anderung desselben nur mehr auf die Entwicklung von Wasser-
stoff zurickzufuhren. War das Ziel des Versuches die Bestimmung des
Gleichgewichtzustandes, so wurde das Reaktionsgemisch so lange im lebhaf-
tem Sieden gehalten, bis 20 Minuten lang Kkeine Gasvolumenédnderung zu
beobachten war.

Aus den Blindversuchen (nur Lésungsmittel oder Katalysator und Losungsmittel) ergab
sich, daR durch das Erwarmen des Apparats und Anwachsen der Tension des Losungsmittels
eine VolumenvergroBerung von 12— 18 ml verursacht wird. (Das nach 2—3 Minuten beobach-
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tete maximale Volumen blieb auch nach mehrstindigem Sieden konstant.) Nach Abkihlen
stellte sich aber die Sperrflussigkeit nicht wieder auf den Nullpunkt ein, sondern es war immer
eine von der Tension des betreffenden LOsungsmittels abhéngige, bestimmte VolumenVer-
groBerung (V5) zu beobachten: bei Benzol und Cyclohexan 0,8, bei Methylcyclohexan 0,4, bei
Toluol 0,3 und bei Xylol 0,1 ml. Diese Volumenvergréoferung kann nicht irgendeinem Dehy-
drierungsproze zugeschrieben werden, da auch die Blindversuche ohne Raney-Niekel das
gleiche Resultat lieferten. Dieses kann also nur als Folge der Erhéhung des Partialdruckes
des Ldésungsmittels bis zum Gleichgewichtzustand betrachtet werden.

Die durch das Erwéarmen des Reaktionsgemisches verursachte VolumenvergrofRe-
rung (Vw) war bei den Blindversuchen und Dehydrierungsversuchen genau die gleiche:
v d(max)—Vd=Vb(max)— Vb=V w. In der Gleichung bedeutet Vd(max) das bei der Dehydrierung,
Vb(max) das beim Blindversuch beobachtete maximale Volumen, und vd das bei der Dehydrie-
rung nach dem Abkihlen beobachtete Volumen. So konnte im Laufe eines Versuches das
Volumen des bis zum Zeitpunkt r entwickelten Wasserstoffes (VH(T) durch das beobachtete
Gasvolumen Vd(r) gut verfolgt werden: Vd(j) — Vw— Vj, = Vh(t). (Bei der Berechnung der
Konversionen wurde zur Volumenreduktion die Tension des L6sungsmittels und der Sperr
flussigkeit selbstverstandlich in Betracht gezogen.)

Die Dehydrierung des Indolins

Der zeitliche Ablauf der Dehydrierung in Benzol, Toluol bzw. Xylol,
bei Siedetemperatur wurde in Abb. 2 mit den aus dem Gasvolumen berechneten
Konversionen (ip) veranschaulicht.

Auf Grund der Resultaten scheint es, als wére in der obigen Reihenfolge
der Losungsmittel 15%, 17% bzw. 19% des Indolins nicht dehydriert. Die
Annahme, dall diese Prozente des Wasserstoffes zur Hydrierung des Lésungs-
mittels verbraucht wurden, liegt nahe. Ein experimenteller Beweis fir die
Richtigkeit dieser Annahme ergab sich aus den in Benzol bei 70° (£1°) auf
folgendem Grund durchgefuhrten Versuchen.

Die Desorption des Wasserstoffs im siedenden Reaktionsgemisch wird
durch die intensive Dampfbildung derart beschleunigt, dal der an der Ober-
fliche des Katalysators sich bildende W asserstoff durch den entweichenden
Lésungsmitteldampf stdndig abgespllt wird. Demgegeniiber verlduft die
Desorption langsamer, wenn das Reaktionsgemisch nicht bis zum Siedepunkt
erhitzt wird, und es ist auch verstdndlich, daR dann auch das Lésungsmittel
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in gréRerem MaR hydriert wird. Die Resultate dieser Versuche werden durch
Abb. 3 illustriert.

Die Linie 2—4_— 6 zeigt die Konversionen der ersten Periode von drei
Versuchen, wé&hrend welcher das Reaktionsgemisch (Ldésungsmittel: Benzol)
2 Stunden, 4 Stunden bzw. s Stunden lang bei 70° gehalten wurde. Alle drei
Versuche wurden so beendet, daR das Reaktionsgemisch nach der ersten Periode
bis zu konstantem Gasvolumen in intensivem Sieden gehalten wurde. So ergab
sich eine Konversion von 0,750 beim Versuch 2—2a, von 0,655 beim Versuch
4—4a und von 0,560 beim Versuch e —sa. Dagegen wurde bei dem Versuch 1,

T.min
Abb. 3

wo vom Anfang bis zum Ende die Siedetemperatur gehalten wurde, eine Kon-
version von 0,850 erhalten.

Ahnliche Versuche wurden bei 70° so durchgefiihrt, daR das Reaktionsgemisch mit
einem Magnetrihrer in Bewegung gehalten wurde. Die Resultate werden durch die Kurven
K2—K4 bzw. K2a und K4a veranschaulicht.

Aus den bei 70° in Benzol durchgefiuhrten Versuchen folgt einerseits,
dafl durch Verldngerung der ersten Periode der Reaktion immer weniger
W asserstoff freigesetzt, also immer mehr Benzol hydriert wird und anderer-
seits, daB bei 70° in Benzol die Desorption des Wasserstoffs den langsamsten
Schritt der Dehydrierungsreaktion darstellt.

Als Folge der obigen Versuchen wurde die Dehydrierung selbstverstdnd-
lich auch in Cyclohexan durchgefiihrt. Es wurde eine Konversion von 0,94
erreicht, unabhé&ngig davon, ob das Reaktionsgemisch vom Anfang bis zum
Ende im Sieden oder in der ersten Periode hei 70° und dann im Sieden gehalten
wurde. Die Resultate dieser Versuche zeigen die Kurven C2—C2a und CI.

Die Konversion der Dehydrierung von Indolin hat also nicht einmal in
Cyclohexan den Wert von 0,94 Uberschritten. Um zu beweisen, dall hier schon
ein Gleichgewichtszustand eingetreten ist, wurden zwei Versuche beim Siede-
punkt des Cyclohexans durchgefihrt, wobei zum Rcaktionsgemisch auch
Indol zugegeben wurde. Die Versuche sind in Tabelle Il zusammengefaRt.
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Tabelle 11

a b
INAOL, 0 o 0,0769 0,1305
INAOTIN, G oo 0,1297 0,1129
Raney-Nickel, g . 0,354 0,202
Cyclohexan, ml 5 5
Wasserstoff, ml, unkorr.* ......iiiviiiee 26,7 22,8
Konversion im Gleichgewichtszustand% .. 89,5 87,5

*20°C, 760,4 Torr, Partialdruck von Wasser und Cyclohexan: 17,5 bzw. 77,5 Torr.

Die Abhédngigkeit der Reaktionsgeschwindigkeit von der Menge des
Katalysators ist im Reziprokwert der Halbwertszeit ausgedrickt in Abb. 4
dargestellt. Diese Dehydrierungen wurden in 5 ml Cyclohexan, bei dessen
Siedepunkt, mit 1 mmol Indolin und mit 0,04 g, 0,10 g, 0,16 g, 0,20 g, 0,25 ¢

bzw. 0,33 g Raney-Nickel von der KorngrdRe 0,06 mm durchgefuhrt. Die
Abweichung vom linearen Zusammenhang weist darauf hin, daR ein Teil des
Reaktionsproduktes auf der Oberfliche des Katalysators zurickgehalten
wurde.

Praparative Dehydrierung von Indolin

Das aus 2 g Indolin, 50 ml Cyclohexan und 2 g wasserfreiem Raney-Nickel bestehende
Reaktionsgemisch wurde unter RickfluR gekocht, bis in der angeschlossenen Gasbirette
keine YolumenvergroBerung mehr zu beobachten war (ca. 2 Stunden). Der kristalline Rick-
stand der filtrierten Losung wurde mit 5 ml Petroldther verrihrt, filtriert und mit Petroldther
gewaschen; 1,62 g Indol (81%).
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Vergleich der Dehydrierung von Indolin und Indolinderivativen

Dehydrierung von Indolin, N-Alkyl-indolin, s-Methoxy-, und s-Amino-
indolin. Die Versuche wurden mit 0,100 g Katalysator, von der Korngrdéfie
<C0,06 mm, 1 mmol Ausgangsverbindung in 5 ml Cyclohexan beim Siede-
punkt desselben durchgefiihrt. Der zeitliche Ablauf der Reaktionen ist in Abb.
5 gezeigt. Die Konversionen beim Gleichgewichtszustand und die Halbwerts-

zeiten sind in Tabelle 11l zusammengefaRt.
Abb. 5
Tabelle 111
Halbwertszeit
\Ug Min.
INdolin ., 0,955 12
N-Me-indolin................. 0,819 3
N-Et-indolin.......... 0,825 9
N-Pr-indolin ................. 0,814 10

6-CH30-indolin............ 0,870 14

Die Dehydrierung von s-Amino-indolin konnte wegen der schlechten
Loslichkeit in Cyclohexan nur in Benzol durchgefihrt werden. So wurde eine
Konversion von 0,655 bzw. unter Berucksichtigung der Hydrierung des Benzols
wéhrend der Dauer der Dehydrierung eine Konversion von 0,80—0,85 und eine
Halbwertszeit von etwa 43 Minuten gefunden (Abb. 5, VI.).

Wir danken Frau G. Milkovits fiir die technische Hilfe.
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ZUSAMMENFASSUNG

Es wurde die Dehydrierung von Indolin und Indolinderivaten untersucht und fest-
gestellt, daR die Reaktion in Lésungsmitteln mit Raney-Nickel schon bei 70—80° mit einer
fur kinetische und auch fur préparative Zwecke genigenden Geschwindigkeit vor sich geht.
Fir die zeitliche Verfolgung der Reaktion wurden eine Methode und ein Apparat beschrieben.
Als Losungsmittel diente Cyclohexan, Benzol, Toluol und Xylol. Wurden aromatische Ldsungs-
mittel zur Dehydrierung verwendet, so wurde ein Teil des freigesetzten Wasserstoffs zur
Hydrierung des Losungsmittels verbraucht. Auf die hier beschriebene Weise wurden Indolin.
N-Methyl-, N-Athyl-, N-Propyl-, 6-Methoxy- und 6-Amino-indolin dehydriert.
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Different mechanisms have been supposed for the dehydrocyclization
of saturated aliphatic hydrocarbons in the presence of metal and oxide cata-
lysts, respectively [1]. When oxide catalysts were used, unsaturated hydro-
carbons were always detected among the products. These were regarded as
intermediates of the aromatization on the basis of a kinetic investigation [2],
while adsorption studies indicated that paraffins and olefins were adsorbed
on different active centres, and suffered aromatization in parallel, independent
reactions [3]. In recent publications assumptions regarding the olefins as inter-
mediates have become predominant. When the different adsorption strengths
of paraffins and olefins were taken into account, a kinetic equation in good
agreement with the experimental data was obtained [4]. Using metal catalysts,
however, no olefins were detected among the reaction products; in fact, it
was found that introduction of olefins resulted in the complete deactivation
of the catalyst [5]. Therefore, in this case a direct conversion paraffin —naph-
thene was supposed. The detection of 1,1-dimethylcyclohexane in the products
of aromatization of 3,3-dimethylhexane served as direct experimental evidence
for this assumption: it was supposed that the aromatization of this cyclopa-
raffinic compound, as it must involve déméthylation, was of necessity a com-
paratively slow reaction step, thus accounting for the accumulation of this
intermediate [s].

According to both assumptions (directly from paraffins or through
olefins), the production of an aromatic hydrocarbon is preceded by the forma-
tion of a cyclohexanic precursor; the latter may also come into existence by
isomerization of a primary product having other than six-membered ring.
The final step is dehydrogenation to benzene which occurs according to diblet
mechanism in case of an oxide catalyst and by sextet mechanism in the presence
of a metal catalyst [7].

It may be argued, however, that the two mechanisms observed are due
to the different experimental conditions used with the two types of catalysts:

*Part Il.: Acta Chim. Acad. Sei Hung. 53, 193 (1967).
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in case of oxide catalysts dehydrocyclization occurred in the 450 —550° temper-
ature range, while metal catalysts were employed at about 300°. The reaction
sequence paraffin —olefin — naphthene was also supposed in the course of
the so-called catalytic reforming process carried out at about 500° under hydro-
gen pressure in the presence of platinum-alumina catalysts [s]. Thermody-
namical and sorption conditions are unfavourable for olefins to appear in the
gaseous phase at lower temperatures; at the same time, however, sextet
mechanism was supposed as the only possible reaction path of dehydrocycli-
zation in the 300—350° temperature range.

Some recent experimental results and theoretical considerations necessi-
tated to revise critically the above-mentioned assumptions. On the one hand, it
has been shown that on oxide catalysts a stepwise dehydrocyclization takes
place with subsequent formation of olefinic, diolefinic and triolefinic inter-
mediates finally concluded by cyclization [9]. On the other hand, experiments
carried out in our laboratory have revealed that cyclohexene is an intermediate
also in the course of cyclohexane dehydrogenation on metal catalysts, and this
product can be desorbed from the catalyst under the experimental conditions
employed [10]. These experiments have shown that the process of cyclohexane
dehydrogenation on a metal catalyst cannot he described by the Langmuir—
Hinshelwood kinetics, because the rates of certain sorption processes are
commensurable with the rate of the surface reaction [11]. Using the pulse
technique, intermediates with unsaturated rings — cyclohexane and cyclo-
hexadiene — could also directly be detected [12].

It has been reported in previous publications that olefins could be aro-
matized in the presence of metal catalysts, when dienic intermediates were
formed [13, 14]; thus the mechanism of the reaction is identical with that
observed over oxide catalysts. These facts have suggested that the possibility
of an identical dehydrocyclization mechanism in the presence of metal as well
as oxide catalysts cannot be precluded, and different product compositions
may be explained with the different experimental conditions, different rates
and energy barriers of the individual (reaction and sorption) steps.

Therefore, we thought reasonable to investigate the mechanism of the
dehydrocyclization of paraffins on metal catalysts taking the above-mentioned
considerations into account.

In the present stage of the experiments we studied mainly the possibility
of formation of unsaturated products, i. e. the possible conversion of paraffins
into olefins.

Experimental

The experiments were carried out using a pulse technique apparatus similar to that
described previously [13]. The reactions were studied both in helium and hydrogen carrier
gas in the 300—510° temperature range. In addition to pure metallic nickel and platinum [14]
and nickel-on-alumina [13], described previously, two types of industrial platinum catalyst
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on alumina carrier were employed (Soviet catalyst AP—56: Pt: 0.523%, spec, surface: 165
m2g; and Sinclair—Baker catalyst RD—150—C: Pt: 0.355%, spec, surface: 312 m2g).
Our method provided a more sensitive detection possibility of the reaction products than the
conventional techniques; moreover radioactive tracer studies were also carried out to investi-
gate the reaction path and potential intermediates, so that our apparatus had to be made
suitable for measuring radioactivity, too. It was not possible to employ a usual proportional
flow counter, because the presence of the helium carrier gas adversely influenced the counting
characteristics of the tube. Therefore, absorbing traps were connected into the gas line after
the conductivity cell, and the individual components indicated by their chromatographic
peaks were trapped in toluene cooled in dry ice-acetone. The radioactivity of the fractions was
determined by means of a Packard Tri-Carb Liquid Scintillator. The absolute activities were
calculated by using a calibrated channel ratio method [22]. Specific activity was defined as
the ratio of the disintegration rate and the chromatographic peak area. The starting hydro-

Fig. 1. Diagram of a pulse apparatus for radioactive experiments. 1 — cylinder containing
the carrier gas, 2 — pressure reducing valve, type liPrecizor”, 3 — manometer with throttle
valve, 4 — deoxygenator and drier, 5 — stopcock for introducing hydrogen, 6 — sample intro-
duction (heated), 7 — reactor, with stopcocks (packed with quartz), 8 — catalyst bed, 9 —
by-pass (for analysis), 10 — separating column, 11 — thermal conductivity cell, 12 — three-
way stopcock, 13 — trap to collect fractions in Dewar flask containing dry ice, 14 — soap
film flow meter, 15 — ultrathermostat, 16 — bridge of thermal conductivity cell, 17 —record-
er (EPP—09; 0—10 mV), 18 — iron furnace block, 19 — electric resistance heating, 20 —
molten tin bath, with mercury thermometer (not indicated), 21 — platinum resistance ther-
mometer for temperature regulation, 22 — temperature regulator

carbon mixtures were passed through the system also by-passing the reactor, and the fractions
corresponding to those of the final products were collected. So differences in the specific ac-
tivities before and after the reaction could be evaluated, and errors owing to deviations in the
experimental conditions (“tailing” of peaks, radiochemical impurities, imperfect separations,
etc.) were possibly minimized.

The diagram of the apparatus suitable for performing radioactive measurements is
shown in Fig. 1.

Hexene-1 labelled with 14C was synthesized from n-hexanol-1-14C* by dehydration over
Al120 3catalyst at 370° in nitrogen carrier gas [15]. The crude product was purified by displace-

* Radioactive n-hexanol was synthesized by reacting n-amylmagnesium bromide with
laC02and subsequent reduction of the obtained ra-hejtanoic acid-1-4C by means of LiAIH4 [16].
The authors are indebted to Mr. B. Tanacs for kindly accomplishing this.
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ment chromatography on silica gel. Pure ra-hexene-I-(I-14C) was hydrogenated in a flow
reactor at 185° in the presence of nickel metal catalyst prepared by the reduction of nickel
hydroxide. Recirculation (two passes) gave a product containing practically no hexene and
less than 1% of n-pentane and re-heptane.

The specific radioactivity of n-hexane obtained was 0.56 mC/g; it was diluted with
about 4 volumes of inactive n-hexane when used.

Investigations concerning the course of the reaction

Saturated hydrocarbons were dehydrocyclized in the presence of our
catalysts to an extent commensurable with the reaction of unsaturated hydro-
carbons. Using 0.1—1 g of the catalysts, the yields of benzene were between
0.1 and 10%. With the two types of nickel catalysts, the dehydrocyclization
reaction could be followed in the 300—400° temperature range, since at higher
temperatures cracking reactions consumed the greatest part of the starting
material. Using a platinum catalyst, cracking was less expressed and the reac-
tions could be followed up to 510° (the upper temperature limit allowed by
the apparatus used).

The product contained unsaturated compounds besides benzene and
fragments from cracking. In the presence of the nickel catalysts, the amount
of hexenes hardly surpassed the limit of detection (0.1%) while on platinum
0. 5—2.5% of hexene and, at temperatures above 450°, trace amounts of con-
jugated hexadienes were also observed.

Using platinum-alumina catalyst and helium asthe carrier gas, the prod-
uct composition observed was identical with that detected with carrier-free
platinum catalyst. The only difference was the greater quantity (several
tenths ofa per cent) of conjugated dienes. This result is obviously due to dif-
ferences in the sorption conditions: platinum finely dispersed on the carrier
may provide less possibility for dienic compounds to react by irreversible
intermolecular surface processes resulting in the formation of coke; further-
more molecules once desorbed from the surface have less probability to reach
the surface of a platinum particle possessing dehydrocyclizing activity.

In the presence of platinum metal and hydrogen carrier gas, hexene-1
was hydrogenated at 360° quantitatively to hexene [14]. When hexane was
introduced, no reaction could be detected below 375°. Above this value the
rate of aromatization both on platinum and platinum-on-carrier catalysts
increased with increasing temperature. The product compositions resulting
from dehydrocyclization reactions in hydrogen and helium are shown in Table
1. It is seen that using hydrogen as the carrier gas, the extent of aromatization
above 400° is larger than in the presence of helium, accompanied, however,
by a simultaneous but even larger increase of the amount of cracking products.
The quantity of hexenes in hydrogen carrier gas is also greater than in helium,
and at higher temperature hexadienes could be detected as well.
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Table 1
Composition of the dehydrocyclization products of hexane in the presence of different carrier gases

Catalyst: 0.16 g Pt; Carrier gas: 55 NTP ml/min. of He or H2, Charge: 5 //1 doses
of hexane

Product composition, % (w/w)

t, °c Carrier
gas gr’ggt'cnig heIxS;n-es n-hexane hexenes hexadienes benzene
300 He 0.5 98.4 - - i
330 He 0.7 — 97.8 — — 15
360 He 1.3 — 96.4 — — 2.3
H2 0.3 — 99.2 0.5 — —
390 He 2.0 — 94.9 0.1 — 3.0
H2 2.7 15 93.5 15 — 0.8
420 He 2.0 — 93.8 0.1 traces 4.1
H. 11.9 3.4 75.1 2.0 0.1 7.5
450 He 2.8 — 92.4 0.1 0.1 4.6
H2 25.4 2.8 52.4 2.5 0.2 16.8
480 He 3.6 — 89.6 0.1 0.1 7.8
H2 215 2.2 54.0 4.5 0.5 17.2
510 He 4.3 — 86.8 0.1 0.1 8.7
H« 14.2 1.2 58.2 6.5 2.1 17.8

Note: In the experiments with helium carrier gas the catalyst was regenerated at the
temperature of the experiment by introducing about 5 ml of air and 4 ml of H,,. In the measure-
ments with hydrogen carrier gas the catalyst was immersed for regeneration into a bath of 400°,
helium was passed through it, and after injecting 5 ml of air it was heated again to the tem-
perature of the experiment in a stream of hydrogen.

In Fig. 2 the chromatograms obtained under different experimental
conditions are compared. It can be seen that variations in the experimental
conditions cause no qualitative but only quantitative deviations, the only
difference being a slight skeletal isomerization observed in hydrogen.

W hen nickel catalyst and hydrogen carrier gas were used, aromatization
was not observed; the starting materials were converted into lower hydro-
carbons in practically quantitative yield.

The apparent activation energies of the reactions leading to benzene
were determined on the catalysts employed, assuming the rate constants to
be proportional to the conversions (Fig. 3). In helium carrier gas, the apparent
activation energies in the presence of carrier-free platinum and platinum-on-
alumina are practically the same; these values are in good agreement with
those obtained for hexene dehydrocyclization in the presence of platinum or
nickel catalysts [14].
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1:101:60
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Fig. 2. Chromatograms of re-hexane
dehydrocyclization carried out under
different conditions, a) t = 360 °C;
catalyst: 0.76 g Pt; carrier gas: he-
lium; b) t = 390 °C; catalyst: 0.44 g
RD —150—C; carrier gas: hydrogen;
c) t — 390 °C catalyst: 0.44 g RD —
—150—C; carrier gas: hydrogen.
Peaks on chromatograms: 1 —sample
injection (appr. 4 /d of re-hexane), 2
— cracking products (C,— C5), 3 —
isohexanes, 4 — n-hexane, 5 — hex-
enes, 6 — hexadiene-1,3, 7 — hexa-
diene-2,4 isomers, 8 — benzene
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In case of dehydrocyclization on platinum-on-alumina catalyst in hydro-
gen atmosphere, the apparent activation energy was about three times higher
than that determined in helium. Using pure platinum metal, the activation
energy seemed to be still higher between 390 and 450°; above this temperature
no straight Arrhenius plot was obtained, because no further improvement in
the yield with increasing temperature could be observed. This may be due

Fig. 3. Apparent activation energies of the dehydrocyclization of n-hexane over different
metal catalysts

No. of . Apparent activation
straight Catalyst Carrier gas energy, kcal/mole
lines

| 0.16 g platinum helium 10

2 0.44 g RD —150—C ] helium 11.4

3 0.44 g RD —150—C J platinum-on-alumina hydrogen 34

4 0.45 g AP—56 hydrogen 33

5 0.1 g Ni/Al203 helium 22.4

partly to the fact that the reaction has got in the range of diffusion hindrance,
and partly to an increased rate of the rapid hydrocracking reactions effectively
concurring with the multistep dehydrocyclization reaction requiring favourable
adsorption and being therefore a slower process.

In the experiments with hexane, the deactivation of the catalyst was
slower but commensurable to that observed in the case of hexene starting
material [14]. To maintain a standard activity level, the platinum catalyst
was regenerated with air and hydrogen pulses before injecting thehydrocarbons.
As the temperature increased, the activity became considerably more stable;
at 480°, the rate of decrease of the activity was approximately by one order
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of magnitude smaller than at 360°. The activity of nickel catalysts, both with
and without carrier, was more unstable than found in the case of hexene
dehydrocyclization; it decreased noticeably in the course of one experiment in
spite of regeneration with hydrogen. Large deviations were experienced in the
formation of toluene and in the occurrence of déméthylation in the aromatiza-
tion of re-heptane over nickel-on-alumina, depending on the previous use of
the catalyst; this fact prevented the determination of the apparent activation
energy in this case.

Investigations with radioactive tracers

The fact that the reaction paraffin —molefin takes actually place is in
contrast with the views expressed so far, and regarded as proved, concerning
the dehydrocyclization reaction of paraffins in the presence of metal catalysts,
[+, 6]; therefore, the occurrence of this reaction had to he supported by addi-
tional evidence. For this purpose, investigations with radioactive tracers have
been carried out.

The so-called kinetic isotope method has been recommended for the in-
vestigation of mechanisms of chemical reactions [23]. In this method, a small
amount of the supposed intermediate is admixed to the starting material
labelled with a radioactive tracer, and its specific activity is measured in the
course of the reaction. In our investigations a mixture ofradioactive n-hexanc-
1-14C and inactive n-hexene-1 was subjected to the dehydrocyclization reaction.
Quantitative evaluations of the reaction rates could not be accomplished
because the space velocity is defined uncertainly in our transient system. Fur-
thermore, if Langmuir—Hinshelwood Kkinetics cannot be applied — and
we have good reasons to make this assumption [12] — the appearance ofradio-
activity in the supposed intermediate is determined by the resultant of the
rates of the reaction and sorption steps. If in our case, e.g., the desorption
of hexenes can be regarded as a relatively slow process as compared with its
further aromatization, the specific radioactivity of adsorbed hexene may
exactly correspond to the theoretical value resulting from the formation and
decomposition rates, but the radioactivity of hexenes in the gaseous phase
will be less than this actual value. Of course, the former cannot be directly
determined.

The results of our tracer investigations are presented in Tables Il and
Ill. In each case an increase in the specific activity of the hexene-fraction
was observed, and radioactivity could also be detected in the liexadiene frac-
tion. In case of low overall conversions, the hexene originally added to the
starting material diluted the produced radioactive hexenes to a considerable
extent, but as the overall conversions increased, a simultaneous rise in the
transition of radioactivity into the hexenes could be observed, independently
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Table 11

Dehydrocyclization of mixtures of n-hexane-(I-uC) and inactive n-hexene-1 on platinum catalysts

(a) Carrier gas; 55 NTP ml/min. of helium

Weight
No. of Pt

9

Starting mixture -
1222 0.76

1223 0.76
Starting mixture —
1854 0.16

1857 0.16

1859 0.16

360
360

360
420
480

(b) Carrier gas; 55 NTP ml/min.

Starting mixture —

1860 0.16
1861 0.16
1862 0.16

1Approximate values

480
480
480

hexane
peak activity
area tpm
mm?2

2450 270 990
10440 990 320
8310 821 900
2680 101 000
2280 88 460

1530 52 520
1320 47 960
820 28 600

of hydrogen

670 38 260
1890 100 000
1950 70 400
3520 116 700
1000 37 460

spec.
activity
tpm/mm?2
in
95
99
38
38.5
34.5
36.5
35

57
53
36
33
37.5

peak
mm2
1300
2970
1940
5880
5200
2640
1780

960

1500
3920
880
1500
360

hexene

activity
tpm

6 575
89 110
69 100
24 400
20 400
12 200

8 800

5650

6710
18 800
14 840
18 800

5870

Fraction

spec.
activity
tpm/mm*
5.1
335
35.5

4.0
3.9
4.6
4.9
6

4.4

4.7
17
12.5
16.5

hexadienesl
peak activity spec. peak
area t activity area
mm2 tpm/mm2 mm2
- 5970
200 8000 402 728

140 8500 602 640

— — — 115
— — — 210
— - — 410

— 1200 —

25 4500 1803

35 1670 212 850
175 2500 142 725
50 700 122 300

2Corrected taking into account the radiochemical impurity consisting of n-heptane

3ra-heptane

benzene

activity
tpm

24 570
23 900

1580
1840
3510

14 300
7550
3500

spec.
activity

Ratio of
specific
activities
(starting
hexane
and ben-
zene

tpm/mm2 gractions)

34
37.5

14

17
10.5
115

3.3
3.0

2.8
4.3
4.3

3.1
5.2
4.8
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Table 111

Dehydrocyclization of a mixture of n-hexane-(I-uC) and inactive n-hexene-1 on nickel-alumina
catalyst

Catalyst: 0.35 g Ni/Al20 3; carrier gas: 55 NTP ml/min. of helium; t = 360 °C

Fraction

Ratio of
hexane hexene benzene Sfci?\',fil_c
ties
No. spec. spec. spec.  (starting
peak activity  activity ~ Peak activity  activity PeK  activity activity hexane
area tpm tpm/ area tpm tpm/ area tpm tpm/~ @nd ben-
mm2 mm2 mm2 mm2 mm2 m zene
fractions)
Starting
m aterial 2 310 95 800 415 4320 12 470 2.9
3200 137 750 43.0 6 000 16 550 2.7
1356 14 700 481 780 34.0 16 820 44 580 2.6 330 2800 8.5 5.0
1357 5220 184 840 35.5 4 075 16 420 4.0 217 883 4.1 10
1349 3800 140 400 37.0 3020 12 860 4.2 110 900 8.2 5.1
1348 2720 98 630 36.5 1890 9 110 4.8 140 650 4.6 9.1
1351 710 23 710 33.4 70 2600 38 75 1280 17 2.5

of the fact whether the higher conversion was obtained using a larger amount
of catalyst, or higher temperature, or hydrogen carrier gas. It should be noted
that the experimental error in determining the specific radioactivity of the
hexadiene fraction was higher than with the other fractions owing to its
smaller absolute quantity causing a larger relative inaccuracy, furthermore,
the separation of the radiochemical impurity of about 0.5% heptane from the
starting hexane could not always be achieved perfectly. Therefore no quanti-
tative conclusions can he drawn on the basis of the radioactivity of hexadienes;
the data in Table Il are shown for informative purposes only.

Nickel-on-alumina possessing higher and more stable activity was used
as the nickel catalyst in these investigations. A smaller transition of the radio-
activity into hexene as well as into benzene was found with this catalyst, as
compared with platinum. However, the specific activity in both fractions
increased when the overall conversions were higher. The close values of the
specific activities of hexene and benzene have indicated that the desorption
rates of these two compounds are either of the same order of magnitude, or
even the rate of the slower process does not affect the overall rate of the
dehydrocyclization.

Discussion

Our results indicate that unsaturated open-chain hydrocarbons are
formed during the dehydrocyclization of saturated hydrocarbons also in the
presence of metal catalysts. This fact is not influenced by different conditions
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of the reaction (such as variation of temperature, the presence or absence of
catalyst carrier, the use of helium or hydrogen carrier gas, etc.). The concentra-
tion of unsatured compounds in the product is jointly determined by the rates
of the sorption processes and surface reactions; the variation of the reaction
parameters affects only the relative rates of the part-processes. In previous
experiments it has been shown [13, 14] that the unsaturated compounds
produced may themselves undergo aromatization under the experimental
conditions employed; therefore their formation does not mean a dead-end
of the reaction, and they may be regarded as intermediates.

Differences observed in the dehydrocyclization rates of the saturated
and various unsaturated products are presented in Table IV.* These differences

Table IV

A comparison of the dehydrocycliza on of hydrocarbons of various unsaturation
t = 360 °C; carrier gas: 55 NTP ml/min. of helium

Catalysts: 0.76 g Pt (9.1 m2g); 0.59 g Ni (3.5 m2g); 0.35 g Ni/A1,03 (266 m2g)

Relative amount Absolute amount Specific value
(weight-% ofthe catalysate) My /Xg/m2 catalyst surface
Starting
hydrocarbon of benzene formation
on: Pt Ni Ni/Al203 Pt Ni Ni/AI203 Pt Ni Ni/AID 3
n-hexane ... 5.8 0.07 2.2 150 1.7 60 22 0.85 0.66
hexene-1 ... 7.4 0.8 3.3 190 15 72 28 7.5 0.80
hexene-2 ... 6.4 0.7 2.6 185 17 57 27 8.5 0.63
mixture of
hexadienesl .. 9.1 3.1 10 215 43 195 31 21 2.2

1Product obtained by deacetylation of 4-acetoxyhexene-I; composition: 0.3% hexane,
1.5% hexene, 20.2% hexadiene-1,4, 50.0% hexadiene-1,3, 24.8% isomeric hexadienes-2,4,
3.1% tso-hexadienes.

may he explained by the necessity of dissociative adsorption as a primary
step of the dehydrocyclization of saturated hydrocarbons [2, 12], which is
a rather slow, more or less hindered step. In case of platinum but a small
difference is found between the rates of benzene formation from n-hexane
and unsaturated hydrocarbons, while with nickel catalyst the dehydrocycliza-
tion of hexane is by almostan order of magnitude slowerthan that of the corre-
sponding olefins. Nickel-on-alumina takes an intermediate position. The same
result can be obtained by comparing the specific radioactivities of the benzene

*These data were obtained by comparing benzene yields directly. The values are
characteristic of a certain activity level of the catalysts; they are consistentconcerning differ-
ent starting materials on the same catalyst, but the absolute activities of different catalysts
can be hardly compared on this basis.
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fractions, formed in dehydrocyclizing a mixture of radioactive hexane and
inactive hexene, with those of the starting n-hexane fractions (Tables Il and
H 1); this ratio is in direct proportion to the dehydrocyclization rates of the
hexane and hexene, respectively. Unsaturated hydrocarbons were aromatized
in the presence of nickel catalyst even if the catalytic activity was insufficient
to dehydrocyclize saturated ones. This phenomenon seems to he connected
with the repeated heating and cooling of the catalyst causing presumably
irreversible modifications of the surface resulting in an increased hindrance
of the dissociative adsorption of hexane.

Differences in the dehydrocyclization rates of compounds of various
degrees of unsaturation have been found to be considerably less than those
observed in case of the dehydrogenation of cyclic hydrocarbons [i12, 20, 21].
Thus, on the basis of a mere comparison of the individual reaction rates, no
part-process can be precluded from among the rate-determining steps, in
contrast to the case of cyclic hydrocarbons.

The presence of hydrogen seems to be necessary on the catalyst surface
in order to activate it for the dehydrocyclization to occur. A hydrogen atmo-
sphere did not alter the observed mechanism. Below a certain temperature
limit (about 375°), however, a partial hydrogen pressure of about 1 atm. is
in equilibrium with such an amount of surface hydrogen which prevents the
chemisorption of the hydrocarbons leading to reaction. A similar effect has
been reported in connection with the chemisorption of ethane near to room
temperature [17]; our results indicate that the analogous phenomenon may
occur at elevated temperatures as well. The constancy of the apparent activa-
tion energy in helium atmosphere throughout the investigated temperature
range suggests that there is no qualitative change either in the adsorption
conditions of the hydrogen necessary for catalyst regeneration in helium
atmosphere, orin the overall reaction mechanism. Different methods ofregener-
ation (using a constant hydrogen flow replacing helium, or injecting pulses
of a few ml of hydrogen) were practically equivalent, indicating that about
1 ml of hydrogen per 1 g of Pt was required to restore catalyst activity. This
quantity is of the same order of magnitude as the amount of chemisorbed
hydrogen at 250° reported in the literature [18]. Some of the chemisorbed
hydrogen is consumed during the reactions; literature data also show an
unambiguous parallelism between chemisorptivity and catalytic activity [18,19].

In hydrogen atmosphere, an abundant amount of hydrogen is supplied
by the gaseous phase, which accelerates dehydrocyclization as well as other
reactions, such as hydrogenation, hydrocracking, etc. The function of a carrier
in cases of industrial catalysts is an addition to increasing the dispersity of
platinum and serving as an isomerizing catalyst, just to absorb alot ofhydrogen
over its large surface, and to ensure thus a high hydrogen concentration in
the neighbourhood of the metal particles.

Acta Chim. Acad. Sei. Hung. 54, 1967



PAAL, TETENYI: INVESTIGATION OF DEHYDROCYCLIZATION 187

Summarizing the experimental results, it can be stated that in the course
of hexene aromatization in the presence of both platinum and nickel catalysts,
unsaturated open-chain hydrocarbons — hexenes, and in certain cases hexa-
dienes — are formed. Our previous results have shown [13, 14] that these
products can also be dehydrocyclized, so they are certainly intermediates
of the reaction. Hydrogen atmosphere has no considerable influence on the
reaction mechanism. Our results suggest that the assumption of a stepwise
dehydrocyclization via unsaturated intermediates can be extended to the
case of metal catalysts, too. This assumption does not involve, however, that
exclusively this reaction path is in operation. Further investigations are neces-
sary to decide the ratio of aromatics formed through the stepwise dehydrocy-
clization, and by the reaction path via cyclohexane intermediate generally
accepted up to now.

*

Authors are indebted to Dr. T. Szarvas for kindly accomplishing radioactivity
measurements.

SUMMARY

The dehydrocyclization reaction of n-hexane has been investigated in the presence of
platinum and nickel catalysts, used both as carrier-free metals and on alumina carrier. The
dehydrocyclization can be followed between 300 and 500° in the case of platinum catalyst,
while in the presence of nickel cracking reactions become predominant above 400°. No change
in the reaction path has been observed throughout the temperature range studied. Unsaturated
compounds — hexenes and hexadienes —mhave been detected among the reaction products.
The presentresults together with previous ones indicate that these compounds are intermediates
of the dehydrocyclization of hexane. The reaction sequence hexane hexenes ->- hexadienes —
-<-benzene has also been verified by using radioactive tracer technique. The apparent activation
energy of hexane dehydrocyclization was determined; only a minor difference from the acti-
vation energy of the dehydrocyclization of hexene has been found. An acceleration of the de-
hydrocyclization reaction in hydrogen atmosphere has also been demonstrated; the character
of the intermediates was not influenced by the presence of hydrogen.
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DIE THERMISCHE ANALYSE DER IN DEN
HERSTELLUNGSPROZESSEN DER FUNGICIDE CAPTAN
UND FALTAN YORKOMMENDEN ORGANISCHEN
SYSTEME, |

THERMISCHE ANALYSE YON MALEINSAUREANHYDRID- UND
TETRAIIYDROPHTHALSAUREANHYDRID-GEMISCHEN

T.Fi1é6ra und A. Almasy

(Forschungsinstitutfir Chemische Schwerindustrie, Veszprém)

Eingegangen am 1. Oktober 1966

Eines der Nebenprodukte der Athylenherstellung durch Benzinpyrolyse
ist die Butadien, Iso- und Normalbuten sowie Butan enthaltende sog. C4
Fraktion. Vorbedingung der wirtschaftlichen Athylenproduktion ist die
Verwertung der Nebenprodukte. Zur Verwertung des Butadiens wird dieses
mit Maleinsdureanhydrid zu Tetrahydrophthalsdureanhydrid umgesetzt.

0 CH,
/ / \
CH—C CH CH-C
\ \
CH2 + | 0 —
CH-C/ CH IH-C~
\ \ / \
0 CH2

Aus diesem wird durch Ammonolyse Tetrahydrophthalimid erhalten. Das
Tetrahydrophthalimid wird in natriumhydroxydhaltigem Medium mit Per-
chlormethylmercaptan gekuppelt, wobei Perchlormethylmercaptotetrahydro-
phthalimid, d. i. Captan, entsteht.

In der Captan-Herstellung liegen Maleinsdureanhydrid, die Zwischen-
produkte (Tetrahydrophthalsdureanhydrid, Tetrahydrophthalimid) sowie das
Captan in festem Aggregatzustand vor. Da sich der Derivatograph vor allem
zum Studium physikalischer und chemischer Eigenschaften von Feststoffen
eignet, lag der Gedanke nahe, die Reinheit sowie die thermischen Verhalten
der erwé&hnten Produkte derivatographisch zu untersuchen.

Die vorliegende Arbeit befaBt sich mit der derivatographischen Ana-
lyse des reinen Maleinsdureanhydrids und Tetrahydrophthalsdureanhydrids
sowie ihrer Gemische und behandelt das Phasendiagramm dieses bindren
Systems.

Die thermische Analyse (Differentialthermoanalyse, Thermogravimetrie)
wird seit geraumer Zeit sehr ausgedehnt zur Untersuchung anorganischer Ver-
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bindungen verwendet. In den letzten 10 Jahren erschienen zahlreiche Publika-
tionen, die sich vor allem mit der thermischen Analyse von Kohlen und Poly-
meren befassen und einige die die thermische Analyse von anderen organischen
Verbindungen zum Gegenstand hatten. So bestimmten Vasallo und Harden
[1] den Schmelzpunkt und den Siedepunkt von Normalparaffinen und Benzoe-
sdure miteinem DTA-Apparat, wobei verschiedene Aufheizungsgeschwindigkei-
ten und Thermoelemente verschiedener Qualitat verwendet wurden. Mit Hilfe
der Differentialthermoanalyse untersuchten D. Costa und G. Costa [2] die
Reinheit von Benzoesdure, Naphthalin und Cellulose, Barral und Rogers [3]
das thermische Verhalten von Salicylsdure, Chesters und Thomson [4] die
Polysaccharide, Morita und Rice [5] Benzol, Toluol und verschiedene hoch-
molekulare Stoffe, Wendlandt und Hoiberg [6] organische Sduren.

Es erschienen auch mehrere Arbeiten die sich mit der Derivatographie
organischer Verbindungen befassen. Erdey, Paulik und Liptay [7] unter-
suchten die Zerlegung von Kaliumhydrogen-phthalat, Liptay und Mit-
arbeiter [s] die der Sterole, und Soltymar und Mitarbeiter [9] bestimm-
ten die organischen Bestandteile von Aluminatlaugen auf derivatographi-
schem Wege. Auch in unserem Institut wurde die Derivatographie wiederholt
zur Analyse von organischen Stoffen verwendet. So befalRten wir uns mit der
Derivatographie von Aldrin und Dieldrin [10] und verschiedenen Metall-
alkoxydverbindungen [11], ferner mit der derivatographischen Analyse der
thermischen Disproportionierung von Kaliumbenzoat [12].

Die lange Reihe der Publikationen, die sich mit den Phasendiagrammen
organischer Systeme befassen, kann im Rahmen dieser Arbeit nicht ausfihr-
lich besprochen werden. Wir verweisen deshalb auf das Handbuch von Lan-
dolt—Boérnstein [13], wo Phasendiagramme verschiedener organischer
Systeme und die bezugliche Literatur angegeben sind.

Von den thermischen Daten der in der vorliegenden Arbeit untersuchten
Verbindungen sind Schmelzpunkt (52,8 °C) und Siedepunkt (199,9 °C) [14]
sowie Schmelzwéarme (2,75 kcal Mol) [15] des Maleinsdureanhydrids, ferner der
Schmelzpunkt (104 °C) [16] des Tetrahydrophthalsdureanhydrids bekannt.
In einer allgemeinen Ubersicht der Literatur berichtet Buckles [17] iber
einige thermische Eigenschaften des Tetrahydrophthalsdureanhydrids. Danach
entweicht beim Erwédrmen Kohlendioxyd aus der Substanz, wobei sich poly-
mere Stoffe bilden.

Experimenteller Teil

Die derivatographischen Untersuchungen wurden mit einem Derivatograph, System
Paulik—Paulik—Erdey [18], Modell MOM durchgefihrt.

Als erster Schritt unserer Arbeit wurden bei verschiedenen Aufheizungsgeschwindig-
keiten (8, 6 und 5°C/min) Derivatogramme des Maleinsdureanhydrids, Tetrahydrophthal-
sdureanhydrids und ihrer Gemische verschiedener Zusammensetzungen zur Feststellung der
gunstigsten Versuchsbedingungen aufgenommen. Auf Grund dieser Messungen wéahlten wir
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fiir unsere weiteren Versuche eine Aufheizungcgeschwindigkeit von 5 °C/min, da sich die ein-
zelnen Vorgdnge bei kleineren Aufheizungsgeschwindigkeiten scharfer voneinander abgrenzten.
Eine noch langsamere Aufheizung wirde jedoch die Dauer der Messungen sehr verldngern.
Die Untersuchungen wurden in Gegenwart von Luft durchgefiihrt, wobei die durch Verdamp-
fung entstandenen gasférmigen Produkte mit einer Wasserstrahlpumpe aus dem Reaktions-
raum abgesaugt wurden. Die Einwaage betrug bei allen Versuchen 270 mg, die Empfindlich-
keit der Waage 500 mg, die Empfindlichkeit des DTA- und DTG-Galvanometers 1/10. Bei der
Bestimmung der Schmelzwé&rme der einzelnen Komponenten aus der DTA-Kurve wurde zur
Kalibration BaCl2 «2H20 verwendet [19].

Gleichzeitig mit der derivatographischen Analyse wurden auch die Abkihlungskurven
der Maleinsdureanhydrid-Tetrahydrophthalsdureanhydrid-Gemische verschiedener Zusammen-
setzungen aufgenommen. Die zu untersuchende Substanz wurde in einer Proberdhre geschmol-
zen, sodann in einen geschlossenen Raum gebracht und die Abkihlung der Probe durch Ab-
lesung der Temperatur in Zeitabstdnden von 30 sec. verfolgt. Aus der Abkiihlungskurve wurde
das Phasendiagramm des Systems auf die Gibliche Weise dargestellt [20].

Diskussion der Versuchsergebnisse

Abb. 1 zeigt das Derivatogramm des Maleinsdureanhydrids. Die Spitze
an der DTA-Kurve bei 50 °C zeigt das Schmelzen der Verbindung an. Aus der
zu dieser Spitze gehdrenden Fldche wurde nach entsprechender Kalibrierung
die Schmelzwédrme der Verbindung bestimmt, fir die sich 2,8 kcal/Mol ergaben.
Nach dem Schmelzen beginnt die Verdampfung der Verbindung, die laut der

100 200 300 m X

Min.
Abb. 1. Derivatogramm von Maleinsdureanhydrid
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DTG-Kurve bei 195 °C mit maximaler Geschwindigkeit verlduft. Innerhalb
der experimentellen Fehlergrenzen stimmen die vom Derivatogramm ablesba-
ren Werte fir Schmelzpunkt, Siedepunkt und Schmelzw&rme mit den bisher
bekannten Werten [14, 15] gut Uberein.

Wie aus dem Derivatogramm des Tetrahydrophthalsdureanhydrids
(Abb. 2) zu ersehen ist, schmilzt diese Verbindung bei 100 °C. Aus der Fléche
der DTA-Kurve ergaben sich fur die Schmelzwé&rme 5,0 kcal/Mol. Dem Schmel-
zen folgt eine langsame Verdampfung, die bei 270 °C ihre groRte Geschwindig-
keit erreicht. Ein stufenweise eintretender, auf die Zersetzung der Verbin-

100 200 300 m °c
100 200 300 400 X

10 20 BO 40 50 60 70 80 90100

Min. Min.
Abb. 2. Derivatogramm von Tetrahydro- Abb. 3. DTA-Kurven von mechanisch verrie-
phthalsdureanhydrid benen Maleinsdureanhydrid-Tetrahydro-

phthalsdureanhydrid-Gemischen verschiede -
ner Zusammensetzungen

dung deutender Gewichtsverlust ist am Derivatogramm nicht zu beobachten.

Abb. 3 zeigt die DTA-Kurven mechanisch, durch Verreiben hergestellter
M aleinsdureanhydrid-Tetrahydrophthalsdureanhydrid-Gemische verschiedener
Zusammensetzungen, Abb. 4 die DTA-Kurven ihrer vor der derivatographi-
schen Analyse zusammengeschmolzenen, sodann nach dem Erstarren in einer
Reibschale homogenisierten Gemische, Abb. 5 bis 8 die TG- und DTG-Kurven
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der verriebenen bzw. zusammengeschmolzenen Gemische. Die Gemische ent-
hielten der Reihe nach 10, 20, 30, 40, 50, 60, 70, 80 bzw. 90 Gew.% Malein-
sdureanhydrid. Die zwei verwendeten Arten der Probenzubereitung sollten
jene Tatsache klaren, ob ein vorangehendes Zusammenschmelzen nicht even-
tuell Anderungen im Gemisch hervorruft, die dann das thermische Verhalten
beeinflussen. Unserer Beobachtung nach kdénnen ndmlich tatsédchlich solche
Anderungen auftreten, so daR in diesem Falle die durch Verreiben erhaltenen
10 20 000 WO ° 100 200 300 400 <
Maleinsdureanhydrid
MOY. T+WM

1240°C
20%T+80%M
d r

*C30%T+70ZM

55°C
407.7+607 .«

_\zéc st’\ 2§0|‘\C/|~7 80y /1+50Y .M

0 10 20 30 40 50 60 70 80 30 100
Min.
Abb. 4. DTA-Kurven zusammengeschmolze-  Abb. 5. TG- und DTG-Kurven mechanisch
ner und nach dem Erstarren in einer Reib-  verriebener Gemische mit 0—50% Tetrahy-
schale homogenisierter Maleinsdureanhydrid- drophthalsdureauhydridgehalt

Tetrahydrophthalsdureanhydrid-Gemische ver-
schiedener Zusammensetzungen

Min.

Gemische zur Aufnahme von Kalibrationskurven fir die Analyse der voran-
gehend zusammengeschmolzenen Proben ungeeignet sind.

Abb. 9 zeigt das Phasendiagramm des Systems Maleinsdureanhydrid-
Tetrahydrophthalsdureanhydrid.

Um die Interpretation der derivatographischen Kurven zu vereinfachen,
wird zuerst das Phasendiagramm des Systems behandelt. In Abb. 9 ist links
am Koordinatensystem der Erstarrungspunkt des reinen Maleinsdureanhydrids,
rechts der des reinen Tetrahydrophthalsdurenanhydrids aufgetragen. Nach
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U1 _d i B> 1 0
10 2030 W 50 60 70 80 0 2030 W 50 60 70 80 90
Min. Min.
Abb. 6. TG- und DTG-Kurven mechanisch Abb. 7. TG- und DTG-Kurven zusammen-
verriebener Gemische mit 50 — 100% Tetra- geschmolzener Gemische mit 0—50% Tet.ra-
hydro-phthalsdureanhydridgehalt hydrophthalsdureanhydridgchalt

dem Diagramm besitzt das System in einem Gemisch mit 31% Tetrahydro-
phthalsdureanhydrid-Gehalt bei einer Temperatur von 36 °C einen eutekti-
schen Punkt. Es soll bemerkt werden, daR im Konzentrationsbereich von 50
bis 90% Tetrahydrophthalsdureanhydrid die Bildung eines Eutektikums mit
Hilfe der Abkiuhlungskurven (Abb. 9) — vermutlich wegen der abnehmenden
Menge der eutektischen Zusammensetzung m nicht beobachtet werden konnte.
Auf Grund der Derivatogramme ist aber — wie spéter gezeigt werden soll —
anzunehmen, daR auch in diesem Temperaturbereich ein Eutektikum ge-
bildet wird.

Aufden Derivatogrammen kénnen die in den Gemischen auf Einwirkung
von Wiarme auftretenden Anderungen verfolgt werden, und zwar im gegebenen
Fall, mit Hilfe der DTA-Kurve das Schmelzen der untersuchten Proben und
mit Hilfe der DTG- und TG-Kurven das Verdampfen der Gemische.

Abb. 10 zeigt die Anderung der an den DTA-Kurven auftretenden, das
Schmelzen der untersuchten Substanzen anzeigenden Spitzentemperaturen,
als Funktion der Tetrahydroplithalsdureanhydrid-Konzentration, fir mecha-
nisch verriebene bzw. vorangehend zusammengeschmolzene Gemische.
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e foeedeee [ B 1 =T las—
10 20300 50 60 70 80 90
Min.

Abb. 8. TG- und DTG-Kurven zusammengeschmolzener Gemische mit 50—100% Tetra-
hydrophthalsdureanhydridgehalt

Tetrahydrophthalsaureanhydrid

Maleinséureanhydrid
Abb. 9. Phasendiagramm des Systems Maleinsdureanhydrid-Tetrahydrophthalsdureanhydrid
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Ein Vergleich der Konzentration-Temperatur-Funktion (Abb. 10) mit
dem Phasendiagramm (Abb. 9) zeigt, daB bei Konzentrationswerten, bei
denen die Temperaturdifferenz zwischen der Ausscheidungstemperatur der
reinen Komponenten und dem Erstarrungspunkt des Eutektikums klein ist
(bei 20—40% Tetrahydrophthalsdureanhydridgehalt, Abb. 9), das Schmelzen
der Substanz sowohl fir mechanisch verriebene als auch fir zusammenge-

B N I N I B B

1020 30i05060 708090100%
Tetrahydrophlhalsdureanhydrid

Abb. 10. Die Anderung der das Schmelzen des Tetrahydrophthalsaurcanhydrids (1) und des

Eutektikums (2) anzeigenden DTA-Spitzentemperaturen in Abhangigkeitvon der Tetrahydro-

phthalsdureanhydrid-Konzentration; a) mechanisch verriebene und b) zusammengeschmolzene
Gemische

schmolzene Gemische durch eine einzige Spitze (bei 40 °C) der DTA-Kurve
angezeigt wird. Bei Konzentrationswerten, bei denen die erwdhnte Temperatur-
differenz grofer ist (bei 10%, ferner zwischen 50 und 90% Tetrahydrophthal-
sdureanhydridgehalt), ist bei 40 °C das Schmelzen des Eutektikums (am Deriva-
togramm werden die Temperaturwerte nur mit einer Genauigkeit von 5 °C
abgelesen, und diese Werte kdnnen von den tatsdchlichen um J;10 °C abweichen)
und bei hdherer Temperatur als der Schmelzpunkt des Eutektikums der herab-
gesetzte Schmelzpunkt der entsprechenden Komponente abgesondert wahr-
zunehmen.

Sind die mechanischen Gemische nicht vollstdndig homogenisiert, so
kann im Konzentrationsbereich von 50 bis 90% Tetrahydrophthalsdureanhydrid
neben dem Schmelzpunkt des Eutektikums und dem herabgesetzten Schmelz-
punkt des Tetrahydrophthalsdureanliydrids auf der DTA-Kurve auch der
Schmelzpunkt des reinen, mit Maleinsdureanhydrid in Berlhrung stehenden
Tetrahydrophthalsdureanhydrids beobachtet werden.
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Die Anderung der GroRen der zu den einzelnen Schmelzpunktspitzen
gehdrenden DTA-Flachen als Funktion der Tetrahydrophthalsdureanhydrid-
Konzentration ist in Abb. 11 zu sehen. Wie bereits erwahnt wurde, meldet
sich im Konzentrationsbereich von 20 bis 50% Tetrahydrophthalsdureanhydrid
auf der DTA-Kurve eine einzige Spitze bei 40 °C, daher gehdrt im ersten Teil
der Abb. 11 zu den einzelnen Konzentrationswerten nur jeweils ein Punkt.
Uber einem Tetrahydrophthalsaureanhydridgehalt von 50% wird mit wach-
sender Tetrahydrophthalsdurekonzentration die zum Schmelzpunkt des Tetra-

Tetrahydrophthalsaureanhydrid
Abb. 11. Anderung der GroRe der zu den das
Schmelzen des Tetrahydrophthalsdureanhy-
drids (1) und des Eutektikums(2) anzeigenden
DTA-Spitzen gehdrigen Flachen in Abhéangig-
keit von der Tetrahydrophthalsdureanhydrid-

T etrahydrophthalsdureanhydrid

Abb. 12. Anderung der die Verdampfung des
Tetrahydrophthalsdureanhydrid® (1) und des
Maleinsaureanhydrids (2) anzeigenden DTG-
Spitzentemperaturen in Abhangigkeit von der
Tetrahydrophthalsdureanhydrid -Konzentra -

Konzentration; a) mechanisch verriebene tion; a) mechanisch verriebene und 6) zusam-

Gemische und b) zusammengeschmolzene mengeschmolzene Gemische
Gemische

hydrophthalsdureanhydrids gehdérende Flache gr6Ber, wé&hrend die zum

Schmelzpunkt des Eutektikums gehdrende Flache kleiner wird.

Untersucht man den Ablauf der DTG- und TG-Kurven bei Gemischen
verschiedener Zusammensetzung, so sieht man, dal die das Verdampfen der
einzelnen Komponenten anzeigenden Spitzen der DTG-Kurve im Konzentra-
tionsbereich von 0 bis 70% Tetrahydrophthabdureanhydridgehalt getrennt
erschienen. Abb. 12 zeigt die Anderung der DTG-Spitzentemperaturen als
Funktion der Tetrahydrophthalsdureanhydrid-Konzentration. In Abb. 12 sind
bloR die die Siedepunkte des Maleinsdureanhydrids und des Tetrahydroplithal-
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sdureanhydrids anzeigenden Spitzentemperaturen eingezeichnet. Vor der fur
das Maleinsdureanhydrid charakteristischen DTG-Spitze (195—230 °C) ist ein
weiterer Knickpunkt der DTG-Kurve zu beobachten, der vermutlich die Ver-
dampfung der Schmelze eutektischer Zusammensetzung von der Verdampfung
des Maleinsdureanhydrids trennt. Der durch diesen Knickpunkt gekenn-
zeichnete Gewichtsverlust wurde in den spateren Darstellungen nicht beriick-
sichtigt, daher wird die TG-Kurve durch die Projektion des zwischen den die
Verdampfung der einzelnen Komponenten anzeigenden DTG-Spitzen liegenden
Knickpunktes in zwei Teile geteilt. Zur ersten DTG-Spitze (195—230 °C) ge-
hort stets ein gr6Berer Gewichtsverlust, als dies der eingewogenen Malein-
sdureanhydridmenge entsprechen wirde. Dementsprechend ist der zur Ver-
dampfungsspitze des Tetrahydrophthalsdureanhydrids gehdrende Gewichts-
verlust immer kleiner, als der eingewogenen Tetrahydrophthalsdureanhydrid-
menge entspricht. Mit ansteigender Tetrahydrophthalsdureanhydrid-Kon-
zentration nimmt die Differenz zwischen dem ersten Gewichtsverlustabschnitt
und der eingewogenen Maleinsdureanhydridmenge stetig zu. Bei mechanisch
hergestellten Gemischen steigt diese Differenz bis zu einem Tetrahydrophthal-
sdaureanhydridgehalt von 30% schneller an, als Gber 30%. Bei Schmelzen ist
der Anstieg gleichmé&Big. Wenn man den zu den einzelnen DTG-Spitzen gehd-
renden Gewichtsverlust als Funktion der eingewogenen Tetrahydroplithal-
sdureanhydridmenge darstellt (Abb. 13), so erh&lt man im Falle von mecha-
nisch hergestellten Gemischen Geraden, die hei 31% Tetrahydrophthalsdure-
anhydridgehalt, also hei der eutektischen Zusammensetzung, einen Knickpunkt
aufweisen. Bei Schmelzen konnte dieser Knickpunkt nicht einwandfrei repro-
duzierbar beobachtet werden. Aus den Kurven der Abb. 13 kann festgestellt
werden, daB die Projektion des Knickpunktes, nach der DTG-Spitze bei
195 —230 °C, auf die TG-Kurve (Abb. 5—s), im oberen Abschnitt derselben
einen Gewichtsverlust anzeigt, der aus der Verdampfung des eingewogenen
Maleinsdureanhydrids und eines Teils des mit dem Maleinsdureanhydrid in
eutektischer Zusammensetzung befindlichen Tetrahydrophthalsdureanhydrids
herrihrt, wie dies schon oben angedeutet wurde. Der andere Teil des Tetra-
hydrophthalsdureanhydridgelialtes destilliert selbst unterhalb eines Tetra-
hydrophthalsdureanhydridgehaltes von 30%, also bei einem Gehalt, wo das
gesamte Tetrahydrophthalsdureanhydrid als Bestandteil des Eutektikums vor-
liegen miRte, bei hdherer Temperatur gesondert ab.

Die beschriebenen thermischen Eigenschaften ermdéglichen die qualitative
bzw. quantitative Bestimmung von Maleinsdureanhydrid und Tetrahydro-
phthalsdureanhydrid nebeneinander.

Im Konzentrationsbereich zwischen 0 und 60% Tetrahydrophthalsdure-
anhydrid wird der Tetrahydrophthalsdureanhydridgehalt — sowohl bei aus
der Schmelze als auch bei aus Ldsungen erhaltenem Tetrahydrophthalsdure-
anhydrid — zweckmadRigerweise mit Hilfe der DTG- und TG-Kurven, auf
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Grund des Zusammenhanges zwischen dem zur DTG-Verdampfungsspitze des
Tetrahydrophthalsdureanhydrids gehdrigen Gewichtsverlust und der Zusam-
mensetzung (Abb. 13) bestimmt. Bei Gemischen die 60 bis 100% Tetrahydro-
phthalsdureanhydrid enthalten, eignet sich die GroRe der zum Schmelzen der
einzelnen Komponenten gehdrigen DTA-Fldchen (Abb. 11) zur analytischen
Bestimmung des Tetrahydrophthalsdureanhydrids. Da die von den DTA-
Kurven von mechanischen Gemischen bzw. Schmelzen aufgenommenen

1010 30i0 50 60 708090100 %
Te trahydrophthalsaureanhydrid

Abb. 13. Die Anderung: des zu den die Verdampfung; des Maleinsdureanhydrids (1) und des

Tetrahydrophthalsdureanhydrids (2) anzeigenden DTG-Spitzen gehorigen Gewichtsverlustes,

in Abhdngigkeit von der Tetrahydrophthalsdureanhydrid-Konzentration; a) mechanisch ver-
riebene und b) zusammengesehmolzene Gemische

Kalibrationskurven (Abb. 11) nicht wesentlich voneinander abweichen, ist es
ratsam, stets die fir mechanische Gemische aufgenommene Kalibrationskurve
zu verwenden, da bei der vorangehenden Verschmelzung der als Etalon ver-
wendeten Gemische mit einem durch Verdampfung verursachten Verlust der
leichter flichtigen Komponente zu rechnen ist. Dies wird auch durch die fur
zusammengeschmolzene Gemische aufgenommene Kalibrationskurve in Abb.
11 angezeigt. Diese Kurve stellt die Anderung der GroRe der Flache dar, die
zu der das Schmelzen des Eutektikums anzeigenden DTA-Spitze gehdrt. Wie
ersichtlich, schneidet die Kalibrationskurve statt bei 100% bereits bei 96%
Tetrahydrophthalsdureanhydridgehalt die Abszisse, da heim Verschmelzen
der einzelnen Gemische ein Teil des Maleinsdureanhydrids verdampft ist.
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Zur anndhernden Bestimmung der Reinheit des Tetrahydrophthalsdure-
anhydrids kann auch die das Schmelzen des Tetrahydrophthalsdureanhydrids
anzeigende Temperatur der DTA-Spitze verwendet werden (Abb. 10).

Das Phasendiagramm kann im ganzen Konzentrationsbereich fir die
Bestimmung der beiden Komponenten nebeneinander benitzt werden. Jener
Temperaturwert, bei der an der Abkuhlungskurve des Musters von unbekannter
Zusammensetzung ein Knickpunkt erscheint, wird auf die Liquidus-Kurve
projiziert, und der auf diese Weise erhaltene Schnittpunkt auf die Abszisse,
an der dann die Zusammensetzung abzulesen ist. Im Konzentrationsbereich
von 0 bis 50% Tetrahydrophthalsdureanhydridgehalt kann hier dadurch ein
Problem entstehen, daRB fir einen gegebenen Temperaturwert auf beiden
Asten der Kurve (Abb. 9) Punkte vorliegen. In der Praxis ist jedoch dieser
Bereich nicht von Interesse, denn das bei der Herstellung untersuchte Tetra-
hydrophthalsdureanhydrid enthdlt im allgemeinen nicht mehr als 20% Ver-
unreinigung. Falls aber bei irgendeinem Muster die Zusammensetzung in diesem
Bereich liegt, wird man so vorgehen, dal man das Muster mit einer bekannten
Menge von Tetrahydrophthalsdureanhydrid versetzt, und wenn dann auf der
Abkuhlungskurve des erhaltenen Gemisches der Knickpunkt zu niedrigeren
Temperaturen hin verschoben wird, erhdlt man auf der linken Seite des
Diagramms die richtige Zusammensetzung, und bei einer Verschiebung gegen
hohere Temperaturen hin, auf der rechten Seite.

Das auf der Untersuchung des Phasendiagramms beruhende analytische
Verfahren ist sehr schnell, es beansprucht nur etwa 10—15 Minuten und liefert
in Anwesenheit von zwei Komponenten sehr genaue Werte. Die derivato-
graphische Bestimmung ist langsamer, sie beansprucht etwa 3 Stunden. Die
beiden Methoden ergénzen sich jedoch in dem Fall, wenn das Muster neben
Maleinsdureanhydrid und Tetrahydrophthalsdureanhydrid noch andere Kom-
ponenten enthalt.

Aus 5 parallelen Messungen berechnet, betrdgt der Fehler der Bestimmung
sowohl auf Grund der Derivatogramme als auch auf Grund des Phasen-
diagramms % ;1 rel.%.

ZUSAMMENFASSUNG

Maleinsdurean liydrid, Tetrahydrophthalsdureanhydrid, sowie deren mechanisch ver-
riebene und zusammengeschmolzene Gemische verschiedener Zusammensetzungen wurden
derivatographisch untersucht. Das Phasendiagramm dieses bindren Systems wurde ebenfalls
aufgenommen. Sowohl die Derivatogramme als auch das Phasendiagramm zeigen eindeutig,
dal Maleinsdureanhydrid und Tetrahydrophthalsdureanhydrid beim Erwédrmen ein Gemisch
von eutektischer Zusammensetzung bilden. Wie das Phasendiagramm zeigt, liegt der eutek-
tische Punkt bei 31% Tetrahydrophthalsdureanhydridgehalt bei 36 °C. Auf den Derivato-
grammen erscheinen in einem gewissen Konzentrationsbereich die Schmelz- und Siedepunkte
des Eutektikums und der reinen Komponenten getrennt. Nach Aufnahme von entsprechenden
Kalibrationskurven sind im Konzentrationshereich von 0 bis 60% Tetrahydrophthalsdure-
anhydridgehalt die zu den die Siedepunkte der einzelnen Komponenten anzeigenden DTG-
Spitzen gehorigen Gewichtsverluste zur quantitativen Bestimmung der Komponenten geeignet,
wdahrend im Konzentrationsbereich von 60 bis 100% Tetrahydrophthalsdureanhydridgehalt
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die GroRe der zu den den Schmelzpunkt der einzelnen Komponenten anzeigenden DTA-
Spitzen gehodrigen Flachen fir diesen Zweck verwendet werden kann. Aus dem Phasendia-
gramm kdnnen sowohl in mechanisch hergestellten Gemischen als auch in Schmelzen die beiden
Komponenten nebeneinander quantitativ bestimmt werden.
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THE STERIC STRUCTURES OF SOME 1-ETHYLIDENE-INDENES
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In Part Il [1] of the present series the syntheses of two geometrically
isomeric forms of I-ethylidene-2-methyl-3-anisyl-5,6-dimethoxyindene (I) as
well as of the 3-veratryl analogue (Il) have been described.

I X=H a: m. p.: 108-109°; b: m. p.: 144-146°
Il X= 0OCHs a: m. p.: 146—148°, b: m. p.: 163 165°

Although slight differences could be observed between the IR and UV
spectra of the corresponding isomers, their steric structures could not he
deduced therefrom. Furthermore, an examination of the Stuart models re-
vealed that no significant additional steric strain existed in either of the
corresponding isomers in comparison with the other; therefore, their steric
structures could not be elucidated on the basis of existing differences in
stability, the latter being manifested in the fact that treatment with acid
converted the higher melting compounds into their lower melting isomers [1].

As to its type, the geometric isomerism of the l-ethylidene-indenes in-
vestigated may be compared, as a first approximation, with the stereoiso-
merism of styrenes monosubstituted at the 8 carbon atom. For the elucidation
of steric structures of the latter type the study of the NMR spectra proved to
be an excellent tool (cf. e.g. [2])-

An inspection of the structural formulas readily reveals that in trans-
propenylbenzene (I11) the hydrogen in R position approaches the benzene ring
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significantly more closely than the corresponding hydrogen of the cis isomer
(IV). Therefore, as a consequence of the deshielding effect of the benzene ring,
the signal of the hydrogen atom in question must be shifted in the trans form
downfield with respect to the cis form. This expectation accords fully with the
experimental findings in spite of the non-planarity ofthe cis isomer as contrast-
ed with the planar structure of the trans form. However, the disturbing effect

of non-planarity manifests itself in the position of the signal of the terminal
methyl group. If, namely, the cis form would also he planar, the signal of the
methyl group should, again as a consequence of the deshielding effect of the
benzene ring, appear at lower fields than the corresponding signal in the NMR
spectrum of the trans form. In reality, however, this signal is found in the
spectrum of the cis form at higher fields as a consequence of steric inhibition
of the conjugation and hyperconjugation (cf. [2]).

The above consideration may he briefly summarized by the statement
that, in the JNMR spectrum of trans-propenyl-benzene (l11), the signals of both
the hydrogen atom and the methyl group are to be found downfield as com-
pared with the corresponding signals of the cis form (1V).
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The NMR spectra of the stereoisomeric forms of I-ethylidene-2-methyl-
3-anisyl-5,6-dimethoxy-indene (I) are depicted in Figs 1and 2. The signals may
easily be assigned based on their positions, intensities and multiplicities; see
Table 1I.

In both pairs of isomers the signal of the methine proton of the higher
melting form (lb, lib) is found at lower fields, that is the methine hydrogen of
the ethylidene group occupies in these compounds the cis position with respect
to the condensed benzene ring, while the methyl group of the ethylidene
chain occupies the Irans position with respect to the same ring.

It is to be noted that — in contrast to the case of the pair of cis- and
trares-propenylbenzene — the signals of the methine hydrogen and the methyl
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Table |
Compound Chemical shifts (& ppm, TM S=0) and coupling constants (J, cps)
Multiplicity
Group la Ib Ia lib
C
/
CH3-C(H)=C 235 (J=7.2) 2.26* (J=7.2) 2.41(J=8.4) 2.26%(J=8.4) doublet
C
/
(CH3)-CH =C 6.36 (J= 7.2) 6.48* (J= 7.2) 6.36 (J= 7.2) 6.50** (J=7.2) quadruplet
\
C

*The signal partly overlaps with that of the other methyl group, the maxima, however,

are well separated.
** The quadruplet of the methine proton partly overlaps with the signals of the aromatic

protons.

group of the ethylidene chain are not shifted in the same, but in opposite
directions when turning from one isomer to the other. This difference is un-
doubtedly a consequence of the fact that ethylidene-indenes, their rigid five-
membered ring being built only from sp2 hybridized carbon atoms, may only
negligibly be distorted from planarity, if at all, irrespective of the fact
whether the methyl group of the ethylidene chain is cis or Irans to the con-
densed benzene ring.

Experimental

For the preparation of compounds la, Ib, lia and lib see [i]-

NMR spectra were obtained in approximately 5% CDC13 solution at 60 MHz with an
instrument of Type JNM —C—60 (Japan Electron Optics Lab.) at room temperature, TMS
being used as the internal reference.

The spectra were run by Mr. G&bor Téoth to whom thanks of the authors are due.
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SUMMARY

By NMR spectra, the methine proton in the higher melting isomer of I-ethylidene-2-
methyl-3-anisyl-5,6-dimethoxyindene (I) and in the corresponding 3-veratryl derivative (Il)
has been shown to occupy the cis position with respect to the condensed benzene ring, while
in the lower melting isomers the same hydrogen occupies the trans position.

REFERENCES
1. Lempert-Sréter, M.: Acta Chim. Acad. Sei. Hung. 51, 107 (1966).

2. Barbieux, M., Defay, N., Pecher, J., Martin, R. H.: Bull. Soc. Chim. Belg. 73, 716
(1964).

Magda Lempert-Sréter; Budapest VIII., MlGzeum krt. 4/b.
Pal Sohar; Budapest IV., Szabadsagharcosok Utja 47 —49.

Acta Chim. Acad. Sei. Hung. 54, 1967






Acta Chimica Academiae Scienliarum Hungaricae Tomus 54 (2), pp. 209—211 (1967)

S-ALKYL vs. S-HETEROCYCLIC BOND CLEAVAGE
DURING DESULFURATION UNDER REARRANGEMENT
OF S-ALKYL-55-DIPHENYL-4-THIOHYDANTOINS
BV ALUMINIUM CHLORIDE*

(SHORT COMMUNICATION)

J. NyiTRAI, K. LeMPERT and S. BEKASSY
(Department of Organic Chemistry, Polytechnical University, Budapest)

Received June 12, 1967

It has been previously shown that 5,5-diphenyl-4-thiohydantoin (la) as
well as 5,5-diphenyl-dithiohydantoin (lb), when refluxed with an aromatic
hydrocarbon as solvent in the presence of aluminium chloride, are desulfurized
under simultaneous migration of one of the phenyl groups to yield 4,5-diphenyl-
-2-imidazolinone (W a) and 4,5-diphenyl-2-imidazolinethione (lib), respectively
[1, 2]. The same products were formed starting either with the S-4-methvl
(Ilia, e) or the S-4-benzyl (lllb, d) derivatives of la and Ib, respectively
[L 2].

As to the fate of the sulfur atom eliminated during rearrangement it
could be shown that, starting from Ib, half of the sulfur becomes transformed
into hydrogen sulfide while the other half is used to sulfurate the solvent
yielding diphenylsulfide and isomeric ditolyl sulfides, if benzene and toluene
are used as solvents, respectively [2].

a:Y =20 a:R = Me, Y = O
h:8 =S8 b:R= PhCH2 Y = 0O
¢ : R = Me, Y = §
d:R = PhCH,, Y =S

We now wish to report on our results relating to the fate of the methyl-
thio and benzylthio groups which are cleaved from the imidazoline nucleus
during rearrangement of Ilia and Illb, respectively. A priori, there seems
to be two possibilities for such a cleavage: the alkylthio group might be

* Hydantoins, Thiohydantoins, Glycocyamidiues. Part 26. — Part 25: see [2].
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cleaved, firstly, as a whole (cleavage at b), or, secondly, it might be cleaved
in two successive steps first at a and subsequently at b, i.e.,, by cleavage of
the alkyl group, la would firstly form and, subsequently, rearrange normally
under elimination of sulfur. Since it has been found previously that S-benzyl
derivatives of 5,5-diphenyl-thio- and -dithiohydantoins are readily debenzyl-
ated under mild conditions by aluminium chloride to yield the corresponding
parent hydantoins (e.g. Illb is debenzylated to la) [3, 4] the second course
was considered as the more probable [2].

When Illb was refluxed with benzene in the presence of aluminium
chloride as previously [1, 2] described, evolution of hydrogen sulfide could be
observed as in the case of rearrangement of la, demonstrating that, prior to
cleavage at b, the benzyl group, in fact, has been cleaved. This finding could
be corroborated by GLC of the residue of the reaction mixture after removal
of the rearrangement product (Ha) and the solvent. By using this technique,
the presence of considerable amounts of diphenylmethane and diphenylsulfide,
formed by benzylation and sulfuration of the solvent, respectively, could be
detected. a-Toluene-thiol and benzyl-phenyl-sulfide which would be the ex-
pected products, if the benzylthio group were cleaved as a whole, however,
were totally absent. The formation of diphenylmethane clearly shows that
not only the sulfur atom, as shown previously [1, 2], but also the benzyl group
is eliminated in cationic form.

A substantially different result was obtained when the rearrangement
of Ilia by aluminium chloride in refluxing benzene was examined by the
same technique. In this case, namely, not even traces of hydrogen sulfide,
diphenyl sulfide and toluene, the latter two being the expected products of
sulfuration and méthylation of the solvent, coidd be detected. Instead of these,
large amounts of thioanisole and l,4-di(methylthio)-benzene were formed.
The formation of the latter products clearly demonstrates, firstly, that the
methylthio group is cleaved as a whole (cleavage at b) and, secondly, that it
too is cleaved in cationic form, thereby being enabled to effect electrophilic
substitution of the solvent benzene.

It may be, thus, concluded that the mode of cleavage of the alkylthio
groups during aluminium chloride induced rearrangement of S-alkyl-5,5-
-diphenyl-4-thiohydantoins is determined by the kind of the alkyl group.
An alkyl group which is sufficiently stable in cationic form, as e.g. the benzyl
group, is cleaved separately from the sulfur atom (cleavage at a), the latter
being eliminated only subsequently (cleavage at b). While, if the alkyl group
is unstable in cationic form, as e.g. the methyl group, the alkylthio group
becomes cleaved as a whole (cleavage at b).

GLC experiments were carried out with a Carlo Erba Fraktovap Model
P gas chromatograph with athermal conductivity cell detector (column length
1 m, diameter 6 mm, temperature 180°, filling: 5% apiezon L on chromosorb
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G; carrier gas: hydrogen; evaporator temperature: 210°; solvent for injection
of solid substances: benzene).

All products formed during rearrangement of Ilia and Illb were already
known and were characterized either by gas chromatography (see above) or
by their mp.-s and mixed mp.-s with authentic samples.
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ACTA CHIMICA

TOM LIV — Bbl /1. 2

PE3IOME

Anre6panyeckoe pacCMOTPEHME CTEXMOMETPUM OAHOFO KJacca XUMMYECKMX
peakuuii

A. METE

Mcxoas M3 NUHeHOro anre6pamyeckoro xapaktepa (opMasibHOro npeacTas/ieHus
XUMUYECKMX YacTWL, M UX peakumit, paccmMaTpMBaloTCs T. Ha3. NPOCThle XMMUUECKME peaKLinu,
KOTOpbIe OMNPeAensoTea CeAyoLyM 06pasoM: JaHHas peakLivsl HasblBaeTCsl MPOCTO peakumeid,
ecnn cpeayt XMMMUYECKMX YacTuiLll, NMPUHMMAIOLLMX yyacTue B 3TOW [aHHOW peakLuu, CTexuo-
METPUYECKU He VMMElOT MecTO HMKakue Apyrvie peakuuu. (Peakuuu, sBASIOWMECS KPaTHbIMM
Nno OTHOLIEHWIO APYT K APYrY, CUATAlOTCA WAEHTUYHbIMWA.) HeKoTopble OCHOBHble CBOICTBA
NPOCTbIX peakuuit A0KasaHbl METOAOM JIMHEMHON anre6pbl ¥ WAMIOCTPMPOBaHbI Ha MpUMeEpe.
HaxoxaeHue NPocTbIX XMMUYECKUX peaKLIMil MOXET 6biTb MPOM3BEAEHO U ANS NOGbIX CUCTEM
MHOFOKOMMOHEHTBIX peaKLuii.

OnpefeneHre MUKPOKOMMYECTB repMaHusi B pacTBopax, Cofepyallnx nepeKkumchb
BOJOpofa M (hTOPMCTbI BOAOPOS

E. NTYHITOP n A. XANNAC

Bbl/ pa3paboTaH MeToA onpeaeneHns repMaHusl, HaxoAsALLIeroca B KOHUeHTpaumu 10-6r/mn
B TPaBWU/bHbIX PacTBOpax, COAePXKaLMX NepeKncb BOAOPOAA U PTOPUCTOBOOPOAHYHO KUC/IOTY.
Meluatolige BAUsiHME (DTOPUCTOBOAOPOAHOM KWUCMOTbI NPeAoTBPalLLaioc C MOMOLLbI0 06paso-
BaHUA KoMr/ieKca nocnedHeli ¢ 60pHoli KMCMOTOI. MepeKnchb BoAopoAa yaansnach TUTpoBaHMEM
nepMaHraHaToM Kanusi. 'epMaHuil 3KCTParnpoBasca U3 rnoslyyeHHoOro TakuM 06pasom pacTeopa
YETbIPEXX/IOPUCTBLIM YINIEPO/IOM B CONAHOKUC/IOTHOM cpefe, a 3aTeM BHOBb NepeHOCUIICA ¢ BOAOM
B BOAHYIO (hasy. OnpefeneHve repMaHust MPOMCXOAMUT (POTOMETPUUECKM C MOMOLLLIO COfsi-
HOKMC/OrO (heHUNQ/TyopoHa, M3Mepsisi MorsolieHre npu 500 MMK.

OnpegeneHne MaKCMMasibHO UyBCTBUTE/IbHOCTM aKTMBALMOHHOIO aHanunsa
peaKkuUmii, OKasblBatoLMX MeLLatoLLee AelicTBME APYT Ha ApYyra, C MOMOLLbIO MeToda
MaKCMMa/lbHOro Mnoao6ms

MNM.KBUTTHEP

MeTo0M MaKCMMa/bHOro MoAo6usi onpefensinack MakcUManbHasi 4YyBCTBUTENIbHOCTb
aKTMBALWOHHOIO aHa/im3a B O6GLLUEM C/lydae MeLLAOLMX PeakLmnii, BO3HMKAIOLWMX Npu 06/1y-
YeHWK B peakTope. MeToA MPUMEHANCA ANA onpeaeneHnst 6e3 JeCTPYKLUMM COAepXKaHWs BOSb-
(hpama, a/lOMUHUSI U KPEMHVS.



O6CcyeHne MpoLEccoB 3/EKTPOHHOr0 BO30YXAEHMA U CTPYKTYypbl CBS3ei
KOMIM/1EKCOB MOHOB META/I/IOB C 3/IEKTPOHHOW CTPYKTYPOI 3 gn Ha OCHOBe MeTofa
nons nvradgos, 1. OkTasgpudeckmne komniekcbl xpoma(ll) u kobanbta (111)

M. BAH n . UACAP

Ha ocHoBe Teopuu nons nuraHgoB Ans komnnekcoB Tuna Me(LU)Xc n Me(l11)L3
(Me = Cr+3 Co+3) 6blM paccunMTaHbl xapakTepucTuyeckue napametpbl (A, B, C) 1 BeNNUMHBbI
(B n <5%), NponopuMoHasibHble XapakKTepy KOBa/IEHTHbIX CBA3e. CNeKTPOXMMUYECKNIA psaj,
[OHOpPHbIX atoMoB (Cl < S< F< O< N < C) cooTBeTCTBYET HanpaBfeHUO W3MEHeHUsI
WOHHOro paguyca. Ana coeguHeHnii Co+3 B NuWb cnerka nusMeHsieTcs, noatomy <6% a ele
nydie A KaxyTcsa 60siee NPUrogHbIMU 4715 XapaKTepuUCTUKU CBA3eR, 06pasyroLnxcs B Morse-
Kyne. B 06enx rpynnax CoegMHeHWn Hamnbosee HU3KUe 3HaYeHNs A U Hanbosee KOBaNeHTHble
CBAI3M NONYYalTCA B Cyyae TUOCOEAMHEHUN.

MK- n PawmaH cnektpbl Monekynbl nupasvH-gu-M-okeuga

. CEKE, ib. BAPWAHWN u 3. BANTL,

N3 UK- 1 PamaH CMeKTPOB MOMEKy/bl MUpasuH-au-M-okcuaa 6b110 yCTAaHOBIEHO MO
[aHHbIM YacTOT W YKOpaumBaHUsi CBA3W, UTO CBA3b N—O HOCWT XapaKTep [ABOWHOW CBS3W.
3HaunTeNbHoe Noao6Me HOpMasibHbIX YacTOT MOJEKY/ MupasuH-au-MY-okenga v N-AudTop6eH-
30/1a ABNsAETCA CMEACTBUEM M303/1eKTPOHHbIX CBOMCTB.

Cuctema cBsasein N-auun-cyibunmmmHoB, V. MK-CneKTPoCKonmMyeckoe n3y4veHu
N-M-HUTPOodeHUNCYMbGHOHUN-CYNbPUIUMNHOB

A. KYUMAH, N. KAMNOBUY un &. PYDPD

VIHTeHCMBHaA Mosoca, NosBAAIWAaNAcs B MK-CHEKTPe N-CynbOHH-CYyTbOUINMUHOB B
o6nactn 935—1020 cm~' BEPOSATHO OTHOCUTCA K aCMMMETPUYHOWM Nosioce BasleHTHbIX Kofeba-
HuiA rpynnbl SIVNSVI (VANS). Mpynna Q B psAgy N — n-HUTpodeHuNcynbhoHNA-CyNbOUANMHOB
(RR’SNSOjQ; Q = CeH,NOan), a Takxe Kak n gna Q = C6HACH3n BnusieT Ha rpynny SO,
WHAYKTUBHbIM, @ Ha SNS conpsiKeHHbIM MyTéM. B HEOO0/bLLIOM YMeHbLUEHUM  HacTOTbl VSNY (3rSNS
= 3—23 cM']) B cynbmMMUHaX, cogepXKaliMx B KavecTBe R - DeHWIbHYIO WU METWU/IbHYHO
rpynnbl, MOXHO TakKXXe HabnoaTb 3PGEKT CONPSKEHUS UM CBEPXCONPSHKEHMA ANA Cny4yas
Q= CRH4NOa Takxe Kak 1 gni Q — CcHACH3 .

BnusiHne cTepuyeckmx ahheKTOB Ha CK/IOHHOCTb 06pasoBaHus KeTasell B ciiyyae
HEKOTOPbIX XUHOJIM3UHOH-MPON3BOAHbIX

1. HOBAK, IN. WOXAP un 4. CAHTAU

BbIfI0 YCTAHOBNEHO, YTO HAB/MIOAAETCS B3aVMOCBS3b MEX/Y CKMOHHOCTbIO 06pa3oBaHus
KeTaneli WM TUAPATOB COMeli HEKOTOPbIX MPOU3BOAHBLIX XMHON3MHOHA W CMELLEHNEM BasieHT-
HOl YacToTbl KapGoHuna. [a 06bACHEHS 9TUX SIBMEHWIA cneayeT NPUHMMATbL BO  BHUMaHue,
B MEpBYI0 oYepeflb, CTepuueckue ageKTbl.

VHoon v npousBogHble MHAoNa, |

A. TEPEY n T. TOT

Bblf10 YCTAaHOB/IEHO, YTO peakuus ferngporeHnsaumv WHAOMHA U ero Mpov3BOAHbLIX B
pacTBoOpe, B NPUCYTCTBUN HUKeNnsi PeHes npoTekaeT n npy 70—80 °C co CKOPOCTbH, MpUr 0gHOM
Kak AN KUHETUYECKUX W3MEPEeHUR, Tak M ANs npenapatuBHbIX Leneid. ONucbIBaeTcs MeTOA U
yCTaHOBKa, NO3BOMAIOLLME CMeAUTb 3a NPoTeKaHWeM peakuMu BO BPeMeHW. B kayecTBe pacTBoO-



puUTENs UCNOMb30Ba/IUCb UMKAOreKcaH, 6eH30M, TONyon M Kcuion. B criyyae apomaTuyeckmnx
pacTBopuTENel HeKOTOpas YacTb 06pasytoLLerocs Bogopoda pacxofyeTcs Ha UX rMapupoBaHue.
Peakuun pgerngporeHmsauumn nofgsepraiucb MHAOAMH, a Takxke N-metun-, N-3atun-, N-npo-
nun-, 6-MeToKCcU- U 6-aMUHO-UHAO/IUHbI.

VccnegoBaHme JerupouuKInzaumMm Ha MeTasl/IMYecKux KaTanmsaTopax

3. MAZT v N. TETEHMN

VccnegoBanach peakuus Aeruipouukinsaunm H-rekcaHa B NpuUCcyTCTBMM NIATUHOBbLIX Y
HUKeNeBbIX KaTtann3aTopoB, MPUMEHSBLUMXCA W B UYWCTOM META/IINYECKOM COCTOSHUM, U Ha
HOCUTe/e OKUCU aNTlioMUHNA. Jerngpoumknusanma nuccnegosanacb B TeMnepaTypHOM MHTepBane
300—500° B cny4yae nnatuHbL, a B MNPUCYTCTBUN HUKENS peakuun KpPeKuHra npeobnaganvcb
BbilLe, Yem 400 °. Peakuuy NPOXOAWAN HEU3MEHHbIM MYTEM B LIeSIOM MCCNEeA0BAaHHOM AmnanasoHe
TemnepaTtypbl. B KaTanusate 06Hapy>XMBa/MCb HEHAaCbILLEHHbIE YINIeBOLOPOAbl — FEKCeHbl Y
rekcagveHbl. Hactosilme pesynbTaTbl BMECTe C MPeablAyLLMy AaHHLIMU FOBOPSAT O TOM, YTO 3Tu
COeAVHEHUA ABAAKOTCA MPOMEXYTOUHbIMW  NPOAYKTaMW  AernipoumKamsaumm  H-rekcaHa.
VccnepgoBaHns, € NpUMeHeHVEM COeAMHEH NI, MeUeHHbIX PagnoKapboHOM, TaKxe AoKasanu no-
CnefoBaTeNlbHOCTb peakLWil rekcaH — FeKCceHbl — rexkcagveHbl  6eH30n. Onpefensnach Ka-
XKYLLAsACA 3Heprns akTMBaumv LernpoumKIn3aumrm H-rekcaHa, Mano 4Yem OT/MYaloWascs oT
3HEprum akTuBauum JerngpoumkKnn3aumm rekceHoB. Bblio nokasaHo, YTo aTMocdepa Bogopoja
ycKopsana peakuuu, NpUYéM NpUyTCTBUE BOAOPOAA He OKas3aslo BAMSAHUSA HaXxapakTep NpoMexy-
TOYHbIX NPOLYKTOB.

TepMUYECKOe N3YUHeHME OPraHUYecKMX CUCTEM, YHaCTBYHOLLMX B NpoLeccax nony-
YeHna GyHrmungoB Captan m Faltan, 1. TepMuueckoe m3y4deHue cmecei
aHrMApuaoB ManenHoBOM W TeTparvapodTraneBoli KucaoT

T. ®10PA n A. AAMALW N

M3yyanucb MexaHU4ecKue W Crnas/fieHHble CMecUM aHrMApuaoB MasieMHOBON W reTparng-
poTaneBoii KUCAOT C Pas3/IMyHbIM COOTHOLLEHVEM KOMMOHEHTOB, a@ TakXe CaMu KOMMOHEHTbI
CMeceli ¢ nomoLLpto fepuatorpagum. CHMManach hasoBas gvarpaMmma 3Tux 6UHapHax CUCTEM.
M3 pepnBatorpamyecknx uccnefoBaHuii n 13 (asoBbIX gvarpamm 6bl10 YCTAHOB/IEHO O4HO-
3HaYHO, YTO aHrNAPUAbI MasIEMHOBOW Y TeTparvapoTaneBo KUCAOT 06pasytoT IBTEKTUYECKYIO
cMmecb. CornacHo (pasoBoi Avarpamme TOUKa IBTEKTUKM HaxoauTces npu 36 °C 1 COOTBETCTBYET
31 %-HoMy coAepXXaHuio aHrnapuaa TeTparnapodTaneBoil KUCNOTbl. B onpegeneHHbIX 061acTsax
KOHLIEHTpauuii 0TAeNbHO NOSABAAIOTCA TOUKM NAaBfAeHUs ir KUMeHUS 3BTEKTUKM U YUCTbIX KOM-
MOHEHTOB Ha fJepuBaTorpammax. OrnipefeneHne noTepb, OTHOCALLMXCA K NUKam TemnepaTyp
KWUMNEeHWS 0TAeNbHbIX KOMMOHEHTOB Ha KpuBbiX ATI B 06/1acTM KOHUeHTpauuin oT 0 go 60%
COAepXXaHUsA aHrngpuga TeTparngpoTaneBoil KWUCAOTbI, U OMNpeAeneHne BeNVUYUH NOLLAfeN,
OTHOCALLMXCA K MMKaMm TemnepaTyp NaaBfieHUs 0TAefIbHbIX KOMMOHEHTOB Ha KpuBbix ATA, B
o06nacTn KoHueHTpauuii ot 60 go 100 % cofep>XaHnsA aHrngpuaa TeTparngpoTaneBo KUCNOTbI,
No3BONAIOT OMpefesieHne cocTaBa KOMMNOHEHTOB MOC/e CHATWUSA COOTBETCTBYHOLUMX KannubpoBoY-
HbIX KpuBbIX. OAHOBPEMEHHOe OnpefefieHne KoMnyecTBa A4BYX KOMMOHEHTOB MPOBOAMTCH U3
(ha3oBol guarpammbl Kak B C/lyHae MexaHWYeCcKMX, TaK U Cr/iaB/fIeHHbIX CMeCel.

1,5-AukeToHbl, 1ll. TlpocTpaHCTBEHHAaA CTPYKTypa HeKOoTopbIX 1-3TUNNAEH-
WHLEHOB

M. NEMI1EPT-WWPETEP u M. WOXAP

Ha ocHOBe CMeKTPOB AAEPHOro MarHWTHOrO pe3oHaHca 6blf0 YCTAaHOB/EHO, YTO Cpeau
[BYX T[EOMETPMYECKUX W30MEPHbIX MoaMduKaumii, Kak 1-3TununpeH-2-metun-3-aHu3nn-5,6~
anmeTokeumnHieHa (1), Tak 1 COOTBETCTBYIOLLEr0 3 BepaTpW/ COeAMHEHNS METAHOBLIA MPOTOH B
60n1ee BbICOKOMNABALLENCA MOANNKALIMN HAXOAUTCS B LMC-MONOXEHUN, a B 60/1ee HU3KOMNIaBS-
Leics MoanhrKaumm B TPAHC-MOI0KEHUWN MO OTHOLLEHUIO K KOHAEHCMPOBaHHOMY apomMaTu-
YeCKOMY KOJIbLLy.
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SAMEYAHWNA PEOAKTOPA

3TOT ABOWHON HOMEpP >XYypHana COAEP>XMWT, C Of4HOW CTOPOHbI, paboThl
Tex aBTOpPOB, KOTOPble MONYYMNN CBOE HayyHOe 06pa3oBaHME WU CBOKW Hay4YHYIO
cTeneHb B CoBecTckoM Cot3e, C ApYyroil CTOPOHbI, paboThl, ABNAKOLINECH pPe3yNb-
TaTOM HayyHOro COTPYyAHUYECTBA BEHIEPCKUX U COBETCKUX YUYEHBIX.

3Twu paboThl, ABNAACL NUWb OTOOGPAHHBIM MaTepuanoMm, JeMOHCTPUPYHO T
Ty 60NblWIYD MNOMOLWbL KOTOPYK OKasbiBan M OKasbiBaeT W B HacTosliee Bpems
CoBeTckuit Cot3 B 06nacTW BOCNUTbIBAHUA W pa3BUTUA TBapLUU BEHTEPCKNX
uccnefoBaTeneil, a TakXe UNNOCTPUPYW T, HACKONbKO MNNOAOTBOPHbIMU K
nonesHbIMu ABAOTCA ANa  06eux CTOPOH Koomepauuu, BO3HMKILIME MeXAY
COBETCKUMWU W BEHITEPCKMMM Hay4YHbIMW uUcCCNefoBaTEeNsiIMU, KOTOpPble BCE BO3pac-
TawT M ycunusarw TcA.

Pepakuna >xypHana Acta Chimica Hungarica 3TwuM HOMEpPOM XO04eT
oTMeTunTb 50-yt0 rogoBwmnHy Benukoin OkTs6pbckot CoymanncTuyeckoin Peon-
oumnn.

BENA NEHAEN
UneH AH BeHrpuu, MnaeHblii PefakTop

EDITOR'S NOTE

This double issue contains papers by authors who obtained their scientific
training and degrees in the Soviet Union ; other articles published in this number
are the results of co-operation of Hungarian and Soviet research institutions.

This material — representing but a selection — has the purpose of demon-
strating the valuable help which the Soviet Union has been giving in establishing
and in the further education of a Hungarian chemical research staff. It further
shows the fruitfulness and mutual benefits of the institutional cooperations of
Hungarian and Soviet research workers ;this program is extended and intensified
steadily.

The editors of Acta Chimica Hungarica wish to commemorate with this
publication the 50th Anniversary of the Great October Revolution.

Béla Lengyel

Member of the Hungarian Academy of Sciences,
Editor-in-Chief

1 Acta Chim. Acad. Sei. Hung. 54, 1967






Acta Chimica Academiae Scientiarum Hungaricae Tomus 54 (3—4), pp. 215—229 (1967)

INVESTIGATION OF SYNTHETIC INORGANIC
ION EXCHANGERS

L. Szirtes*, L. Zsinka, K. B. Zaborenko and B. Z. lofa

(Institute of Isotopes of the Hungarian Academy of Sciences, Budapest,
and Department of Radiochemistry, State University, Moscow)

Received June 16, 1967

A great number of inorganic substances occurring in nature possess ion
exchange properties. Their study was rather neglected for a long time; in the
last decade, however, problems presented by radiochemical practice have
given rise to a sudden increase of interest in these materials. This is mainly
due to the fact that, in a favourable contrastto organic resins, inorganic ion
exchangers are highly resistant to heat and radioactive relations. The sudden
development of this field is indicated by more than fifty papers published so far
describing a number of synthetic inorganic ion exchangers. These materials
may be classified as follows:

1. Synthetic zeolites;

2. Oxides and oxide-hydrates of multivalent metals;

3. Salts of multivalent metals and multibasic acids (such as zirconium
phosphate);

4. lron(ll) cyanate complexes;

5. Salts of heteropolyacids (such as zirconium molybdate).

The majority of the mentioned papers deals with the properties of zir-
conium phosphate which has the highest exchange capacity among the known
compounds. It has been reported that the properties of the substances mark-
edly depend on the conditions of preparation. The investigated substances
are, in general, rather stable both from the physical and ehemical points of
view. They may be prepared as substances having amorphous or micro-
crystalline structure. The latter form can be best characterized, e.g., in the
case of zirconium phosphate, by the formula Zr(HPO42 «H20, while the
structures of the amorphous substances are essentially analogous to the
structure of complex zirconium ions present in aqueous medium. It is ob-
viously impossible to describe here the great number of experimental results.
The general conclusion may be drawn that in spite of the reliability of many
experiments, some experimental results frequently appear dubious; further-

* Aspirant to the degree of Candidate of Chemical Sciences in the Institute for
Radiochemistry of the Lomonosov State University of Moscow under the leadership of assis-
tant Professor K. B. Zaborenko.
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more, the field is badly in want of systematization, and for the time being
the published results and the conclusions based on them are often contradictory.

As it has been mentioned, the substances discussed are very promising
from the aspect of radiochemical practice. Thus, further researches concerning
their structures and properties are of great interest. The present work is a
contribution along these lines,

Experimental

(a) Zirconium, titanium and chromium phosphates were synthetized by the preripi-
tation method. Precipitation was carried out at 60 °C in the case of zirconium and titanium
phosphates, while at room temperature for chromium phosphate. The precipitates were dried
always at 50 °C. Since the relationships between the properties of the produced substances
and the temperature of precipitation and drying had been satisfactorily described in the liter-
ature, only the amount of phosphoric acid employed for precipitation was varied during our
experiments, as shown in Table I. In case of the preparation of microcrystalline samples, the
precipitates obtained in the above-described manner were subjected to a further treatment
with 10 M phosphoric acid. However, in the case of chromium phosphate, this method did not
afford the desired result under the applied conditions [1].

Table |

List of samples

No. of sample CP-I CP-11 CP-IlI TP-1 TP-11 TP-11 ZP-1 ZP-11 ZP-111 ZP-1V

Ratio PO, : metal 0.60 0.83 1.0 0.8 1.0 1.90 1.0 1.2 1.37 1.94
Percentage of excess

H jFU4 used in

precipitation .... 0 100 200 0 100  200* 0 100 200  200*

* Samples treated with 10 M H3P04 ZP
TP
CP

zirconium phosphate
titanium phosphate
chromium phosphate

(b) The contents of metal and phosphate were determined in the samples after alkaline
fusion, followed by extraction, and consequently by the Winkler method [2]. Metals were
obtained thus as oxides, while the P04~ content as MgNH4P 04.

(c) Volumetric method and krypton gas used for the determination of the specific
surface area of the samples at the temperature of liquid nitrogen [3].

(d) Changes in the weight of the samples in the temperature range from 25 to 1000 °C
were established by a derivatograph (type MOM) using a heating-up rate of 5—10°/min.
The weights of the samples were chosen so as to maintain a constant metal ion content (Zr,
Ti, Cr).

(e) pH values were determined by a pH-meter (type RadiometerJ, using calomel and
glass electrodes. The accuracy of these measurements was +0.01 pH.

(f) The dependence of the exchange capacity of the samples on the pH on the ionic
radius and on the exposure to radioactive radiation was also studied; the distribution coef-
ficients for some ion pairs (Sc3+— Ca2+,Fe3+— Coz+) — selected in advance as models — were
determined.

The measurements were carried out under stationary conditions by the tracer technique,
taking into account the times required to attain equilibrium, which had been established pre-
viously. In these measurements, 42K or the corresponding radioactive isotopes were employed
as traces. When measuring the exchange capacities, the concentration of the solution of the

slcta Chim. Acad. Sei. Hung. 54, 1967



SZIRTES et al.: SYNTHETIC INORGANIC ION EXCHANGERS 217

counter-ion was chosen so as to be 5—6 times as high as the expected capacity. In the knowl-
edge of the load, the amount of adsorbed ion could be concluded from the decrease of the
measured radioactivity before and after equilibrium using samples of identical amount.
The radioactivity of the samples was measured by means of a Nal/T|l well type crystal or an
appropriate crystal for detection of/3-particle employing a counter of Type NK-108. It has been
shown by calculations [4] that the error of measurements did not exceed +5% . When it

dH
Fig. J Exchange capacity of chromium phosphate as a function of the pH, measured by
tracer technique

pH

Fig. 2. Exchange capacity of titanium phosphate as a function of the pH, measured by
tracer technique
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Fig. 3. Exchange capacity of zirconium phosphate as a function of the pH, measured by
tracer technique

was necessary to vary the pH of the solutions, this was done by the addition of required
volumes of a solution of HCl + KC1 or KOH + KCL.

When measuring the distribution coefficients of the individual ions, an analogous
method was applied, with the difference that the concentration of solution was chosen according
to the data in Tables VIII and IX.

Table 11

Measured specific surface areas

Measured specific surface area, sq. m./g

Compound No. of sample
I I v
CP 25.70 8.33 0.20 -
TP 96.80 8.70 0.10 —
ZP 332 2.20 0.10 <0.1
Discussion

Measurements by X-ray diffraction showed that the samples precipitated
with an excess of the reagent had amorphous character, while those treated
subsequently with phosphoric acid had microcrystalline structure [5].
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Measurements of the specific surface areas revelated that these values
markedly decreased as the P04: metal ratio became higher. From this it can
be concluded that within the range of amorphous substances, products of
various porosity may be obtained, depending on the quantity of phosphoric
acid applied. The sample prepared with stoichiometric ratio had the greatest
surface area and highest porosity. It must be noted that in the case of chro-
mium phosphate, this effect is not so well-defined as in the case of the other
two phosphates partly due to the lower ratios, and partly to the smaller area
of the measured surface.

The measured exchange capacities of the examined substances showed
that zirconium phosphate had the higher capacity. On examining the de-
pendence of capacities on the pH, in the case of zirconium phosphate and in-
definite horizontal part was observed at pH values below 4, while a definite
horizontal part began at pH 5. From a comparison of the obtained pH curves
with the dissociation curve of phosphoric acid [s¢] it is apparent that the nearly
horizontal part at pH values below 4 indicates the presence of rather small
amounts of H2P 041 _, while the well defined second horizontal section cor-
responds to the second dissociation step of phosphoric acid, i.e. to the presence
of HPO042-. Consequently, exchangeable H+ ions may be formed by the
dissociation of the above-mentioned hydrogen phosphates present in the
substance. Thus, the degree of dissociation can be one of the primary factors
in determining the capacity. From another aspect, this presumption might be
proved by the change in the H+ ion concentration of a solution contacted
with an ion exchanger. This would practically mean that the capacity values
measured by the tracer technique should fairly well agree with the data of
capacity calculated indirectly from the changes in the H + ion concentration
of the solution, provided the load of the ion exchanger is the same in both
cases. According to our experimental results in this respect (cf. Table IIl),
in the pH region below 4, deviations are found between the results of the two

Table 111

Changes in the H + ion concentration
at the same concentration of KCI

Exchangeable Capacity lon eexhange
H + ions measured by capacity as
Sample meqlg of iyon tracer method, the percentage
exchanger meq/g of ion of total capacity
exchanger %
ZP-I 0.15 0.47 32
ZP-11 0.53 0.85 62
ZP-111 0.59 0.92 64
ZP-1V 0.63 0.93 68
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kinds of measurement. These deviations decrease with the rise of the P04metal
ratio.

This fact, and the above-mentioned relationship established in the
surface area measurements lead to the conclusion that, under the given
conditions, the deviations are to be attributed to the adsorptive propertie

Fig. 4. Thermogram of sample ZP-I

of the substances. A reliable evaluation of the adsorption data relating to the
upper step of the pH curve was impossible owing to the probable hydrolysis
of the examined substances, unambiguously described also in literature [5].
However, in our opinion this does not mean that the discussed adsorptive
property cannot prevail under such conditions.

In order to obtain information as regards the composition of the ex-
changers, and to confirm the above-mentioned hypothesis of dissociation,
thermoanalytical investigations were carried out. In the thermoanalytical
curves of zirconium phosphate (Figs 4—7), endothermic peaks appear at
about 135 °C and then at about 460°, followed by rapid weight changes.
In the case of the amorphous samples an exothermic peak is found at about
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950°, which is not followed by a weight change. The observed loss of weight
presumably indicates the loss of water, which consists of crystal and structure
as shown by the data in Table IV. This presumption is based on the following
practical experiences: on the basis of the thermograms, the samples treated
at 260° and 800°, respectively, were selected, and the reversibility of their

e
Fig. 5. Thermogram of sample ZP-11

weight losses was studied. It was found that the samples treated at 260 °C, when
allowed to stand for 24 hours at room temperature, absorbed, in general,
appreciable amounts of moisture, while this water uptake was negligibly low
in the case of samples treated at 800 °C. Then the test samples were loaded
by amounts of K + ions corresponding to the first and second horizontal part,
respectively, of the pH curve. Weight increases due to water uptake showed
a corresponding decrease. From this it follows that one part of the loss of
water below 260 °C originates from the condensation of phosphate groups,
while the other part, the irreversible loss of water, corresponds to the crystal
water of the molecule. The loss of water between 260 and 800 °C is due to
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Table 1V

Data of weight loss obtained by thermogravimetry

w ater Of
crystalli - a b o b S
Sample zation, % % % % %

%

CP-I 14.6 0.2 0 70 24 48
CP-II 15.0 07 0.2 75 26 54
CP-111 14.1 08 0.2 77 27 56
TP-I 13.6 40 30 20 05 25
TP-II 14.2 38 24 42 08 48
TP-111 9.6 46 23 7.0 18 75
ZP-I 10.0 9.2 6.2 43 33 4.0
ZP-Il 9.0 3.8 1.2 5.7 18 6.6
ZP-I1 8.5 08 0.2 67 05 68
ZP-1V 8.0 58 2.1 70 28 79

10 20 30 10 50 60 70 80 90 100
r
Fig. 6. Thermogram of sample ZP-I1lI
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further condensation of the phosphate groups:

{Zr(HPO#2 -~ 2- ZrP207;, ZrO(H2P 042 ZrP20 7},

while the exothermic peak appearing at 950° in the case of amorphous samples
indicates the presence of a substance of the composition

(Zr02x ¢ (ZrP20 7y, where x "~ y ~ 1.

On the basis ofthe thermoanalytical data obtained, these material compositions
hold good also for titanium phosphate, while in the case of chromium phosphate
the reactions

{2 Cr202(HPO04 ~ 2 - (Cr203)2 - P205;

Cr20(HPOs2"™ 2 - (Cr203)P205}

1000

800

600

400

200

Fig. 7. Thermogram of sample ZP-1V
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lead at the mentioned higher temperature to a different composition:
(Cr20 3)x(P20 5)y.

It is evident from the above-mentioned saturation experiments concerning
the weight between 260 and 800 °C that the theoretical capacity of the ion
exchangers cannot be attained, because not all places are available to the
counter-ions; this also directly follows from the data given in Table IY.

On the basis of the presumption that the exchangeable H + ions are
supplied by the dissociation of the hydrophosphate groups, the expected
capacities were calculated from the above-discussed losses of water by the
formula:

(@a—b) + (@i —b,) = s%

where a is the percentage weight increase of the ion exchanger treated at
260 °C, not saturated by ions; b = percentage weight increase of the ion
exchanger treated at 260 °C, saturated by ions; as = percentage weight de-
crease of the exchanger treated at 800 °C, not saturated by ions; bx= percent-
age weight decrease of the ion exchanger treated at 800 °C, saturated by ions;
and s = quantity of water taken into account as far as the exchange capacity
is concerned (in %)e

In these calculations we started with the presumption that, on the basis
of what has been said before, the samples treated at 800 °C had the compositions
(Zr02)x « (ZrP207)y and ZrP207, respectively, depending on the PO04/meta!
ratio. Thus, e.g., in the case of micro crystalline zirconium phosphate, with a
P04 :Zr ratio of 1.94 we have:

0.97 P20s5 mZr02 molecular weight 263

crystal water 8% = 1.16 mole H20 molecular weight 284
water — s % = 7.9 = 1.14 mole H20 molecular weight 305
Consequently, the expected capacity is:

2280 - 7.5 meql/g .
303

The capacities of the investigated samples obtained in this way are listed in
Table V, together with data afforded by other methods of measurement
It is to be noted that the load ofthe ion exchanger was the same in all methods
of measurement. The capacity values obtained by calculation from the changes
in the H+ ion concentration produced in the solution by ion exchange agreed
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within the error limits, with the capacities determined by thermogravimetry
and by the tracer technique (Table V).

The correctness of the above assumption, according to which the ex-
changeable H + ions are supplied in the case of the investigated ion exchangers

Table V

Exchange capacities of ion exchangers measured by various methods

) zp TP cp
Capacity
mea/g " i v " " " 1
By the thermogravimetry ... 38 58 6.1 75 24 5.1 7.1 43 54 58
By tracer technique.......... 4.7 6.3 6.8 8.1 24 5.0 77 47 57 59
Calculated from changes in H +
ion concentration ... 4.2 5.7 6.3 7.6 2.8 5.3 7.3 45 55 6.0

by the dissociation of the hydrogen phosphate groups, is confirmed by the
agreement, within the error limits, of the results given in Table V, obtained
by three different methods. Accordingly, the ion exchange is conceived as a
two-step process, depending on the pH, corresponding to the steps of dis-
sociation. Thus, the hydrogen ions formed in the process

HPOI~~ HPOT

are exchanged in the first step, while those originating from the dissociation

HPOI - por

in the second step.

Some investigations on practical application
of zirconium and chromium phosphates

As it has been shown by preliminary experiments, under the given con
ditions titanium phosphate is unsuitable for the separation of the chosen pair
of ions. Thus, further studies concerning the separation were limited to zirco
nium and chromium phosphates only. During this woric, our purpose was to
study the suitability of the examined ion exchangers for the separation of
ions produced in simultaneous nuclear reactions. In order to decide this ques-
tion, the capacity of samples as a function of the ionic radii, and the changes
in the capacities of samples subjected to radioactive radiation were examined.
The distribution coefficients for the pairs of ions chosen as models were also
established as a function of the pH and concentration, and experiments with
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Fig. 8. Elution curve of the ion pair Sc3+—Ca2+

Fig. 9. Elution curve of the ion pair Fe3+—Co2+

exchange columns were carried out. In the former work a tracer technique,
based on identical principles as the capacity determinations, was employed,
while the experiments using columns were conducted as follows. A resin bed
was made employing about 3 g of the ion exchanger of 43 to 49 mesh grain size.
An amount of cations representing less than a 10% load of the resin was trans-
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ferred on the bed at a rate of 0.18 ml/sec. The various cations were eluted
at the same rate, using hydrochloric acid solutions of various concentration.
The experimental results are shown in Tables VI—IX, and in Figs s —9.

Table VI

Exchange capacities versus the ionic radii
(at pH = 2.5)

[71 Capacity, q./
lonic ragius ity € 9
lon A

CP-111 TP-1II ZP-111
Na+ 0.95 0.90 1.15 1.35
K+ 1.33 0.70 1.05 1.20
Rb+ 1.48 0.66 0.90 1.10
Cs+ 1.69 0.62 0.84 1.03
Caz2+ 0.99 0.31 0.42 0.53
Sr2+ 1.13 0.29 0.39 0.50
Baz2+ 1.35 0.23 0.32 0.40

It is seen from these data that the exchange capacity for mono- and bi-
valent cations depends on the ionic radius according to the following order:

Na+> K+ >Rb+ > Cs+; Caz+ > Srz2+ > Bazx+

which is analogous to that observed with organic resins containing sulphonic
groups.
As it is shown by Table Y II simultaneous irradiation with 0.8 « 10s rad

Table VII

Change of the exchange capacity
on the effect of radioactive radiation
(at pH = 2.5)

Capacity, meq./g
Irradiation

cP-ll ZP-111 Dowex-50
Before ... 0.70 1.20 2.0
AFter .. 0.72 1.18 —

neutron and 7.0 <104 rad y-doses left the capacities of the samples practically
unchanged, while the organic ion exchange resin Dowex-50, under the same
conditions, suffered decomposition.

The values of the distribution coefficients (D) and the selectivity factors
(a) calculated from them (cf. Tables VIIl and 1X) indicated the possibility
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Table VIII

Distribution coefficients (D) and — selectivity factors (a.)
for Sc3+ and Ca2+ ions in the case of zirconium phosphate

DSc
meq/g of ion exchanger

DCa
meq/g of ion exchanger

“8k

HC1
normality
0.1 0.2 0.3 05 0.1 0.2 0.3 0.5 0.1 0.2 0.3 0.5
Cone. 0.001 0 0 0.
1.0 1.2 0.3 0.2 0.09 — — — — — _
0.5 4.8 0.8 0.7 0.4 — — — _ — _ _
0.1 5.5 0.9 0.8 0.5 0 0 0 0 — — — —
0.05 8.2 1.2 0.7 0.4 0.04 0.03 0.02 0.01 205 40 35 40
0.01 4.6 1.0 0.6 0.3 03 0.2 0.08 0.06 15.3 5.0 7.5 5.0
0.005 2.7 0.8 0.4 0.2 06 04 02 01 45 2.0 2.0 2.0
0.001 1.6 0.4 0.2 0.1 0.9 0.7 04 0.2 1.8 0.6 0.5 0.5

of efficient separation of the chosen cations. The correctness ofthese indications
was proved by the elution curves (Figs s and 9) obtained in the experiments
with exchange columns and by the subsequent radiochemical examination of
the purity of the fractions corresponding to the peaks of these curves.

Table IX

Distribution coefficients (D) and selectivity factors (a.)
for Fe3+ and Co2+ ions in the case of chromium phosphate

HC1 meqg/g of i%rllzeexchanger meq/g of i%r?cexchanger %
normality
01 02 0.3 05 01 02 0.3 05 01 02 o3 0.5

1.0 0.005 0.004 0.004 0001 0.001 0.001 0.001 0.001 5 4 4 |
0.5 001 o0.009 o0.009 o0.008 0001 0001 0001 0.001 10 9 9 8
01 0.06 005 005 0.04 0001 0001 0001 0.001 60 50 50 40
0.05 011 o0.07 0.7 o0.05 0001 0001 0001 0001 110 70 70 50
0.01 013 011 o0.09 o0.06 0001 0001 0001 0001 130 110 90 60
0.005 021 o016 012 o007 0001 0001 0001 0.001 210 160 120 70
0.001 035 0.24 0.15 009 0001 0001 0001 0001 350 240 150 90
0.0005 0.7 034 020 011 0.001 0.001 0001 0.001 700 340 200 110
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SUMMARY

As a novel member of groups of synthetic inorganic ion exchangers, chromium phos-
phate has been prepared. At given ratios of P0O4Cr, this compound can be best characterized
by the formula Cr202HP04 and Cr,0(HP04)2 respectively. Some properties of this product
were investigated and compared with those of zirconium phosphate and titanium phosphate.
It was found that, though the radicals HP04- predominate in the prepared compounds, also
the presence of the radicals ILPOJ and P04~ is to be taken into account. Further, as it
follows from the close analogy between the curve of exchange capacity vs. pH, and the dis-
sociation curve of phosphoric acid, the formation of exchangeable H+ ions may be attributed
to the dissociation of the hydrogen phosphate groups present in the ion exchanger. Con-
sequently, the mechanism of the ion exchange process is of a two-step nature (depending on
the pH); the hydrogen ions formed in the process H2P04 -*mHPOf- are exchanged
in the first step, while those liberated by the dissociation HPOf* “mPO|_ in the second
step. Further, it has been found that when low ratios of P04 metal are used i.e. when sub-
stances of amorphous are formed, also the adsorption properties are of importance. On the
basis of the high degree of analogy observed, these conclusions may be extended to all three
substances examined. The positive results concerning practical applicability justify the use
of these ion exchangers in radiochemical practice, e.g. for the separation of ions formed with
different activities in the case of simultaneous nuclear reactions, such as 59Co(n, y) 60Co and
59Co(n, p)59Fe and being present in various concentrations.
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The maximum permissible contamination in GaAs semiconductors is
of ppm or ppb order, similarly to the case of semiconductor grade silicon.
The sensitivity of known chemical or instrumental methods of analysis covers
in the best cases the higher values of the ppm order only, and the reliability
of the determination is considerably affected by the impurities of similar order
which may be present in the p. a. grade chemicals and reagents used. Thus
any instrumental analysis may easily involve an error of 100 to 200%.

Since in the development of high grade semiconductors and advanced
semiconductor devices the purity requirements are much higher than that
which can be checked by the above methods, it has become necessary to
develop an adequate technique for the activation analysis oftrace contaminants
in GaAs semiconductors.

Hosxe and Van der Berghe [la], Bujdosé et al. [Ib], as well as Niese
[2] have reported the determination of some trace contaminants in gallium
and GaAs by activation analysis. Owing to the high activation rate of the
matrix components, these authors dealt only with contaminants yielding
medium or long-lived activities. The long cooling time (from 140 to 600 hours)
and multistep chemical separation involved render the procedure both labo-
rious and lengthy.

In developing the technique of the activation analysis, efforts have been
made to find a procedure suitable also for the determination of contaminants
generating activities with half-lives of a few hours, such as copper, by which
the semiconductor parameters can be particularly affected.

Both gallium and arsenic produce high activities, and if used as matrix
components, differences as high as 5 orders of magnitude may arise between
the matrix and total contaminant activities even in the presence of microgram
amounts of contaminant. Now, since in semiconductor GaAs monocrystal
the maximum permissible impurity concentration is substantially lower, being
of ppb order, the difference in activities usually amounts to 107—108 cps.

* Candidate of Chemical Sciences, the dissertation was made in the Institute for
Chemical Technology of Leningrad under the leadership of Prof. M. E . Pozin
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The above data imply at the same time that the trace impurities in the
GaAs system cannot be determined by nondestructive gamma spectrometry,
but they have to be separated each time by a chemical method.

In Table | we have listed the contaminants investigated, the nuclear

Table 1

Element  Nuclear Reaction (barm) W (AC;ZEV}X‘;’)S)* Ey Mev

Cu 63Cu(n,y)B4Cu 3.9 12.9 h 2 m105 0.51; 1.34

Hg 196H g (n,)T97Hg 4.4 65 h 3.8 m103 0.077; 0.191
0.279

Au 197Au(n,y)195Au 93 64.8 h 6.6 * 105 0.411

Cd 1JCd(n,y)UsCd 0.3 55.2 h 4.4 102 (0.335)**0.260
0.523

Co 50Co(n,y)65Co 20 52 a 7.2 102 1.17; 1.33

Zn 61Zn(n,y)%Zn 0.4 245 d 7.6 <10 0.51; 1.14

* 1013 n/cm Xec.

** Energy of the II5min.
reactions, and the nuclear properties of the isotopes involved in the analysis [s].

The esZn(n, y)69mZn reaction which reveal the presence of zinc with a
sensitivity by orders of magnitude higher than that of the reaction listed
in the Table, cannot be used because it is impossible to distinguish this 69mZn
activity with 13.9 h half-life, from that produced in the reaction esGa(n, p)69mzn
due to fast neutron capture in the gallium matrix and exceeding many times
the former. The 6iCu activity produced by a (n, a) process in 69Ga does not
interfere with the determination of copper, since its halflife is very short
(5.1 m). The 6/Cu activity produced by the 71:Ga(n, an) process does not disturb
the evaluation of eCu.

In principle, considering the restricted possibilities for remote controlled
manipulations required for radiation protection, two methods seemed to be
convenient for the separation ofthe matrix component from the contaminants,
namely ion-exchange or solvent extraction. Since for gallium and arsenic
matrix elements the ion-exchange technique is not sufficiently selective
owing to difficulties presented by the remote manipulation of the necessarily
large solution volumes, the solvent extraction method proved to be more
suitable in practice.

Considering the high production cost of GaAs monocrystals and the sub-
stantial shielding equipment needed for the measurement, the solvent and
reagent were chosen such that it should react with a group ofthe contaminants
to permit the simultaneous determination of several elements from a single
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irradiated and processed sample. Quantitative evaluation of the extracted
contaminants can be made from the measured energy spectra of the extracted
activities. Since the extraction has to be performed by manipulator, no emul-
sion must form in the solvent; the phases should rapidly separate, and the
extraction of the matrix components, even in trace amounts, has to be pre-
vented.

Of the known chelate reagents the system dithizone/carbontetrachloride
(H2Dz/CC1) seemed to be the most suitable in our casé, and the method has
been developed for the use of this system.

Depending on the acidity of the solution H2Dz forms with the metallic
contaminants under investigation complexes either of primary Mex(HDz)y
type or of secondary Mex(Dz)y type, extractable with carbon tetrachloride or
chloroform solvent [3]. Low pH favours, in general, the formation of primary
complexes of a somewhat higher solubility in carbon tetrachloride as compared
with the secondary complexes produced at higher pH values. Zinc and cadmium
are exceptions to this general rule in that they are known to form primary
complexes only.

The formation rate of each metallic complex markedly depends on the
hydrogen ion concentration of the aqueous phase. In highly dilute solutions
the rate of the equilibrium reaction (1) is very slow and proportional to the
metallic ion and dithizone concentrations. At higher acidities the reaction
equilibrium can only be achieved after prolonged shaking.

Meg) = nH2Dz(@0rg) » Me(HDz)nOg + nH€q) (1)

In Table Il the primary metallic complexes, the extraction and stability
constants, the optimum pH value for their formation, and some other important
parameters are listed.

Table 11
[3, 5, 6, 7]
Element (F:’t;:nmp?éi IogCKI‘M log K rapnl;e Reraactleion chbcilli(}y Colour
Cu Cu(HDz), 10.5 23.3 1—4 moderate 10"3 violet-red
Au Au(HDz)3 — — w.H2S04 slow 10-5 orange
Hg Hg(HDz)2 26.8 40.3 w.H2S04 fast 10-5 orange
Cd Cd(HDz)2 2.1 — 6.5—14 fast 1.4 m10“5 rosa
Co Co(HDz), 1.6 13.0 5.5—8.5 fast 1.6 «10“4 purple
Zn  Zn(HDz)2 2.2 — 6—9.5 fast i0-3 reddish violet
Ga Ga(HDz)3 —1.3* — 4.5—6 slow 10-5 violet-red

*The value is given for chloroform solvent.

Acta Chim. Acad. Sei. Hung. 54, 1967



234 SZABO, RAUSCH: GaAs SEMICONDUCTOR MATERIALS

As it is obvious from the Table Il, the contaminants of interest can be
divided into two groups with respect to extractability. Copper, gold and mer-
cury are extracted with slightly acidic, while cadmium zinc and cobalt with
alkaline solutions. Thus, there is a possibility for the co-extraction of three
elements in each single operation.

Experimental

The solutions and solvents used were:

1. 1:1 mixture of 1:1 diluted HNO3 and HC1 (HNO3JHC1)

2. 25% ammonium citrate solution adjusted to pH 3 with H2504

3. 25% K-Na-tartarate solution

4. 1:1 mixture of diluted HC1 and 1 N H2S04 (HC1/H2S04)

5. 2.5 NaOH solution

6. 1.5 mg/100 ml purified H2Dz/CCH solution

The schematic drawmg of the extractor developed for the extraction of the contaminants
from GaAs is shown in Fig. 1.

The extractor is housed in a hot chamber with concrete and lead shield and provided
with a remote controlled manipulator. For the dosage of the solvent a precisely calibrated
feeder of maximum 5 ml volume is used, connected by a capillary to the actual extractor.
The solvent is discharged through a gooseneck capillary, the length of which is set such that
on overturning the column the solvent discharges automatically and continuously while
the drops can be easily counted.

The solvent container the piston serving for controlling the operation, and the speed
controller of the motor driving the agitator mechanism are located outside of the hot chamber.
The solvent container and the piston are connected with the extractor by a 2 meter long
polyethylene tube of 3 mm inside diameter. These appliances permit the remote control
and manipulation of the extractor.

For single extraction, the solvent can be fed into the extractor in volumes of 5 ml or
less, and thus it is possible to extract about 95% of the contaminants. The extraction constant
of the Ga(HDz)3complex in chloroform (log Kex = —1.3) is much lower than of any dithizone
complex of the contaminants we want to determine. This permits by precise dosage of the
reagent to avoid the extraction of gallium even in trace amounts.

To obtain identical conditions for this co-extraction of contaminants, 10 /ng of inactive
carrier was added to the active sample for each of the contaminants involved, and the reagent
concentration was adjusted relative to the added amounts.

For the activation analysis of trace contaminants in the GaAs system the technique
was developed using samples of 0.1—0.2 g, activated in quartz ampoules with a thermal
neutron flux of about 1.5 ¢« 1013 n/cm2 « sec for 24 h in the case of copper, mercury and gold,
and for 116 h in the case of cadmium, zinc and cobalt.

(a) Determination of copper, gold and mercury: After 24 h irradiation, the active
sample was dissolved in HNOJHC1 mixture using a 50-ml beaker containing 10 /ng inactive
carrier of copper, gold and mercury each, then evaporated. The dry residue was taken up in
5 ml of HC1/H2S04 solution and evaporated again in order to remove the nitrous vapours.
The not fully dried residue was dissolved in 5 ml of ammonium citrate buffer solution, and
poured into the extractor containing the measured volume of solvent. On precise adjustment
of the solution volumes, the pH of the aqueous phase was 1 + 0.5. The extraction was per-
formed with 2 X 5 ml of H2Dz/CCH, with agitation for 2 minutes. The block diagram of the
arrangement for separation by extraction is shown in Fig. 2. Standards containing known
amounts of the contaminants were processed simultaneously with the samples under identical
conditions.

(b) Determination of cadmium, cobalt and zinc: After irradiation for 116 h, the active
sample was dissolved and processed in the same way as described in (a); the not completely
dried residue was then dissolved in 5 ml of25% K-Na-tartarate solution, the acidity of which
was adjusted by buffer to pH 9.4—9.7. (If necessary, the pH of the solution can be adjusted
later by the addition of NaOH in a quantity checked by phenolphtalein indicator.) After
addition of the solvent, the solution was poured by manipulator into the extractor, and the
extraction of the contaminants was effected with 2 X 5 ml of H2Dz/CCH4. Standards of the
contaminants were processed simultaneously with the samples in the same way.
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Fig. 1

Fig. 2
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Results and evaluation

For a qualitative and quantitative evaluation of the extracts gamma-
spectrometric and coincidence techniques were used. The energy spectra were
obtained with a System KFKI, NTA-256 type multichannel analyzer using
a 3”7 X 3” Nuclear Enterprises Nal(TIl) crystal detector.

channel number channel number
Fig. 3. Activities in the measured and the extracted standard samples. ¢c,Cu: 10-8 g; 18Au
10-9 g; 19/Hg: 2+10_s g. Inactive carrier: 10-5g, pH = 1, 2 X 5 ml H,D z/CC14

The distribution coefficients of the dithizone complexes, formed with
individual contaminants as a function of the pH, were taken to be the values
reported in the literature [3, 4]. In order to avoid partial extraction of the
gallium matrix, which is possible only in the range 4.5—s, the extraction
of copper, gold and mercury was made from slightly acidic (pH = 1) solution
while that of the zinc, cadmium and cobalt group from alkaline (pH 9.4—9.7)
medium.

The energy spectra of the extract containing copper, gold and mercury
activities and of the standards taken under the same conditions are shown

in Fig. 3.
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Copper and mercury are extracted almost quantitatively, while the ex-
traction of gold amounts to about 67 70%. Under identical experimental
conditions the variation in the percentual extraction of gold can be kept
within 10%. For a closer reproduction of the experimental conditions, the

Fig. A. Energy spectra of the extracted GaAs sample and of the standard

extraction was performed from a solution to which about 10s cps GaAs activity
had been added.

In Fig. 4 the energy spectrum of the extract of an about 0.1 g GaAs
sample, activated for 24 hours, is shown. The spectra were taken 4 and ss6
hours after the end of irradiation. Simultaneously with, but in a separate
operation the coincidence spectrum of e4Cu was also recorded.

As it is seen in the Figure, the contaminating copper, gold and mercury
activities can be well separated even from high gallium and arsenic activities
and well evaluated in the energy spectrum. The method is particularly ad-
vantageous for the determination of copper, but lends itself well for the deter-
mination of contaminants, the half-life of which is close to that of 76As, like
gold and mercury in our case. Owing to the simplicity of the apparatus, the
method can be conveniently used for the determination of long-lived activities,

Acta Chim. Acad. Sei. Hung. 54, 1967



238 SZABO, RAUSCH: GaAs SEMICONDUCTOR MATERIALS

such as esZn, and 60Co which yield dithizone complexes well extractable from
carbon tetrachloride. The time taken by the determination is practically re-
stricted to that of the irradiation, since there is no need for cooling time.

Fig. 5. Energy spectra of alkaline extracts of GaAs samples, activated for 116 hours, and
of the processed standards

In Fig. 5 the gamma spectrum of the GaAs sample, activated for 116
hours and extracted from alkaline solution, is compared with the energy
spectra of the extracted activities of the 115Cd, 66Zn and 60Co standards.

In Table 111 the accuracy of the determination is given for various quan-
tities of contaminants.

The data given in the Table were obtained by extracting a known quan-
tity of each contaminant activity from GaAs-free buffer solutions in the pres-
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Table 111
Contami- Cu Au Hg Cd Zn Co
measured /xg Nt%
0.5 0.525 5 0 0.520 4 0.480 4 0.540 8 0.470 6
0.1 0.092 8 0.091 9 0.097 3 0.093 7 0.094 6 0.088 12
0.05 0.062 24 0.047 6 0.045 10 0.053 6 0.044 12
0.01 0.011 10 0.011 10 0.007 30 _
0.005 0.004 20

ence of a suitable inactive carrier. The activities of these extracts were then
used as reference for comparison with the gamma spectra of the co-extracted
activities for the same amount of contaminants.

The sensitivity of the method for the different contaminants is also seen
from the Table. For some of the contaminants, using adequately measuring
times, the sensitivity can be improved (e.g., for Cu and Au), but in this case
the error may become as high as 50 to 100%.

For some contaminants the maximum detectability is by about an order
of magnitude higher than the sensitivity given in Table III.

Table IV
Contami- Maximum Maximum
nant detectability, Contaminant detectability,
g/24h g/116b
Cu 10"9 Cd 10-b
Au & o © Zn 5 +¢10"8
Hg 10"8 Co io-8

It is seen that the method can be satisfactorily applied for the determi-
nation ofthe contaminants in GaAs and similar matrix elements producing
multicurie activities. The chemical processing, extraction and gamma-spec-
trometric evaluation can performed usually within 4 to s hours.

SUMMARY

A rapid activation analytical method developed for the determination of copper in
GaAs monocrystals is described. The contaminant activities are separated from the activities
produced in the matrix elements by remote controlled extraction. The use of dithizone as a
group reagent makes possible the determination of five other contaminants (Au, Hg, Cd,
Zn, Co) simultaneously with copper. The contaminants are identified by their gamma spectra
with coincidence technique. The method is faster and less laborious than conventional multi-
step chemical separation. The extraction and measurement of the six contaminants under
investigation can be performed in about 4 to 6 hours.
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Introduction

Gas chromatographic and thermogravimetric results concerning the
thermal decomposition of polydimethylsilylene, [Si(CH32]n, have been sum-
marized in a previous paper [1]. These investigations have shown that, in
contrast to current notions, this long-chain compound containing a skeleton
of many silicon atoms has considerable thermal stability inan inertatmosphere.
Recent work concerning the nature of the Si—Si bond [2] has ruled out the
former hypothesis, according to which the poor thermal stability of silicon
analogues as compared with aliphatic carbon chains is to be explained by
the much lower bond energy values. Conclusions in our previous paper [1] and
reported physico-chemical properties of low molecular weight organosilylene
compounds indicate that the different characteristics of silicon and carbon
chemistry may be attributed only to a minor extent to differences in the ener-
gies of the C—C and Si—Si bonds and the main responsible factor is to be
found in the markedly different reactivities of the two classes of compounds.

Starting these general conclusions, it appeared reasonable to make a
detailed investigation of the breakdown procedure in order to obtain new
information about the thermal reactions of the bonds present in this type of
polymer, and about the nature of the decomposition process. It is known that
in the course of the decomposition of polymer molecules (e.g., during the
cracking of organic macromolecules) complex sets of chemical reactions take
place simultaneously, and the obtainable chemical information is usually
restricted to the observation of tendencies, identification of reaction types,
and to conclusions of mainly general character.

According to our program, the technique of pyrolysis and of the charac-
terization of the degradation products by gas chromatography have been
further developed.

The depolymerization reactions were carried out in a microreactor built
similarly to the one described in a previous paper [3]. A somewhat modified
pyrolysis technique was employed so as to ensure access to the column of the
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entire, wide-boiling mixture of degradation products. The samples were treated
with heat either for a prolonged time or by instantaneous heat pulses (method
of flash pyrolysis), in order to elucidate whether the degradation products of
prolonged pyrolysis are formed via time-consuming, multistep reactions or not.

The degradation products were separated on a capillary column of
linearly programmed temperature.

In order to identify the pyrolysis products, the retention indices were
measured and compared with those of various organosilicon compounds de-
termined by one of the authors in an earlier work [4]. Some peaks of the ex-
tremely complex, multicomponent pyrograms were identified by comparing
them with synthetic reference compounds.

The determination of the silicon content of the degradation products,
or at least the decision whether they contain silicon or not, is of paramount
importance in solving the problem outlined in the introduction. A recently
developed method [5, 6] has been found very helpful in detecting the silicon
compounds.

Experimental
Micropyrolysis

The following two methods of pyrolysis were used:

1. Prolonged heating of the polymer sample in a closed chamber (at gradually raised
temperatures) in an inert (nitrogen) gas atmosphere.

2. Instantaneous heating (flash pyrolysis) in an inert gas stream.

The original microreactor already described [3, 7] was modified as follows:

The pyrolysis unit was made of stainless steel, in contrast to the former [3] all-glass
apparatus. In addition to the inlet and outlet connection for the carrier gas, the unit was pro-
vided with two further junctions. By means of these it was possible to fill the reactor chamber
with any kind of reactive gas, or to flush it towards the surrour~ding atmosphere. The reactor
chamber could be closed completely with the aid of needle valves and a stopcock. In this
way the pyrolysis could be carried out in a reactive gas atmosphere even at somewhat elevated
pressures. A by-pass was used in order to ensure continuous flow of the carrier gas along the
chromatographic column when the microreactor was closed.

Reproducibility of the micropyrolysis experiments was guaranteed by standardizing
all experimental conditions. The polymer was ground and homogenized in an agate mortar,
and quantities 0.3—2.0 mg of the homogenized sample were used in the pyrolysis depending
on the character of the experiment.

Cyclic polymers and some oligomers soluble in organic solvents and characterized by
relatively high volatility were formed as by-products in the synthesis of the polymers used
in the present investigations. These by-products were removed by repeated washings in the
course of preparation. In addition, before starting the pyrolysis experiment, the polymer
samples were kept at 100° in the microreactor until the complete absence of volatile components
was indicated by gas chromatography.

A model mixture consisting of C8 to C2 n-alkanes, made up to a known percentage
composition, was used in a series of preliminary experiments in order to establish the standard
working parameters of the microreactor. It was found that when the pyrolysis was carried out
in a closed microreactor, the walls of the device had to be heated at least to 250°C, and the
atmosphere of the reactor had to be transferred to the column by opening the stopcock per-
manently. In this case even the components of poorest volatility were completely transferred
to the column. If the tantalum cup containing the sample was heated rapidly while passing
a gas flow through the open microreactor (flash pyrolysis), additional heating of the reactor
wall was unnecessary.

In the permanent pyrolysis experiments at various elevated temperatures in closed
microreactor, 2.0 mg of the polydimethylsilylene was weighed into the tantalum cup. After
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the removal of the volatile components, the samples were heated to 250° (by heating only
the walls of the microreactor), and then, by the permanent opening of the stopcock, the entire
gas contents of the reactor were flushed to the column and the chromatogram was taken.
Subsequently, the reactor was closed once more, and the same sample was submitted to a
repeated pyrolysis by heating the tantalum cup to 350° for one minute, and the breakdown
products were chromatographed under the same conditions as before. The same procedure
was repeated in other experiments at various temperatures ranging between 250 and 600°,
so that four pyrolysis chromatograms were obtained from each weighed sample.

When using the flash pyrolysis method, 0.3 mg of the polymer was weighed, and the
tantalm cup was heated to 350° or 450°, respectively, within 10 seconds, while the rate of
the continuous carrier gas flow in the microreactor was 300 ml/sec.

Gas chromatographic recordings

Microreactor gas chromatography was carried out with the aid of a Carlo Erba Fractovap
Mod. C type instrument. In order to meet the requirements of the different separation problems,
various columns and temperature programs were used. A complete survey of reaction prod-
ucts and perfect separation had to be achieved at the same time. With these aims in mind,
chromatograms taken on a 50 m long capillary column (i. d. 0.25 mm) coated with APL,
operated with a linear program of 5°C/min. and 3.5 °C/min., respectively, in a temperature
range from 60° to 250°, were found to be most appropriate. The separation of the most volatile
components was not satisfactory even under these circumstances. For this reason, the pyro-
lysis experiments accompanied by the formation of high amounts of volatile compounds were
repeated, and separation was effected on a 50 m long (i. d. 0.25 mm) capillary column coated
with squalane, either at 36° under isothermic conditions, or with a 1.25°C/min. temperature
program in the range of 36° to 120°.

Nitrogen was used as the carrier gas in all experiments. The inlet pressure was 1.77 atm.
the rate of flow 2 ml/min. along the column. A splitting ratio of 150 : 1 was used before column
inlet.

The analysis of the volatile pyrolysisproductswas also repeated on a 2m X 2 mm packed
column containing styrene-divinylbenzene polymer beads as the stationary phase. The column
temperature was 125°.

In order to distinguish between organosilicon and pure organic compounds in the pyro-
gram, dual-channel chromatography was employed, using a hydrogen- and a methane-hydrogen
flame ionization detector simultaneously. Details of this method have been described previously
[5, 6]. Organosilicon compounds were recognizable with the aid of this method, as the detector
operated by a methane-hydrogen gas mixture indicated the presence of these components
in the form of negative peaks. The column used in these experiments was 3 m long (i. d. 2 mm)
and it was filled with HMDS-treated Chromosorb W coated with 10% APL. The column tem-
peratures ranged from 60° to 280°, being raised at a rate of 6.5 °C/min. during separation.

Kovats’ retention index of each component was determined for the characterization
of the pyrolysis products. Retention index measurements were performed both on squalane
and APL, under separation conditions identical to those mentioned before (see also Table I).
Mixtures of C5to C20 n-alkanes composed according to requirements were used as reference
materials when determining the retention indices.

Reference compounds

Several simple organosilicon compounds were synthetized, the presence of which among
the breakdown products seemed to be probable according to theoretical considerations and
the experimental evidence of the chromatograms. Thus dimethylsilane, trimethylsilane and
vinyldimethylsilane were prepared from the corresponding chlorides with lithium aluminium
hydride in ether. Further, hexamethyldisilane was synthetized by the méthylation of hexa-
chlorodisilane, and bis-trimethylsilylImethane was made from halomethyl-dimethyl- and tri-
methylchlorosilane with the Grignard procedure in the usual way.

Results

Schematic chromatograms indicating the composition of the degradation
products at different pyrolysis temperatures are compared in Fig. 1.
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Table
Retention data of the products of micropyrolysis of [Si(CH3) 2\n
- _
. . t_ korr T 6 - iPr
Conditions of separation (min.) °c) squ @ APL Assumed formula
Squalane isothermic 36 °C 0.0473 ~(274)
Squalane isothermic 36 0C 0.063 —(300) SiH2(CH3)2
Squalane isothermic 36 °C 0.145 —(377) SiH(CH3)3
Squalane isothermic 36 °C 0.260 —(432.7)
Squalane isothermic 36 °C 0.346 —(459.5) SiIH2(CH3) (CH=CH2)
Squalane isothermic 36 °C 0.400 —(473.3) SiH(CH3)2 (CH= CH2)
Squalane isothermic 36 °C 1.95 624.8
Squalane isothermic 36 °C 2.18 635.4
Squalane isothermic 36 °C 2.42 645.0 (CH3),,Si20
Squalane isothermic 36 °C 2.90 661.8
Squalane isothermic 36 °C 3.02 665.3
Squalane isothermic 36 °C 3.12 668.6
Squalane 36°—1.25°/min. 4.02 43.5 692.1 —700
Squalane isothermic 4.26 697.6 (CHZ3)6Si2
Squalane isothermic 48.5 —762.5
Squalane 36°— 1.25°/min. 60.5 —870.5
Squalane 36°— 1.25°/min. 64 896.3
Squalane 36°—1.25°/min. 65.5 900
Squalane 36°—1.25°/min. 66.2 910.3
APL 60°—5°/min. 81 —(924)
APL 60°—5°/min. 84 —(946)
APL 60°—5°/min. 99.5 —(1048.6)
APL 60°—5°/min. 106 1084
APL 60°—5°/min. 109.5 1102.5
Squalane also with program 100.7 1125 1116.4 1117.5
Squalane also with program 1155 11325

Squalane also with program 105 118 1142.5 1145
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Squalane also with program
60° —5°/min.
60° —5°/min.
60°—5°/min.
60°—5°/min.
60° —5c/min.
60°—5°/min.
60°—5°/min.
60°—5°/min.
60° -5°/min.
60°—5°/min.
60" —5°/min.
60°—5°/min.
60°—5°/min.
60°—5°/min.
60° —5°/min.
60°—5°/min.
60° —5°/min.
60°—5°/min.
60°—5°/min.
60°—5°/min.
60° —5°/min.
60° —5°/min.
60° —5°/min.
60°—5°/min.
60°—5°/min.
60° —5°/min.
60° —5°/min.
60°—5°/min.

APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL
APL

120.5
121.5
125
144
155
158
160
161.5
162.5
163.5
164.5
166
185
191
193
194
195.5
196
196.5
197.5
198.5
199.5
200
201
202
219
223
225
228.5

1151.5

1157.5
1162
1180
1278
1342.4
1360.7
1372.7
1382
1388
1396
1403.3
1413.3
1537.9
1579.3
1593
1600
1614
1618.5
1622.2
1629.2
1637
1644.4
1648.1
1655.5
1662.9
1800
1834.7
1852.2
1882.6

[Si(CH3)2]5

[SiI(CH32]0
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The separation of the pyrolysis products was accomplished in all six
cases shown in the diagram on a capillary column covered with APL, and,
starting from 60°, the temperature was programmed linearly up to 250°
at a rate of 5°C/min. Prolonged pyrolysis at 450° was repeated connecting
the microreactor to a squalane-coated capillary column. This was necessary
because the products of this procedure contained the volatile components
in the highest concentration. In the latter arrangement separations were also
carried out at 36° (isothermic condition) and with the same starting temper-
ature followed by a heating program of 1.25 °C/min.

The retention data of all significant pyrolysis products are shown in
Table I. Attempts were made to characterize each material with retention
data determined under the most suitable conditions. Data where the optimal
conditions were not guaranteed and accordingly, the accuracy of the retention
indices were not satisfactory, are shown in parentheses.

As the conditions of separation of the most volatile components (1—s)
were disadvantageous on squalane even at an isothermic column temperature,
of 36°, the separation of both the pyrolysis products and the reference com-
pounds was repeated on a column packed with styrene-divinylbenzene polymer.
A good separation of the compounds in question was possible in this column
at 125°. The results obtained on the polystyrene column were in agreement
with those of capillary chromatograms. Therefore, and for the sake of a uniform
discussion, retention indices of the volatile components — although these values
are of limited accuracy — have also been based on capillary chromatograms.

As it is seen in Table I, the retention data obtained by the three different
methods of separation (squalane isothermic, squalane programmed, and APL
programmed) were overlapping. This circumstance rendered possible the
unambiguous recognition and identification of all components, and the simul-
taneous demonstration of the three chromatograms of prolonged pyrolysis
at 450° (see Fig. 1).

The physical meaning represented by the lapl values is essentially
the same, since squalane and APL are chemically very similar materials.
This is also verified by the experience that the differen ces between the values
IfgUand lapl were not greater than those between IfqgUand Isqu- Slight de-
viations in both cases are due to the temperature dependence of the retention
indices.

Fig. 1 representing the four investigated pyrolysis temperatures shows
significant differences in some respect.

The product of prolonged pyrolysis at 250° consists but of three compo-
nents. Two of them (No. 32 and 42) are present in about equal concentrations,
while the amount of the third component (No. 31) is considerably less. This
component is absent on the chromatogram of instantaneous pyrolysis, giving
rise to the assumption that it is formed as a product of multistep reactions.
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At 350° the total amount of pyrolysis products as well as the number
of components is higher. New components of increased volatility appear in
considerable amounts (e.g., peaks No. 23 and No. 27). The ratio of peaks
No. 42 is shifted significantly in favour of the former.

Fig. 2. Micropyrolysis chromatogram (pyrogram) at 400 °C
Column: 50 m X 0.25 mm capillary coated with Temperature program: 5°C/min ,

starting from 60 °C
Internal standard: CI5H 32

Pyrolysis at 450° resulted in the appearance of all those components that
had been dominant at lower pyrolysis temperatures, with the exception of
peak No. 31. At the same time numerous new peaks were found in the vicinities
of the peaks observed earlier. The number and the total amount of the more
volatile breakdown products increased markedly, but new peaks were observed
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among the components of minor volatility as well. The 450° pyrogram is en-
dowed with a conspicuous structure by the fact that peaks are assembled in
seven groups, separated rather well from one another. This is clearly seen
in Fig. 2 where one of the chromatograms used in the construction of Fig. 1
is presented.

Fig. 3. Pyrogram taken by the dual-channel detection method
Column: 3 m X 2 mm, packed with HMDS-treated Chromosorb W, coated with
10% APL
Temperature program: 6.5 °C/min., starting from 60 °C
Hydrogen flame ionization (upward peaks) and methane-hydrogen flame ionization,
(downward peaks) dual-channel detection

Prolonged micropyrolysis at 550° is characterized partly by the complete
absence of peaks No. 32 and No. 42, that were characteristic up to this point.
On the other hand, a lot of new characteristic peaks appear in the index range
1000—1140. Similarly, new peaks — although in small amounts — are observed
in the retention index range of 1200—1300, which region was desolate at lower
pyrolysis temperatures. Though the amounts of the individual components
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above index number 1150 are negligible, they represent a considerable propor-
tion of the pyrolysate owing to their high number.

Concerning the results of the flash pyrolysis experiments, Fig. 1 reveals
that the structures and characteristics of the products are highly resembling
those of the prolonged pyrolysis. The only peaks that are completely missing
are Nos 23 and 31, and the total amount of breakdown products is naturally
less. Based on these findings it has been concluded that the complex sets of
reactions provoked by instantaneous (of some seconds duration) and prolonged
heat treatment are essentially the same. Consequently, it is unnecessary
to take into account the formation of long reaction chains in the condensed
phase. As far as consecutive reactions are concerned, they may take place
with the participation of volatile components arising from the condensed
phase.

In order to test the heat resistance of the components formed in the pyro-
lysis process, and to clarify the relation of their breakdown products to those
of the original polymer, a microreactor experiment was performed using di-
methylcyclohexasilylene, ([(CH3)2Si]e), prepared synthetically, but also formed
in considerable amounts in the course of polymer pyrolysis (Table 1.). The
compound was treated at 550°. The product composition was similar to that
of the polymer pyrolyzed at the same temperature. Peaks indicating products
in considerable amounts were situated below index number 1150, but the total
amount of compounds beyond this region was not negligible in this case either.
It was striking many ofthe low-molecular components present in high amounts
proved to be identical with some of the breakdown products of the polymer
molecules. At the same time many of the significant degradation products
of the polymer — e.g. the starting hexacyclic compound itself — was absent
in the desctruction products of dimethylcyclohexasilylene.

Identification of the pyrolysis products

The chromatogram of a 400° pyrolysis, obtained with a packed column
with APL as the stationary phase, and detected simultaneously by a hydrogen
flame ionization detector and methane-hydrogen flame ionization detector is
presented in Fig. 3. As it is seen, the breakdown products consist solely of
organosilicon compounds (the signals are exclusively negative when using
the methane-hydrogen detector). At 500° and at higher pyrolysis temperatures,
peaks corresponding to organic compounds containing no silicon were also
present in the starting region of the chromatogram. The evaluation of the
chromatograms led to a further observation. It was found that apart from
the early peaks representing highly volatile components, the ratio of C/Si
in the molecules of the breakdown products was approximately 2.
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The retention indices of those substances which were supposed to have
some bearing on peak identification are listed in Table I1I.

On comparing these data to those in Table I, it is evident that small
quantities of (CH3)eSi20 and (CH3z)oSi2 are present among the products of

Table M

Retention data of the reference compounds

Conditions of R korr. Tn jse iPr IPr
Compound separation (min.) (°C) Squ Squ APL

SIH2CH3) , oo Squalane iso-

thermic 36 °C 0.063 - 8]oo
SIH(CHJ3)3 . Squalane iso-

thermic 36 °C 0.142 —(377)
SI(CH34 e Squalane iso-

thermic 36 °C 0.220 -(419)
SIHACHJ3(CH=CH2 ... Squalane iso-

thermic 36 °C 0.340 -(459)
SIH(CH32CH=CH2 ... Squalane iso-

thermic 36 °C 0.410 -(475)
SI2CHJYBM oo Squalane iso-

thermic 36 °C 2.47 645.7
SUCH )« i Squalane iso-

thermic 36 °C 4.33 699
Si,(CH)ICIL i Squ. isoth. and

programmed 11.98 50 792.9 — 788
SiJ(CH3S02 ..o Squ. isoth. and

programmed 55 832.0 — 829.7
Si.(CH..),,,0, i Squalane progr.

36 °C—1.257

min. 81.5 1003

APL progr.
60 °C—57
min. 193 1593

pyrolysis, but (CH3)sSis02 and (CH3)1@®i403 are not detectable. It is worth
mentioning that in the synthesis of methylpolysilylenes only the corresponding
siloxanes were obtained instead of (CH3)sSis and (CH3)10Si4, owing to the ex-
treme sensitivity to oxidation of the latter compounds. The absence of the
mentioned siloxanes point to the fact that fully methylated di- and trisilanes
have not been formed in the course of pyrolysis. Si(CH34 and (CHASACH~"
are not present among the products of pyrolysis either.

The retention data have indicated that one of the dominant components
among the highly volatile breakdown products (peak No. 2) is SiH2(CH3)2,
while SiH(CH33, CHs3SiH2 CH=CH:2 and (CH32SiH «CH=CH:2 are also
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found among the neighbouring peaks. The other dominant component of this
group (peak No. 7) has not been identified so far.

Results of the experiments carried out with different temperature
programs showed unambiguously that peak No. 42 in the pyrolysis chromato-
grams represented the cyclic oligomer [Si(CH3)2]6.

The substance corresponding to peak No. 32 was separated by prepara-
tive gas chromatography, using the product of the macropyrolysis of poly-
dimethylsilylene as starting material. Subsequent mass spectrometric in-
vestigations confirmed its identity with [Si(CH3Z25 i.e. an oligomer of cyclic
structure.*

It was already mentioned that the C/Si ratio in the breakdown products
was approximately 2, estimated by the dual-channel gas chromatographic
method. This fact and the general comparison of the retention indices of the
peaks, arranged in groups in the pyrogram, with the retention indices of the
reference substances justify the following assumption (see Fig. 1) characterized
by I <C500 (peaks No. 1 to No. s) contain a single atom of silicon, peaks of
I = 600—800 correspond to components containing two atoms of silicon;
similarly I = 850—1050 means components containing three, I = 1050—1300
components containing four silicon atoms, while the next groups of peaks
represent, in turn, compounds containing five, six and seven silicon atoms.

Conclusions

In the light of the experimental results presented in this paper and on
the basis of data of our previous communication, it seems possible to draw
a schematic picture on some of the main characteristics of the decomposition
process of polydimethylsilylene.

A depolymerization of relatively simple character, accompanied by
cleavages of the Si—Si bonds takes place in the first stage of pyrolysis (250 —
350). This process resembles the splitting of analogous carbon chains, although
the end products are naturally different (see, e.g. [8]). The simple nature of
this process is reflected by the small number of components in the pyrogram,
further by the fact that the two main products are simple dimethylsilylenes
with cyclic structures as it has been proved in the case of components No. 32
and No. 42.

A number of volatile (low-molecular) organosilicon compounds appear
in the next phase of thermal decomposition (350—500°), which cannot have
cyclic structures because of the small number of silicon atoms present. At the

* A communication on the separation and mass spectrometric investigation of
[Si(CH32]5is in preparation.
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same time, the close vicinity of the components absolutely prevailing at low
pyrolysis temperatures is overflown by new components which are very similar
one to another with respect to polarity and volatility. Taking into account
both observations, we come to the assumption of a multifold intramolecular
rearrangement (migration of methyl groups and hydrogen), taking place
in this 350—500° temperature range. Further it should be noted that besides
methyl substituents, vinyl groups have also been observed in the breakdown
products. This points to the fact that reactions characterized by radical
mechanism and by the previous cleavage of the C—Si bond, may also play
a definite role at these temperatures. Moreover, the real existence of such
processes is proved by the appearance of compounds containing Si—H bonds,
such as (CHs)2SiH2 and (CH3)3SiH'in the starting region of the chromatogram.

The observation that bis-trimethylsilylmethane, (CH3)eSi2CH2, has not
been traceable among the volatile components, although hexamethyldisiloxane
[(CH3)&i20] and hexamethyldisilane [(CH3)eSi2] are disclosed in the same re-
gion of the chromatogram, indicates that in the stage of the reaction when
Si—CHs groups are split by heat (to give, e.g., vinylsilane or silicon hydride),
there is no possibility for a chemical reaction between the product of this
decomposition and free radicals containing silicon atoms with odd electrons
[such as (CH3)2Si, (CH3)sSi].

Reactions involving the cleavage of Si—C bonds also afford organic
components above 500°, that is in the third phase of reactions. On the other
hand, simple oligomers disappear, as they are cracked under such conditions
of high temperature pyrolysis. This type ofreaction has also been demonstrated
in the case of the cyclic hexamer (cf. Experimental).

When the thermal decomposition of polydimethylsilylene is compared
with that of organic polymers, no fundamental difference is found either in
the thermal stability of the basic chain or in the character of the first phase
of the breakdown process. Thus, the results do not furnish evidence for the
lability of Si—Si bonds, which has been a current view so far. The differences,
which are more marked in the stage of total destruction, are to he attributed
partly to the lower electronegativity of silicon (there is no possibility for
double bond formation and no aromatization processes can take place) and
partly to the existence of empty d-orbitals (tendency for intramolecular re-
arrangement), and cannot be explained in terms of chemical bond energies.

SUMMARY

The thermal decomposition of polydimethylsilylene has been investigated by means
of microreactor gas chromatography. The polymer was exposed to prolonged or instantaneous
heat treatment at various temperatures, and the chromatograms of the breakdown products
were determined.

Using a dual-channel detection method (hydrogen flame ionization and methane-
hydrogen flame ionization detectors, respectively) the approximate C/Si atomic ratios charac-
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teristic of the products of decomposition were estimated. Based on the Kowass’ retention
indices, some of the breakdown products could be identified with simple organosilicon com-
pounds prepajed synthetically.

Three stages dependent on the temperature of pyrolysis have been distinguished in
the thermal decomposition process of the polymer. The first stage is characterized by a de-
polymerisation process accompanied by the formation of organosilicon oligomers, few in
number and of medium molecular weight. Cleavage of chemical bonds in the second stage is
followed by an intramolecular rearrangement resulting in the formation of numerous medium-
and low-molecular organosilicon compounds. The third stage is characterized by destruction
of the oligomers and the formation of mainly low-molecular organosilicon and organic com-
pounds.
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OMNMPEAENEHWE ANMWHBI NEPNOJA WHIMBENWPOBAHWNA
B PAOVNKAIbBHON MOJUMEPU3ALINN

®. THOAEW* n H. N. CMUPHOB

(LleHTpanbHblit UccnegosaTenscknin MHCTUTYT Xumun AH BeHrpun, byganewT u Tex-
Honornyecknii MHCTUTYT UM. JleHcoBeTa, JlIeHUHrpag)

[MocTtynuno 27 wvwona 1967 T.

1. BBegeHue

B Hawux npegplaylinx COOOLEHMSX Mbl TEOPETMYECKM MNOAPOOHO pac-
cMaTpuBann KUHETUKY WHIMOMpoBaHMs Tepmononumepusauun ctupona [1] u
N NpaBUNLHOCTb TEOPETUYECKUX BLIBOAOB MPOBEPSAN HA MNpUMepe WMHrubupo-
BaHHOIM XMHOHaMK TepmononnmMepusaumm ctupona [2]. B panbHeliliem Mbl pac-
CMOTPE/IM TaKXKe pasHble, YaCcTO BCTPeYaloLLMecs Ha npakTuke, 60fiee CNOXHbIe
cfyyanm WHrMbupoBaHus, rae KpOMe 3/IeMEeHTapHOW peakuun WHrMGMpoBaHMUS
HabnoaanTCs TakMe MO6OYHble peakuuu, Kak, Hampumep, pereHepauus uenu,
No60OYHOE WHULIMMPOBAHWE WHIUMGUTOPOM, BTOPMYHOE 3amefsieHve U T. 4. OfHo-
BPEMEHHO OblMM TakXKe pa3paboTaHbl METOAbl A8 TOYHOrO OfpefeneHus napa-
METPOB WHIMOMpPOBaHWsA. B cBA3M € 3TUMK NpobniemMamy — KpaTKoOCTWM pagu —
Mbl CCbllaemMcsl TOMbKO Ha 0630pbl [3,4].

OfHUM M3 CaMblX BaXKHbIX MapaMeTpoB WHIMOMPOBaHWS ABASETCA ANUHA
nepmoja WMHrMOGMpPoBaHUS, KOTOpas HaxXOAWUTCA B HENOCPELCTBEHHOW CBA3U CO
CTEXMOMETPMEN peakumn WHrMéuposaHus. B pa6oTe [1] 6biN0 MNokasaHO, 4TO
3KCTPanonALuus KpUBLIX KOHBEPCUsA-Bpemsa (Unn, 4to 6onee TOYHO, IKCTpanons-
uMa 3aBMCUMOCTU Igmjm = f (<)) He [aeT WUCTUHHYK AAWHY Mepuoja WHIK-
6rpoBaHUA (t{), a TO/IbKO ero Kaxywyrcs anuiy (*'). 3T aBe BeNUYUHBI CBS-
3aHbl COOTHOLLUEHMEM:

* = h F* bl (1)

roe F* (@) — nonpaBoyHas PyHKUMA 1 gd — napaMeTp nHrnémnposanus. (bonb-
LUMHCTBO O0603HAYEHWA WAEHTUYHO WKW BMOJIHE AHAIOTMYHO NPUMEHSEMbIM B
pa6otax [L n 5].) TouHas DyHKUMSA F+ po) Bblna nonydeHa B pabote [5], ans
cnyyas TepMUYECKOro WHWULMMPOBAHNS.

Llenblo HacTosleld paboTbl ABNSeTCA peLleHWe npob6neMbl OAHOCTYMEH-
4yaToOro MHrMOMPOBAHMS 1 COMOCTABMEHNE Pa3HbIX METOAOB ONpefefieHns AVHBbI
neprvoja WHrMOGMpOBaHWs, B Ciaydyae HOBOr0 WHULMUPOBAHWUS.

*3aWmTa KaHAnbaTcKy gucceptauuio B 1956 rogy B JIEHUHrpagCKoOM TEeXHO/0-
rmyecKoOM WHCTUTYTe UM. JleHcoBeTa. PykoBoauTenb: npodeccop H. N. CmumpHoB. Tam Xe,
B 1964 roay 3awimTuia LOKTOPCKYK AuccepTauuio.
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2. AHanu3 KMHETUKW WHIMOMpPOBaHUS

[na paccmMoTpeHVUs BO3bMeEM CaMblii MPOCTOM chyyaid, Korjga MexaHu3m
WNHIMOMPOBAHNSA COCTOUT TOJIbKO U3 CNEAYIOLLMX YETbIPEX 3/1IEMEHTapPHbIX peakLuii:
1. 'HnuunnposaHue

(2)
2. Poct uenwu
R+ M->K (k2 (3)
3. BUMonekynsipHbIi 06pbIB Lienei
R + /[?e->mnonumep (fcd) (4)
4. O6pbIB Leneid UHIMOUTOPOM
R + Z-> nonuwvep (.0, &) (5)

roe M 03Ha4yaeT MOJIEKy/ly MOHOMepa, R e — pagukana, Hocutens uemu, Z -
MHrM6uTopa. B cKkobGKax yKasaHbl KOHCTaHTbl CKOPOCTW COOTBETCTBYHOLLMX peak-
UWiA, 4 — CTEXMOMETPUYECKMIA KOIPDUUMEHT NHrMbUTopa. B 31O cxeme W 1
CKOPOCTb MHWULMMPOBAHWS, KOTOPYK Mbl MPUHMMaeM Be3fe MOCTOSIHHOIA:

L, — const (6)

Bcnegcteme aToro, nonyyaemble 34ecb pe3ynbTaTbl MMEKOT 06LLee 3HayeHue, Tak
KaK He 3aBMCAT OT Cnocoba MHWLUMPOBaHUS.

Cuctemy anddepeHLManbHbIX YPaBHEHWIA AN AaHHOTO MeXaHW3Ma MOXXHO
[aTb B CneaytoLlei gopme:

d
Y s )
dt
8
"
UKbrz — kir2 (9)

rge KOHLUEHTpauuu 0603HaueHbl COOTBETCTBYHOLLMMMW ManeHbKUMMK OyKBaMu.
3 ypaBHeHWiA (7) 1 (8), Npu HayanbHbIX YCnoBuAx t — 0, T = 710,z = 20
Mo/ly4yaemM OfHO M3 OCHOBHbIX YPaBHEHMWIA

log T0 (10)

T z
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3T0 ypaBHeHVE AaeT BO3MOXHOCTb ONpefefieHns OTHOCUTENIbHOM peakLUOHHOW
CMOCOBGHOCTM WMHIMBUTOpA.

Kak 310 6bi10 paHblue NofgpobHo 06CyxaeHo [1], ANS aKTMBHbLIX LEEHTPOB
C 60/bLUON TOUHOCTLIO AEACTBUTENIEH NPUHLAN CTaLMOHAPHOr0 COCTOAHMSA, T. €.

£. = o0 I
dt (m
C yyeToM 3Toro ycnosus, augdepeHumnansHoe ypasHeHre (9) nepexoauT B anre6-
panyeckoe, U3 KOTOPOr0 MOXHO Bblpa3uTb CTaLMOHAPHYH KOHLEHTPauuto pagu-
Kasnos:

rsl

r ‘ (12)
<P+ Y1+ Y2
rae
=Rz = Ms (13)
2
N rst — cTauMoHapHas KOHLEHTpauus pajgukanoB B OTCYTCTBME WHrMbuTopa

(= liwJk4). CooTHoweHve (12) MMeeT 60MbLUYH BaXXHOCTb, MOCKO/IbKY OHO
CBA3bIBAET KOHLEHTPALMIO PafMKaNoB C KOHUeHTpauued MHrméutopa. OTHOCK-
Te/IbHYH0 KOHLEHTpauuilo paguKanoB (rrei = r/rsi) B 3aBUCUMOCTM OT Ge3pasmep-
HOro napameTpa WMHrMbmpoBaHMsA <p Mbl nomecTunn B Tabnuue |. (Cnegyet oT-

Tabnuua |

P I"rel P I"rel 172
0 1 1 0,4142 0,5000
0,1 0,905 1,3 0,3401 0,3846
0,13 0,878 1,6 0,2868 0,3125
0,16 0,852 2 0,2361 0,2500
0,20 0,820 2,5 0,1926 0,2000
0,25 0,781 3 0,1623 0,1667
0,30 0,744 4 0,1231 0,1250
0,40 0,677 5 0,0990 0,1000
0,50 0,6180 6,3 0,07887 0,07937
0,60 0,566 8 0,06226 0,06250
0,80 0,4806 10 0,04988 0,05000

METUTb, YTO B LENAX O6LHOCTW, Mbl CTapajiMCb MPUBECTU BCE 3aBUCMMOCTM K
6e3pasmepHomy Bugy.) Ecnm B> 10, TO npubamxexHue

Kel ~ 1/2 P (14)
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BbINOJIHAETCA AOCTaTOYHO XOPOLLO, KaK 3T0 BWAHO M3 Tabnuupl |. 3TO ycnosue
(hM3MYECKN O3Ha4YaeT TO, YTO MpPU 3TOM BUMONEKYNSPHbIM 06pbIBOM (4) MOXHO
npeHebpeyb, MO CpaBHeHWO c peakuwuei (5).

CrefyeT paccMOTpeTb, KaK MEHSeTCA KOHLeHTpauus MHrmoutopa BO Bpe-
MeHW. Ons 3Toli uenu, cokpawias ypaBHeHuns (8) m (12), npuxognmm K auddepeH-
LWanbHOMY YPaBHEHMIO:

¢p.= E P (15)
dt @+ fl |-

roe
B = k- rst = const (16)

VHTerpmpoBaHue ypaBHeHus (15), npy HavanbHbIX ycnoBusax t= 0 un 9= <0,
NpuBOAUT K (hYHKLMKN F(cp):

F((p) = o+ fl +(p2- log— {1+ fl + 92} = F(<pl) — Bt a7)
£

Mpy 60/bLWINX 3HAYEHUAX (p, F(<p) CUMLHO YMPOLLAETCS:
F(<p)» 2@ (18)

MpubnuxeHHas yHKUWA:

F(C|o)“2<p--ziq-3 (19)

npn @— 1 gaeT owunbKy Bcero nuuwb B 2%. cnonb3ys camoe npocTtoe npubnn-
XeHue (F(cp) 2cp), Mbl NPUXOAUM K OYeHb MPOCTOMY COOTHOLLEHUIO:

2p= 2q0— Bt (20)
KOTOpOe, MOCMe YMNPOLEeHMs, NPUHUMAET BUf,

w
Z — 20 -—---- —t (21)

A

CnepoBaTesnibHO, B HEKOTOPOM BPEMEHM, t = u, @ U T CTAHOBATCA PaBHbIMW HYHO;
3TOT MOMEHT BPEMEHW, COOTBETCTBEHHO M3 (20):

B .

B [fanbHeilllem 3TO BbIpaXKEHME MNPUHMMAEM KakK TEOpPeTUYEcKoe ornpefeneHue
AN ONMHBLL MepruoAa WHIMGUPOBaHUS.
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Ha camom e gene, ycnoeus npowecca SBASOTCA 60/ee CMOXHbIMW. Hauw
npeabIayLLUMA BbIBOJ — U3-32 MPUHATLIX TPYObIX MpeHebpexKeHnin — feicTBu-
TeNeH TO/IbKO Kak nepBoe, rpy6oe npubnmxkeHve. Kak TOMbKO M0 X04y peakuuu
@ CTaHOBUTCA MeHblle 3, KOHLEHTpauns WMHrMbmuTopa HauMHaeT YMEHbLUATLCH
Mef/leHHee, YeM 3TO CrefyeT W3 NIMHelHOM 3aBucumocTu (21). Jeno B TOM, 4TO
npy 3TOM YCNOBMU BCe 60/1ee 3HAUUTENbHYIO POSib HaYMHAeT urpatb GUMONeEKy-
NSPHbIA 06pbIB pagnKanoB (4), KOTOPbIA TOXE YMeHbLUAeT KOHLIEHTPaLMI0 HO-
CuUTeneld LEenu, HO KOTOPbIA, OAHAKO, He PacXoAyeT WHrMeuTop.

CoBepLLUEHHO CTPOrWii aHanu3 mpouecca, NosToMy, cnedyeT NPOBECTU crie-
ayrowmm obpasom. Mo ypaBHeHusaM (17) n (22), npu t = (* M P= <t Mbl UMEEM:

FiF)= FM - XxP (23)
Ecnu ycnoeme g0 3 BbINOJHAETCS, TO YUMTbIBas ypasHeHue (18) Mbl nonyyaem:

F(Vi)= 0 (24)
KopeHb 3TOro TpaHCUEHAEHTHOro YypaBHEHMUSA:
A= 04478 (25)

T. € MPU 3TUX YCNOBUAX G5 AB/SETCS MOCTOSHHOW BeMYMHON. Ecnun, ogHako,
ycnose 40 3 He BbINOMHAEGTCH, TO 3HAYeHWe < ONpefenseTca M3 TOYHOrO
ypaBHeHus1 (23). OuyeBMAHO, YTO MPWU 3TOM < MEPecTaeT ObITb MOCTOSHHOW, a
3aBMCUT OT q, ¥ MOXEeT NPUHUMATb 3HaYeHUs B npegenax:

O<,<Pi~ 0,4478 (26)

3 Bcero ckasaHHOro crefyeT, 4To i = ti, z-~ 0, KakK 3T0 CnefyeT u3
NpUGAMKEHHOrO ypaBHeHnst (21); 6onee TOYHO, - = cpdd > 0. MOXHO Takxe
MokKasaTb, YTO KOHLEHTpauusi WUHIMGMTOpa CTAHOBMTCA PaBHOW HYMO TONbKO
Torga, Korga t ~moo (T. e. OHa BefieT cebsi acumnToTuyeckn). Kak 6bi1o nokasaHo
(1), F() TOXe CUNbHO YNpPOLLAEeTCsH NpY MaNEHbKUX 3HAYEHUAX <P U NPUHUMAET
BUA;

iW ~logy? (27)

Ecnm < 0,1, T0 3TO NpUBAMNKEHUNE YXKE MAN0 OTIMYAETCA OT TOUHOrO 3HaYEHNs,
KaK 3T0 BUAHO 13 Tabnuubl 1. 3geck Mbl cobpanu faHHble AN TOUHOW (hyHKLMK
F(<p), a TaKxXe fJaHHble pa3HbIX MPUBAVKEHHBIX (YHKLWNA.

Ecnn B ypasHeHue (10) noctaBuM BblpaxkeHUe @ U3 (27), C yUYeTOM paBeH-
ctBa z0z = (pjcp, TO Mbl MOMYy4YaeM acCMMNTOTUYECKYHO thopMmy 3aBucumMocTu (10):

[ (28)

J

log » - = K2rd -f 0g ~4y>0 — F(¢c>0
g_l_ KS?QZ (¢>0)
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Kak BugHO, (28) He UTO MHOe, KaK ypaBHeHWe MpsMOli, NPOM3BOAHAs KOTOPOVi

-7-log — = h rsl=vrd —const (29)
dt m

CnepoBatenbHO, MPOLECC MOMMMEPU3aLMI Ha 3TOM yuyacTke {p < 0,1) maeT yxe
C «HOPMa/bHOM» CKOPOCTbIO, HECMOTPS Ha TO, YTO B CUCTEME €lle MPUCYTCTBYET

— XOTA M B HeGOMbLUON KOHLEHTpauum — WUHIMeuTop.
Tabnuua |l

9 H<P) no (18) no (19) no (27)
20 39,975 40 39,975 -
10 19,950 20 19,950 —
5 9,901 10 9,900 —
4,5 8,890 9 8,889 _
4,0 7,876 8 7,875 —
3,6 6,858 7 6,857 —
3,0 5,835 6 5,833 —
2,5 4,803 5 4,800 —
2,0 3,755 4 3,750 —
1,6 2,678 3 2,667 —
10 1,533 2 1,500 —0,307
0,5 0,175 1 0 —0,386
0,4478 0 y — — —0,497
0,4 -0,170 — — —0,609
0,3 -0,574 — — —0,898
0,2 —1,093 — — —1,996
0,1 —1,915 — — —1,996
0,05 —2,662 — — -2,689
0,02 -3,595 — — —3,605
0,01 -4,288 — - —4,298
0 _ _ _ _

Kakpa3 u3 ypaBHeHus (28) cnegyeT TO, 4TO ANMHA nepuoga WMHrnéupo-
BaHWA, onpeaensiemMast aKCTpanonauuneit 3aBucMMocTit Ig mjm = f(t) K 3Ha4YEHUHO
Igmjm = 0, sBNAeTCA TOMbKO KaXyLlencs ANMHONA. VIMEHHO, B 3TOT MOMEHT
BpeMeHn C, Mbl UMeeM:

KMt + f2[log % - =0 (30)
s | 2 [
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13 KOTOPOro, MOCNE HECNOXHbIX NPeo6pa3oBaHUii:

* = hF* (40 (1)

roe yHkuma F*(cp0) onpefensieTcs ypaBHEHUEM:

F* oo = v i1+ — (o 1)- —b 31
@) = V| - (0 ) LI (31)
rae BcnomoratenbHas QyHKums, O0:

®0= fl + @0 (32)

MonpaBoyHas (yHKUMA F*(<p0 o6nafaeT HEKOTOPbIMU WHTEPECHLIMU CBOM-
cTBamu. B cuny TOro, uto

lim (— (90 - = 33
im ﬁ@( 101 1 (33)
"
lim 1— log 1% ®Pl- o (34)
| ®o
cneflyeT, uto
lim F* (q0) = 1 (35)
C Opyroi CTOpOHbI:
lim ®0—1— log ' 2<Dp (36)
1 NoaTomy
lim E* (Vo) = -- (37)
0-+00 Z

COOTBeTCTBEHHO, 3Ta (DYHKLMA MOXET NpuHMMAaTbL 3HadeHWs B npegenax 0,5 <;

F+(<p0) <, 1. CnepoBaTenbHO, BeNMYMHA t' BCerja MeHbllue u (3a MCKoYe-
HUEM MpefeNibHOM BeNUUMHLL g = °0), NPUYEM, MPU MaNEHbKUX 3HAYeHuAX qo,
Mbl UMeem 100%-Hoe pacxoxgeHue. 3HavyeHUs F*(cp0) nomelleHbl B Tabnuue 1.
Ecnn 90<0,1, TO [OCTaTOYMHO Xopowlee NPUGAVXKEHWE [AeTCH YpaBHEHUEM:

F* (®o) < ,0,5 ‘f‘ 'O—qD (38)

Kak BUAHO 13 Tabnuupl, ecnm y0> 102, To F*(cp0) N 1, ¥ NPaKTUUYECKN U —t-
OpHako, ana Toro, 4Ytobbl 3TO YCNOBME BbIMOJHANOCH, HEO6XOAUMO, UTOObI MHIK-
6uTop 00nafan O4YeHb BbICOKOW peakUMOHHON CMOCOBHOCTBIO (B U K- AO/MKHbI
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Ta6nuuya 1l

R F*(9>0) R

0,1 0,51240 10 0,8666
0,13 0,51642 13 0,8881
0,16 0,51978 16 0,9028
0,2 0,52488 20 0,9168
0,25 0,53096 25 0,9291
0,3 0,53711 30 0,9369
0,4 0,54905 40 0,9499
0,5 0,56070 50 0,9577
0,63 0,75601 63 0,9646
0,8 0,59350 80 0,9707
1 0,6130 100 0,9754
1,3 0,6394 130 0,9801
1,6 0,6624 160 0,9832
2 0,6887 200 0,9860
2,5 0,7159 250 0,9883
3 0,7382 300 0,9900
4 0,7728 400 0,9921
5 0,7984 500 0,9935
6,3 0,8233 630 0,9946
8 0,8470 800 0,9956

— — 1000 0,9964

MMETb OYeHb GOMbLUME 3HAYEHUS)). DTO OObIMHO BbIMOJMHAETCA B ClyYae WHIU-
OMTOPOB-CTabU/IbHLIX CBOGOAHLIX PAAUKANoB, HO OYeHb PeAKO AeWCTBUTENbHO
4N MHrMGuTOpoB-MoNekyn. CnefoBaTeNbHO, YKasaHHbIMW MONpPaBkamy 06bIYHO
Henb3s npeHebperatb.

Ha ocHoBe 3aBucmmocTu log mjm =f(t) MOXHO OMpedenuTb ti U Apyrum
06pa3oM, a MMeHHO, Mo ypaBHeHMto (10) npu t = ti Mbl UMeeM:

o2 (39)
m =y <Pi

OflHaKOo, 3TMM BbIP&XXEHMEM MOXHO MO0/b30BaThCA YA0OHO TONLKO TOrfa, ecniu
BbINONHAETCA ycnoBue y0> 3. B atom cnydae ypaBHeHMe (39) MOXHO faTb B
6onee npocToli hopme :

log =\ = {log @, log 0,4478} (40)
T |(=r K5
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CnepyeT OTMETUTb, YTO, C TOYKU 3PEHUS TOYHOCTM, 3TOT CMOCO6 onpefeneHus
HWYEM He YCTynaeT 3KCTPanofsLMOHHOMY MEeTOAy.

B oTinune oT npefblayliux ABYX «UHTErpanbHbIX» MeToAoB, Bamdgopaom
N J)KeHKUHCEM Obln NpeanoxeH «anddepeHUManbHbIi» MeTod. [MocnegHuii
OCHOBbIBAETCA Ha TOM, YTO NpU t = t- gt = const, U cornacHo ypasHeHWUo (12)

r KOTT
Ttti,u = - 5o = (41)

TOXe [O0/KHA ObITb MOCTOSHHOW. Bonee KOHKPETHO:

I — _ — = 0,648 42
Mel i 0A4T8 Y F1 +(0,4478)2 (42)

£ICHO, OfIHaKO, YTO 3TOT METOZ MOXET NPUMEHATLCA TOMbLKO TOrAa, Korfa Bbl-
nonHsetca ycnosme gl > 3. B NpOTUBHOM XK€ Cnydae, B CUY HepaBeHCTBa (26)
Mbl MMeEeM:

1> TImey,U—i~rel/j > 0,648 (43)

N 3HaYeHune W ret, ti 6yaeT MeHATbCA OT OnbiTa K onbITy (B 3aBUcMMOCTU OT (p0).
CKOpOCTb MOAMMEpM3aLMn OMpeaensieTcs 06bIMHO HECKOIbKO MEHEe TOUHO, YeM
KOHBEpCUs, 1 MO3TOMY 3TOT METOf AaeT HECKONbKO MeHee TOYHble Pe3y/bTaThl.
TeM He MeHee, 3TOT METOZ MOXET ObITb OUeHb MOMIe3eH B TEX CAyYasx, Korga npu
60MbWINX KOHLEHTPaUMAX WMHIMoUTOopa 06HapY)XMBAKTCA pasHOro poga nobouy-
Hble peakuuu.

TO4YHO TakXKe MOXHO UCNO/b30BaTh 3aBUCUMOCTbL 1 — f{t) Ana onpefeneHus
U, no-KpaiiHeii Mepe, MpUHUMNUaibHO. B HacTosllee Bpemsi, 0fHaKO, 3TOT CMO-
co0 elle He MOXeT MPUMEHATbCH Ha MPaKTMKe, MOCKONbKY COOTBETCTBYHOLLME
KOHUEHTpaummn pagunkanos (nopsigka 10~7— 10-9 monb/n) elle He NoggakoTcs
TOYHOMY W3MEPEHUIO.

Kpome pacCMOTPEHHbIX [0 CUX MOP METOAOB [T. €. UCMOJb30BaHWe 3aBUCK-
mocTer logm jm =f(t), r =/(*)] MOXHO MCNOMb30BaTb TaKXe 3aBUCUMOCTb
z = f(t) WM Xe paBHOLEHHYIK 3aBMCUMMOCTb: < =/(«), ANs onpeaeneHus L. 310
[lenaeTcs O4yeHb MPOCTO: 3KCTPanonsiuueid NUMHENHOro yyacTKa KpuBoi z= f(t).
Ha npakTvke, npu 3TOM, ONPefeNnstoT He tit a pPaBHOLEHHYI eMy BeNUYUHY
W Jfi, 13 Hak/0Ha MPAMOro y4yacTka KpuBoi. CrefyeT 06paTWTb BHUMaHUE Ha
TO 06CTOSTENbCTBO, UTO MNPU TakKoW 3KCTPanoasuMM MoayvalTcs Hemocpen-
CTBEHHO 3HaueHus /e (a He t'). Ho anga Toro, 4tobbl KpuBaa z = f(t) noagaBanach
TOYHOW 3KCTpanmonAuun, cnefyeT cobntofate ycnosue gl & 3.

Mpn MCMONb30BaHMM 3aBUCUMOCTU z = f(t), 415 OMPeAeneHus ti MOXHO
ncnonb3oBaTb ypaBHeHue (13). Mpu t = t, mMbl umeem r- = 0,4478//?. Heypnob6-
CTBO, OflHaKO, COCTOMT B TOM, YTO A/18 3TOMO0 Mbl [O/DKHbI 3HATb 3HaYeHWe B.
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MocnefHee >ke onpefdensieTcs OTAENbHO AMNATOMETPUYECKMM  CrMOcobom, Mo
ypaBHeHUusIM (12) n (13). C Apyroil CTOPOHbI, AN W3MEPEHWs] KOHLEHTpaLum
MHIMOMTOpPa Mbl LOSIXHbLI BCErAa MMeTb COOTBETCTBYIOLLMIA aHa/IMTUYECKUI METOS,
onpegeneHns MHrubmuTopa. 310 TpeboBaHME 4YacTo TPYAHO BbIMONHATE.
CnepyeT elle OTMETUTb, YTO aHa/IOrMYHO 3aBUCMMOCTW (42), ANna MHIrMbu-
TOpa Mbl UMeeM:
dz

= 0,290
U]tqi dt

HakoHel, cneayeT elle ynoMsHyTb cneaytowmin metoq (7). AunddepeHum-
npoBaHMeM 3aBMCcMMOCTU log mjm = f(t) Mbl MOXXEM M3 TOUKM B TOYKY onpepe-
nATb W rel = /(r), a u3 nocnefHeid, no ypasHeHuto (12), 3aBUCMMOCTb <= f(t).
3Has o, Mbl MOXeM paccumTatb F(cp) no ypasBHeHuto (17). (Ha npakTuke no-
CnefHWIA LWar Npou3BOAWUTCA C MOMOLUBK Fpaguka, MOCTPOEHHOro MO [aHHbIM
Tabnuupl 2.) Takum 06pa3oMm, Mbl NPUXOANM K rpaduky F(cp) = f(t), KOTOPBbIA
[LO/MKEH ObITb CTPOro NNHENHLIM. JKCTpanonsaumsa gaHHoro rpaguka K F((p) = O
HenocpeLCTBEHHO fAaeT 3HadeHue {. OTOT MeTOL OKa3a/iCid OYeHb MOME3HbIM B
cnyyae cnabblXx MHrMOMTOPOB (BNAOTb 4O 3HaveHMsa kjk2= 1)

N3 Bcero aHanmsa BbITEKAeT, 4YTO 3a WCK/IIOYEHMEM 3IKCTpanonsauuu
I[gmjm =1(t), aTakxKe ero andepeHUNanbHOro BapuaHTa, O KOTOPOM TONbKO
YTO FOBOPWNIOCH, 415 MPUMEHEHUA BCEX OCTa/IbHbIX METOAO0B TpebyeTcs BbINOA-
HeHue ycnosus g0 > 3. TM03TOMY, MMEHHO 3TW [ABa MeTofda ChefyeT CuuUTaTb
Hanbonee OOWMMN METOZaMK OMpefeneHus AAVH nepuoja UHrMbMpoBaHUs, Tak
KaK OHW OAMHAKOBO MNPUrofHbl Kak B C/y4ae CU/bHbIX, TaK W B C/lyyae cnabbix
WNHIMBUTOPOB.

B 3ak/oyeHune cnefyeT 0TMETUTb, YTO [aHHble BbIBOAL! W60 6e3 N3MeHeHus,
NmMbo ¢ HeboMbWMMKN (hOpMaSIbHbIMU U3MEHEHUAMU MOXHO PacnpocTpaHsATb Ha
BCE, HEpPa3BEeTB/MIEHHbIE LeMHble peakuuu.

PE3IOME

B AaHHOM COOGLLEHMM Mbl MPOBE/IN TOUHbLIA aHAN3 KUHETUKU WMHTUGMPOBaHWS ANs
cnyvasl, Korga MHrMbmupoBaHve NpoMcxoauT B OAHOM 3/1eKTPOHHOM akTe. Bblna ycTaHoB/eHa
(hopmMyna ans onpefeneHns AMHbI Nepuoga WHrM6MpPOBaHKS Ha OCHOBE AWUIATOMETPUYECKMX
M3MEPEHNIA. AHaNIM3NPOBASIUCL U KPUTUUECKM COMOCTaB/SANACL TaKXe ApYyrue MeTofbl ornpe-
[eNeHnst rnepuofa WMHITUGMPoBaHNS.

SUMMARY

An exact analysis of the kinetics of inhibited free radical polymerization has been
made for the most simple case, when inhibition is represented by a single elementary reaction.
A formula for the determination of the length of the inhibition period, based on dilatometric
data, has been derived. Other methods for the determination of the length of the inhibition
period have also been critically evaluated and compared.
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SHEPIM CBA3EW ATOMOB-OPITAHOIMEHOB
C METANTNTAMUN-KATANN3ATOPAMNK

M. TETEHU*

(MHcTUTYT WM3oTonos BeHrepckoii Akagemun Hayk, ByganewT)

Moctynuno 9 uioHsa 1967 r.

YUnCneHHble 3HAYeHWS SHEPrMM CBA3M aTOMOB pearvpylowux MOJSieKyn ¢
MOBEPXHOCTLIO KATa/IM3aTOPOB MMEHOT 3HAYeHMe C TOYKU 3peHUs npefcKasaHus
BE/IMUYMH SHEPIrUN aKTMBALMMW KaTaMTUYeCcKnx npoueccoB [1]. OHM XapakTepu-
3yHOT CpPOACTBO KaTa/jm3atopa K TeM aToMaM pearvpyroLwux MOMekys, KoTopble
MPMHMMAIOT y4yacTue B AaHHOM KaTa/IMTUYECKOM MpoLecce.

TepMOXMMUYECKME W CMEKTPOCKONUYECKME METOAbI OMpeAeneHns npueesyT
K BeNYMHaM, He TOXAECTBEHHbIM CO 3HAYEHUAMMW 3HEPTUiA CBA3eld, 0bpasyto-
WMXCH MEeXAY pearvpylowymMm MoieKynamn 1 KaTaam3aTopoM B XO4e peakuuu.

BenmMuuHbl 3Heprum cesseit, 00pasyloLLUXCA Ha KaTa/IMTUYECKOW NOBepX-
HOCTW, COCTOAT M3 ABYX uYacTeil [2]:

Qxk = QxK + ~ @

roe Qxk— 3HEPrus CBS3M MeXJy MOBEPXHOCTHLIM aToMOM KaTanu3atopa (K)
N aTOMOM pearmpytoulero sewiectea (X ),
Qxk — 3Heprus cBA3n X ¢ K B COEAMHEHWUM, COAepXKalleM 3TV aTOMbl,
A — cy6NMMaLMOHHBIA uYfeH — cnaraemoe, nepejarollee Bce BUSHWE
COCEAHUX aTOMOB MOBEPXHOCTM.

BenmunHbl f, 0 60nee TOYHOM 3Ha4YeHMM KOTOPO cM. [3], MOryT 3Hauu-
TeNIbHO MOBMAUATL HAa BENNMUYMHBI Qx k, KaK 3TO 6bl10 NOKasaHO Ha MpUMEPE HU-
KEeNeBbIX KaTaJM3aTOpPOB Pa3MYHOr0 npurotoBneHms [4]. W3 storo cnepyer,
YyTo ANa npefAckasaHWs KaTanWTMUECKOW aKTUBHOCTM WMEKT MNepBOCTEMEHHOEe
3HAYEHMNe 3HEPrUN CBA3EI, 06pa30BaHHbIX MeXAY CyOoCTPaTOM M MOBEPXHOCTHbIMU
aroMamMn Katanmsatopa.

BanaHanHbiM Obln Pa3BUT [5] KMHETUYECKUIA METO[ OMnpefenieHns 3Heprui
CBSi3eil, 006pa3yloLMXCA Ha KaTaMTUYeCcKOol MOBEpXHOCTU. C MOMOLUbHD 3TOr0
MeTofa, MCMOoMb3ys BENWYMHbI SHEPrUi aKTUBALMW KaTaMTUYECKOW peakuuu,
MOXHO paccuMTaTb WCKOMblE BE/IMYMHBLI IHEPTMUN CBS3ei. ITOT MeToA Obln Mpo-

* B 1954 rofy OKOHUMA XUMWYECKUA haKynbTeT MOCKOBCKOro [ocyaapcTBeHHOro

YHuBepcuteTa MMeHW JlomoHocoBa; B 1957 rogy — acnupaHTypy noj PyKOBOACTBOM aka-
nemuka A.A.banaHguHa.
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BepeH [6] v obwmpHO ncnonb3oBancsa [7] AN OKUCHbIX KaTanu3aTopoB. [Topasao
MeHbLLle WMeeTCa [aHHbIX OTHOCWUTENIbHO METa/l/IMYeCKUX KaTanm3aTtopos [4,
8, 9]. 3™ gaHHble oTHOCATCA K KaTanusaTopam Ni, Pt. Kpome atoro 6bim pac-
CYMTaHbl 3Heprum cesizeil Ha Ni, Pt, Pd n Fe [10] ¢ ucnonb3oBaHNEM [aHHbIX
MO 3HEPrusAM akTWBaLuUWM pPa3NNYHbIX peakuuii, Oony6AMKOBaHHLIX pPasHbIMU
aBTopamu, NPUMEHSABLLUMMW KaTa/M3aTopbl pPasfIMYHOro MeToja MpUroTOBMEHUSA.
OfHaKo Npu pacyeTe 3HEpPrum cBsisell 6onee >kenaTeslbHO — €C/IM BO3MOXHO —
MOMb30BaThCA [AaHHbIMKU MO 3HEPTMAM aKTUBALUW Pa3fMYHbIX peakuuii, mpose-
[eHHbIX Ha OAHOM K TOM >Xe 06pa3sle KaTanm3aTopa.

A. A. BanaHguHbiM U aBTOpoMm [11—13], a Takxe aBTOPOM C COTPYAHU-
Kamu [14—19] npoBOAMAWCH WCCNEAO0BaHMUS, KacatollMecs KaTafMTUYECKONA
aKTMBHOCTU 18 pasfinyHbIX METAII0B B MNpoLecce AernaporeHusanmMn n gerungpa-
Tauum CNMPTOB, a TakXe [AerniporeHnsaumMnm LUKIorekcaHa W LMK/IOreKceHa.
B pesynbTaTe McCnefoBaHW ONPeAensiucb 3HEPTrUM akTMBaLMW 3TUX peakuumit
Ha pafe MeTanoB. TU [aHHble MO3BOMAOT paccymTaTb 3Hepruu cesaseli BOLO-
pofa, yrnepoja v Kucnopoga C MeTa//IMYECKUMU KaTanusaTopamu.

MpuHUMN pacyeTa OCHOBbLIBANCA Ha BbIABMHYTOM A. A. bBanaHAuHbIM
meToge [5]. CocTaBnsinacb cucTemMa YpPaBHEHWI, BbIPKAOLWMUX 3JHEPTUKO aKTU-
BaLUK BblLIeyKa3aHHbIX TPeX peakuuidi yYepe3 3Heprum CBs3eld, paspbliBarOLLUXCA
(@cH, Qoh n Qco) n obpasytowmxca (QHm, Qcme M QoMe) MNpW B3aANMOAEN-
CTBMW KaTa/m3aTopa C pearvpyloLiM BeLLecTBOM. PelleHMeM 3TON CUCTEMbI
6blN NOMYYeHbl UCKOMbIE BEMIMYUHBLI ()HMe, (°CMe W Qom *©

Takoi MeTof pacyeTa MOXeT MPUMEHSTLCA TOMBKO MpW YCMOBWM, YTO B
cllyyae BCEX TPeX WCCMeA0BaHHbIX peakuuil ofHa W Ta XKe 4acTb MOBEPXHOCTU
ABNSAETCA aKTUBHOW, T. €. BCE TPW peakumm MpoXoAsT Ha OLMHAKOBbIX LIEHTpax
KaTanusaTtopa. bbino HaigeHo [18, 19], uTo napameTp pacnpeaeneHns akTUBHbIX
LIeHTPOB, BenMuMHa «b B ypaBHeHWU

k0= aeh% (2)

BblpaXkatoLleM KomneHcaumto [20] Mexay KOHCTaHTaMu ypaBHEHUs AppeHuyca*
B C/yuyae TpPex MCCMefoBaHHbIX peakuuii OuYeHb Masio pPasnnyarTcs Apyr oT

apyra:
JernaporeHusaums LUKNOreKceHa: h= 750 « 04

JerngporeHmsaums mnso-nponaHona: 1= 8,10 « 10~4
jerngparaums TpetuyHoro 6ytaHona: h = 8,40 « 10~4

Ha ocHoBe 6/1M30CTU BEMUMH «@» MOXHO NPEAnoNioXUTb, YTo BCE TpU
peakuumn MpoxoasT Ha OAMHAKOBOM 4YaCTW KaTa/IMTUYECKON MOBEPXHOCTU.

* KO — NpeasKCnoHeHUMa/IbHBIA MHOXWUTENb YpaBHEHUst AppeHnyca
e — 9Heprusi akTmeaLmm
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AHanM3 M3MEHEHWA KaTa/IMTUYECKOW aKTMBHOCTM METa/iNoOB MOKa3blBaeT

yto MpU AervaporeHu3auun yrneBoAopPOAOB MNPOUCXOAUT paspblB C—H,

npu fgernaporeHusauumn cnuptos paspels C—H v O—H, 1 npu gerngparaumm
cnmpToB pa3pblB C—H 1 C—O cBA3eil. bblNo yCcTaHOBMEHO TakKXe, UYTO fAermapo-
reHnsaums LMKIUYECKUX YreBOLOPOA0B MPOUCXOANUT MOCPELCTBOM MOCTENeH-
HOro OTPbIBA aTOMOB BOAOPOLA. YUNUTLIBAA BCE 3TO, A/15 3HEPTUN aKTMBALUN Tpex
NCCNefOBaHHbIX peakuuidi Nosyyaem Chegytowe BblpaXKeHWs.
JerngporeHusaums LMK/IOreKceHa:

ei= 2(2cH 20OV 2()HMe 3)

JerngporeHunsaums cnupTa:

£2= (2CH + (20H ~— QCMe —~ 2@HMe  OoMe (4)

Jerngpatayma cnupra:

g3= OCH+ Qco 2QcMt (»HMe  QoMt (5)

Ha ocHOBe nUTepaTypHbIX [aHHbIX MPUHUMAEM Creaytolye 3HayYeHus ans
3HEPruin CBSI3e B MOMEKYNE™:

(>cH
OcH
(>cH
OoH

Qco
OHH

(s cnuptax) = 99 kkan [22]

(B umknunyeckux yrneesogopogax) = 89 kkan [23]

(nepBas pearupytowias cBs3b B LMKNOrekceHe) = 77 Kkan [23]
111 kkan [23] Oce = 83 kkan [22]

86 kkan [23] (?, = 60 kkan [22]

= 104 kkan [22].

PellleHnem cuCTeMbl M UCMNOMb3YS YKasaHHbIe 3HAYeHUa AN cBAzei BHYTPU

MOMIEKY/, TMONlyYaem cneaytolime opMy/bl A1 pacyeTa WCKOMbIX 3Hepruli
CBA3EN:

(?HMe *— 55 -p —
el+ £2 - £3 (6)

QcMe = 29 4- —

(?0Me — 72 -P —

* [laHHbIE MO 3HepPrusam CBA3N U Mo 3HePrusaM akTnsaluu BO BCel cTarTbe nogpasymeBa-

H0TessB KKan/Monb, HO pagn NpocToTbl NULLYTCA JINLWb B KKasl.
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Mo noBoay ypaBHeHWi (3)—(5) HEOOXOAMMO OTMETUTb, YTO MPW WX COCTaB-
NeHWW Obla MPEeAnosioKeH MOJHbLIA Pas3pbiB CBA3EA BHYTPU MOSEKYN NpU WX
agcopbumy Ha MNOBEPXHOCTW KaTanM3aTopoB. 3TO MNPEANONOXEHUe KaXKeTcs B
cnyyae MeTanoB 6ofiee NpPasBAoMOLOGHbLIM, YEM UCMO/b30BaHUE KOPPEKLMOH-
HOro MHOXWTeNs 4/3 Ans nepecyeTa OMbITHbIX 3HAYEHWUI 3HEPTMM aKTUBALUW.
Takol MHOXWTENb NMPUMEHANCHA ANA OKMCHbIX KaTasnu3aTopoB Ha OCHOBe npeg-
CTaB/IEHMS O YaCTUYHOM TO/IbKO paspbiBe CBSi3eld B MOMEKynax npu 06paso-
BaHMW MNOBEPXHOCTHOrO KOMMJeKca pearvpylollero cybcrtpata ¢ Kartanusa-
TOPOM.

Heobxognmo fanee OTMETWUTb, 4TO ypaBHeHUs (3)—(5) OCHOBbLIBAKOTCA Ha
NPeAnosioKEHUN, N0 KOTOPOMY 3HEPIUM akTuBauMu 06pa3oBaHUA MOBEPXHOCT-
HOro COeMHEHMs1 paBHbl TeNI0BOMY 3h(heKTy 3TOro npouecca, T. €., 4To o6paso-
BaHMe 3TOr0 KOMM/eKca He TpebyeT COOCTBEHHOW 3HEPTMU aKTMBaLuMW. 3To npeg-
MONOXEeHNe OCHOBbLIBAETCA Ha MPeLCTaB/EHUW, YTO MOBEPXHOCTHbIE aTOMbl UMEOT
CBO6OLHbIE BafIEHTHOCTM, & COOCTBEHHbIE 3HEPTMM aKTWUBaLMMW peakuuid, npowuc-
XOAAWMX C y4yacTUeM CBOOOAHbIX BaNeHTHOCTEW, Hampumep CBOOGOAHLIX pagu-
Kanos, BOOOLle He3HauuTeNbHbl. Bce Xe KaXeTcs, 4To Takoe MpeLnonoXeHune
BHOCUT HEKOTOPYHO YCNOBHOCTL B pacyeThbl. [103TOMY paccumTaHHble Mo hopmynam
(6) BENMMUMHBLI MOXHO MPUHATL KakK MapaMeTpbl, XapakTepusyloLine CPOACTBO
MeXJY KaTasM3aTopoM W aToMamu-OpraHoreHamMu, HO MOXHO WX Ha3blBaTb
3HEeprusmMun cBsA3eil TONIbKO YC/IOBHO.

Tabnuua | cofepXuT CBOAHbIE [JaHHble MO 3HEPrusM akTWUBaLui, onpe-
JeNeHHbIM B HallMX, LUMTUPOBaHHbLIX Y)Ke paboTax. MeToabl MoyvyeHUs KaTanu-
3aTOpPOB W XapaKTepusylolme UX AaHHble npuBefdeHbl B paboTax [11—14, 18].
MeTo4vKa npoBefeHUs 3KCNepyMEHTOB HaxoauTcs B paboTtax [11, 15].

Ha ocHoBe AaHHbIX, cogepkawmuxca B Tabnuue |, ¢ nomouibto opmyn
[61 PacCUMTLIBA/ICL BEMNUYMHBI (=+me, Qcye U Qowe, MpuBefeHHble B Tab-
nnue 1.

B BbllwenpuBefeHHbIX pacyeTax WCMOoMb30BA/IUCL 3HEPTUM  aKTUBaLUM
fernaporeHnsanm LUUKIOreKceHa, Tak Kak Ha npuMepe HUKens 6bl1o ycTa-
HOBJ/IEHO, 4YTO KaXKyLLasacs 3SHEpPrus akTueauuyu B 3TOM C/yyae He CUIbHO OT-
nn4yanacb OT WUCTUHHOW [24]. B cnyuvae >Xe AernaporeHu3auym LUKAOrekcaHa
MexaHuW3M rnpoLecca 605ee CMOXEH, B CKOPOCTM peakuuy UrpaeT 3HauUTe/bHYHO
PO/ib CKOPOCTb aAcopouuM WUCXOAHOTO BELLeCTBA M CKOPOCTb MOBEPXHOCTHOW
XUMUYECKON peakumn. SHeprum akTuBauum 3TUX [BYX NPOLECCOB 3HAYMTENbHO
pasnuyaroTcs apyr ot gpyra [25, 26]. AHaNN3 KMHETUYECKUX AaHHbIX U Pe3yib-
TaTOB WCCNefOoBaHWS MexaHu3Ma MNoKasblBaeT [24], uto npu agcopbummn npowuc-
X0AuT auccoumaums nepsoli C—H cBA3M UMKorekcaHa u obpasyeTca NoBepx-
HOCTHbIA Komnyiekc CEHIT - Me. B TeueHne NOBEPXHOCTHOW peakuuu MpoMcXo-
OUT paspbiB BTOpoOli cBA3M C—H © 06pa3oBaHMe LUMKAOTeKceHa, yaenbHas CKo-
poCTb fafibHelLero npeBpaLleHns KOToporo HaMHoOro 6osblle, YeM npegplayLive
cTagun peakuuu.
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Tabnuua |

SHeprus akTuBauuM AervaporeHusalmm LmkiorekceHa (ej, usonponaHona (e2) ¥ TPeTUYHOMO
oyTaHona (e Ha pasnyHbIX MeTannax

Karanusatop kKA KKan K
>Keneso 9 20 17
KobanbT 25 12 18
HUKenb ..o 8 10 22
Mefb...ccooiiiiiiieieiine 15 11 18
PYTEHUN .ccovveeiieenn, 9 9 19
POANT .o, 10 13 23
Mannagnin 10 18 25
Cepebpo 11 20 26
Npuawii 6 1 22
MnatmHa ..o 11 17 25
30/10TO o 18 16 22

3HaunTeNbHO GONbLUEe 3HAYEHWE IHEPTMM aKTMBALMW aAcopoLMU LMKMO-
rekcaHa no CpPaBHEHWIO C 3Heprueit akTMBaLMM NOCNEeAYOLLEro NOBEPXHOCTHOMO
npouecca, HECMOTPSl Ha TO, YTO B TeYeHMe 06enx CTaguil peakuuMnm NPOUCXOAUT
paspblB ofHO C—H cBfi3n, ABNsSETCS MoKasaTefieM TOro, 4To 3Ta aacop6uus
TpeGyeT 3HAUMTENbHOM COBCTBEHHOW 3HEPTMM aKTMBauuMW. Mo3ToMy ANs pacyeTa
3HEpruii CBsI3ei MOXHO MCMO/b30BaTh TONbKO 3HEPTUIO  aKTWMBALMM MOBEPX-
HOCTHOIA AermaporeHnsalmn, KoTopas — Ha OCHOBE BbILIEWN3NIOXKEHHOTO TMpea-
CTaB/MEHNS O MeXaHW3Me MPoLecca — BbIPaXAeTCs CMeAyoWmMM 06pasom:

ei = (CH QCMe — (?HMe (?)

PewnB cuctemy, COCTOSLLYO 13 ypaBHeHuld (4), (5) n (7) 1 ncnonb3ys BbllLenpu-
BeAEHHbIe 3HayeHWs 3SHepruid cBaseil QcH, (?0H U Qco, NMPUXOAUM K Cleayto-
MM pacyeTHbIM (hopMynam:

@Hme = ~g + —m— —e2+ e3)
z
(?cHe = 32 + — ( - £{ + e2— e3) (8)

CoMe = 62 — (3ey e2 e3)
z

BennuuHbl 3HEpPrMM akTMBauuMm A1S MNOBEPXHOCTHOW CcTaguu Lerugpo-
reHu3auMm uUmMknorekcaHa 6binn onpegeneHsl [25] B cnyyae HUKeNs, MaaTUHBbI
n poams (10, 13 n 10 KKan, COOTBETCTBEHHO). MCNOMb3ys 3TU 3HAYEHUS, a TaKxXe
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BE/IMYMHBI 3HEPTMM aKTMBaUUW AernaporeHvsaumMmM W gerupparaumm CnvpToB
(Ta6bnuua 1), 6bIMM paccuMTaHbl 3HEPTMU CBS3E ANS 3TUX TPeX KaTann3aTopoB
(Tabnumuya 11).

CpaBHeHMe fAaHHbIX B Tabnuuax Il n 11l no3BonseT yCTaHOBWUTbL, 4TO
MMEKTCA UL HeBOoMbLIME Pa3Inyuna MeXAY 3HaYeHUSMU SHepruin cBs3ei, pac-
CUMTaHHbIX Mo ¢opmynam (6) n (8). ITO roBOPUT B NOML3Y NPUMEHUMOCTU ITUX
thopmyn gns pacueTa.

B Tabnuue IV npmBoadTcs HEKOTOPble NNTEPATYPHbIE JaHHbIE MO SHEPTUAM
CBA3M, MOJIyYEeHHbIE TEPMOXMMUYECKNM, CMEKTPA/IbHbIM WIN PAaCYETHbIM MyTeEM,
M CPaBHMBAKOTCA C AaHHLIMW, MONYYEHHBIMW KUHETUYECKUM METOLOM.

CpaBHeHMe 3Hepruu cBaseli No gaHHbiM Tabnuy Il n IV nokasbiBaeT, yTo
MOMyYEHHbIE KUHETUYECKMM METOAOM BEfIMYMHbLI HE OT/IMYAKOTCS B 3HAUMTE/IbHOM
.Mepe OT [aHHbIX, MOMYYEHHbIX TEPMOXUMUYECKUM, CMNEKTPAIbHLIM WM PacyeT-

Tabnuua Il

SHeprumn cBsizeil aTOMOB BOAOPOAa, Yrniepofa 1 Kucnopoja ¢ MeTa/NIMUECKMU KaTanm3aTopamu,
paccuMTaHHble Mo opmynam [e]

KaTanusatop ®K'12” ne ?(ﬁ%e ?%e
MKeNneso ..cceeeveennas 50 28 57
KoGanbT....couvvrvevrenns 52 24 ei
Hukenb 59 21 58
Megb...... 55 21 62
PyTeHwui 58 22 61
POANA...ooveieiiecie, 58 22 57
MNannagnii ......cccceeene. 56 23 54
Cepedpo oo 55 23 53
Npnanii ...ceeeeeeee, 59 22 57
MnatmHa  ...coceevveenee, 56 22 55
30/10TO  eevceeee e 53 21 59

Ta6nuua Il

SHeprumn cesiseli aTOMOB BOZOPOAA W KMCIOpOfa C MeTalNMYeckKuMM KaTaamM3aTopamu, paccyu-
TaHHble no copmynam [8]

Kartanusartop %'(_'a%l ¢ ﬁ).fa“ﬂ' ¢ %?a’ﬂ ¢
50 21 61
58 22 59
56 22 60
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HbIM NyTem. 3TO MOATBEPXKAAET PeaslbHOCTb KUHETWYECKOro MeToga. Henbss,
KOHEYHO, O0XWAATb MOMHOrO COBMAAEHMUS, MOCKONbKY KUHETUYECKUI METOg,
Kak 6blfI0 YKa3aHO BblILLE, AaeT 3HEPruv CBSA3ei Ha MOBEPXHOCTU, a ApYrue MeToapl
— 3HEpPruM CBs3el B XUMUYECKUX COEAVHEHMUSIX.

Tabnuua IV

JInTepaTypHble faHHble MO SHEPIMAM CBS3U BOAOPOAR, YINepoja W KUciopoga ¢ MeTainamut

AHMe KKaf Qcme KKan QOMe Kkan
MeTtann
pacy.Z7 3ken. pacy.Z/ 3KCr. pacy.Z7 aken
MKEMEB0 oo eeeserseresren 53 14 52 462«
KOBaNbT .o, 57 15 57 498
HUKENb oo 54 552 14 1829 53
MELD v 47 628 12 43 6728
PYTEHUMR .ot 65 16 50
POANIM ..o 60 14 45
Mannagnii ....ccoeeeeevveeiennnens 50 12 45
(01707167 o [0 45 5828 12 49 3238
Npngnin 66 16 47
MnatnHa 56 14 44
K]0 o N 47 722 11 34

PesynbTaTom 3TOr0 06CTOATENLCTBA ABMASETCA MOBUAMMOMY TO, UTO @M
n (?ome (Tabnuua 1), Kak npaswuno, 60nblUMe, Yem @'Me U Qom, YTO HaxoAuTCs
B COrnacum co CMbIC/IoOM BblpaxkeHusa (1). B cnyyae e BennuvH @Hwve 1 @Hme
Takoe fBMeHWe He Habnogaercs, 410 TpebyeT Aa/bHEWLIero paccMOTPeHus.
B0O3MOXHO, 4TO B 3TOM Ciy4yae WUrpaeT poSib BbllleyKa3aHHOE WCXOAHOe Mnpej-
MONIOXKEHME MpU pacuyeTax, 06 OTCYTCTBUM COBCTBEHHON 3HEpPruuM akTuMBaLuu
B npouecce 06pa3oBaHWs MOBEPXHOCTHbLIX COEAWMHEHWA. DTO NPUBOAUT K MOHWU-
YKEHHBIM 3HAYEHWSM 3HEPrUU CBSI3e B CPaBHEHWM C HACTOALLMMW.

Mpn cpaBHeHMM paHHbIX B Tabnuue Il ¢ gpyrumu 3HaveHusamn (GHre,
QcMe U (2ome, MOMYYEHHBLIMU KMHETUYeCKMM nyTem [10], HabnogaeTcs AOBOMLHO
Xopollee coBnageHne. 3HauUTeNlbHblE OT/IMUMA OKa3bIBAKOTCA TOMILKO B Chyvae
Copt 1 Qopd- 3TV BeNMUMHBI, pacCYMUTaHHbIe C UCMOMb30BAHWEM 3HEPrUM aKTu-
BaL MM PasfoXeHNs MYpaBbMHOM KUCMOTbI, OKa3blBAOTCA 3HAUMTENbHO, Ha 10—
20 KKan MeHbLIMMMK, YeM JaHHble B Tabnuue 1. 3gecb MOXeT OKasblBaTb BAUSHUE
NPOXOXAEHNe ABYX peakuuid, — AernaporeHnsaunii u germaparaunin — npu
pacnage MypaBbWHO KucnoTbl. Kak Obl10 ycTaHoBneHo [30], COOTHOLUEHWE
NPOAYKTOB He NOAJaeTCA CTEXMOMETPUYECKUM KO3PMULIMEHTaM, YTO FOBOPUT O
peakuuy MNPOAYKTOB MeXAY CO6O/ B YCMOBUAX PasfoXeHUs MypaBbUHOW KuC-

Acta Chim. Acad. Sei. Hung. >4 1967
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NOTbl. OTO MOXET MPUBECTU K 3HAUMTE/IbHbIM WCKXKEHUSM BENUYMH SHEPTUN
aKTUBaLUMN.

Mony4yeHHble HaMW AaHHble MOXHO YCMELIHO WCMOMb30BaTh A1s pacuyeTa
SHEpPruM akTUBaUMW APYTUX pPeakUWid, He CAYXMUBLUMX A8 pacyeTa SHEprum
CBA3e.

K- LlexTep B Halleil nabopaTopun ONpefennna Kaxyllylcs 3Hepruto
aKTMBALMM KPEKUHra Kymona B NPUCYTCTBUM HUKens: 35 KKajl. DHeprus akTu-
BaLMM NS 3TON peakLMW BblpaXaeTcsl CneaytowuM 06pasom:

£Kk—Qcc + @cH —3pOv  @HN 9

YunTbiBas, 4TO B 3TOM cnyyae eH = 77,5 kkan [23], n ncnonb3ysa fAaHHble U3
Tabnuubl Il ana ¢HKY 1 GQAW, nonyyaeTca Ans 3Hepruy akTmBauum 39 Kkarn,
BE/IMYNHY, JOBO/ILHO XOPOLUO COBMajatollas ¢ 3KCNepUMeHTaIbHbIMU AaHHLIMU.

MonyyeHHble AaHHbIE MOTYT NPUMEHSATLCA TaKXKe 4158 MPUOANKEHHON OLEHKM
3HeprMM axkTMBauuMM TUMAPUPOBaHUA ABOWHON cBA3W. [1pefmnonoXus, 4to Mnpw
rMapupoBaHnY NPOMCXOAMT CHayana npoLecc:

RCH = CHR + H, + 4Me-> RCH HCR H

I + 2 I

|
Me Me Me

015 3HEPrMM aKTUBALMMW MOMyYaeM BblpaXKeHMe:
eH —Qn+ @HH  2hpave —2¢pHW (10)

MprvHMMas npuBedeHHble Bbiwe W B Tabnuue |l BeNMUUMHBI, ANs 3HEPruM akTu-
BaLUW TMAPVMPOBAHUS [ABOWHONM CBA3M Ha HWKene no dopmyne (10) nonyyaem
BeNMUUHY 4 kKkan. MNposefeHHbIe B Hallein nabopaTopuy uccnefosaHus f1. Cyun
[31] panu cnepytowme BeMUMHBL A8 SHEPrUWM  akTUBaLMU TUAPUPOBAHUS;
aTuneHa: 2,4, nponwuneHa: 3,7, 6eHsona: 4 M UMKNOrekceHa: 8 Kkan. OnNbITbl
NPOBOAUANCL C HUKEEM TOr0 e NPUroTOBNEeHUs, KaK Npu AernaporeHn3aumnoH-
HbIX peakuusax. BbAn3ocTb paccUMTaHHOM W OMNPefeneHHON OMbITHbIM MyTeM
3Hepruii akTmeauuyM rOBOPUT B MOMb3Y MNPUMEHUMOCTM KUHETMYECKOrO MeTofa
ONpeaeneHnsl 3Hepruii  CBA3eN.

Mpn paccMOTpPeHWUM AaHHbIX NpuBeAeHHbIX B Tabnuue I, obpawaer Ha
cebs BHMMaHWe cnegytollee 06CTOATENLCTBO.

BennunHbl 3HEPrumM cBA3e MEHSAKOTCA He OYeHb 3HAYMTENBLHO NpY nepexoge
C OfiHOro MeTaia K Apyromy. M3meHeHUs BeMUYUH SHEPrumn CBs3el B 06bEMHbIX
XUMNYECKUX coeauHeHnax (Tabnuua V) ropasgo 60nee 3HaumTeNlbHbl, YeM B
C/lyyae MOBEPXHOCTHbIX 00pa30BaHWii. 3TO OCOOEHHO HarfsfiAHO BbipaXKaeTcs,
€C/IM Mbl paccMaTpuBaem Cymmy

QhMo+ ®dcMe + Pome
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JTa CyMMa MEHSIETCA OYeHb He3HauuTeNbHO B Ciayyae pas/iMyHbIX MeTasoB.
Ee 3HaueHne Konebnetca mexngy 131 u 141 kkan, Bcero Ha 7—=8%.

HecmoTps Ha HebO/bLUME W3MEHEHUS B SHEPrusX CBA3EA, CKOPOCTU pas-
NINYHBIX peakuuii MEeHSKTCH OYeHb 3HAYUTENbLHO B 3aBUCMMOCTW OT MPUPOAbI
meTanna [14, 18, 19, 21].

He3HaunTenbHoe BAUAHWME MPUPOLbLI MeTasna Ha SHepruu ceasell NoBepx-
HOCTHbIX 00pa30BaHUi MOXHO OOBACHATb WCXOAS M3 HEOAHOPOAHOCTM MeTa-
NNYECKOl noBepxHOCTW. HeogHOpoAHOCTL Oblna foKasaHa, Hanpumep, afcopo-
LIMOHHbIMW M3MepeHMsIMM BoAopoda C Hukenem [32] u nnatuHoli [33]. OueHb
BEPOSATHO, UYTO KaTa/MTMYecKas peakuus NMPOUCXOAUT He Ha BCEl MOBEPXHOCTU
KaTanm3aropa, a TOJIbKO Ha TeX MecTaX, KOTOpble 3HEPreTUYeCKU BbIrOAHbI A
Hee. Peakumsa Kak OyATO «BbIOMpaeT» Ana cebs Ty YacTb MOBEPXHOCTU, KOTopast
Hambosniee BbIrofHa AN5 ee NpoTekaHws. [MO3TOMy 3HepreTUYeckue nokasaresnu
[AHHON peakuMn Ha pasNNYHbIX MeTainax OTMYAlTCH He3HauuTenbHo. OfHaKo
UMCM0 aKTUBHbIX MECT, BE/IMUMHA TOW YaCT NMOBEPXHOCTW, HA KOTOPOIA MPOXOAUT
peakums, eCTeCTBEHHO 3aBUCWUT OT MPUPOLbl U OT MeToAa NPUroTOBNEHUS KaTa-
nunszatopa. Mo3ToMy B CKOpPOCTM KaTalMTUYECKMX pPeakuuil, B KaTanMTUYecKoil
aKTUBHOCTM METaNNI0B HabMIofaloTCA O4YeHb 3HAUUTE/IbHbIE PasINyuus, HeCMOTps
Ha CpaBHWUTENbHYK 6/7M30CTL NApameTpoB, XapakKTepU3YHLWMX aKTUBHOCTb
KaTanm3aTopOB C 3HEPreTMYecKOoi CTOPOHBI.

PE3IOME

Ha 0CHOBE KMHETUYECKUX [AaHHbIX 3HEPruii akTMBaLUMM PasNUHbIX KaTaUTUUECKUX
peakumin 6bINM paccuMTaHbl 3HEPrUM CBS3ei BOAOpOAa, Yriepoja M Kucnopoga ¢ 11 pasnvu-
HbIMU MeTaniaMu. MoKasaHa peasibHOCTb 3TUX 3HAYEHUI Y BO3MOXHOCTb OLIEHKM C MX MOMOLLbIO
BE&/IMUMHBI 3HEPTUM aKTUBaUMW ANA APYTUX KaTaMTUUYECKUX peakuuii. OTMe4eHo, UTo Ha
UMCNEHHbIE 3HAYEHUs] HEPTUii CBA3ell CPaBHUTENIbHO Mano BAMSIET Mpupoga MeTanna.

* SUMMARY

From the energy of activation of different catalytic reactions, the bond energies be-
tween hydrogen, carbon, oxygen and eleven different metals have been calculated. The reality
of these values and the way in which the energy of activation for other catalytic reactions may
be estimated have been shown. It is pointed out that the numerical values of the bond energies
are influenced by the nature of the metal to a relatively small extent.
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Introduction

Oshesky and Bentley published the infrared spectra of 21 different
1.1- silacyclohexane derivatives in 1957 [1]. By comparing these spectra, it
has been established that the most suitable bands to identify the heteroring
in these compounds are to be found in the ranges 909—915 cm-1 and 480 —
495 cm -1.

One of the objects of the present research has been to make a more
detailed study of the skeletal vibrations of silacyclohexane. Normal coordinate
analysis was performed by the well-known method [20, 21], while the internal
modes of the CH2 and SiH2 groups were neglected. In order to facilitate the
solution ofthe assignment problem, the vibrational spectra of some derivatives
were also examined. Another aim of the present work has been to obtain
information about the strain of the ring introduced by the angle CSiC; this

could be done by comparing the so far uninvestigated spectra of various-
membered rings.

Experimental

The compounds investigated were prepared in the Institute for Petrolchemistry of the
Academy of Sciencesof USSR. 1,1-Dichlorosilacyclohexane was made from SiCl4and Br(CH2)5Br
according to [22]. Méthylation of the above compound gave 1,1-dimethylsilacyclohexane.
1.1- Dihydrocyclohexane was prepared from the dichloro derivative by means of LiAIH4. All
the above-mentioned compounds were purified by rectification on a column having a theoret-
ical plate number of 20, and their purity was checked by gas chromatography. The properties
of the products were in good agreement with the literature data [23].

The so far unknown compound, 1,1-dideuterosilacyclohexane, was prepared by the
reaction of LiD, AIBr3 and CI2Si(CH2)5 without isolation of the intermediary product LiAID4.
The compound was purified by preparative gas chromatography. The boiling point, refractive
index and specific gravity are practically the same as those of silacyclohexane. 1,1-Dimethyl-
silacyclobutane and 1,1-dimethylsilacyclopentane were synthesized according to [24] and
[22]; the products were purified using a distillation column, and the purity was checked by
gas chromatography.

The vibrational spectra were recorded at the Inorganic Research Group ofthe Hungarian
AcadelhyofSciences.The infrared spectrawere obtained in solution with a Hilger H 800 spectrom -
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278 FOGARASI et al.: VIBRATIONAL SPECTRA OF SILACYCLOHEXANE DERIVATIVES

Table |

Raman frequencies of silacyclohexane (a), dimethylsilacyclohexane (b)
and dichlorosilacyclohexane (c)

(Y b ©
cm-1 Int. cm-1 Int. cm"*1 Int.
115 m ill w 140 S
150 m 146 S 200 w
300 m 204 S 229 m
353 w 240 m 259 w
450 vw 340 m 309 Vs
525 vw 371 w 347 w
571 S 483 w 375
600 m 529 w 411 VW
656 'S 586 Vs 472 Vs
734 m 635 w 490 m
797 m 695 m 579 w
863 w 725 w 634 VW
892 m 798 m 658 vw
909 m 836 vw 694 S
946 S 907 m 781 w
983 m 1005 m 799 m
1008 S 1077 w 908 m
1083 m 1102 w 982 m
1105 m 1133 w 1005 m
1116 m 1181 m 1044 vw
1162 m 1194 m 1076 w
1180 m 1250 m 1103 w
1197 m 1270 m 1128 w
1265 m 1290 m 1182 m
1289 m 1334 w 1200 m
1343 m 1405 S 1258 w
1409 S 1446 S 1272 w
1451 S 2229 w 1297 m
2140 Vs 2460 1 1335 w
2500 S 2492 S 1349 m
1400 m
1454 s
2237 w
2467 m
2500 S
w — weak m — medium s — strong Vv — very
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eter, while the Raman spectra were recorded using liquids and a Hilger type recording equip-
ment. It may be noted that the deuterated derivative contained a small amount of silacyclo-
hexane but this did not interfere with the evaluation of the spectrum. For the compounds
whose infrared spectra have been reported by Oshesky [1], only the Raman spectra are given
in this paper.

Table 11

Infrared spectra of silacyclohexane and 1,1-dideuterosilacyclohexane

C5H 10SiHs CsHIsSiD, CsH,,,SiH. CBHI108iD2
cm-1 Int. cm-1 Int. cm-1 Int. cm-1 Int.
450 vw 413 vw 1266 w 1261 w

569 m 517 m 1289 vw 1286 vw
598 w 545 m 1305 vw
652 w 637 w 1341 w 1339 m

671 in 1408 m 1402 m
738 m 698 s 1442 m 1445 s
791 m 773 'H 1458 w 1456 m
819 w 1533 Vs
843 w 1550 Vs
865 Vs 2120 Vs
887 S 2300 vw
909 s 907 S 2660 vw 2640 w
925 w 2780 w
946 Vs 2850 m 2840 s
997 m 990 s 2915 s 2900 Vs
1006 w 1006 w
1046 w 1039 vw
1075 vw 1073 vw
1100 vw
1180 s 1180 s
1195 w 1195 w

Calculations

W ith respect to the geometry of the silacyclohexane skeleton it has been
assumed that it corresponds to the chair form of cyclohexane. In this geometry
all angles are tetrahedral hut the form of the ring deviates somewhat from
that of cyclohexane owing to the difference between the C—C and C—Si bond
lengths. Irrespective of the chair, or boat form, the molecule belongs to point
group Cs, so that the spectra of the two conformations may be expected to
differ much less than those of the cyclohexane conformers. Owing to the low
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symmetry of the molecule, all normal modes are infrared and Raman active.
The geometrical data and the force constants of the molecule have been
adopted from dimethylsilane and cyclohexane [2, 3] and they are listed in
Tables 11l and IV. The mass of the groups CH2 and SiH2 were taken as the sum

Table 111

Parameters of the molecule

Rcc = 154 A RCSi= 1.86 A

®CCC 51L"CSiC = tetrahedral angle

m SiH, = 30.1 mCH2= 14.0
Table 1V

The F matrix in internal coordinate representation

14 2 r3 r4 15} rc €1 524 P3 <A [0 <
rl Kq H* 0 0 0 H* Ce c? 0 0 0 0
W) KQ H, 0 0 0 0 c** %3 0 0 0
. KQ H, © 0 0 0 cf cf 0 0
rd Kq H, 0 0 0 0 ct cE 0
s Kq H* 0 0 0 0 3 -
Kqg c'e 0 0 0 0 c*
<A K 17, 0 0 0
y.) k? 17? 0 0 0
< kE e 0 0
*Pi Ko ks O
Vo ke e
dy kT
Kg = 4.24 «105 kf = 115 «10*11 HE = 0.25 m105
le = 0.24 m10-m11 c£ = 0.34 m10 3 Kg = 298 «105
k' = 065 «10-11 k* = 095 «10-11 Ly = 0.032 « 105
H* = 0.15 « 105 * = 01010-11 1 = 0.20 «+10-11
¢ = 021105 ¢* = 025+10-3 .. = 0.30+10-3
Dimensions: K, H — dyn ecm 1 Kk, 1-—dyn ecm ¢ — dyn
Table V
Symmetry coordinates
A’ S, = 112 (rt+ r() s, = 12 (r2+ )
s3 = 1/12 (r3+ S4 = <A
S3 = 10 (Va+ 99 S6 = 10 (P3+bdb)
S, = 4
A" Ss = 10 (rt—rc s9 = 10 (r2—ry
s10 = 112 (r, €4 Su = 10 (<p,-Y>3) 1

M2 = 10 (3— <0
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of the corresponding atomic masses. The numbering of the groups and the
internal coordinate choice is given in Fig. 1. The symmetry coordinates are
given in Table ¥. The eigenvalues and eigenvectors of the secular equation
were calculated with a National Elliott 803 B digital computer by the co-
workers of the Computation Centre of the Hungarian Academy of Sciences.
The results of the calculations are summarized and compared with the ex-
perimental values in Table VI. It is to be noted that not Wiitson’s L matrix
itself, but its transpose is given.

Fig. 1. Internal coordinates

Table VI

Normal vibrations, calculated and observed frequencies of silacyclohexane

A’ Si

Q, -0.229
q2 -0.278
Q3 !

Q. -0.137
Qs -0.031
Qe -0.134
Q, 0.013
A* s8

a8 0.154
a9 -0.415
Qio 1

Qn -0.095
QI2 0.081

1
0.549

0.189

0.011
-0.003
-0.033

-0.007

—0.670

0.234
0.023

0.041

s3

-0.585

0.080

-0.009
0.054
0.033

-0.033

»10

0.715

0.054
0.047

0.024

0.178
0.150

-0.081

0.327
0.397

0.228
-0.022

-0.647
-0.748

-0.262
0.096

—0.648

—0,457
0.831
-0.962

0.386

s12

-0.196
-0.777

0.043

0.531

s7 calc.
se cm-1

-0.236 0.454 1035
-0.512 -0.436 890

0.266 -0.079 660

-0.745 —0.745 525
0.812 1 440
-0.107 0.523 280

-0.210 —0.287 160

calc.
cm-1

1083
970

736
385

232

obs.
cm-1

1046 (IR)
887—892
(IR, R)
652—656
(IR, R)
5252 (IR,R)
450 (IR, R)
294—300
(IR, R)
150 (R)

obs.

cm-1

1082 (R)
983-997
(R, IR)
734 (IR, R)
353—365
(R, IR)
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Assignment of the vibrational frequencies of silacyclohexane

The data of Table VI show that the approximate calculations reported
here can be well in the assighment of the bands. Owing to the great number
of bands appearing between 850 and 1100 cma4 it was not possible, however,
to assign the bands belonging to the normal coordinates Qt, Q2 Qs and Q9
on the basis of the calculations alone. In this case it was especially important
to compare the spectra of the derivatives. This comparison rendered possible
to assign also such bands which are not skeletal motions. The likely assignment
of these bands is the following:

571, 600 cm-1 SiH and/or CSiH deformation
797, 909, 1006 cm CH2 deformations
863, 946 cm _1 SiH2 deformations

According to the assignments, the frequency values assigned to the individual
normal coordinates are in agreement with expectation in the low frequency
region, too. The bands which had been considered to be characteristic for the
[1], correspond according to our assignments to a CH2 rocking mode (908
cm -1) and to a skeletal motion having mainly CCC bending character (450
cm _1).

It is interesting to compare the spectra of silacyclohexane and its 1,1-
dideutero derivative. As it is shown by the data of Table Il, the two spectra
are rather similar, as expected. In the lower frequency region the deutero
derivative has, in general, lower frequency values than silacyclohexane. The
very intense bands at 863 and 946 cm  corresponding to the SiH2 deformation
vibrations are not found in the spectrum of the deutero derivative, although
the corresponding SiD2 bands could not be identified. Above 1000 cm _1 the
two spectra are practically identical, apart from the SiH stretching frequency
(2120 cm-1) and the SiD stretching frequencies (1550 and 1533 cm 'l. The
symmetric and antisymmetric stretching modes of the SiH2 group are not
split, while those of the SiD2 group are.

The Si—C stretching frequency and the strain of the CSIiC angle

The Si—C stretching frequencies have been separately examined in
the course of this work, and they have been compared with the analogous
frequencies of the monosilane derivatives [4—s]. According to the data of
Table Y II there are not great differences between the corresponding values
of a silane derivative and a silacyclohexane derivative. The analogy is most
conspicuous in the case of dimethylsilacyclohexane and tetramethylsilane.
The position ofthe infrared inactive A*band of tetramethylsilane is practically
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Table VII

Si—C stretching frequencies of silacyclohexane derivatives and
the corresponding silane derivatives [4—38]

the same also in dimethylsilacyclohexane, but it is no longer inactive. The
agreement of the SiC frequencies of silane and silacyclohexane derivatives
supports our original assumption about the strainless structure of the ring.
As to four-membered and five-membered rings, they are probably strained,
i.e. the valence angles differ from the tetrahedral values. This problem has
been thoroughly studied in the case of the analogous cycloalkanes, still it
cannot be considered completely clarified. Spectroscopical evidence has shown
that cyclopentane is almost planar and the valence angles are only slightly
distorted (<ECCC = 108°; <EHCH is tetrahedral)[9, 10, 17], while the potential
energy distribution calculations [11, 12] suggested a non-planar (puckered)
arrangements. The electron diffraction data of cyclobutane render probable
that the ring is puckered [13], although the vibrational spectrum can be fairly
well interpreted also in this case by assuming a planar geometry of symmetry
D/, [14]. As the valence angles within the ring decrease, the HCH angles are
increasing. In cyclobutane the HCH angle is 114 ~ 8° [13], while in cyclo-
propane it is 116 —120° [15, 16, 17]. This fact is in agreement with the hybrid-
ization theory, according to which any increase in the p-character of the
C—C bonds must result in an increase of the s-character of the C—H bonds.
An increase of the s-character leads to the strengthening of the bonds [18]
thus the corresponding frequencies are shifted towards higher values, the CH
stretching frequency region being 2800—3000 cm -1 for the alkanes, and
3000—3100 cm -1 for cyclopropane. Assuming that the geometry of silacyclo-
alkane rings is similar to that of cycloalkanes, it may be expected by analogy
that the SiC stretching frequencies belonging to the exocyclic methyl groups
are shifted upward on passing from silacyclohexane to silacyclopentane and
silacyclobutane. In order to examine this problem, the infrared and Raman
spectra of 1,1-dimethylsilacyclopcntane and 14-dimethylsilacyclobutane have
been recorded, and the symmetric SiC stretching frequencies of the dimethyl-
silacycloalkanes are listed in Table VIII.
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Table VIII

Symm. Si—C stretching frequencies of silacycloalkanes

Compound C5H i0SiMe2 C4H 8SiMe2 C3HeSiMe,

Frequency, cm-1 586 598 612

The identification of these bands has been facilitated by their high Raman
intensities. The exocyclic and endocyclic SiC stretching frequencies are de-
generate in the case of a six-membered ring, whilein the case of five-, and four-
membered rings they are split. As it is seen, the frequency shifts are such as
expected, and they suggest strain in both the five-, and four-membered rings.
It may be pointed out that strain appears already in the five-membered ring,
indicating that the distortion of the CSIiC angle is higher in silacyclopentane
than that of the corresponding CCC angle in cyclopentane. This result is in
agreement with the only relevant measurement that has been obtained by
the electron diffraction method [19].

SUMMARY

The infrared and Raman spectra of some silacyclohexanes have been investigated.
On the basis of an approximate normal coordinate analysis, the assignments of the skeletal
vibrations of the silacyclohexane molecule are given. The SiC stretching frequencies of the
corresponding silacyclohexane and silane derivatives have been compared, and the changes
of the SiC stretching frequencies in the six-membered, five-membered and four-membered
heterocycles have been studied. On this basis, information has been obtained concerning the
strain prevailing in the rings of these compounds.

REFERENCES

Oshesky, G. D., Bentley, F. F.: J. Amer. Chem. Soc. 79, 2057 (1957).
Kovalev, I. F.: Opt. i Spektr. 8, 315 (1960).

Alexandrov, G. A.: Opt. i Spektr. 3, 202 (1957)

Kriegsmann, H.: Z. Elektrochem. 62, 1033 (1958).

Baunn, D. F.: Spectrochim. Acta 16, 1358 (1960).

Ebsworth, E. A. V.: J. Chem. Soc. 1958, 1453.

Kovalev, I. F.: Opt. i Spektr. 6, 594 (1959).

. Smith, A. L.: J. Chem. Phys. 21, 1997 (1953).

. Sverdlov, L. M.: Opt. i Spektr. 7, 588 (1959).

10. Tanner, K., Weber, A.: J. Mol. Spectr. 10, 381 (1963).

11. Pitzer, K. S.: J. Am. Chem. Soc. 81, 3213 (1959).

12. Hendrickson, J. B.: J. Am. Chem. Soc. 83, 4537 (1961).

13. Dunitz, J. O., Schomaker, V.. J. Chem. Phys. 20, 1703 (1952).

14. Lord, R. C., Nakagawa, I.: J. Chem. Phys. 39, 2951 (1963).

15. Friend, J. P., Dailey, B. P.: J. Chem. Phys. 29, 577 (1958).

16. Gunthard, Hs. H., Lord, R. C.: J. Chem. Phys. 25, 768 (1956).

17. Interatomic Distances. The Chemical Society, London, 1958.

18. Maccoll, A.: Trans. Farad. Soc. 46, 369 (1950).

19. Dzhaparidze, K. G.: Soobshch. Akad. Nauk Graz SSR, 29, 401 (1962).

©ONDUAWN R

Acta Chim. Acad. Sei. Hung. 54, 1967



20.

21.

22.
23.

24.

FOGARASI et al.: VIBRATIONAL SPECTRA OF SILACYCLOHEXANE DERIVATIVES 285

V A kENstein, El'vashevich, Stepanov: Kolebaniya molekul. Yol. 1. Gosudarst. lzd.
Tekh.-Theoret. Lit., Moscow—Leningrad, 1949.

Witson, E. B., Decius, J. C, Gross, P. c: Molecular Vibrations. McGraw-Hill Book Co.
Inc., 1955.

Prate, A. F., Mooma, N. A., Egorov, J. P.: Doki. Akad. Nauk. SSSR 97, 847 (1954).

Bazant, V., Qralovsy, V., Rathowsky, J.: Organosilicon Compounds. Academic Press,
New York, 1964.

Nametkin, N S., \Vdovin, V. M., Grindberg, P. L.: Doki. Akad. Nauk SSSR 150, 799
(1963).

Géza Fogarasi

Budapest VIII., MlOzeum krt. 6 —s.

Ferenc Torosk

V.

M. Vdovin; Institute for Petrolchemistry of the Academy of Sciences
Moscow USSR

Acta Chim. Acad. Sei. Hung. 54, 1967






Acta Chimica Academiae Scientiarum Hungaricae Tomus 54 (3—4), pp. 287—293 (1967)

CHANGES IN THE DEHYDROCYCLIZING ACTIVITY
OF NICKEL CATALYSTS DURING USE

Z. PAAL and M. |. ROZENGART

(Institute of Isotopes, Hungarian Academy of Sciences, Budapest, and
“Zelinsky” Institute of Organic Chemistry, USSR Academy of Sciences, Moscow)

Received June 15, 1967

Catalytic activity is, as a rule, not a constant value during an experi-
ment. In industrial practice as well as in kinetic measurements it is desired
to restrict the variations of activities to the possible minimum. On the other
hand, a careful examination of the changes of catalytic activity, i.e. of the so-
called transient states of catalyst functioning may greatly contribute to a better
understanding of catalytic phenomena.

One of the authors investigated the variations of the activity of chromia-
alumina catalysts in the process of dehydrocyclization [1]. It has been stated,
that maximum activity of the regenerated catalyst is reached only after a
“development” process; this effect is caused by a partial oxidation of Cr(lll)
during regeneration by air to Cr(VI); Cr(Y1) is reduced to Cr(Ill) by the first
portions of hydrocarbons. Maximum activity is attained only when the water
formed during reduction has been desorbed from the catalyst surface.

Carbonaceous deposits on aromatizing catalysts containing platinum
should be removed by means of air, too, but in order to attain maximum
activity, hydrogen is required. After hydrogenation, the catalyst possessed
maximum activity without delay (in 1 — 2 minutes) [2].

The aromatizing activity of nickel catalysts has been known for a rela-
tively long time [3], but little if any detailed studies have been made on the
behaviour of catalysts with different nickel contents in the process ofdehydro-
cyclization and regeneration.

Of several nickel-on-alumina catalysts, maximum catalytic activity in
cyclohexane dehydrogenation was found with the sample in which the molar
ratio of Ni and A1203 corresponded to 1 :1 [4]. In nickel-alumina catalysts
nickel-meta-aluminate promoting the activation of nickel with hydrogen has
been supposed to be present [5].

In our previous publications characteristics of the aromatization re-
actions of re-heptene and n-hexene in the presence of nickel-alumina as well as
of nickel metal were reported [2, 6]. Measurements were performed in a pulse
technique apparatus, which proved to be an excellent tool to investigate chan-
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ges in the activities of catalysts with different nickel contents. Such re-
sults are reported in the present communication.

The catalysts were prepared by precipitation of the hydroxides by means
of ammonium hydroxide from aqueous solutions of nickel nitrate and alu-
minium nitrate, or from that of nickel nitrate alone, followed by reduction
with hydrogen at 360 °C [, 7]. The properties of the catalysts obtained are
listed in Table I.

Table 1

Properties of catalysts

Catalyst
Property
Ni/A103, No. 1 Ni/AlD 3, No. 2 Ni, No. 3
Nickel content
in crude catalyst ... 18.62% 28.16% 52.5%
after reduction ... 32.80% 50.3% 100%
Molar composition of crude Ni(OH)2 Ni(OH)2 Ni(OH),,
catalyst ., 2.22 AI(OH)3 1.13 AI(OH)3 1.1 HD
16 H2 1.47H,0
Molar ratio of Ni : AI20 3in re-
duced catalyst ..o 0.90 1.74
Specific surface after reduction 266 m2g 220 m2g 3.5 in2g

ra-Hexane and n-heptane were used as the starting materials. Entire ly
analogous behaviour was observed with both hydrocarbons.

The first hydrocarbon pulses introduced to a freshly reduced catalyst
were quantitatively cracked. When further pulses were introduced, the quan-
tity of cracked products was decreasing, and that of unchanged paraffinic
hydrocarbons was continuously increasing; at the same time aromatics
appeared among the products. These facts show that nickel catalysts exhibited
an aromatizing activity only after a kind of development process. In order to
obtain quantitative data, both nickel-alumina catalysts samples containing
equal amounts of nickel metal (0.13 g) were measured. Fig. 1 indicates the
product compositions obtained in the presence of these catalyst samples as
a function of the quantity of hydrocarbon introduced.

The different character of the curves obtained with the two types of
catalysts is obvious. Cracking activity of Catalyst No. 1 containing less nickel
decreased much more rapidly (after an initial period showing a large cracking
effect) than that of Catalyst No. 2; the former had at the same time a consid-
erably larger aromatizing activity (cf. Curves 1-A and 2-A-l). The quantity
of aromatics could be characterized with a maximum curve in case of both
catalysts. After the amount of aromatics had attained the maximum, the aro-
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matizing activity decreased rather slowly; thus it could be regarded in first
approximation as stationary, in spite of a considerably larger parallel change
in the quantity of cracked products.

In several cases small quantities of olefins were also detected among
the products; their amount was slightly larger in the presence of deactivated

Fig. 1. Development of nickel-on-alumina catalystsin the process of dehydrocyclizatien of
n-bexane (t = 360° C; carrier gas :He)
Catalysts: 0.67 g of crude No. 1; 0.46 g of crude No. 2 (= 0.13 g of Ni) The numbers
of curves are identical to the No’s of the catalysts
K — cracked products; H — recovered n-hexane; A — aromatics
| — results on freshly reduced catalyst;
Il — results on regenerated catalyst

catalysts, but relative experimental errors did not allow a quantitative evalu-
ation. Parallel to the aromatizing activity, the catalysts also had alkylating
and dealkylating effects [¢]. At a typical temperature of the experiments
(360°) toluene was extensively demethylated by both nickel-alumina catalysts.
Using hexane as the starting hydrocarbon, a detectable amount of toluene
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was formed only in the presence of Catalyst No. 1; in this case aromatics con-
sisted of 10—20% toluene and 80—90% benzene. In evaluating the results,
(Fig. 1) the amounts of these two compounds were added. Toluene formation
in the presence of the other two catalysts cannot be precluded either, but the
quantity of this product was at any rate less than the detection limit.

Since the nickel metal catalyst had a relatively small specific surface,
in the presence of a sample containing 0.13 g of pure metal, i.e. the quantity
equivalent to that of Ni in the nickel-alumina samples, no detectable aroma-
tization was observed. Therefore, an arbitrary greater sample (corresponding
to 0.36 g of pure metal) was used. This catalyst also showed a development pro-
cess, which was more rapid, but otherwise entirely analogous to that of the
nickel-alumina catalysts; our sample became totally deactivated after intro-
ducing about 15 pulses 2.5 7il’s of rahexane each. The aromatic contents of the
product had maximum in pulses 2—3, amounting, however, only to 0.3% of
the total catalysate. These data are not suitable to make a quantitative evalu-
ation of the development process of the pure nickel catalyst having a very
small specific surface. The results prove, however, unambiguously that the
observed process takes place irrespective of the presence of the alumina carrier,
thus it is due to the nickel itself.

After introducing about 100[/Tof n- hexane, a hydrogen stream was passed
over each catalyst at 360° for 1.5 hours. After this treatment the catalysts
showed an analogous behaviour to the freshly reduced samples: in the course
of a progressive dosing of hydrocarbon pulses the process of development was
repeated. The curves showing the amounts of individual components retained
their shapes characteristic of a given catalyst.The curves of the second devel-
opment are rather near to those of Fig. 1; for the sake of clarity they are not
indicated in the Figure. At the same time there were also differences between
the primary and secondary developments; the latter took place slightly more
rapidly. Some typical data are shown in Table Il. Curve 2-A-Il indicates an
interesting difference between the tw'o development processes of Catalyst
No. 2; a much larger aromatizing activity is observed after regeneration that
with the freshly reduced catalyst. No such phenomenon was experienced in
case of Catalyst No. 1. Only an incomplete regeneration was achieved in case
of Catalyst No. 3, where irreversible changes were greater due to its small
specific surface.

The observations listed above show that the nature and extent of the
activity of nickel catalysts depend primarily on their hydrogen contents.
This is additional evidence to show the important role played by hydrogen
in the individual — sorption and reaction — steps of dehydrogenation and
dehydrocyclization. The hydrogen content of a catalyst has an optimum value
from the point of view of dehydrocyclization; nickel containing much hydrogen
favours the hydrocracking reaction, i.e. the breaking of C—C linkages. Thus,
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Table 11

Product composition of the dehydrocyclization reaction
of n-hexane in the presence of catalysts treated in different ways
Catalyst: 0.46 g of crude Ni/AlI20 3 No. 2.

Product composition, % (whn)

No. of
Pre-treatment of n-hexane
catalyst ;:;Jelzetrsgtnetr ;?r:)azﬂfgg Hexane Benzene Others
Freshly reduced . 99.8 0.15 — —
7. 86.4 13.1 0.5 —
18. 60.1 38.7 1.2 —
39. 11.2 84.6 15 hexene: 0.5
40 ml of H2 (in pulses) 1. 60.3 38.2 1.5 —
H2 stream at 360 °C
for 1.5 hrs. 2. 99.5 0.5 — —
7. 88.7 10.2 11 —
18. 48.6 47.0 4.1 hexene: 0.3
37. 15.3 82.2 21 hexene: 0.4
50. 5.8 92.7 15 —
Oxidized by air at 360 °C 1. 51.0 10.0 — unidentified lower
products: 37.7
2. 44.2 35.6 2.1 unidentified lower
products: 18.1
5. 48.9 34.7 2.9 unidentified lower
products: 13.5
20 ml of H2 (in pulses) 1. 84.1 145 1.4 —
8. 19.5 77.5 2.5 hexene: 0.5
4 ml of H2 (in pulses) 1. 47.3 48.4 2.3 —
5/0 of H,0 1. 67.8 30.0 2.1 —
2. 56.8 40.2 2.9 —u

over-hydrogenating of the catalyst — though it may lead to a full conversion
of re-hexane — results in a harmful selectivity from the point of view of aro-
matization.

Carbonaceous surface deposits formed during reaction can be removed
by hydrogenation much easier that in case of platinum catalysts [2]; also a
pulse-like introduction of hydrogen may be effective (Table Il). This fact
makes possible to maintain catalyst activity at the desirable maximum level
for a longer period by the careful dosage of hydrogen.

The differences between the two types of nickel-alumina catalysts may
be explained by different dispersity of nickel particles or by different interac-
tions between the nickel and the alumina carrier in some way, e.g. as reported
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in the literature [5]. These interactions affect the strength of the hydrogen-
nickel bonds. After the removal of one part of surface hydrogen from Catalyst
No. 1the higher aromatizing activity of its nickel particles becomes effective [4].
On the other hand, surface nickel particles in Catalyst No. 2 retain their
relatively lower cracking activity for a longer period. The precise interpretation
of the catalytic activity of different nickel catalysts as a function of their
structures needs more detailed experimental studies.

In addition to recognizing the decisive role of surface hydrogen, we also
investigated the possible influence of other processes playing a part in the de-
velopment (maturing) of chromia-alumina catalysts [:], which, in principle,
are not to be precluded in this case either, owing to the common carrier and
reduction process. These processes, i.e. the possible incomplete reduction of
the catalyst as well as the adsorption of water on the catalyst surface, were
studied by using Catalyst No. 2. The corresponding data are compiled in
Table II.

When the catalyst was partially oxidized by introducing air, the next
hydrocarbon pulse was not aromatized. The beginning of the chromatogram
was considerably different from that obtained for the reduced catalysts.
The peak of cracked products increased, and it was followed by a long tail
which consisted of unidentified products. This tailing gradually decreased as fur-
ther amounts of hydrocarbons were introduced; at the same time the catalyst
aromatized the next hexane pulse to a larger extent than in its deactivated
state before oxidation, indicating that oxygen had removed most of the
carbonaceous deposits, too. Thus, partial oxydation of the catalyst surface
affected the overall aromatizing activity only slightly; the difference between
the chromatograms obtained with oxidized and reduced catalysts also showed
that the primary reduction of the catalyst had been practically complete.

If water was introduced to the surface of the catalyst, the quantity of
cracked products from n-hexane slightly increased, while that of benzene
slightly decreased. W ater was desorbed from the catalyst surface before
introducing the next hexane pulse; the product composition from the latter
was similar to that of the first pulse fed before water desorption, indicating
that also the presence of water affected the dehydrocyclizing activity of
nickel-alumina catalysts only to a relatively minor extent, in comparison to
chromia-alumina catalyst.

The influence of repeated heating and cooling of the catalyst and of
the size ofthe pulse and the period between pulses has not been investigated
although preliminary data show that they have some effect on catalytic activ-
ity, too. These phenomena may constitute the subject of another study.

The authors are indebted to B. A. Kazanskii, Member of the USSR
Academy of Sciences, and to Dr. P. Tétényi D. Sc., for helpful stimulation
and valuable advice during this work.
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SUMMARY

Nickel-alumina and nickel metal catalysts attain their maximum level of dehydro-

cyclizing activity only after a “development” process, in the course of which surface hydrogen
in removed. The duration and extent of development has been found different with two
nickel-alumina catalysts of different nickel contents. The extent and selectivity of catalytic
activity is decisively determined by the hydrogen content of the catalyst surface, and to a
lesser extent by its incomplete reduction and possible water content.
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N3YUEHWNE KATAIMTUYECKOIO TUAPUPOBAHWA
(AENTEPUPOBAHWNA) LMKNOTEKCEHA HA
NNATVHOBOM KATA/IM3ATOPE, |

[. MOTEP*, Ib. MUHK n ®. HAAb

(UeHTpanbHblli  UccnegosaTensckuii - MHCTUTYT  Xumun  AH  BeHrpun,
ByganewT)

Moctynuno 30 wioHa 1967 r.

MapupoBaHMe HEeHaCbILEHHbIX YIeBOAOPOAOB B ra3oBoi (pae Ha MeTas-
NNYECKNUX KaTanmMsaTopax W3y4yanocb MHOrMMM aBTopaMu. Ony6/MKOBaHHbIE
[laHHble, OAHAKO, YKa3blBAKOT Ha TO, YTO KMHETUKA M MexXaHW3M 3TOro npouecca
el faneko He BbIACHEHbI, TaK KaK 3KCMEPUMEHTa/IbHbIE pe3ynbTaTbl OTAE/NbHbIX
aBTOPOB, a TakKXXe CAe/laHHble HA UX OCHOBEe BbIBOAbI OT/IMYAKOTCA APYr OT gpyra
[1-10].

3™ npoTuBopeunss 06YCOBNEHbI, MO BCEM BEPOATHOCTU, PasMYHbIMU
crnocobamy MOMyYeHWsi KatanmsaTopa M pasIMYHON CTeneHbio CTapeHus, Habnto-
[laeMOli B Ka[jOM OTAe/lbHOM cfy4ae. [ofo6HOe MNOMOXEeHMe, MO CYLLECTBY,
HabN4aeTcs M Mpu TMAPUMPOBAaHUM B XKUAKOM (Paze Ha KOHTAKTHbIX KaTann3a-
TOopax, rfe CTereHb CTapeHus W npedBapuTesnbHas 06paboTka KaTanusaTopa
CUNBLHO BAUSAKOT HE TONbKO Ha KWMHETUKY, HO JaXe W Ha OTHOCWUTESNbHLIA Bec
OTAeNbHbIX CTyneHeil npouecca [11].

B [aHHOM COOOLLEHMN NPUBOAATCS IKCMEPUMEHTA/IbHbIE Pe3yNbTaThbl, OT-
HOCALLMECA K KaTaiMTUYeCKOMY T[MAPUPOBaHUKO (AeATepupoBaHUIO) LUKAO-
rekceHa. Mpu aTom ByaeT paccMaTpUBaTbCA U3MEHEHUE KMHETUYECKOW CTPYKTYpbI
peakuun U OTHOCUTENbHbIA BeC OTAEeNbHbIX CTafuidi mpoluecca rMapupoBaHuWs
B 3aBMCMMOCTU OT CTeMeHW CTapeHus KaTanusartopa.

Mpu WHTEprpeTaumum 3KCMepUMEHTANbHBIX AaHHbIX Mbl GyeM onupatbes,
B MEPBYI0 0uepefdb, Ha AaHHble MO pacrpejencHuio geidiTepns B UCXOAHOM cy6CT-
paTe M B NPOAYKTE, a TaKXe Ha WU3MeHEeHWe CKOpPOCTM peakuuu. JaHHasa paboTta
ABNAETCSA NPOAO/HKEHNEM KaHAMAATCKOM aMccepTalum OJHOro U3 aBTopoBs ([3>ké
Morep), BblNOMHEHHOW B MIY nof pykoBOACTBOM akajemuka H. H. CeméHosa
[12;.

O6Lasi cxema npoLecca

Mpu KaTaIMTUYECKOM FMAPUPOBAHMM — KakK BOOOLLE Mpu rasoBblX peak-
UMAX Ha KOHTAKTHbIX KaTa/im3atopax — C (M3MYECKOl TOUKU 3PEHUS HYXKHO
cumTaThCca C AByMS (DazaMu, a UMEHHO, C rasoBOW U afCcopOLMOHHON (haszamu.

* CTeneHb KaHAMpaTa XMMUYECKUX HayK Mosyumn B MOCKOBCKOM [T0CyapCTBEHHOM
YHuBepcuTeTe UM. JTOMOHOCOBa, MOf PYKOBOACTBOM Npodeccopa Mapaeneiiusunu.
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C XMMWMYECKOA TOYKM 3PEHUSI HY)XXHO YUMUTbIBATb CReaytoLme 4acTuupl:
Bogopoa (meiiTepuii), HenpeaenbHbliA YrNeBOAOpPOd, MPOMEXYTOUHbIA MNPOAYKT
rMAPVUPOBaHUA W MpeAenbHbIA YrNeBoLOPOA, ABNSOWMIACS KOHEUYHbIM NPOAYK-
TOM TMAPUPOBaHMA. PasnyHble XMMUYECKMe K (DM3MYECKMe MpoLecchl npoTe-
KalT C yyaCTUeM 3TUX YacTul, 1 (mamnyecknx ¢as. B cornacum ¢ Takoi knaccu-
(hMKaumeinl NpuHUMNManbHas cucTemMa peakuuili nokasaHa Ha cxeme 1, npeg-
nonaras npy aToM, 4TO TMAPUPOBaHME MPOTEKaeT C yyacTvem BOLOPOLa, afcop-
OGMPOBAHHOIO B aTOMHOM COCTOSIHWM, U YTO HeMnpefenbHbIA YrneBofopos Coaep-
XXUT OfHY [ABOWHY CBS3b.

Cxema 1. MpuHUMNUanbHas cxemMa npoLecca rmapupoBaHus

B cxeme 1 nmpumeHsnuchb cneaytowme 0603HadveHnsi: H2 aDa — pgeiitepo-
BOAOPOS B rasosoi (pase, rae 0 <; a <; 2; RHmXD* — HenpegenbHblil yrne-
Bogopog, rae 0 <; X < T ; R — yrnepogHblii CKeneT, COOTBETCTBYHOLLMIA AaHHOMY
COEAMHEHMIO; T — LeNIoe 4ncno, 3aBucAllee OT yrnesogopoga;, RHm2 ,.D,,
npefenbHblil yrnesogopod, 0<;v <, T + 2; Bb — peiTepoBogopoad, af-
CopbupoBaHHbIi B aTOMHOM cocTosHuM O<; b<; 1; RHm yDv — aacop6upo-
BaHHbIA HenpeaenbHbli yrnesogopod, 0 <,y<,T; RHm+L ?D? — nonyrug-
PUPOBaHHbIA MPOMEXYTOYHbINA nNpoaykT, 0 <; z <[ T + 1, RHmM*2 uDu— agcop-
OMpoBaHHbLIN npefenbHbll yrnesogopod, 0 w<; T 2.

OTfenbHble MPOLECCHl MMEKOT cneayrowwmniA xapakTtep: 1, ' n 17 — npo-
Leccbl agcopbumm n gecopbumm KOMMOHEHTOB; 2, 2° 1 2” — peakuyuu, npu-
BOAALLME K M30TOMHOMY 06MeHY; 3, 4 1 5 — XUMWUYECKMe peakuuu:

3. Hj_tD6+ RHm yDy ~ RHm+1l_2D,
4. D6+ RHm+lL 2Dz~ RHm+2_uD,, (@)
5. 2RHm+1_zDz—aRHm y Dy -j- RHm+2_;, Du
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Mpn ycnosumax onbiTa (YTO KacaeTca AaBneHWUs W TemnepaTypbl) peakuun 4 n 5
ABNAKOTCA HeobpaTUMbIMK, TakK KakK peakuus TruApupoBaHUS NpPaKkTUYecKu
HeobpaTmMma.

CornacHo cxeme 1 peakuus rMApUPOBaHUS MOXeET NpoTekaTb MO ABYM
nytam: A) 1— T -3 -4 -1” vam B) 1— T -3, -5 -1”, a TakXXe 4epe3 Ux Komobu-
Haumto. Cpeay peakumii M30TomMHOro obmeHa (2, 2° n 2”) 2”7, 1. e. 0bmeH H—D
MeXJy MpoAyKTOM ¥ BOAOPOAOM, MOXET ObITb M3y4yeHa OTAE/bHO, Y4TO N03BOASET
PeLnTb, Kakyl pofib ByaeT urpatb 3TOT npoLecc.

Myt A) n B), B 6naronpuaTHOM cflydae, MOXKHO pasnunyatb Apyr oT gpyra,
ornpegenas M30TOMHOe pacrpefefieHne Kak B WCXOAHOM Yr/ieBOLOPOAe, Tak U B
NPOAYKTE peakuuu.

JKCnepuUMeHTa/IbHas yCTaHOBKa

Katanntnyecknii peakTop, WCMOMb30BaHHbIA AN8 W3MEPEHWiA, SBNseTCs,
MO CYLLECTBY, 3aKpbITbIM LMPKYIALMOHHBIM ra3oBbiM peakTopoM. [pu oT6ope
06pa3sLoB vepes onpefeniéHHble MHTepBaibl BPEMEHW C MOMOLLbLIO ra3oBOW XpoMa-
TOorpauy MOXHO CNeauTb 3a CTEeMeHbl MNpeBpalleHns, a C MOMOLLbH Macc-
CMeKTPOCKOMUYECKOro aHannsa — 3a W3MeHeHWeM W30TOMHOro pacrpejeneHus
B WCXOLHOM W KOHeyHOM npogykrax. CKOpOCTb peakuuu Ornpefensercs nyTém
N3MEPeHUs YMeHbLUEHWUS AaBfeHWs ra3oBOM CMeCcUM B LMPKYNALMOHHOM MpOCT-
paHCTBe peakTopa, MPUYEM MpeAnonaraeTcsd, YTo MPOTEKAET TOMbKO peakuuns
rMAPVPOBaHUS.

B KauyecTBe HenpeaenbHOro YrneBofopofa MPUMEHSASCA  LIMKIOTEKCEH,
KOTOpbI/i Ha OCHOBE ra3o-xpoMaTorpaguyeckoro aHanmsa cogepxxan nuws 0,1%
6eH30Ma M umKnorekcaHa. D2 6bin MonyyeH 3neKTponm3om 99,5%-Holi TsKENol
BOfbl M MNoOfJaBancs B peakTop 4epe3 nannagmeBblil uabTp. Katanusatopom
CNy>XWUna nnaTuHoBas NPOBO/OKA, AnMHOA 20 cMm 1 anameTpom 0,2 MM, KOTopast
Oblna NNaTUHWMPOBAHA 3MEKTPOXMMUYECKUM MYTEM.

CxeMa KaTa/IMTMYECKOro peakTopa nokasaHa Ha puc. 1 PeakTtop npwuBo-
OUTCS B OnNepauuio crnefytolimm o6pasom: cOoCyf, C NPUroTOBMEHHbIM KaTanm3a-
TOPOM MpuMnavBaeTcAd K YCTaHOBKe cornacHo puc. 1 Tlpu COOTBETCTBYHOLUUX
NOMOXEHUAX BEHTWUNEN B YCTAHOBKe co3gaéTca Bakyym 10~4Mm pT. CT., 3aTem
npy 3aKkpbITbiX BeHTMAAX 9/1 n 9/2, cocyn C KaTanu3aTopoM OTK/KYaeTcs OT
LUMPKYNALMOHHON CUCTEMbI. 3aKpbIBAETCA TakXe BeHTWUb 9/7, KOTOPbIA CAYXAT
4na 3BaKyupoBaHus. KOMMOHEHTbI MOAOTCA B CUCTEMY 4epe3 BeHTUIM 9/6 u
9/8. MapuuanbHble JaBNEHUSA U3MEPSIOTCA C NOMOLUbIO MaHomeTpa 4. Ans non-
HOr0 CMELUEHNS KOMMOHEHTOB HauMHaeM LMPKYNAUMIO, OTKPbIBas BeHTWb 9/3.
Mocne 10—15 MUHYTHOW LMPKYNAUUUA WU MPU AOCTVMDKEHUW XXenaemoli Temnepa-
Typbl B TEPMOCTATMPYIOLLEM COCYAEe, OTKPbIBAIOTCA KpaHbl 9/1 1 9/2, a BeHTU/b
9/3 3akpblBaeTca. Bcnenctsue aToro rasobas CMeCh LMPKYUPYeT 4epe3 KaTa-
nusatop. IOTOT MOMEHT BPEMEHM MNPUMHUMAETCA 3a Havano peakuuu. O6pasubl
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6epyTcs Tak, YTO 3apaHee 3BaKyMpPOBaHHbLIA YYaCTOK TPYOKN MeXAY BEHTUAAMMU
9/4 n 9/5 B faHHbIA MOMEHT 3anofIHAETCH PeakLUMOHHOW CMECbI0, OTKpbIBas M
3aKpblBasi BEHTUNb 9/4.

V3oTepMuueckme ycioBus 06ecneumBaloTCcd  TePMOCTaTVPYHOLMM  COCY-
gom 3(+ 1°C), a Takxe (bopMoi cocyfda Ans Katanusatopa, npeacTaBfeHHOM
Ha puc. 1 MouHocTb Hacoca paBHa 6—8 n/MuH., a 06bEM cocyfa C Katanusa-

Puc. 1. MpuHUMN NOCTPOEHUS KaTaUTUYECKOro peakTopa. 1. PesepByap ANs KaTanusartopa;
2. KaTanusatop (nnaTuHoBasi MpoBosioka); 3. TepmocTaTupylowas py6atika; 4. MaHomeTp;
6. LIMpKYNsSIUMOHHBIA Hacoc ¢ MarHuToM; 6. Knanawbl; 7. AMMyfbl AN8 XPaHEHUS! XUAKWX
KOMIMOHEHTOB; 8. CTeK/NsAHHbIE Lapbl ANSi XpPaHeHMs1 Ta3006pasHbIX KOMMOHEHTOB; 9. BeHTUNU

Topom 20—25 mn. Takum o06pasom, Bpems npebbiBaHua B cocyge (TO) Gypet

20.60 S
~ 6000

To = 0,2 sec

YuntbiBas 3KCNepUMeHTalbHble 3HAYEHWS CKOPOCTU peakuuu, 3TOT Mpo-
MeXYTOK fIB/ISeTCA [LOBOSIbHO KOPOTKMM [A/151 TOrO, YTOObl KOHLEHTpauWio raso-
BOW CMecu B /1l060M MecTe LUPKYISLMOHHOW CUCTEMbI MOXHO 6blI10 CUMTaTb
NOCTOSAHHOW.

AHanu3 06pasuoB NPOBOAWICA C MOMOLLBIO Ta30BOro Xpomatorpaga,
CKOHCTPYMPOBAHHOIO CNeuuanbHO ANS faHHOW Lenn. [a3oM-HOCUTENIeM CITYXWN
BogopoA. KonoHka gnvHoi 250 CM €O BHYTPEHHMM AMaMeTpoM 5 MM 6bina 3a-
MosiHeHa 3épHaMy TepMOSIUTHOro Kupnuya guametpom 0,25—0,5 mm, cogep-
xauwero 20% Tpukpesundgocdara. C NOMOLLLHO BO3JYLLIHOro TepMocTarta paboyast
Temnepatypa KOMOHKM nogaepxusanace npu 75°C.  [eTeKTopoM CnyXwuna
fYeiika TennoNpPoBOAHOCTM C NNAaTMHOBOM MpPOBONOKOK AvameTpom 0,015 mm,
MOAKMIOYEHHAA KaK MOCTMK YUTCTOHa. TOK HarpesaHus coctasnsn 100—120
MA. TOK BMOCTUKE N3MEPSICA PETUCTPUPYIOLLMM NOTEeHLMOMETpoOM Tuna M TM—09
COBETCKOro Npou3BofACTBa. [ KONMYECTBEHHOro OnpeAeneHus LUUKIOreKceHa
M LMKNOreKcaHa CHWManacb KanumbpoBoyHas KpuBas. [N OUEHKM WCMOoSb-
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30Ba/ICb BbICOTbI XpoMaTtorpaguueckux nukoB. O6pasubl K3 peakTopa Mno-
flaBanucb B ras3oBblil XpomaTtorpad C MOMOLLLIO BEHTWSA, MOKAa3aHHOIO Ha
puc. 2.

AbaKyyM

Puc. 3. MeTtannuuecknii knanaH. 1. MonvammgHaa waiba; 2. Ynpyras MegHas MembpaHa;
3. BUHT ans 3aKpbITUA U OTKPbITUS

BHyTpeHHWIA, U-00pa3Hblii MOCTMK BeHTWUAA [Ans oTOopa 06pasuoB npu-
COeAMHANCA K peakTopy cnoco6om B). Morpyxas 3ToT y4yaCTOK B XWAKWA BO3-
LyX W Npy NONOXeHUU BeHTUNSA B, npucyTcTeyloLwne B 06pasLie LMKIOreKceH K
LIMKNoreKcaH MOryT 6bITh BbIMOPOXEHbI; MPWY 3TOM Y4YacTOK peakTopa 418 0T6opa
06pa3LoB Heob6X0AMMO OTKauuBaTb. [MoBOpayuBas BeHTW/b AN oT6opa 06pas-
LIOB B MNOJIOXEHUe A 1 3aKpbiBas BeHTWb |, ras-HocuTenb H2 BbIMbIBAET Tenepb
HarpeTble LMKNOreKCeH W LMK/OreKcaH W, TakuM 00pa3oM, Nogaér X Ha Xpo-
MaTorpauyeckyto KonoHKy. Coaep>kaHue AeiiTepusi B LUMKIOTEKCEHE W LMKMO-
rekcaHe Onpeaensnocs € MOMOLLbIO MoAUMLUMPOBaHHOro [13] coBETCKOro macc-
cnekTpomeTpa TMna MWN—1305 Takum 06pa3om, UTO BbIXOAALLME W3 KOMOHKM
LMKNOreKCEH W LMKNOTEKCAH aHAIM3MPOBA/IUCL OTAESNbHO.

CornacHo HalwumMm HabngeHusM, napbl CMasky CWIbHO OTPaBASIOT KaTa-
nu3atop. Mo3ToMy Mbl He MPUHAAN CTEKNSHHbLIX KPaHOB CO CMa3KOoW, a 3aMeHsun
MX Ha MeTaN/IMYecKue BEHTWM, COXpaHaloLmMe HaféXHO BaKyyMm, CXema KOTo-
pbIX MpeAcTaBneHa Ha puc. 3.
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PESy}'IbTaTbI IKCMNepMMeHTOB

MepBasi cepusi M3MepeHWin Obina BbiNonHeHa npu 30°C ¢ napumanbHbIMM
[aBneHnaMu LMKorekceHa u sogopoga 20 v 40 MM pT. CT., COOTBETCTBEHHO,
cnefs 3a U3MEHeHWeM [aBfieHUs BO BpeMeHW. locne Toro, Kak peakuusa npowna
npuMepHo Ha 50%, peakTop OTKaumsancs AWPEQY3VOHHbIM PTYTHbLIM HaCcOCOM
B npoTsbkeHUn 30 MUHYT, a 3aTeM W3MepeHue MOBTOPASOCH.

Puc. 4. V3meHeHVe aKTUBHOCTU KaTasmsaTopa Mpu MnocnefoBaTe/lbHOM TUAPUPOBaHUU

Vi3mepeHusi mokasanu, 4TO MMeeT MeCTO CTapeHWe KartanusaTopa, T. e.
€ro aKTMBHOCTb MOCTOAHHO YMeHbLuaeTcs. [M103ToMy Hamu M He MCMO/b30BasUCh
KpPUBble KOHBEPCUA-BPEMSA LAN1A OMpefeNieHUs YpPaBHEHUS CKOPOCTW, a aKTUB-
HOCTb KaTanu3aTopa M CKOpPOCTb peakuuu 6blIM OxapakTepu3oBaHbl BpemMeHamMu
peakuunn, COOTBETCTBYIOLLMMW CTeneHU npespalleHus, pasHoi 0,25 (T105). Pe-
3ynbTaTbl 3TON CepuM NoKasaHbl Ha puc. 4, rae Ha abuuccy HaHOCWAM NOPSALKO-
Bblii HOMEp OMbITa, a Ha opauHaTy 1/T05 W3 pucyHKa BUAHO, YTO aKTMBHOCTb
KaTanmsaTopa cHayana pe3ko nagaet (onbiTbl 1—4), 3aTeM yMeHbLUEHUe 3aMej-
nsetcs (onbiTbl 5—16), HO He AOCTUraeT MOCTOAHHOIO 3HayeHusA. Mpu onbiTax
17—19, B OT/MuMe OT OCTasNlbHbIX CEpWiA, KaTanm3aTop oTkauumBancs npu 200°C
Ha NPOTMXEHMM 2 4YacoB. KaK MOXHO BWAeTb, 3Ta Tepmuyeckas o06paboTka
NPUBOAUT K AaNbHENLIEMY YMEHbLUEHUO aKTUBHOCTW. Bblin caenaHbl NOMbITKK
paspaboTaTb CTaHAAPTHLIA MEeTOA4 NPWrOTOBAEHMS KaTanusatopa, A4A8 TOro
4T06bl XOTA Obl 3KCTPANONUPOBaHHbIE K 0-BPpEMEHM 3HAYEHMSI CKOPOCTEN peakunii
MOXHO 6bl10 MCMONbL30BaTb [NA YCTaHOBNEHUA KWHETUYECKOrO YpaBHEHUS.
OfHaKo, 3TV MOMbITKA He 0Kas3a/iuCb YCNELWHbIMW, U 3HAYEHUSA aKTUBHOCTU CBe-
YKENPUIOTOB/IEHHbIX KAaTa/IM3aTOPOB COBMafa v C TOYHOCTLIO OAHOIO MOpPALKA.
Bbinn chenaHbl NONbITKA UCMNOMb30BaTh pas/iMyHble CMOCOObl pereHepauun, npu-
4ém, 0TYaCTM NMONYUUSIUCL YAOBNETBOPUTE/bHbIE Pe3ynbTaTbl CHEAYOLWUM MYTEM.
Mocne oThenbHbIX OMbITOB 06LEM peakTopa oTKaumsanca npu 300°C go 10~3 mm
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pT. CT. 3aTem, B peakuuu LMpKynmpoBan cHayana 02 npu gasneHun 50 mm
pT. CT., a notom H2 npu gasneHun 50 MM pT. CT. Ha NPOTHKEHUN 30 MUHYT.
[Nocne aToro KatanmsaTtop OTKaumMsanca PTYTHbIM HacocoMm npu 300°C Ha npo-
TAXEeHUN 1u4aca, M TOMLKO MOTOM MPUCTYNaIN K HOBOMY OMbITY TMAPUPOBAHUS.

Bocnpon3soaumMble KprBble CKOPOCTM MNpoLecca MoayYnnuch C nomoLlbo
3TOr0 MeTofa pereHepauuy, HO BCE-TAKM AKTMBHOCTM CBEXEro KaTaiu3atopa
LOCTWYb He Y[anocb. JKCMepUMeHTasbHble pe3y/bTaTbl NMPEeACTaB/eHbl HA puc. 5
B BUAe KpMBbLIX KOHBepcus () — Bpema (T).

Puc. 5. 3aBMCMMOCTb KOHBEPCUW OT BPEMEHM B C/lyyae pereHepuypoBaHHbIX KaTasim3aTopoB

OnbITbl NOBTOPAAUCL U ANA AeATEPUs, JOMOMHASN MX MPU 3TOM Macc-Crek-
TPOCKONUYECKUM OMpeseNieHneM CofepXXaHus feiATepus B LMKIOTEKCEHE U LUKIIO-
rekcaHe. OKCMepuUMeHTasIbHble pe3ynbTaTbl WAMIOCTPUPYOTCA puc. 6., Ha KOTO-
poM, MOA06HO puc. 4, npeAcTaBneHbl 3HaveHns 1/T023 a Takxke cpefHue yncna
aToOMOB [JeliTepus, COOTBETCTBYHOLUME MpeBpaweHnto @= 0,25 B LMKIOreKceHe
(K 1 B uuknorekcare (v). Ha pucyHke Takxe NoKasaHO 4MC/O aTOMOB JeiTepust
(F4), npuBeféHHOE K OAHOMY MO0 LMKOreKcaHa, BCTYNMBLUMX WK B LMKO-
rekceH wanM B umknorekcaH. CornacHo BbllleckasaHHOMY, BenvumHa [ onpe-
Jensetca CcnefyrowyM ypaBHEHVEM:

X (2)

Ecnv BennumHa [} Bbilwe 2, TO 3TO YKa3biBaeT Ha NOABNEHME BOAOPOAA B raso-
06pa3HOM [JeliTepun BO BpeMsi peakLuuu.

Ha ocHOBe KpuWBbIX puc. 6 pe3y/nbTaTbl OMNbITOB MOXHO MOApasfenvTb Ha
3 KaTeropuu:

I) AKTMBHOCTb Katanusatopa, v 1 ' 6bicTpo nagatoT. BenmumHa 4 > 2,
T. €. B ra3000pa3HOM JeiTepun nosiBseTcs BOAOPOA. LimknorekceH Takxke nog-
Bepraetcs H—D o06meHy, T. K. x > 0.

1) AKTMBHOCTb KaTa/iM3aTopa YMeHbLUIaeTcs MeANeHHee, BEeNNYUHbI v U
[ npaKTuyecky MNOCTOAHHbI. T[], 2, T. e. BOJOPOL He MOABMSAETCA B raso-
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o6pasHoM genTepun. W 3aecb Habnogaetca obmeH H—D B uuknorekceHe (x > 0),
HO B MeHblUel CcTeneHu, Yyem B 1) KaTeropuwu.

1) AKTMBHOCTb KaTanm3aTopa ropasfilo MeHblle, 4YeM B KaTeropusax

) n 1), a«unED cHOBa Bo3pacTaloT. ED > 2, T. e. BOAOPOA 1 34eCb MOsSBNSETCS
B rasoobpasHom feiitepun. B uuknorekceHe obmeH H—D npakTuyecku He npo-
nexogut, X 0.

Puc. 6. MN3ameHeHne aKTMBHOCTU KaTanusatopa (1/t0j%), ED w cpeaHero cogepXxaHusa pgein-
Tepusi B LUK/OTeKCceHe (X) U UMK/orekcaHe (V) npu nocnejoBaTeslbHOM [UAPMPOBaHUM

Onsa  panbHelileld XapakTepUCTUKM U3MEPEHUA, OTHOCALMXCH K 3TUM
KaTeropusM, Ha puc. 7, 8 1 9 nmpeAcTaBneHbl pesy/bTaTbl MacC-CMEeKTPOCKOMNu-
YECKOr0 aHa/im3a OMbITOB, XapaKTEPHbIX AN OTAE/bHbIX KaTeropuii.

Ha puc. 7 npeAcTaBneHo NPOLEHTHOe pacnpefeneHne MONekyn LWKIIo-
rekcaHa, cofepxawux pasfM4yHOe YWUCN0 aTOMOB [eilTepus, Mpu pasfiMyHbIX
3HaYeHUNX CTEMeHN MpeBpaLleHns. 3HaYeHUs A5 HyneBO KOHBEPCUM ABASKOTCA
pe3ynbTaToM 3KCTpanonsuun. Mcxoasa u3 puc. 7, KaXKeTcs XapaKTepHbIM, 4TO
B C/lyyae BCex TpEéX KaTeropuin ¢pakuuu, cogepxawine 0—7 atoMoB geliTepus,
NOSIBNSAKOTCA YXXe NPU HYNeBo KOHBepcuu. MakcvMym KpUBOI pacnpepeneHus
ANa peakuuid, oTHocAWMXCA K 1) KaTeropuu, NeXuT B 06nacTu pakumii ¢ 1m 2
aTomamu geitepus. B kaTeropum 11) MakCUMyM CMeLLaeTcs B CTOPOHY (hpakLuuii
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umMknorekcaHa ¢ 0 n 1 atomamu geiitepusi. B peakumax Ill) kareropum npo-
LIeHTHOE COfepXXaHue HefenTepupoBaHHON (PpakuuyM CHOBa MafaeT, U MakCUMyM
HaxoguTcs B 00/1aCTU LMKNorekcaHa ¢ 1 n 2 atoMamu feitepus.

7. |

Puc. 7. VI3MeHeHMe NPOLIEHTHOrO KOMMYeCTBa (hpakUMi LMKIOreKcaHa, CofepXallumx pas-
NINYHOE KONM4YecTBO feinTepus (r) ¢ KoHBepcueld () B Cnyyvae KaTa/M3aTOpOB Pas3/IMYHON aK-
TvBHocT (I > 11 > 111)

Kak BUAHO 13 puc. 8, Ha KOTOPOM M306paxKeHbl KpMBble MPOLIEHTHOro pac-
npeaeneHnst pakuuii LMKNOreKceHa, CoAepXKallero AeiTepuii, B 3aBUCUMOCTU
OT KOHBEPCUW ANS peakLUmnil TMapupoBaHns, oTHocaLmXcs K Kateropuam | wn I,
He HabNoaeTca XapakTepHOI pasHULbI MeXAy ABYMS KaTeropuamu (B peakumnsax
kateropum Il LUMKNOreKCceH He COAEPXMUT fAeinTepus). Bo BCSKOM ciiyyae, MOXHO
YCTaHOBUTb, UTO CMEKTP pacrpegeneHns AeATepuss B LMKIOTEKCeHe ropasgo
YXKe, YeM B C/yyae LMKOrekcaHa, U MpoueHT (hpakumil LUKIOreKceHa, cogep-
Xalnx aeiTepuid, TOXe HIUXe.
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3aBUCUMOCTb BENNYUH * ,* 1 ED OT KOHBEPCHWUM A1 TPEX KaTeropuidi npeg-
CTaBfieHa Ha puc. 9. U3 prucyHKa BUAHO, 4YTO B Kateropum | Kak v, Tak u EM
YMeHbLLIatOTCA C KOHBepcueid. B Kateropuu 11, XoTs ED He 3aBUCUT OT KOHBEPCUK
2), Vv He yMeHblUaeTcs, Kak B KaTeropuu |, a Hao6opoT, yBelM4MBaeTCs C
KoHBepcueit. B kaTeropum 11l s paBHO Hynto, B oTinuMe OT KaTeropuid | u I,

%

Puc. 8. V3MeHeHMe MpPOLEHTHOrO KO/MYecTBa (hpakuUMii LMKIIOTeKCeHa, Ccofepalinx pas-
JINYHOE KONINYECTBO feliTepus (X), C KOHBEPCWEN B Cilyyae KaTannM3aTopoB pas/IMYHOW aKTuB-
Hoctn (1 > 1)

rae ero BefiM4YMHa MOHOTOHHO BO3pacTaeT C KOHBepcueld. BennumHbl v n ED (v »
ED) pacTyT C KOHBEpPCUEN.

Bbino Takxe U3yyeHo BAMsSHWE OTHoWeHMs D2CEH 10 Ha cogepxxaHue aeid-
Tepua B NOSYYEHHOM LuKnorekcaHe. OnMcaHHbIM Cnoco6oM pereHepauum yaauHo
BOCMPW3BOAMTCA KaTaim3aTop CpefHei aKTMBHOCTW, COOTBETCTBYHOLLMIA peakuuu
kaTeropuu |l. Moatomy BnmsiHMe oTHowleHnss D2CEH 10 Ha cofep)kaHue AelTepus
B MPOLYKTe M3y4anocb Ha TakoMm KaTasnm3artope. MapumanbHoe faBneHue LMKIIo-
reKCeHa, Kak W B npefblaylimMxX OnblTax, paBHANoCcb 20 MM pT. CT., a JaBfieHue
LeATepns M3MEeHsN0Ch. SKCNepUMEHTa/IbHblE Pe3ynbTaTbl 415 KOHBEPCWUMW, paB-
Holi 0,1, noka3saHbl Ha puc. 10 gna v =0, 11 2.

Acta Chim. Acad. Sei. Hung. 54, 1967



MOTEP H ap.. KATANIMTUYECKOE TUAPUPOBAHUE LIMKIOFEKCEHA 305

Ha ocHoBe puc. 10 MOXHO 3aK/OUWUTb, YTO MPW YBENMYEHUW [aBNeHUs
D2 . o6bnactn Il npoueHTHOe cofepXXaHue (pakumini ¢ 0 aTomMamn fenTepus B
006pasyloLLEeMCs LMKNOreKcaHe ObICTPO yMeHbLUaeTcs. Takxe najaer, HO B MeHb-

Puc. 9. W3meHeHue V, HD, 1 X C KOHBEpPCUWEN B C/lyuae KaTasn3aTopoB PasnnyHOl aKTMBHOCTU
(> 1> 1)

Puc. 10. 3aBMCMMOCTb MPOLIEHTHOrO pacnpefeneHns ppakuuii LMKAoreKcaHa, CoAepXKallmx
pasnuuHoe KOoMMYecTBO AeliTepust (y), OT NapumanbHOro AaBneHWs AeiTepus v LMKIOreKceHa

LUein Mepe, OTHOCUTENbHOE KONMYEeCTBO pakumii ¢ v = 1. [poueHTHOE copep-
KaHue gpakuum ¢ v = 2 pacTéT Mo Mepe yBenn4yeHus oTHoweHus D2CeH 10

M3yuanacb TakXe peakuus M30TONHOro obmeHa BOAOPOAA Ha AeiTepuit
B LMK/OreKcaHe, ABNSAIOLEMCA KOHEUHbIM NpogyKToM. COrfiacHo onbitam, 06MeH
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H—D 3a Bpems rugpupoBaHus HabnofaeTca TObKO Ha KaTanu3aTtope, OTHOCH-
wemca K | kateropun. B kateropusax Il n Il Henb3a 6b110 06HaPYXUTb 0OMEH
Npy YCNOBUAX peakuun TFuApupoBaHus.

O6CyX/eHMe IKCMEPUMEHTA/IBHBIX Pe3y/ibTaToB

[ns BbIAICHEHWS peanbHOCTU OTAE/bHbIX CTyMeHei 06LUeil CXeMbl peakLum,
MoKasaHHOW Ha cxeme 1, a TakXke AN YCTaHOBMEHWS MX OTHOCUTENIbHOIO Beca
MMEKTCA B HAlleM pPacropsdKeHWU ClefytoLiMe XapaKTepHble 3KCnepuMeHTasb-
Hble pe3y/bTaTbl.

a) ObmeH H—D Habnwogaetcs n B uuknorekceHe (X > 0). Mny6uHa storo
npeBpaLeHnss YMeHbLIAeTCA C YMeHbLUEHMEM aKTMBHOCTU KaTanu3atopa, T. €.
C ero crapeHuvem.

6) ObmeH H—D, HabnoaeMblil B ra3006pa3HoM feldTepun, UMEET MUHUMYM
B 3aBUCMMOCTW OT aKTMBHOCTW KaTanusaTopa. B Touke MUHMMyMa — Mpu KaTta-
nun3atope CpefHel akTMBHOCTY — 06MeH H—D B rasoobpasHom geitepun npak-
TUYECKN paBeH Hyno (HD ~ 2).

B) O6MeH H—D mexay umknorekcaHom v D2 He3aBUCMMO OT peakuumu
rMAPUPOBaHNA HabnofaeTcs NMUWb B C/yYae Hanbonee akTMBHbIX KaTanu3a-
TOpPOB.

r) Kak B UMKNOrekceHe, Tak M B LUMK/IOreKcaHe MNPUCYTCTBYET MOMHbIN
CMEKTP MOSIEKY/Nl C pas/IMYHbIM YUCAOM aTOMOB [feiTepus.

0) TlpoueHTHOE OTHOLLEHME MOMEKYN LMKIOreKcaHa € pasfiMyHbIM YMCIOM
aTOMOB [eNTepusi MeHSIeTCH NULb He3HAYMTeNbHO C KOHBEPCUENA.

e) Mpn yBennyeHMm oOTHoweHN D2CEHI0 pacTeT OTHOCUTENbHBIA BeC
(hpakunii ¢ 6onee BbICOKMM YMC/IOM aTOMOB AEATEpUs B LMKOreKcaHe.

PaccmMoTpvMMm ponb OTAeNbHLIX CTyrneHein B 06LLeit cxeme 1 C TOUKM 3peHUs
BbILLEYMOMSHYTbIX 3KCMEPUMEHTANbHbIX AaHHbIX. MIcxoasa u3 NpeanosioXeHus,
YTO aKTUBHblE LIEHTPbl KaTaju3aTtopa ABASTCA 3HEPreTUYeCKM OAHOPOAHbLIMM,
cTapeHue, 06YCcnoBfieHHOE CU/ILHON aacopbumeli MPoAyKTOB NMOOOUHBIX peakLmii,
paccMaTpMBaeTC KaK YMEHbLUEHME Yucna 3TWX aKTMBHbIX LEHTpoB. W3-3a
CTapeHusl, NMPOTEKAOLLErO C M3MEPSeMOli CKOPOCTLIO 33 BPeMS OTAENbHbIX peak-
UM, HeMb3a 6bUI0 YCTAHOBUTb KUHETMYECKOE YpaBHeHue. [103Tomy 3kcnepu-
MeHTa/lbHble pe3ynbTaTbl MOXHO WHTEPNPeTUpPOBaTh fIMLIb KayeCTBEHHO, CyAas
No TOM WAW WHOW TEHAEHLUMU KMHETUYECKUX 3((EKTOB.

MocnegoBaTtenbHble MPOLECCHI LOMKHbLI NPOTeKaTb BO BCEX CAyYasX, U UX
CNeACTBUS MOXKHO OOHAPYXUTb OMbITHLIM MyTeM. Pe3ynbTaTbl HernocnefoBaTesb-
HbIX MPOLIECCOB HabMHOLAIOTCA MWL TOTAQ, KOTrAa MX 3HAYeHUS He paBHbl HY/HO
M UX CKOPOCTb COM3MepuMa C O6LUei CKOpOCTbIo peakuuu. T. e., ecnM CKOpOCTb
Heroc/efoBaTelbHOro npouecca 0603HayaTb Yepes Wp, a OOLLyO CKOpOCTb —
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uepes W, TO

Ko «’

Crynenn 1, ' n 1” aBnsOTCA NocnegoBaTe/ibHbIMK NpoLeccaMmn agcopoumm
N jecop6uun, NoaToMy MX MNpPOTeKaHWe HeobXoAuMMo Ans ruapupoBaHus. OnbIT-
Hble faHHble @), 6) U B) MOXHO MHTEPrpPeTUPOBaTb TOMILKO B TOM C/y4ae, ec/u
3TV npouecchl ABNAKTCA 06paTUMbIMU. Ecnv OTAeNbHble CKOPOCTM 0603HAYUTb

yepes W It W X. .., To gnss H—D o06meHa B LUMKAOreKCeHe, COrnacHo BbllleyKa3aH-
HOMY, HeobXoauMMOo, 4TOObI

Wr ¢O; (3)

Tak Kak x MOHOTOHHO MajaeT Cco CTapeHMeM KaTanuMsaTtopa, TO TO >Xe camMoe

cnefyet nonaraTb v Ang WVIW. [1ns Toro, 4tobbl B ra3006pa3HoOM LMK/IOreKCeHe
nossunca D, ycnosue (3) ABNSeTCH NUWb HEOOXOAMMbIM, HO HE AOCTATOYHbIM.
Lns 3aToro HeobxoguMo TakXe, 4yTobbl D nonan B afcopbUpOoBaHHbIA LMK/O-
reKceH, T. €., cornacHo cxeme 1:

u o o w ¢ 0 (TR e} ws ¢ 0
~p <1, wm -A<|<l; o wmm -gp- << v -d- « 1 4)

MepBbIM HeOOXOAMMBIM YC/I0BMEM MOSIBAEHMS BOAOPOAAa B ra3006pa3HOM
[leliTepun, Ha nogobum ycnosusi (3), ABnseTcs:

Lo, (5)

PasymeeTcs, 4To 415 3TOF0 HEOOXOAMMO MpeanonaraTe ¥ COOTBETCTBYHOLLUIA
OTHOCWTENbHBIA BEC APYrMx peakuuin, T. e.

n "o UL o o ar ¢ 0
w . W je-n
~p g<1, WM - <<1;, nmm "r-<|<1l (6)

TOT 3KChnepuMeHTa/IbHbIA (haKT, 4TO MOAB/EHME BOAOPOLABra3oobpasHOM
JeliTepn  B3aBUCUMOCTW OT CTapeHMsi KaTanmsaTopa OMUCbIBAETCS KPUBOW C
MUHUMYMOM, MOXHO WHTEPnpeTMpoBaTb /160 NOJOOHLIM MOBEAEHUEM OTHO-

WweHns W JW , M60 pe3ynbTUpyoLLe TeHAEHUMUEN W3MEHEHUS OTHOCUTESbHbIX
BECOB npoueccoB B (6) npu CTapeHuw.
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Lna uHTepnpetaumMn (hakToB r) u f), HabNIOAABLUMXCA 3KCNEPUMEHTa/IbHO,
HeobX0AMMO, YTobbl Kakas-nmbo unu Bce peakuuyn obmeHa H--D vMmenm Mecro,
T. e

1L} O 1P2-¢) O Wr & 9

W
wm WE Al oy Jb o« ?)
W W ’

XumMunyeckas peakuus 5 BMeCTe C 3 Takxe MNpuBoAUT K H—D 0OMeHy
Kak B afCcopOVMpOBaHHOM LMKOreKcaHe, Tak U B afcop6UPOBaHHOM LMK/OTeK-
CeHe, TaK KaK B pe3ynibTaTe 3TUX MPOLECCOB AEMTEPUIA, NPUHMMABLLWIA y4yacTue
B npouecce 3, Kak Obl CHOBa «MPUMELLMBAETCSH» K aAcOpOUPOBaHHOMY LIMK/O-
rekceHy. OfHa 3Ta peakuwusl, 04HaKO, He MOXeT MPUBOAWTb K KPUBbLIM pacnpe-
feneHuns, HabMoLaBLUMMCS 3KCMEPUMEHTAIbHO, OCOOEHHO B C/lyyae LUK/IOTek-
caHa. lNpuunHoOiA 3TOro SBAAETCA TO, YTO peakuus 5 NPUBOAWUT U K TUAPUPO-
BaHWIO, U NO3TOMY OTHOCUTENIbHOE KOMIMYECTBO AeWTepupoBaHHbIX (pakunui LUK-
norekcaHa [O/MKHO Obi10 Obl 3aBUCETb OT CTEMEHW KOHBEPCWM, YTO COF/IACHO
NYHKTY fA) He Habnogaetca (cm. puc. 7).

Kak ye 6bl10 yNOMAHYTO, Mbl UCXOAUM U3 NPEAMNONOXKEHUS, YTO aKTUBHbIE
LEHTPbl MMEKT OAHOPOAHYH aKTMBHOCTb. O603HAUYMM aKTMBHbINA LEHTP Yepes X,
a MOBEPXHOCTHYI0 KOHLEHTPALUMI0 OTAE/bHbIX KOMMOHEHTOB (MOJb/eAMHNLY Mo-
BEPXHOCTU) 4epe3

&, 0D, Or» OPr (8)

roe X 03HayaeT aKTUBHbIA LEHTP, S — UWKNOrekceH, D — peiTepuid, R* -

«MOYTUAPUPOBAHHLIA» MPOMEXYTOUHbIA MPOAYKT, a Pr — umknorekcaH, fBns-
IOLLMIACA KOHEeYHbIM NPoAyKTOM. COrfacHO HaluMM paHHUM uccnefoBaHuam [14],
npu TMPUPOBAHMM B XXUAKOW (hase CTapeHMe OKa3blBaeT /MLib HEe3HAYMTEebHOe
BAIMSIHME Ha CMOCOOHOCTb MAATUMHOBOrO KaTanums3aTtopa afcopbupoBaTb BOLOPOS.
Moatomy agcopbums [einTepo-sBogopoga W Aecopbumsi NpoAyKTa He ABASKOTCS
cTagnsaMmn, MMMUTUPYIOLLMMU CKOPOCTb. Mpy JaHHBIX 3KCMepeMeHTabHbIX YCo-
BUSIX He HabnwpaeTcs aacopbuum MNpofayKTa B U3MEPSemMoi cTemeHu. Takum
06pa3oM, CTEXMOMETPUYECKME YPABHEHUA CTYMEeHel, NMMUTUPYIOLLMX CKOPOCTb,
B COOTBETCTBMM CO CXEMON 1 MOXHO NpeACTaBWUTbL CeAyHLIMM 06pa3oM:

Ls)g+ (s)a
3. (s)a+ (D)ai (R*)a

©)

4. (R*)a+ (D)c- (Pr)a
5. 2(R*)a~(Pr)a + (S)a
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rae MHgekc g obo3Ha4aeT rasoByr (hasy, a a — agcopbupoBaHHyto asy. MMpu-
BOAS CKOPOCTU peakuWidi LMKNOorekcaHa, U3 CUCTeMbl ypaBHeHUl (9) MOXHO Mo-
NyYnTb Cleayrolye 3aBUCUMOCTH:

o= w=U - dofi== K — X - XK - 2w,
FdT aT 5
i | o 1T 1R 1T (10
dr
roe F — noBepxHOCTb KaTanmsatopa, nf — uucno monein cy6cTpata (UMKno-

rekceHa) B rasoBoil (hase.
B cTauMoHapHOM WM KBasWCTaLMOHAPHOM COCTOSIHUW, COFacHO MpUWH-
umny BbopeHwTeHa

Ho ocHoBe cuctembl ypaBHeHuit (10) u (11):
r = = W+ (12)

O603Hayast pPaBHOBECHbIE KOHLEHTPaLUuM Ha MoBepxHocTU yepe3 03, 0D, &Pr u
0°x, Ha OCHOBE CUCTEMbl YpaBHEHWIA (9) MOXHO MOMYYMTb Creaytolme KUHETU-
Yeckue ypaBHEHWUS AN OTAENbHbIX CTYNEHEN:

W, Biyy=M ~-05s); w=n~h 0S
M3 = k3eR%; WI= kiOpORo, W-= k50d%, (13)
W = Ay (% — 0S) — k36505 — k365  k&lp* = kt OB OR«-\- fcs ORe

roe, ecnu agcopbums D M S NpPOMCXOAAT Ha PasHbIX aKTMBHBIX LiEHTpax, TO

Ay= A'Ps + Ar; 6°: KsPs mOi; Ks h (14)
1+ KsPi Ai

CumBon pl o0603HayaeT fJaBneHuWe cybecTpata B rasoobpa3HOM COCTOSHUM.
Ha ocHoBe cxembl 1, aHanornyHo BbipaxkeHUaM (13) nony4vaem cnegyrouyme
KMHETWYECKME YpaBHEHUs [0S peakumii obmeHa:

L = k206 0s; U- = A-0SOR,; Wr = k.,-0%0°r (15)

PaccMOTpUM, KaknuM 00pa3soM MOXHO MHTEpPNpeTMpoBaTh 3KCMepPUMEHTasb-
Hble pe3ynbTaTbl HA OCHOBE KMHETMYeCKMX ypaBHeHuin (12) — (15).
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Kak yxe 6bl10 OTMeYeHO, aKTWBHble LEHTPbl CUMTAOTCH SHEepPreTUyecKu
OAHOPOLHbIMK, B pe3y/ibTaTe Yero KOHCTaHTbl CKOPOCTV B KUHETUYECKUX YypaB-
HeHusX (13) — (15) AO/MKHbI ObITb NOCTOAHHBLIMM, He 3aBUCALLUMW OT CTapeHus.
CornacHo cucteMe ypaBHeHMIn (13) ymeHblUeHWe W (CTapeHue KaTaim3aropa)
06513aTeNIbHO  CBA3aHO C yMmeHblleHnem 0S, dR.. 370, B CBOKWO 04epedb, BbI3BaHO
yMeHblUeHneM O®, 4To, cornacHo (14), paBHOLEHHO YMeHbLUeHuto Ox ,T. €. Mo-
HVKEHUIO MOBEPXHOCTHOW KOHLEHTPauuM akTUBHbIX LEHTPOB B cOrnacum ¢
NpeAcTaBNeHMAMM O CTapeHWn KatanamsaTopa.

Ha ocHoBe cucTeMbl ypaBHeHuid (13)

ok KN+ MK B24kbw (16)
oTKyfa
S0r i > 0 )
3W \{k,0*DY ™ -ik 5w
6= . O|—3[(f€8+ fej On) O* (- 2fcs Qo (18)

M MpWHMMas BO BHUMaHWe 3aBuUcKUMOCTb (17)

05 L Uk + fios)  4R50,.] 90- > o (19)
aw ki Jifo) aw

OTHOCUTE/IbHAs CKOPOCTb CTyMeHeid 4 u 5, NpMBOAALLMX K 06pa3oBaHMIO
NpoAyKTa, Ha OCHOBE CWUCTEMbl ypaBHeHuid (13) Gyget

w_= K1 (20)
]| K oK*

Kak yXe oTmevanocb, CTyneHb (4) npuBoAUT K 06pa3oBaHMIO MPOAYKTa,
CoflepKallero, no MeHbLUein mepe, 1 aTom geiTepusi, T. €. BeMUMHA OTHOLLUEHUS

WJW5 oTpaaeT yBefMyeHWe OTHOCUTENIbHOIO Beca MPOAYKTOB C OGOMbLUMM
YyMCnoM aToMoB AeiiTepusi. COrnacHO 3aBUCUMMOCTU (2), YBEMMYEHWE OTHOLLEHUS
W JW 5 MOXeT OblTb BbI3BaHO 160 YyBennyeHWem (D, nM60 yMeHbLUeHMeM OR
T. €. YBE/IMUEHNEM AaBMEHUA JeATepus UM CTapeHreM KaTanusaTopa. 3T0 Haxo,
[AMTCA B COrNacumn C sKCrnepumeHTasbHbIMK pesynbtatamu (puc. 7 n 10), a Takx3
YKa3blBaeT Ha Hannume peakuunin 4 u 5.

Kak y)e 0oTmevanocb, Ans TOro, 4tobbl 06pa3oBascA [AeNTepUpPOBaHHbIN,
LIMKNOreKCeH, COOTHOLEHMe (3) AOMKHO ObiTb CNpaBefnMBbIM, a TakKXKe OfHa e
peakuuii 2, 2°, 3, 5 go/mkHa npoTekaTtb. Peakumm 2’ n 5 yxe 6binM pacCMOTPEHbI-
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Obl10 NMOKa3aHO, YTO 06e OHWM MPOTEKAKT NpU rMApPMPoBaHMM. CornacHo 3Tomy,
MOHOTOHHOE YMEHbLUEHME X CO CTapeHMEM KaTanm3atopa MOXHO TONbKO 06bs-
CHUTb YMEHbLUEHWEM OTHOLWEHUs W v/W.

Ha ocHoBe ypaBHeHMiA (13) n (19)

K'h 2w ~ k 3¢éDes dOR*
dw [w 1 dw W) k30DeR* (k40D + k5eRsy BW

3TO COOTHOLLEHNE HaxoanuTca B cornacum C aKCnepuMeHTaslbHbIMW Pe3Yy/ib-
TaTaMn TOJIbKO B TOM C/ly4dae, €C/un

2W > k3aDes (2W >1Ll) (22)

Tak Kak npy Takux ycnosusix u3 (21) BblTeKaeT, yTo

3 (WyA

aw \w) >0 (23)

WHbIMKM cnoBamu, OTHOCWUTENbHLIA Bec mpouecca 1 nafaeT €O CTapeHuem
KaTasm3atopa, YTo NPUBOAWT K YMEHbLLEHWNIO X, B COF1aCMU C OMbITOM (CM. puc. 6).

He paccmaTtpuBanoch ewg m3meHeHue Z/D BCMeACTBME CTapeHWst KaTasiu-
3aTopa, KOTOpPOEe OMUCLIBAETCA KPUBOWN C MUHMMYMOM, U B MUHWMYMe Z/D ~ 2.
Kak yxe oTMmeyanocb, ycnosue SD > 2 paBHOLEHHO TOMY, YTO MPOUCXOAUT
o6MeH H—D B raszoobpasHom feiTepuun. [ns 3T0ro B MEpBY0 04epedb HEO06-
XOAMMO, YTOObI, COFlaCHO BbileyKasaHHOMY, mpouecc 1 wmen mecto. [Mpeg-
nonaranoch, 4T0 afcopouus geiTepus He NMMUTMPYET CKOPOCTb, M mpouecc 1
NPOTEKAET C OTHOCWUTENbHO BbICOKOW CKOPOCTbHD. OfHako, Heob6XoAuMMO eLug,
4TOObl KAKOM-NMB0 M3 MPOLECCoB 2, 2”7 U 3, UMEeN MECTO, T. K. OHW «MOCTaBsOT»
BOOPOA B (ha3y, cofepKalllyto afcopoupoBaHHbIii AeiiTepunii. B cBA3M ¢ NpoLeccoM
2” yXe 0TMeyanocb, YTo OH HabnJaeTca TONbKO Ha Haubonee aKTWMBHBLIX KaTa-
nusatopax. BcnegctBre 3TOro 3TOT MNPOLECC HE JOMKEH BbI3biBaTb MOSIBNEHME
BOZOPOJa B rasoBOM feiiTepum 3aHOBO MO Mepe CTapeHus katanmsatopa. OTHO-
cuUTeNbHbIA Bec npouecca 2., cornacHo (13) u (15)

24
W Cw (24)

T. € YuuTbiBas W BblpaXeHue (23)
9 w2 _ K2 6% > o (25)

Qw Iw j T

3T0 3HAYWT, YTO OTHOLIEHME W JW TakXe YMEHbLUAeTCs CO CTapeHVeM
KaTanusatopa, W Mo3ToMy Mpouecc 2, NofoGHO npoueccy 2”7, NPUBOAUT NULLb
K YMeHbLUEHMO 27D C yMeHbLUEHMEM aKTMBHOCTM KaTa/su3aTopa.
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OTHOCUTENbHBIN BeC mpouecca 3 Ha OCHOBE BblpaxkeHus (13) gaércs cne-
Aytowmm 06pasom:

b= ___« (26)
w KA + % 6R*

OTKYy[a, Yy4uTbiBas COOTHOLeHWe (17),

3 (W k3k5 00R» 27)

dW \W\ (M d+ M *»)2 31F

3T0 3HAYMT, YTO OTHOCUTENbHBIN BEC Npouecca 3 pacTéT CO CTapeHUeEM KaTanm3a-
Topa. B pesynbTare ABYX MPOLECCOB, AENCTBYHOWMUX B MPOTMBOMOJMIOXKHbLIX Ha-
npaBfeHNsaX, MOXET OCYLLecTBMTbCA ycnosue ED ~ 2.

CornacHo OnbITHLIM AaHHbIM (pUc. 6) Mbl NPULLAN K BbIBOAY, YTO BENUYMHA
ED yMeHbLUaeTCa CO CTapeHMEeM KaTanm3aTopa BCMeACTBUE YMEHbLUEHWUS OTHOCK-
TeNbHOr0 Beca MpoLeccoB 2 M 2”7, a 3aTem YBeNMuMBaeTCA BCMeACTBME poOCTa
OTHOCUTENBHOrO Beca npouecca 8.

Ha ocHoBe o06Lleli peakLMOHHOM cxeMbl 1 yAanocb WHTEPNPeTMpPOBaTb
BCE 3KCMepMMEHTaslbHble (haKTbl.

PE3IKOME

B cBS3M C MeXaHU3MOM TMAPUPOBAHUSI LIMK/IOTEKCEHA Ha MAaTMHOBOM KaTa/n3aTope U
C BVAHWEM CTapeHUsi KaTanm3aTopa Ha MexaHW3M 6bi10 YCTAHOB/IEHO CrefytoLLee:

1) M'mgpupoBaHWe NpoTeKaeT B ABYX CTyMneHAX. [epBas CTyneHb ABASIETCS NpUCOeau-
HeHMeM OAHOrO aToMa BOAOPOfa K LMK/OreKceHy. BTopasi cTyneHb MOXET MnpoTekaTb [ABOSI-
KM 06pa3om: NPOUCXOAWUT NGO AUCMPOMNOPLUOHMPOBaHUE MOMYTMAPUPOBAHHOIO MPOAYKTa,
nnM6o npucoedrMHeHNe BTOPOro artomMa BOZLOPOAA.

2) CKOpOCTb peaKkuuu NMMUTMPYeTCA aAcopbLMeil LMKIoreKceHa.

3) BnusHWe cTapeHWsi CKasblBaeTCsl B MEPBYH 04epedb Ha YMeHbLUEHWU afcop6Lun
LMK/IOreKceHa. MexaHW3M peakuMn OCTaéTCsl HEM3MEHHbIM, a W3MEHSIETCSt /INb OTHOCUTE Tb-
HbI BEC OTAeNbHbIX CTYMNeHewn.

SUMMARY

In connection with the mechanism of catalytic hydrogenation of cyclohexene in the
presence of platinum catalyst, and concerning the effect of decreasing activity on the reaction
mechanism, the following facts have been established:

1. The hydrogenation takes place in two steps. In the first step one hydrogen atom
is taken up. In the second step either a second hydrogen atom is transferred, or the semi-
hydrogenated product suffers disproportionation.

2. The rate determing step is the adsorption of cyclohexene.

3. The influence of ageing is reflected primarily by the diminished adsorption of cyclo-
hexene. During ageing the reaction mechanism remains unaltered, and only the relative
importance of the elementary processes is changed.
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XNMMNA CBOBOAHbBIX PAOVKAJIOB, VI

NCCNIEQOBAHME HEKOTOPbLIX CBOBOAHbLIX PAAMKAJNIOB, TUMA OKUCU
A30TA, METOAOM 3riP

V. KEHAE, ®. TIOAELL* v /1. LUIOMEMA

(LleHTpanbHbii UccnegoBaTenbCkuii MHCTUTYT Xumun, AH BeHrpun, ByganewT)

Moctynuno 27 wona 1967 .

1. BBepgeHue

Wccnefys M3MeHeHVWe BO BPEMEHM KOHLIEHTpaUWMM MPOMEXYTOYHbIX paju-
KasioB, 06pasylolmxcs U3 MHIMGUTOpa B XOAe PafvKasbHOW MOAMMepU3aLmu,
a TakXe u3yyad WX CTPYKTYPY, MOXHO CYaMTb O TAKUX 3/IEMEHTAPHbIX MpO-
Lleccax WHrMOMpOBaHHON MONMMepPU3aLMK, KOTOpble He MOryT ObiTb BOOGLLE
WA C NOJSIHOM YBEPEHHOCTbK M3Y4eHbl C MOMOLLbH MaKPOKWHETUYECKMX MCChe-
[OBaHWiA. VccnefoBaHus Takoro pofa Havanu MPOBOAMTLCS HAMU COBMECTHO C
cotpyaHmkammn MHctutyTta Xumundeckoh ®usmkn AH CCCP, B. B. BoeBoAcKuM
n C. ConogosHukoBbiM. B Hallem paHHeM coo6LieHMn [1] NpuBOASATCS HEKOTOpble
HOBbIE METO/bI OMpejeNieHNs napaMeTpoB UHIMBUPOBaHUS, a TakXKe 06CyXaalTcs
YCNOBUSA KUHETUYECKOrO WCCNefoBaHMs MNPOMEXYTOUHbIX pafukanoB. Ha He-
CKOMbKMX MpUMepax WAMKCTPUpOBanach MPUrogHOCTb MPOMEXYTOUHbIX pagn-
KasioB, 00pasyolmxca U3 HUTPO30-COEAMHEHWI, B KayecTBe MOAENEN Bbllle-
YNOMSIHYTbIX WccnegoBaHnii Metogom IIP.

B nocnegytowime rofbl NPOBOAUANCE MHOTOCTOPOHHUWE WUCCEf0BaHUS BAMUS-
HWUS HUTPO30-COEAMHEHUIT Ha pafuKaibHyK nonumMepusauuio [2, 3, 4]. bbino
YCTaHOB/IEHO, YTO Takue CUbHO PeakLMOHHOCMOCO6HbIE MHIMOUTOPBI, Kak W3y-
YeHHble apoMaTUYeCKMe HUTPO30-COeAMHEHUS, PearvpyroT He TO/MbKO C paju-
Kanamu-Hocutenamu uenn (R):

R+N=0->R N-0O

I | (1)
Ar Ar

a TakXe 1 C MePBMYHBbIMM pagukanamu, obpasylowMMmuca npu pacnage MHuuma-
Topa (Ri):
R;+ N=0 - Rt N—O
(2)
Ar Ar

*3aWwmMTnn KaHanaaTckyro gucceptaunto B 1956 rogy B JIEHUHrpafiCKOM TeXOHOJs10-
rMyecKoM WMHCTUTYTE WMM. JleHcoBeTa. PykoBogmTenb: npodeccop H. V. CmupHoB. Tam Xxe,
B 1964 rogy 3awMTuUN AOKTOPCKYK AUCCEPTaLUIO.
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B 3aBMCMMOCTM OT COOTHOLLEHMSI KOHLIEHTpauwidi, 3T ABa pajuKana MoOryT no-
ABMATHCA B CUCTEME OHOBPEMEHHO. C MOMOLLLH MaKpPOKUHETUYECKUX MCCneno-
BaHWIA Henb3d pasfenuTb 3TW fBa npouecca. OfHako, Ha OCHOBE pas3/inums B
CBEPXTOHKOW CTPYKType CcnekTpoB IIMP 3TMX ABYX TWMOB PaguMKaioB, MOXHO
MPOBECTU PasMuMe MexXgy 3TUMK ABYMS MpOLeccamMu.

B xofe fanbHelWnX nccnefoBaHNin 0Kasanoch, YTO B OTAENbHbIX Cay4asXx,
HWTPO30-COeAMHEHNA HEMOCPEACTBEHHO pearupyloT TakXe C BUHWIOBLIMU MOHO-
Mepamu, B pe3ynbTaTe Yero 06pasytoTcs [daNbHElLne MNPOMEXYTOUHbIE Mpo-
OYKTbl pafiMKaibHOrO XapakTepa, KOTOpble NPensTCTBYHT WCCMefOBaHUIO Mpo-
ueccoB (1) u (2) pagmkanbHOro npucoeauHeHms [5].

LOns 6onee 06GCTOATENbHOrO W3Y4YEHUS KOHKYPEHTHbIX peakuuid, Onucbl-
BaeMbIX ypasHeHusmMu (1) u (2), a TakkKe ANS UCKNOYEHUS BbILLEYNOMAHYTbIX
MeLlaloLlmMX BAUSHWIA, CMepBa Kas3anoCb LENecoobpasHbiM M3yuyeHMe peakuun
HWTPO30-COeUHEHWIA C MEPBMYHBLIMM paKanamu no ypaBHeHnto (2). Ha ocHoBe
CBEPXTOHKOM CTPYKTYpbl CMEKTPOB WCCMEe0Ba/IUCL 3MEKTPOHHAA CTPYKTypa
obpasyloLlmMxcs paAuMKanoB, TuMa OKWACK a30Ta, W BAMSHME 3aMecTuTe-
nei.

CuHTe3 pagmkanos, TMna OKMCK a30Ta, Ha OcHoBe peakuwin (1) u (2) obna-
[laeT HEeKOTOpbIMM MpenMylLiecTBaMK neped APYrMMKU MpenapaTUBHbIMKA METO-
famu. MeTtog He TPyAoeMOK, W, NPUHUMAsi BO BHUMaHWe AOCTYMHOCTb 60MbLUOrO
yncna pasHooOpasHbIX MHMLMATOPOB U HUTPO30-COEAMHEHMIA B HACTOSILLIEE BPEMS,
3TOT METOA MOXHO CuUMTaTb AO0BOSILHO O6LLMM.

HeobxoaMmo yMNoMsHYTb, 4YTO B MOCNeAHWE rofbl 60/bLLIOE YUCMO paau-
KanoB Avapwun-, Auankuni- 1 apun-ankun-npoms3BoAHbIX OKWCK a30Ta M3y4auch
metogom MNP [6, 7, 8], B pe3ynbTaTe 4ero 6bl10 CAENaHO MHOIO WMHTEPECHbIX
3aKJ/THOUeHNIA.

My6nmKyemble 34ecb WCCMef0BaHUA MPeAOCTaBNAOT AanbHelLIne pesysb-
TaTbl OTHOCUTENLHO CTPYKTYPbI U CBOWCTB paAWKasioB, Tvna apua-ankua-npoms-
BOAHbIX OKMCK a30Ta.

2. JKcrnepumeHTanbHas 4actb

B xoge wccnefoBaHWin MCNONb30BaNCh TLUATENbHO OUYMLLEHHbIE a30-Buc-
N306YTUPOHUTPWUA, B HEKOTOPLIX CAy4vasX Mepekucb GeHsomna, n GeH3on B Ka-
yecTBe pacTBopuTens. Heobxogumbie AN MUCCAeLOBaHWIA MPOU3BOAHbIE HWUTPO30-
6eH30na CUMHTE3MPOBaNNCL, KakK Mpaswio, U3 COOTBETCTBYIOLLEr0 HUTPOGEH30/1a
yepes ruapokcun-aMmuH. Bo msbexaHve NonyyeHUs HEHY>XXHbIX M30MEpPOB, UCXOA-
Hble HUTPOCOEAVMHEHNS TaKXe TLaTesbHO ounwanuck [9]. McxoaHblli HATPO30-
6eH30/1 OUMLLAICS NEePeroHKOR € BOAAHLIM MapoM U MOBTOPHOW MepekpucTanin-
3aumein. TemnepaTypbl NAaBAeHWs WMCMO/b30BaHHbIX BeLWECTB fAaHbl B Tab-
nnue 1.
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Ta6bnuua |

roe Q- 3amecTuTeNlb B (DEHW/IBHOM KOJblie COEAUEHUs:

Temn, nnasn.

3amecTuTeNb CuHTes
nutep. (°C) aken. (°C)

H o e 68 68 [15]
60-61 60-61 [10]

56 55,5 [10]

97 96-98 [10]

117 118 [10]

72 71-72 [10]

61,5 60,5-61 [H]

101,5 102 [12]

60-61 —

72 72 [13]

78 77—178 [13]

55 53—54 [14]

0 39—40 40 [13]
P-Clureririn. 87—89 87-88 [14]
P-Br i 95 95 [13]
I*CH i, 48,5 46-48 [16]
pP-OH i 126 125-127 [17]
p-OCH, . 22 22 [18]
p-co,c2h5 ... 83—84 83 [19]

Heobxogumble gns 3P vccnefoBaHMn 06pasubl MPUIOTOBASAUCH Che-
Aylowmnm obpa3om. PacTBop [iByX KOMMOHEHTOB C COOTBETCTBYHOLLUMMU KOHLLEHTpa-
umammn (AMBH 0,1 monw/n, HWUTpPO30-coefuHeHne ~ 0,1 —0,01 mons/n) BBO-
aunca B MNP amnyny 1 ocBo6oXAancs OT KUCNOPOAa, TOYHO TakXe, KakK W B
clydyae NOANMEPU3ALMOHHBLIX 06pasyoB [20], METOAOM BbIMOPaXWBaHMSA C MO-
CNefytoLmM 3BaKynpoBaHueMm. AMNyNbl Nepes MX WUCMONb30BaHMEM XPaHWIUCh
B TemHoTe, npu —10° C. AN AOCTMXKEHUS XKeNaemMoi KOHLEHTpaLMU NpoMexy-
TOYHbIX PafMKanoB, aMmny/ibl HArpeBainUCb B TeYEeHWe HECKOSbKUX MWHYT npu
50—70° C. CoOTBETCTBYIOLMM NOABOPOM 3TUX MapaMeTpoB, a TakKXe KOHLeHT-
paLuun BELLECTB- Mbl CTPEMUINCL AOCTUMHYTb Takyl KOHLEHTPaLuio CBOGOAHbLIX
PafMKanoB, Mpy KOTOPOA COOTHOLLEHME CUMHa/l-LIYyM, a TakXe paclienseHune
CMNEKTPOB Obln Obl O4HOBPEMEHHO OMTUMANbHLIMM. TLaTeIbHbIM 0CBOBGOXAEHMNEM
OT Kuc/nopofa M nofbopoM napameTpoB W3MEPeHWs YAanoch LOCTUMHYTb 3Ha4u-
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TeNbHO 60/ee NyULIEro CBEPXTOHKOIO pacLuensieHuns, Yem B NOAo6HbLIX uccnefo-
BaHWAX, MpUBELEHHLIX B nuTepatype [6, 7, 8]. CnesyeT yNOMSAHYTb, YTO amny/bl
MOXHO Obl10 XpaHWUTb B XONOAWNbHUKE B TEYEHUE HECKOJIbKUX Hefdenb U faxe
MecsLEeB 6e3 3HAUUTENIbHOT0 YMEHbLUEHWUS MPW 3TOM KOHLEHTpauMn CBOOOLHBIX
pagukanos. V3mepeHus MpoBOAMAMCL Ha cnektpometrpe Tuna JES-P-10,
npoussofcrtea JEOL, npu -f-5-—-)-10°C.

3. PesynbTaTbl U3MepeHwi

[ns Bcex wuccnefoBaHHbIX MPOMEXYTOUHbLIX pPajguKanoB, Tuna OKUCU
a30Ta, XapaKTepHbIM fIBIAETCA TO, UYTO OCHOBHbIM PacCLLENEHUeM UX CMEKTPOB
ABnseTcA TpunaeT. OUeBULHO, YTO 3TO MMEET MECTO BC/ELCTBUE B3aUMOAENCTBMA
HecrnapeHHOro 3feKTpoHa ¢ atoMoM asoTa cBsa3n N—O. Ha ocHoBe fanbHeiiLero
CBEPXTOHKOrO pacLuenieHns OCHOBHOro TpunaeTa, KOTOPOe 3aBUCUT OT KayecTsa
M MecTa 3aMecTUTens, UCCMefOBaHHbIE pafuKaibl MOTYT ObiTb MOApas3feneHsbl Ha
TPU OCHOBHbIX TPYyMMbl:

1) B nepeyto rpynny BXOAAT paguKanbl, 00Opas3ylolimecsd M3 OpTO-3aMe-
LWEeHHbIX MPOM3BOAHBIX HUTPO306eH30Na.

2) Ko BTOpOii rpynne OTHOCATCA TakuMe MeTa- M MapasamelleHHble Mpous-
BOAHbIe, rAe 3aMeCTUTE/IN He BbI3bIBAKOT WIN HUKAKOE WM TOJIbKO MPOCTOe Aasb-
Helillee pacLueneHue.

3) K TpeTbeil rpynne OTHOCATCA pajuKanbl, 00pasyloLinecs K3 Mpous-
BOAHBIX M-HUTPO30aHWINHA, B C/ly4ae KOTOPbIX 3aMECTUTENN Bbi3blBAlOT Aasib-
HelLee CMOXHOE pacLLensieHue.

BHyTpu nepBoii rpynnbl UCCNEAOBAIOCh BAIMAIHWE CREAyHOLIMX 3aMecTy-
Tenein: —CH3, —CH5 —OCH3, —F, —Cl, —Br n —1.[lns BCex opTo-3ame-
LWEeHHbIX MPOM3BOAHBIX XapaKTepHbIM SIBASETCA BbILIEYMOMSHYTOE pacLuensieHme
Ha TpWNMeT; OAHAaKO, KpOMe 3TOro, HabnJatoTea [Be Takune 0COOGEeHHOCTH, KOTO-
pble OT/IMYAIOT UX OT MeTa- U napa-3aMelleHHbIX MPOM3BOAHbIX. OfHa U3 HUX:
NPy KOMHATHOW TemmepaType OTAe/bHble AUHWM TpuUnaeTa Npu HaumayuLmnx
paspeLLaroL X yCnoBuaX MAM BooGLLE He MOKasbiBalT, WM TOMLKO B HE3Hauu-
Te/IbHOW Mepe WMMEIOT fasibHelillee CBEPXTOHKOE pacluensieHune. Brtopas ocobeH-
HOCTb 3aK/OYaeTCsA B TOM, YTO LUMPUHA OTAE/bHBIX SIMHWIA TpUMeTa 3HaUYUTE/IbHO
60/bLUE, YeM B ClyYae MeTa- ¥ napa-3aMeLLeHHbIX MPOM3BOAHBIX: B Cly4Yae OpTO-
3aMeLLeHHbIX LWUPUHA MHUKN cocTaBnseT 2 Oe, B TO BPeEMS KakK B C/lyvyae Coefu-
HeHWidi 2-0/ 1 3-eii Tpynn LWIKWPWHA OTAE/bHLIX NIMHWUI ABASETCS BE/MYMHON
nopsgka 0,5 Oe.

[ns wnnocTpaummn ckasaHHOro Ha puc. 1 AaH CrekTp pagukana, obpasyto-
Lerocs M3 0-HUTPO30-3TWUNOEH30/1a.

V3 pucyHKa, KOTOpbIA XapaKTepeH AN BCeX NpeAcTaBUTeneid aToli rpynnsl,
BUAHO, YTO CMEKTP COAEPXWUT TPWU XOPOLIO pa3fefieHHbIX fIMHUN Of4UHAKOBOM
WNHTEHCUBHOCTMW.
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Puc. 1. Cnektp 3MP pagukana, 06pasylolierocs M3 0-HUTPO30-3TUNGeH301a

3Tn CBOICTBa CneKTpa MOryT ObiTb XOPOLUO OOBLACHEHbLI, €CM MPUHATL BO
BHMMaHWE CTEpPUYECKVe YC/IOBUA PafMKanoB, BXOLAWMX B AaHHYK Trpynmny.
B atom cnydyae, BCneacteue opTo-3aMelleHus, rpynna N—QO' He KonnaHapHa ¢
apoOMaTUYECKMM KOJIbLLOM. 3HAUUTE/IbHOE YMEeHbLUEHNe BTOPUYHOIO CBEPXTOH-
KOro pacLuensieHns MOXKeT ObITb pe3ynibTaToM MMEHHO TaKoro OTCYTCTBMSA COMpSs-
XXEeHUA. DTOT BbIBOL, MOATBEPKAAETCA TaKXe cpaBHeHMeM cnektpos o—F, o—Cl,
0—Br n o—I npoussogHbIX. Kak BUAHO W3 puc. 2, B ciyvyae aTtoma (htopa, KOTO-
PbIi MMEET OTHOCMTENIbHO MEHbLUMA 00beM, C SAepHbIM civHoM | = 12, anHun
TpMnaeTa, XOTa ¥ B HEOO/LLLOA CTENEHWU, HO BCE Xe Aal0T ONpefeneHHy CBepX-
TOHKYIO CTPYKTYpY.

Puc. 2. Cnektp 3P paavkana, o6pasyioLierocs U3 o-HWTPo30-hTopbeH3ona
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B npotmBononoxHocte atomy —Cl, —BT 1 —I nponssogHble He MoKasbl-
BAlOT YXX€ HWUKAKOW CBEPXTOHKOW CTPYKTYpbl, B UHTepBase TemnepaTyp ucce-
[oBaHUA. B cnyyae aTUX COeAMHEHWIA, cnefoBaTe/lbHO, NOABAAIOLLAACH BO3MOXHO
NUWb B HE3HAYUTENbHOW CTEeMeHW CBEPXTOHKas CTPYKTypa CAMBaeTCcAd B OAHY
ornbaroLLyto KpuByt. Ha 0CHOBaHWUM 3TOF0, MOXHO OXWUAATb 3aBUCUMOCTb MEXayY
LUMPUHOA NUHUK 1 CTEPUYECKUM 3heKTOM OpTO-3amecTuTenei. Vccneays ¢ aToi
TOUKW 3PEHUSA faHHble AN NPOU3BOLHLIX C rasoreHHbIMU 3aMecTUTENIIMU B OpPTO-
MOMOXEHUN, BbITeKaeT, YTO LUMPUHA NUHWW pagukana, obpasytollerocs u3 o-
(hTOp-HUTPO306eH30Ma paBHa 3,5 Oe, a gna —CL —Br n —I npon3BoAHbIX NUMeeT
Be/IMUMHY okono 2 Oe. Takum 06pa3oM, BEPOSATHO, YTO Mepexos OT (Top-3ame-
LEHHbIX K COOTBETCTBYHOLUM X/I0p-3aMeLLEHHbIM MPOM3BOAHbLIM, B OT/MYME OT
LPYTUX rasoreH-3aMelleHHbIX NMPOU3BOAHbIX, elle MPUBOAWUT K 3aMETHOMY K3Me-
HEHWIO yrna MoBopoTa W CTEMEHU COMPSKEHUSA.

3TN 3aKN0YeHNs, OfHOBPEMEHHO, HaXOAATCA B XOPOLUEM COrflacun ¢ AaH-
HbIMW, OTHOCALIMMMWCA K pPeakuUOHHOW CNocOOHOCTW. N3 KUHETUYECKUX ucche-
[0BaHWii BbITEKAET, YTO pafMKasbl OPTO-3aMeLLeHHbIX MPOU3BOAHbLIX OKWCK a30Ta,
B MPOTUBOMOJMIOXHOCTb COOTBETCTBYIOLUMM MeTa- W Mapa-3aMeLleHHbIM Mpous-
BOZHbLIM, C GOMbLLEA UMW MeHbLUE CKOPOCTbIO NPUCOEAMHAIOTCA K ABOWHON CBS3N
60nee peakLMOHHOCMOCOBHbIX BUHWMOBBLIX coeanHeHuin [3, 4, 21]. 310 03HauvaerT,
4TO OPTO-3aMeLLEeHHble NPOM3BOAHbIE ABNAIOTCA 3HAUUTE/ILHO 60/Mee peakLMOHHO-
CMocO6HbIMU. Ha OCHOBaHWW CKa3aHHOro, 3TO BMOJIHE MOHSATHO, TaK Kak YMeHb-
LUeHMe COMPSYKeHUA AOMKHO MPUBOAUTL K YBEIMYEHUIO PeakLMOHHON Crnoco6-
HOCTM MPOMEXYTOYHOro pajukana.

B cBA3M ¢ coeMHEHUAMM MEPBOIA rpynnbl, HE06X0AMMO 06paTUTL BHUMaHWE
ellle Ha OfHO WHTEpPEecHOe O6CTOATENbCTBO. BernefcTBME OTHOCUTENIBHO XOPOLUEro
paclienieHns NMHUA TpUnaeTa B Cayvae 3TUX COELUHEHWIA, Mbl UMEN BO3MOX-
HOCTb, NPU CreLnanbHbIX YCM0BUAX W3MEpPEeHUs, Habnogarb IMHWM Kn30Tona
1C. MpuHMMas BO BHMMaHWe COOTHOLUEHWE WHTEHCMBHOCTEM NMHWIA, a TakXe
NPVPOAHYIO pacnpocTpaHeHHOCTb m3otona 1 (1,1%), MOXHO YCTaHOBWUTb, YTO
OTBETCTBEHHLIMM 3a MOSBAEHME 3TUX NMHWUI ABAAKOTCA 0b6a atoma yriepoja,
cocefHve C a30ToM. OfMH M3 XapaKTepHbIX MPUMEPOB 3TUX W3MEPEHUIA MPUBO-
auTtca Ha puc. 3.

[anee nepexoguM K pacCMOTPEHUIO CMEKTPOB pafMKanos, TUMa OKUCU
a30Ta, OTHOCALWMXCS KO BTOpoi rpynne. Cioga OTHOCATCA pafuKanbl, 06pasyto-
Wmeca M3 HUTPO306eH30M1a U €ero MPoOU3BOAHBIX, 3aMELLEHHbIX B MeTa- WU napa-
nofoXeuunsax cnegyrowumun rpynnamn: —F, —Cl, —Br, —I, —CH3, —C2H5,
—OH, —OCH3 n —CO,CH5.

3Ty rpynny COeAVHEHUA WAMOCTPUPYEM ABYMS TWUMWYHLIMU CMEKTpaMu.
Ha puc. 4 npefctaBneH CnekTp pafgvkana, 06pasylollerocs npu B3avMOAein-
CTBMU HWUTPO306€H30/M1a C LMaH-U30NPONUIbHLIM PagnKaomM.

NuHun Tpynneta (1:1:1), npoucxogawme oT aToma asota rpynnbl N—O,
MOSIHOCTbKO PACLLENNATCA, TaK 4YTO BTOPUYHOE pacluensieHne npesacTaBnseT
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coboii KBaApynnet C OTHOWEHMeM WHTeHcuBHOCcTel 1:3:3:1. PacuienneHue c
TaKMM OTHOLLIEHWEM WHTEHCUBHOCTE MOrYT BbI3blBaTb TOMbKO TPWU 3KBUBASIEHT-
HbIX NPOTOHa. [NpuHMMas BO BHMMaHWE BO3MOXKHble MpefenibHble CTPYKTYPbl U
KBAHTOBO-XMMMWYECKNE pacyeTbl, MPOBEAEHHbIE METOAOM MOJEKYNAPHbIX OpouT,

Puc. 3. M3oTtonHble nuHum 13C pagvkana, o06pasylowerocs w3  0-HUTPO30-M0A0eH30/a,
B cnekTtpe 3MP

Puc. 4. Cnektp 3IP pagukana, 06pasytolierocs n3 HUTPO306eH30Na

MOXHO 3aK/HUUTb, YTO M/OTHOCTb HECMapeHHOro 3/1EKTPOHA SBMIAETCA MaKCu-
MafbHOM B OPTO-, W Mapa-nofoXeHUsAX apomMaTMyecKoro Kofbla, TaK YTo
BTOPMYHOE pacLyen/ieHne BbI3BAHO ABYMS OPTO- M OAHWM Napa-npoTtoHoM. OT-
METMM, YTO OPTO- W Mapa-MpoTOHbl MOTYT PaccMaTPMBATLCA 3KBUBAIEHTHLIMU
C TOYHOCTbIO 1—2%. TaKoe BbICOKOE PaBEHCTBO ABNAETCSH HECKOSIbKO HEOXMU-
[aHHbIM, TaK Kak, NpuvHMMas BO BHMMaHWe CUMMETPUIO MOMEKY/bl, Aaxe o06a
OpPTO-MPOTOHA Hefb3A CuMTaTb MOSHOCTLIO 3KBUBAIEHTHLIMU.
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Habntogatolleecs B AasbHeWeM TPeTWYHOE pacliensieHvwe npegcTaBnset
CO0OO TPUNMET C COOTHOLUEHWEM WHTEHCMBHOCTE 1:2:1, KOTOpbI 06YycnoBfeH
[OBYMS 3KBMBA/IEHTHbIMW MPOTOHaMK, O4YEBWMAHO, ABYMS MeTa-MpoToHamu. Ha
puc. 5 NpMBOAMTCA CMEKTP pajukana, 06pasyolierocs 13 M-HUTPO30-PTOPOEH-
30na. W3 pucyHka BWAHO, YTO OCHOBHbLIM pacLUenjieHneM SBASETCH TPUnaeT
(1:1:1), BTOpUUHbLIM — KBagpynnet (1:3:3:1). JanbHelwee paclyenseHne npeg-
CTaBNseT coboin ABa ay6neTa, GOMbLUMIA M3 KOTOPbIX COOTBETCTBYET MeTa-(Topy,
a MeHblUKMA - MeTa-npoTOHY. HecmoTps Ha TO, YTO YacTb J/IMHWUIA CANBAETCS W,

Puc. 5. Cnektp 3P pagukana, o6pasytouierocsa m3 M-HMTPO30-(hTopbeH30Ma
TakuM 00pa3om, 06Llee 4YuCN0 JSIMHUIA MeHblle TeopeTUUeckoro (3x4x2x2 =
= 48), CnekTp ABNSAETCA MOMHOCTbIO OAHO3HAYHBLIM, W KOHCTaHTbl pacLuensieHuns
MOryT ObITb M3MepeHbl M3 HEro HernocpeLCcTBEHHO.

B cnyuvae npom3BOAHbLIX, COfepXKaliux Takol 3aMecTWTeNlb B MeTa-mnoso-
YKEHUU, KOTOPbI/i He BbI3bIBAET PacLUen/ieHus, BTOPUYHOE pacLLen/ieHe CneKTpoB
npeacTaBnseT coboii KBaapynjieT C OTHOLUEHMEM WHTeHcmBHocTed (1:3:3:1),
(BbI3BaHHbLIA OPTO-, OPTO’- M Mapa-nPOTOHaMU), KaXpjas JMHWA KOTOPOro pac-
LennseTcs MeTa-NPOTOHOM Ha Ay6neT, ¢ OTHOCUTENbHLIMU UHTEHCMBHOCTAMU 1:L

OTHOCUTENBHO NPOCTBIM SIBASETCA [fanbHeillee pacllenneHne B Cliyyae
—CH3 n —C2H5 3amectuteneit. MpoTOHbI MeTafibHOW WM METWIEHOBOR rpynn
BbI3bIBAIOT pacluenieHne, 3KBMBASIEHTHOE MPOTOHAM apoMaTUYecKoro Konbla
B MOAOGHOM MONOXKEHWUN.

CnekTpbl paguKanos, 06pasyroLLmMXcs U3 NPOU3BOAHBIX NM-HUTPO30aHWUINHA,
OTHOCALLMXCS K 3-ell rpynne, y>ke Oblin WAIIOCTPUPOBaHbI HaMWU HECKObKUMMU
npumepamn B npegblaywinx coobuleHnax [1, 22], rge TakkKe 6bl10 MOKasaHo,
yTo Npy (HOPMUPOBAHUM CBEPXTOHKOM CTPYKTYpbl, KPOME a30Ta B Mapa-noso-
YXEHUW, HeobXOAUMO YYECTb U BAUSAIHWE METUNOBLIX M 3TU0BLIX rpynn, obnagato-
WX 3PheKTOM CBEPXCOMPSHKEHNSA. XOTS B XOfe HaCTOALMX WCCMef0BaHUI HaMm
yAanocb JOCTMYb HAMHOTO fyYllee paspeLleHne, Yem paHee [1], 06bsACHEHME 3TUX
CNIOXHbIX CMEKTPOB BO3MOXHO OYeT /MLb Ha OCHOBE U3YYeHUS CUCTEMATUYECKM
[leiTepMpoBaHHbIX MPOU3BOAHBIX.
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MpuMeHeHMe B KayecTBe WHULMAaTOpa Mepekucn 6GeH3omna MNpUBOAMT K
XOpOLLO M3BECTHLIM pafuKanam, Tuna AUMeHUI-0KUCK a30Ta. 3TO B CBOIO O4Yepesb
YKa3blBaET Ha TO, UYTO MOJIEKY/bl WHrMouTOpa pearnpytoT He C OGEH30MIOKCU-
pagukanamu, a c (eHWIbHbIMK paguKanamu, obpasylowmmmuca npu gekapbok-
CUAMPOBaHUN.

4. OGCYX[eHME KOHCTAHT pacLLensieHns

Bbiwe 6blna M3yyeHa CTPYKTypa CMEKTPOB MPOMEXYTOUHbIX PafMKasioB.
B panbHelilemM paccMOTPUM KOMMYECTBEHHYIO OLLEHKY KOHCTaHT pacLuensieHus.
KOHCTaHTbl pacLlensieHns MeTa- U Napa-3aMeLleHHbIX MPOM3BOAHLIX COOpaHbI
B Tabnuue Il. BTopoii cTton6el, Tabnuubl COAEPXXNUT KOHCTAHTbI pacLieneHns Ha
a3oTe, a nocrefyroLme cTonbupl KOHCTaHTbl paclLensieHns Ha O- U N-NPOTOHax,
M-MPOTOHAX apoMaTUYecKoro Kofbla. B nATOM CcTON6LE NpMBEAEHbI 3MEKTPO-
(DUNbHbIE KOHCTaHTLI 3aMecTUTenei.

Ta6nuua 1l
CN

Q

Q © ey & s
P-OH oo 11,87 2,26 0,78 —0,920 2,90
P-OCH., oo 11,63 2,18 0,79 —0,778 2,76
N @ H oo 11,29 2,381 0,86 —0,311 2,77
T-CH3 oo 11,28 2,22 0,742  —0,066 3,00
A L 11,53 2,283 0,84 —0,073 2,70
[ 11,25 2,28 0,87 0 2,62
3 o3 DO 10,94 2,35 0,95 0,114 2,48
(o= 10,84 2,24 _4 0,150
TF oo 10,83 2,32 0,823 0,352 2,83
T-Cl e 10,94 2,31 0,82 0,399 2,82
LT =X 10,87 2,28 0,82 0,404 2,78
P-COX2HD . 10,54 2,36 0,91 0,482 2,60
' “CH3= “Hop 2“CH3= “HT

3ATOM (hTopa BbI3bIBaeT paclyensieHne B Buge 6onblioro gybneta, aPp= 522 Oe un
“Fm= 1,81 Oe. Criegytowme OTHoWeHNA aPp/aHo= 2,29 n aFwWaHm = 2,21, B corfacum c
0XKNAaeMbIM, SBAAIOTCA MOCTOSHHBIMMW.

1Henb3a n3MepuTb BCMAEeACTBME HELOCTATOYHOrO pacLlensieHus.

Acta Chim. Acad. Sei. Hung. 54, 1967



324 KEH/AE v ap.: XMMUA CBOBOJHbLIX PAJUKAJNOB, VI

3BECTHO, YTO C MOMOLLBH0 KOHCTAHT CBEPXTOHKOrO pacLiensieHns MOXHO
NoAy4YnTb WMHOPMALMIO O pacrpefefieHNn HeCnapeHHOro 3MeKTPOHA B CUCTEME
COMPSHKEHHbIX CBA3eiA. . M. MakKoHHen [23] ycTaHOBW/, YTO KOHCTaHTa pac-
LWenseHnsa Ha NPOTOHe apoMaTUYecKoro Kosblia MNponopuuoHanbHa NIOTHOCTU
HecnapeHHOro 3/1eKTPOHA, Ha CBSI3aHHOM C HUM aTtoMe yrnepofa, T. €. WMeeT
MECTO CfiefytoLlee COOTHOLLEHME:

aj = Quai (3)

B 3TOM ypaBHeHMU (i 00603Ha4YaeT KOHCTaHTY pacLiensieHMsi Ha NPOTOHE,
CBSA3aHHOM C/-TbIM Yr1epOHbIM aTOMOM, & gs NI0THOCTb HECNapeHHOro 3/1eKTpoHa
Ha TOM >Xe aTome yrnepofa. bonbWMWHCTBO aBTOPOB — B COr/acuy C 3Kcnepu-
MEHTa/IbHbIMMW AaHHbIMY— NPeAnoaraeT, YTo 3HaueHne Q A8 OAHOTO M TOrO XXe
TUNa CBA3M MOCTOSHHO.

B cnyyae u3yuyeHHbIX pagnKanoB, TWMa OKMCU a30Ta, 3amecTutenum, 6naro-
Aapsi CBOMM WHAYKTUBHLIM W Me30MEPHbIM 3(hdeKTam, MOoANPUULMPYIOT pacnpe-
[eNneHne CNvMHOBOM M/IOTHOCTM Ha aToMax Yrnepoja apomMaTUyecKoro KosbLa.
N3 Tabn. 2 BUOHO, YTO XOTH M KOHCTaHTbI paclLuenfieHns Ha opTo-, napa- U MeTa-
MPOTOHaX M3MEHSKTCA HECKO/bKO, OfHAaKO, OHM He MOKa3blBatoT OAHO3HAYHON
TEHAEHLUMM B 3aBUCMMOCTU OT KOHCTaHT a+. 3TO BCE XXe He O03HayaeT, yTo 3a-
MeCTUTeNN, B AeCTBUTENIbHOCTM, He BAUSAIOT Ha MAOTHOCTb HECMApeHHOro 3/1eKT-
pOHa Ha aToMmax Yriepoja apoMaTuM4eckoro Kofbla, a Aeno npocTto B TOM, YTO
TOYHOCTb OrpefesneHns B AaHHOM cfyyae He npesbiwaer 0,05 Oe, n noatomy
M3MEHEHNS B HECKO/IbKO MPOLEHTOB He MOryT ObiTb 3aMeYeHbl.

B cBA3M C KOHCTaHTamMu pacliennieHnsi cnedyeT yKasaTb elle Ha OAHO 06-
CTOATENbCTBO. B cnyvae (heHUn-TPeT.-OyTua-OKUCK a30Ta, a TakXe ee MHOrUx
MPOU3BOAHBIX, 3aMELLEHHbIX B Mapa-MofioKeHUN, 3HAYeHUe OTHOLEeHUs alaT
NpubnU3NTeNsHO paBHO ABYM [7]. B cnyuae ke M3yyeHHbIX HaMW pajuKasos,
OT/IMYAKOLLMXCS OT MPeAblayWnX NNWb TeM, YTO OAHA M3 MeTaslbHbIX Fpynn
TPET.-OYTUNbHON FPYNMbl 3aMeLlleHa HUTPUAbHOW Fpynmnoi, 3HaYeHWe 3Toro oT-
HOLUeHWA paBHO MpuMepHO 2,8. 3T0 YBeNMYeHWe ABNAETCHA, MPexie BCero,
CNesCTBMEM MOBbILLIEHWS 3HaYeHMs a0 (M ap). ST (haKThbl YKa3biBalOT Ha TO, YTO
M3MEHEHNS TakKoro poja B 3MNEKTPOHHOW NIOTHOCTM apoMaTUYecKoro KonbLa
BbI3BaHbl CUMbHLIM WHAYKTUBHLIM (3/1€KTPOHHO-aKLENTOPHbIM) 3(h(EKTOM LaHo-
NPONUILHON, TOYHEE HUTPW/BHOW TFPYMNMbl NOCNEAHEN.

Hamu 6biin cienaHbl NOMbITKU HAiTW KOPPENALMIO MEXAY KOHCTaHTamu
pacLlensieHns Ha as3oTe W 3NeKTPOPUIbHLIMW KOHCTAHTaMU a+ 3aMecTUTeneld.
3aBucumoctb aN= /(<T~) nsobpaxeHa Ha puc. 6.

Kak BMOHO M3 PUCYHKA, KOPPEenauus SBNAETCS XOPOLUEA W NIMHERHOIA.
C LpyroW CTOpOHbI, BUAHO, YTO 3NEKTPOHHO-aKLENTOPHbIE 3aMECTUTENIN CHUXAIOT
3HayeHune aN.

Mopo6bHas 3aBMCUMOCTb Gblna yCTaHOBNEHa paHee Konkepom, CTOyHOM W
BaTepcom [24] B pagy pagvKan-aHMOHOB HMTPOGeH30Ma. BbiNno NokasaHo, 4TO
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3HayeHMe aN HaxoAWUTCS B OT/IMYHON NMHEAHOW KOoppenauun C napumanbHbIMM
(hakTOpaMn CKOPOCTM HWUTPOBaHWA. AHAOrMYHbIM 00pa3oM, 3HaueHus ON,
YCTaHOBMEHHbIE Purepem U ®peHkenem [25] Ana pagmKan-aHWOHOB 3aMeLleH-
HOr0 HWTPOOEH30/1a, MOXKHO MPUBECTU B KOPPENSILUID C 3/1EKTPOPUIBHBIMA KOH-
CTaHTaMu 3amecTuTenein. CnegyeT, OfHAKO, OTMETUTb, YTO CUCTEMbI TEPMOB pafu-

Puc. 6. 3aBMCUMMOCTb KOHCTAHT pacLLersieHMs Ha as3oTe oT 3]'IeKTpOCbI/II'IbeIX KOHCTaHT 3amMe-
cTuTenen

KaNn-aHWOHOB U HeWTPabHbIX PajuKanoB KOPEHHbIM 06pa3oM OT/MualoTes, Tak
YTO 3Ta aHanorus [0BOJIbHO MOBEPXHOCTHA.

Cpeay HelTpanbHbIX PafMKanoB TakKyk 3aBUCUMOCTb MOXHO OBGHApY>XWTb
B psAdy 3amelleHHbIX pagukanos baHgpunbga [26]. MogobHas xopowas Kop-
penauus 6bina ycTaHOB/EHA ANSi KOHCTaHTbl aN JléMepom W COTpyAHMKamu [7].
OTMeTWM, YTO B HACTOALLEe BPeMs He MMEETCs TOYHOro TeOPEeTUYECKOro 060CHO-
BaHWS AN19 3TUX 3aBUCUMMOCTEl, M BbIOOP M3 MPUHMMAEMbIX BO BHUMaHWe pas-
NNYHBIX PSAOB KOHCTAHT 3amecTuTenieid (Hamp., a, a+, CL) MPOBOAUTCA Ha OCHOBE
NOLUMHEHNS IMHENHOCTU. YTOYHEHUE 3TOM0 BaXXHOIO BOMPOCAa BO3MOXHO OyneT
NNLLb Ha OCHOBE ropasgo 6osee WMPOKOro UCCef0BaHMA BAUSAHNSA 3aMeCTUTeNEN.

AccurHauma KOHCTaHTbl pacLLenieHnst Ha a3oTe K 3/IEKTPOHHON MI0THOCTH
HECMapeHHOro 3/71eKTpoOHa Ha a30Te TpebyeT 60/MbLUOA OCMOTPUTENLHOCTY.

XeHHUHT [27] nccnegoBan pasnvyHble pajuKan-voHbl, COAepXKalliue asorT,
C LeNbi0 M3yYeHMs 3aBMCMMOCTM MexXay aN M pacnpefefieHWeM CrUHOBOW MoT-
HocTW. CornacHo 1uccnefoBaHUAM 3TOr0 aBTopa, KOHCTaHTa paciienneHns UN (aN)
3aBUCUT He TOMIbKO OT CMMHOBOM MA0THOCTM Ha a3oTe (gN) HO, XOTS U B MeHbLUEl
CTEeMeHMW, U OT CMMHOBLIX NNOTHOCTEN Ha cocegHMx atomax yrnepoga (qCi, ecr)>
COrNacHO CrefytolemMy YpaBHEHUIO:

aN — (NN 2N + @CcN (QCi + £%2) (4)
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rge BennumHbl QNN 1 Qen paBHbl 191 £ 1,7 1 91 £ 17 Oe, COOTBETCTBEHHO.

B TOM cnydae, ecim K aToMy a3oTa NPUCOefMHSeTCA He TONbKO aToM yrie-
poda, HO TakXe W ApPYroi rerepoaToMm, TO MOCMAEAHUIA MOXET TOXe OKa3blBaTb
BAUSHWE Ha BENIMUMHY KOHCTaHTbl paclienneHus Ha as3ote. OTHOCUTENbHO 3TOro
Mbl pacriofiaraeM AaHHbIMU O pajuKan-aHMoHax HUTPo6eH3ona. [N nocnegHux,
Ha OCHOBe uccnefoBaHuii Kapnnyca u ®penkens [28], aN MOXeT 6bITb onucaHa
CNeflytoLLEen 3aBMCMMOCTbHO ;

aN—(MNN+ (XNec + 2()n0 Q@ (5)

roe gN, go, Q¢ 03Ha4alOT CMMHOBYHD MJIOTHOCTb f-3/IEKTPOHA Ha aroMe as3oTa,
Kucnopoga v yrnepoga, cocegHmx ¢ atomom asota. QNN = i 99,0+ 10,2
Qno = % 358+ 59 raycc. M3 sTux uccnefoBaHWii BbISSCHUIOCH, YTO BTOPbIM
(haKTOpOM B MpaBOii YacTW YpaBHEHWUS MOXHO MpeHebpeyb, MO CPaBHEHMIO C
ApyrvmMu, T. e. U3 (HhaKTOpPOB, BAMSAIOLWMX HA KOHCTaHTY pacliensieHns Ha asoTe,
pelsarollas posb MPUHAANEXWUT CMNUHOBOW M/IOTHOCTM HAa as30Te W KUCNOpOLe.

Ha oCHOBaHMM CKa3aHHOro MOXHO MNPeAnosioXuTb, YTO B Clyvae pajuka-
NoB, 00pa3yoLMXCa W3 HUTPO30-COEAUHEHWIA, 3aBUCUMOCTb [ammMeTa Ansi KOH-
CTaHT pacLLensieHns MOXeT BbITb 06bscHeHa NM60 nameHeHnem pN uan g0l 6o
OJHOBPEMEHHbIM M3MEHEHMEM 3TUX ABYX BeNUYMH. HesaBMCMMO OT TOro, Kakyto
M3 aibTepHaTUB Mbl NPUHUMAEM B [aHHOM cfiyyae, pedb WAeT 00 W3MeHeHWUU
CMWHOBOW NNoTHOCTM UeHTpa N—O.

3TN paccyXaeHus, Mexay npounM, NpUOMXKalT Hac K BO3MOXHOCTU
06bACHEHUA 3aBUCUMOCTU aMMeTa ANna pakTopa pereHepauuu Lenu. Hawm paH-
HWe unccnefoBaHUs nokasanu [9], yTO peakUMOHHas CMOCOBHOCTL pPajuvKanos,
06pasyoLmxcs U3 HUTPOCOEAMHEHWUIA (KOTOpble B MPOTMBOMOMIOXKHOCTL pafu-
Kanam, 006pa3yloWMMCa W3 HWUTPO30-COeMHEHWIA, 00MafaloT ropasfo 6onbluelt
CK/IOHHOCTBIO K pereHepauuy Lenu), YBeNNYMBAETCA C BBEAEHWEM 3/1EKTPOHHO-
[OHOPHbIX 3amecTutenieid. [aHHble MCCNeAoBaHWs, C APYrOil CTOPOHbI, MOKas3bl-
BatOT, YTO ONATb-TaKW 3/EKTPOHHO-A0HOPHbIE 3aMECTUTENIN YBETMYMBAIOT CMNUHO-
BYIO MNOTHOCTb PeakLUMOHHOrO LEeHTpa MNPOMEXYTOYHbIX pagukanoB. OfHaKo,
YBE/IMYEHNE CMMHOBON MOTHOCTM O3HAYaeT, YTO AefoKanu3almsi HecrnapeHHoro
3M1IEKTPOHA YMEHbLUAETCA, BC/EACTBME YEro peakUMOHHas CnocobHOCTL pajukana
[0/KHA BO3pacTaTb. 3TO BAUAHME B UCCMELOBAHHON peakuMU Bbi3bIBAET UMEHHO
yBenuueHve (hakTopa, XapakTepusyloLlero pereHepauuio Lenu.

Mpogomkas X0 3TUX PasMbILLIEHUA, PaCCMOTPUM KOHCTaHTbI pacLuensie-
HUS pajuKanoB, 06pPasyOLMXCA U3 0-HUTPO30-COEAMHEHWA, BEIMUUHBI KOTOPbIX
cobpaHbl B Tabn. 111. B TpeTbeM cTonbLe Tabnuubl NpuBeAeHbl paguycbl BaH
fep Banbca gna ranoreH-samectuTenei.

Mpy KavyecTBeHHOM O06CYXAeHMU cnekTpoB MNP 6bI10 MOKas3aHo, 4To
yMeHbLUeHUe KonnaHapHocTu rpynnbl N—O 1 apomaTuMyeckoro Kosbla npuso-
OUT K MOIHOMY UM YaCTUYHOMY UCYE3HOBEHMIO SIMHWIA CBEPXTOHKOW CTPYKTYPbI.
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Ta6nuya Il
CN
\
CH3—C - N—o-
(] Pagunyc
UN
3amecTATens (Ce) Ban 'qu) ansca
—F 13,37 1,35
SC 13,44 1,80
—Br 13,69 1,95
) 13,65 2,15
SCH 13,24 —
- c2h5 13,39 —
—OCH3 ... 13,87 —_

Bcneacteue yMeHbLUEHMSt B3aMMOAEWCTBUS HECMApeHHOro 3/1eKTpOHa C apoma-
TUYECKMM KOJbLOM, KOHCTaHTbl PacLLensieHns Ha BOAOPOAE, B Cly4ae 3TUX paju-
KafioB, YXe He MOryT ObITb OnpefeneHbl.

Mpn cpaBHeHWM BennuMH aN, NpuBeeHHbIX B Tabn. 2 1 3, MOXHO BUAETb,
4yTO B C/lydae OpTO-3aMeLUEHHbIX MPOM3BOAHbLIX HabMAAeTCA 3HAYNTENbHbIN
POCT 3TUX BE/fIMYMH, MO CPaBHEHWIO C Mapa- U MeTa-3aMeLeHHbIMU MPOU3BOA-
HbiMW. Ha ocHoBe npefblaylieid auckyccun (T. e. aN= f(gN, fo)) 3TO 03HauaeT,
yTo C BbiBOpaumBaHMeM N—O- rpynnsl U3 NAOCKOCTM KOMbUa, MNapannesbHo
[O/MKHbI BO3pacTaTb Be/IMYMHBLI CMWMHOBOA MAOTHOCTM n §80- Ons um3yyeHus
37Ol NPo6/ieMbl MPOBOAUSIUCE PAcyeTbl CMIMHOBOW MIOTHOCTM C MOMOLLLIO MeTofa
JTKAO—MO c BapraHTOM «OTKPbITO 000/104YKM», Ha MPUMEPE HUKeCeayoLL el
BOCbMWLEHTPOBOI MOAENM:

3aBucuMocTb BeiMuMH gN, 10, U pC, OTHOCALUMXCA K Pas/IMUHbIM Yriam
noBopoTa, OT yrna rnoBopoTa MoOKasaHa Ha puc. 7.

Bcnencteue nNpubamMdXKeHHOro XapakTepa MeTofa, faHHble He MOryT ObiTb
NPUHATBI 32 abCOMOTHbIE BeNMYMHbLL. OfHaK0, OfHO3Ha4YHO HabnaaeTca Ta TeH-
[eHLMA, 4TO CTepuyeckuid a(hdekT B JaHHOM Cnyvae NpPOosiIBNSETCA B BO3pacTaHUU
BenmumH BN M g0, a Takke B ymeHblweHun ac. CnefoBaTeslbHO, 3TW pe3ynbTathl
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cornacytoTcsi ¢ TeM 3KCMepUMeHTabHbIM, YXKe YNOMSHYTbIM (DakTOM, YTO pagu-
Kanbl, 06pa3yrLMeCs M3 O0-HUTPO30-COEAVNHEHWIA, B NMPOTMBOMOIOXHOCTb MeTa-
M napa-3ameLleHHbIM MPOM3BOAHbIM, 06M1afat0T 3HAYNTENBbHOM CMOCOGHOCTLIO K
peakuun pereHepauumn Lenun. M3 aTux MUCCNefoBaHWA OfHO3HAYHO BbLITEKAET, YTO
napannenbHo C yBe/IMYEHNEM CMUHOBOI MNOTHOCTU PeakLMOHHOIO LiEHTpa BO3-
pacTaeT peakUMOHHasi CMOCOGHOCTb pacCMaTpMBaeMblX PaAVKasos.

VI3MeHeHMe CNNHOBOIA
MAOTHOCTMW B 3aBUCUMOCTM
oTyrna nosopora

0,670 -
0.660 -
0,650 —*
o 303 60"
yron nosopoTa
yron nosopoTa
Puc. 7. 3aBUCMMOCTb M3MEHEHWs! 10 ¥ ec oT yrna nosBopoTa

HakoHel, ynoMsHeM, YTO B/IMSHUE 3aMeCTUTeNell Ha 3NeKTPOHHYHO CTPYK-
TYpY pafukana u3y4vaeTca HaMu Ha OO/bLIOM 4Yucie AaNbHEerLwmx npumMepos.
O pesynbTaTax 3TUX WCCNEAOBaHMIA OyAeT COOGLUEHO MO3[Hee.

MpuHocuM 6narogapHocTb . XeigT u J1. Mokan 3a CUMHTE3 HUTPO30-COBAMHEHMIA,
ap. A. Naguky v I'. B1LO 3a NOMOLL, OKa3aHHYH B KBAHTOBO-XMMUYECKUX pacyeTax, a Takxe
B. MoxoLuly 3a nomMoLLb, oKasaHHyto B QTP nccnefoBaHNAX. 3a yyacTue B 3KCMepUMeHTaIbHOM
paboTe mpuHocUM 6narogapHocTb 3. PokeHbayap, FKO. Tumap n K. Vokaw.
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PE3IOME

BbI/IM CUHTE3MPOBaHbI M M3yueHbl MeTogoM 3P cTabunbHble CBO6OAHbIE pagUKaslbl
(heHnN-(2-upMaH-2-Nponus)-oKMCK as3oTa, a Takxke 18-TW ee pas/IMUHbIX 3aMeLLieHHbIX NPOM3Boa-
HbIX. BbIIN onpeeneHbl KOHCTaHTbI pacllen/ieHns cnekTpoB 3MP 1 06bACHANUCL HAa OCHOBE
MOJNEKY/ISPHOIA CTPYKTYpPbl. BbIN0 YCTAHOB/MIEHO, YTO B C/lydae OPTO-3aMELLEHUSt 9TW CUCTEMbI
He SIBNAIOTCSA KOMMaHapHbIMKU, BCMEACTBUE Yero HecrapeHHbI 3/1eKTPOH, B OCHOBHOM, KOH-
LieHTpupyeTcst Ha cBsian N—O. O6CyX/aanocb BAUSHUE MeTa- W Napa-3aMecTuTeNeil Ha a1eKT-
POHHYIO CTPYKTYpPY, W 6bina yCTaHOB/EHA NMHeliHas KOpPensauma Mexay KOHCTaHTol pac-
LensieHnst Ha asoTe (aN) W 3MEKTPOMU/IbHBIMU KOHCTAHTaMK 3aMecTuTenen (o+).

SUMMARY

The phenyl-(2-cyano-2-propyl)-nitrogen-oxide stable free radical and its 18 derivatives
substituted in different positions were prepared and investigated by ESR method. The coupling
constants of ESR spectra were determined and interpreted on the basis of molecular structure.
It was stated that in the case of o-substitution these systems are not coplanar, and, as a con-
sequence, the odd electron is concentrated chiefly on the NO bond. The effect of substituents
in m- and p-positions on the electron structure of the radicals was discussed and it was de-
monstrated that the coupling constants of nitrogen (a”) are in linear correlation with the
electrophilic substituent constants ('/').
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and Karpov Institute of Physical Chemistry, Moscow)
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At usual temperatures the radiation polymerization of vinyl monomers
proceeds according to free radical mechanism [1—3].

For a long time it was accepted as a fact that the ions, which are the pri-
mary products of radiolysis, can play no role in the initiation of the poly-
merization process. Later, however, it was proved that at sufficiently low
temperatures (—80 °C) ions formed under the influence of high energy radiation
might also initiate the polymerization of vinyl monomers thus the earlier
negative results were due to the unfavourable temperature conditions of the
polymerization process. It has been proved experimentally that isobutylene,
known to be one of the few monomers which do not polymerize according to
the free radical mechanism, polymerizes under the influence of radiation
at —78 °C at a well measurable rate [4]. Several authors have shown that under
high energy radiation several vinyl monomers polymerize at low temperatures
according to cationic mechanism [5—8]. The possibility of initiation of ra-
diation polymerization according to anionic mechanism was first demonstrated
by Abkin et al. on the example of the low temperature radiation polymeri-
zation of acrylonitrile [9, 10].

On the basis of the pertaining literature, some conclusions may be drawn
as to the fundamental laws of ionic radiation polymerization, but the experi-
mental data available give no unequivocal answer concerning the nature
of the ions which initiate the polymerization process.

It is a known fact that when the polymerization of vinyl monomers is
initiated with catalysts which act according to ionic mechanism, the “cata-
lyst” ion and the counter-ion with the opposite charge are located in the vicin-
ity of each other during the entire chain growth process. This might be the
case even when the difference between the ionization potential and electron
affinity of the medium can be compensated by the free solvatation
energy.

* Candidate of Chemical Sciences, the dissertation was made in the Karpov In-
stitute of Physical Chemistry (Moscow) under the leadership of S. Sz. Meavediew, member
of the S.A.S.
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Under the influence of gamma radiation, however, it might be supposed
that the positively and negatively charged particles in the irradiated material
are distributed evenly throughout the entire volume of the substance. The
distance between the charged particles might probably be sufficiently great
to exclude the role of electrostatic forces in the deactivation of the ions, thus
the deactivation process must be dependent on diffusion. This means that the
useful life of the ions formed will be comparable to the useful life of the free
radicals formed under identical conditions. Thus it might be supposed that
under suitable temperature conditions radiation polymerization will be ini-
tiated not by ion pairs, but by ions with free charges. In the present work we
aim at the experimental proof of this conception.

We have assumed that the active centre which initiates the polymeri-
zation of acrylonitrile is an anion with “free charge”.If this is in fact so, then
if radiation polymerization is performed between electrodes, a direct current
voltage applied to the electrodes should affect the kinetics of polymerization.

Experimental

The reactor for investigating the polymerization of acrylonitrile consisted of a soluble-
wall cylindrical vessel (5 in Fig. 1). The reactor was cooled by liquid or gaseous nitrogen.
The net volume of the vessel was 60 ml. The inner cylindrical vessel was gold-plated, serving
as one electrode for the d. c. electric field. The other electrode was a vibrating agitator (6 in
Fig. 1), gold-plated, too. Each electrode had a surface of 150 cm2 The distance between the
electrodes was 5 mm, the current flowing through the specimen at 12 ¥ was about 1 mA.

The vibrating electrode ensured a good stirring of the monomer. Thus, near the vibrating
electrode, the fluid was being continuously changed during polymerization.

The mixture should be stirred at such a rate, that no double layer may form on the
electrode. The vibrating electrode is operated by an electromagnet (1 in Fig. 1). The frequency
of the vibrations could be varied from 7 cycle/sec to 26 cycle/sec, using an impulse generator.
At maximal frequency the amplitude of the vibration was 5 mm. The voltage was connected
to the vibrating electrode by means of a phosphor-bronze spring (10 in Fig. 1), well insulated
from the reactor body. In order to avoid the precipitation of atmospheric moisture on the
inner surface of the reactor, it was filled with deoxygenated dry nitrogen at a pressure of
1.5 atm.

Temperature measurements in the reactor were made by means of copper-constant
thermoelements (12 in Fig. 1). The temperature of the reactor could be kept constant within
+ 0.5% in the temperature range of —10 to —120° C. For cooling the reactor an automatic
nitrogen cryostate was designed, which could maintain a constant temperature for several
hours, consuming from 2 to 8 litres/hr of liquid nitrogen.

The monomer and the solvent (dimethylformamide) were carefully purified and dried.
After drying, the monomer was de-aerated by successive freezing, evacuating and melting.
Two sets of experiments were carried out to investigate the effect of the d.c. field on the poly-
merization rate and on the molecular weight of the polymer:

(a) polymerization under a d.c. voltage of 12 Y

(b) polymerization without a d.c. field.

The vibrating electrode served as the anode in both cases. Each experiment Was carried
out by letting purified dry nitrogen flow through the reactor for 15—20 minutes. After the
desired temperature had been reached, the monomer was injected into the reactor. The in-
jection did not take more time than a few tenths of a second. The polymerization was con-
tinued to attain 1—10% conversion.The reactor was irradiated by a 60Co source,type K-60,000
having a radium equivalent activity of 60,000. The construction of the cobalt source [8]
made possible a fairly homogeneous irradiation over the whole area of the reactor. Irradiation
doses were measured by the ferrous sulphate method [9].
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The polymer was filtered through a G4 glass filter and washed several times on the
filter with acetone. When polymerizing in solution, the polymer was precipitated by acetone.
The filtered and washed polymer was then dried in vacuum (10“6mmHg) to constant weight.
Conversions were measured gravimetrically. The molecular weights were determined viscosi-
metrically in dimethylformamide solutions at 20° C.

Fig. 1. Reactor for investigating the low-temperature radiation polymerization of acrylo-

nitrile. 1 = Electromagnet, 2 = Nitrogen inlet tube, 3 = Nitrogen outlet, 4 = Reactor

body, 5 = Covering of cooler, 6 = Vibrating electrode, 7 = Thermal block, 8 = Colling agent

inlet tube, 9 = Cooling agent outlet, 10—11 = Sockets for the electric voltage, 12 = Ther-
mocouples. Distance between the electrodes: 5 mm

Experimental results and discussion

According to literature data [9, 10], the low temperature radiation
polymerization of acrylonitrile proceeds predominantly according to ionic
mechanism. When the temperature of polymerization is increased, the role of
the free radical processes gains more and more in importance, and near room
temperature the polymerization process can be actually regarded as a free
radical reaction.

Our experimental data are in complete agreement with the above de-
scribed conceptions on the mechanism of the radiation polymerization of acry-
lonitrile. 1t can be seen from Fig. 2 that at —80° C the acrylonitrile content
of the copolymer obtained from the monomer pair acrylonitrile styrene ap-
proaches the acrylonitrile content of the copolymer produced by an ionic
catalyst. When the temperature of the polymerization process is gradually
increased, the styrene content of the copolymer gradually increases, and
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finally the composition of the copolymer obtained at —10° C approaches the
composition of the copolymer obtained by free radical polymerization mecha-
nism. Similar results were obtained for the kinetics of bulk polymerization.
The overall activation energy of the process at —80° Cis 1.5 kcal/mole, and

t,C°

I'ig- 2. Acrylonitrile contents of copolymers, obtained by the radiation block polymerization

of the acrylonitrile-styrene monomer pair, as a function of temperature. (Styrene: acrylo-

nitrile = 1:6. Dose rate: 372 rad/sec. Time of irradiation 60 min.)

— copolymer prepared without voltage

— copolymer prepared under voltage

— acrylonitrile content of the copolymer in mole-%

— acrylonitrile content of the acrylonitrile-styrene copolymer prepared according
to free radical mechanism

— acrylonitrile content of the acrylonitrile-styrene copolymer prepared according
to anionic mechanism

O T&mNXo

near room temperature it is 5.35 kcal/mole (Fig. 3). A series of experiments was
devised to study in detail the mechanism of radiation polymerization and to
distinguish between the ionic and free radical processes. In these experiments
the polymerization was carried out between electrodes (12 ¥Y) in a reactor
provided with a vibratory stirrer as described in an earlier communication [10].
It could be expected that the discharge ofthe ions on the electrodes might have
a considerable damping effect on the ionic processes, and consequently there
will be a chance for the closer study of the role of the radical processes in poly-
merization. Further, some interesting supplementary data on the mechanism
of initiation of radiation polymerization were also expected from this method.

Indeed, under the influence of direct voltage, the electrodes considerably
resuppress the ionic processes, and the polymerization proceeds, in the entire
temperature range investigated (between -(-20° C and —80° C), fundamentally
according to free radical mechanism. In this case the radiation block polymer-
ization of acrylonitrile has an overall activation energy of 5.00 kcal/mole
in the entire temperature range studied (Fig. 3). It is interesting to note that
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at temperatures below —30° Cthe polymer formed is located on the vibrating
electrode (anode).

A comparison of the values of the polymerization rates observed under
direct voltage and without applying a voltage (Fig. 4) shows that above —30°C

1.CC

Fig. 3. The rate of polymerization Ig V as a function of 1IT in acrylonitrile block
polymerization
0o — polymerization without voltage
X — polymerization under voltage

the polymerization rate is considerably increased under the influence of the
voltage, while in the range of lower temperatures (between —30° Cand —80° C)
the rate somewhat decreases. The molecular weights of the polymers formed
are also slightly reduced as an effect of the voltage applied. Increase in the
rate of polymerization with a simultaneous decrease in the molecular weight
of the polymeric product bear proof to the fact that the increase in the rate
of polymerization is caused by an increase in the rate of initiation. In order
to explain the experimental data obtained, and especially to understand
the increase in the rate of initiation under the influence of voltage, it is in-
dispensable to subject to a detailed analysis the mechanism of the processes
which take place during the radiation polymerization of acrylonitrile.

During the radiolysis of the monomer, two primary processes may take
place:

Dissociation of the monomer molecule into free radicals:

M-l raRj+ R2 1)
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and ionization of the monomer molecule:

M fww—>M+ + e (2)

Fig. 4. Effect of voltage on the rate of the radiation block polymerization of acrylonitrile
in the temperature range between +20° and —80°C. (The polymerization rate and limiting
viscosity number for the polymerization without voltage were deliberately chosen as 100%).

m 2
Mr
VI = rate of polymerization under voltage
V2 = rate of polymerization without voltage
/I, = limiting viscosity number of polymers obtained by polymerization under

voltage
[)]J2= the limiting viscosity number of polymers obtained by polymerization
without voltage

The electron removed from the molecule — after having lost its excess
energy — may be captured by a monomer molecule which has an electron
acceptor group. This process leads to the formation of a so-called anion-radical:

M+ e-"-M -- (3)
A similar process occurs between the free radicals — which have, as
it is well known, a high electron affinity — and the thermalized electrons.

This process leads to the formation of anions:
R'+ e-"R- (4)

In the polymerization system the anion-radicals and anions formed react
with the monomer units and procedure chains with one or two active centres:

R+Mn->R~(M)m™ -M - (5)
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M-+ Mn- M- (M)n_, - m - (6)
R-+ Mn*R (M)®~M - )

The capture of electrons by monomer molecules or by free radicals is
assumed to be a reversible process. The splitting off of the electron from the
anion-radical should lead to the regeneration of the monomer molecule. If,
however, the primary anion-radical had captured, already up to the time of
the splitting off of the electron, one or more monomer molecules, then the loss
of the electron leads to the formation of a so-called bi-radical.

*M-(M)n- —(M),, — M- + e

It is known from the literature [11] that bi-radicals in which the active
centres lie close to each other are inclined to ring formation and therefore
unable to initiate the polymerization process. If, however, up to the moment
when the electron is split off, the active centres in the anion-radical are suf-
ficiently removed from one another, the active centres in the bi-radical formed
are able to initiate the polymerization process as entirely independent units.

Bearing in mind that a dynamic equilibrium exists in the polymerization
system, namely: anion-radical (or di-anion) bi-radical, it becomes quite
obvious that the stationary concentration of the active centres with an ionic
or free radical character is determined solely by the formation rate of the pri-
mary radicals or anion-radicals produced by irradiation and by the decompo-
sition rate of the kinetic chains (through recombination or disproportionation),
or by the rate ofneutralization ofthe free charge ofthe anions (on the positively
charged particles in the system), but this stationary concentration is also
strongly influenced by the prevailing position of the above mentioned dynamic
anion radical bi-radical equilibrium.

On the basis of the aforesaid it is quite clear that all factors (e.g., the
rate of chain propagation) furthering the growth of the anion-radical to di-
mensions which will hinder cyclization, produce an increase in the concentration
of the acitive centres in a given polymerization system, consequently they
promote the increase of the rate of initiation. At low temperatures the anion-
radical bi-radical equilibrium is shifted in the direction of the charged
active centres. Bearing in mind the factthat with a decrease ofthe temperature
the rate of radical polymerization is strongly lowered, it becomes understand-
able that polymerization proceeds nearly entirely according to the ionic mecha-
nism. With an increase in the temperature the equilibrium is shifted more
and more in the direction of the radical product. At a sufficiently high temper-
ature (according to experimental data at room temperature) the polymeri-
zation process proceeds entirely according to free radical mechanism.
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If a direct voltage is applied on the electrodes, the probability of the dis-
charge of the anion-radicals, that is to say the transformation rate of the
anion-radicals into bi-radicals suddenly rises, and thereby the equilibrium is
shifted in the directions of the formation of active centres of radical character.
The adsorption of bi-radicals on the surface of the positively charged electrodes
hinders the cyclization process, and consequently a possibility arises for the
bi-radicals to grow to dimensions at which the active centres of the bi-radicals
become independent of each other, which again leads to an increase in the rate
of initiation.

In the case of copolymerization, the equilibrium concentration of the polar
component (in our case that of acrylonitrile) will be greater on the surface
of the electrode, because of the greater adsorption than within the reaction
mixture. Consequently, the copolymer formed on the surface of the electrode
will be richer in acrylonitrile than the copolymer formed within the mixture.
Thus, in the entire temperature range investigated the copolymer produced
under the influence of direct voltage will be richer in the acrylonitrile compo-
nent than the usual radical copolymer (Fig. 2).

The degree and nature of the voltage effect on the polymerization rate
is greatly dependent on the temperature (Fig. 4). This temperature dependence
is in all probability related to the polymer layer which is formed on the surface
of the electrode and which is insoluble in the monomer. The density ofthe poly-
mer layer formed on the electrode surface, and consequently the permeation
rate of the anion-radicals and bi-radicals through this layer, is absolutely
dependent on the polymerization temperature.

The higher the polymerization temperature, the greater the elec-
trode voltage on effect the polymerization rate. At very low temperatures,
when the entire quantity of the polymer formed precipitates on the electrode
and the macro bi-radicals are occluded together with the inactive polymer
chains, there is a marked decrease in the polymerization rate, owing to the low
diffusion rate of the monomer molecule.

There is also another explanation for the decrease in the polymerization
rate caused at low temperatures by the voltage applied:

As an effect of the voltage applied, the dynamic anion-radical bi-
radical equilibrium in the system shifts toward the formation of radical
products, for which the activation energy of chain growth is considerably
higher than for ionic products, and this — disregarding the increase of the rate
of initiation — results in a lower polymerization rate.

W ith the aim to check our above assumption, we have investigated
the effect of voltage on the kinetics of the radiation block polymerization of
the acrylonitrile-styrene monomer pair (acrylonitrile : styrene = 6:1), on
the copolymerization kinetics of acrylonitrile-styrene in dimethylformamide
solution (acrylonitrile : styrene = —2 : 1) over a wide temperature range
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(when the copolymer is soluble in the reaction mixture), and on the polymeri-
zation kinetics of acrylonitrile in dimethylformamide solution at —60° € (mono-
mer concentration 2 to 15 moles/litre). The experimental data obtained (Fig. 5)
prove that the character and degree of the voltage effect on the polymerization
rate is indenpendent of the temperature.

160
740
120
100

0

60

0 -20 -40 -60 -80
Ir

Fig. 5. Polymerization rate as a function of applied voltage in the radiation-induced block
and dimethylformamide solution polymerizations of the acrylonitrile-styrene monomer pair.

X = block copolymerization

o = copolymerization in solution

V! = polymerization rate under voltage
V- = polymerization rate without voltage

The measurements which served to study the effect of voltage on the
kinetics of the radiation polymerization of acrylonitrile in dimethylformamide
solution (Fig. 6 and Table 1) have show that at monomer concentrations
which lead to the precipitation of the polymer formed on the anode, a voltage
applied on the electrodes reduces the rate of polymerization. At lower monomer
concentrations (4 to 10 moles/litre) the polymerization rate increases as a
result of the voltage. The maximum effect was observed at 6 moles/litre
concentration. (At concentrations higher than this, the polymer formed is
only partly soluble in the reaction mixture, and with increasing concentration
it is deposited more and more on the vibrating electrode.)

The decrease of the voltage effect on the polymerization rates at con-
centrations below 6 moles/litre, moreover the blocking effect of voltage at
concentrations below 4 moles/litre can be explained as follows: The most
fundamental reason for the increase of the polymerization rate can be found
in the stabilization of the bi-radicals on the electrode surface, which results
in the bi-radical reaching a critical chain length, at which cyclization is no
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Table 1

Effect of direct voltage on the radiation polymerization
of acrylonitrile in dimethylformamide solution

Dose rate: 372 rad/sec; temperature: —60 °C

Monomer Voltage,

e ot Ve
| 2.00 1.12
2 2.00 12 0.67
3 3.50 — 1.33
4 3.50 12 1.00
5 4.35 — 4.00
6 4.35 12 5.21
7 6.00 — 2.90
8 6.00 12 4.47
9 8.00 — 3.88

10 8.00 12 4.20
11 13.60 — 3.19
12 13.60 12 1.94
13 15.10 — 1.88
14 15.10 12 0.52

0 2 4 6 8 10 12 U
monomer cone, mole/l

Fig. 6. Polymerization rate under the influence of direct voltage in the radiation polymeri-
zation of acrylonitrile in dimethylformamide solution, as a function of the monomer concen-

tration. (Monomer concentrations: 2 to 16 moles/litre. Polymerization temperature: —60 °C.
Dose rate 372 rad/sec.)
\ M
X = — «10- = " .10-
2 ¥ M -

polymerization rate under voltage

) polymerization rate without voltage

molecular weight of the polymer obtained by polymerization under voltage
molecular weight of the polymer obtained by polymerization without voltage

zz <<
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longer possible, prior to the beginning of the desorption process. A decrease
of the monomer concentration in the reaction mixture reduces the probability
that the bi-radicals can grow to a suitable length, and thus the desorption
and chain termination (cyclization) of the bi-radicals consisting of a few mono-
mer units lead to a reduced accelerating effect of the voltage, and to a decrease
of the polymerization rate.

Fig. 7. Polymerization rate under the influence of direct voltage in the radiation polymeri-
zation of acrylonitrile in trimethylamine solution as a function of temperature in the range
between —10 and —80 °C. (Monomer concentration: 2 moles/litre. Dose rate: 372 rad/sec.)

Vi — polymerization rate under voltage

F2 = polymerization rate without voltage

M1 = molecular weight of the polymer obtained by polymerization under voltage
M. = molecular weight of the polymer obtained by polymerization without voltage

Summing up what has been said before, when a direct voltage is applied
to the electrodes, this results in a shifting of the anion-radical =1 bi-radical
equilibrium in the direction of the radical product; the adsorption of the bi-
radical on the electrode reduces the probability of ring formation and leads
to an increase in the concentration of the active centres. If the monomer
formed is insoluble in the polymerization system, the polymer precipitated
on the electrode will induce an essential change in the character of the voltage
effect on polymerization Kkinetics.

It might be assumed that if the cations present in the polymerization
system are stabilized (e.g., by forming complexes with the solvent), this
results in a sharp rise of the anionic polymerization rate and is capable of
changing the nature and degree of the voltage effect. Our experimental data
(Fig. 7 and Table Il) prove that if polymerization is carried out in trimethyl-
amine (monomer concentration 2 moles/litre), the polymerization rate is
considerably higher than under the same conditions in dimethylformamide
solution. In the entire temperature range studied the voltage applied to the
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Table 11

Effect of direct voltage on the polymerization rate and on the molecular weight of
the polymers in the radiation polymerization of acrylonitrile in trielhylamine solution

Monomer concentration: 2 moles/litre. Dose rate: 372 rad/sec

Polymerization

No. Tempeeéature, VOI\t/age, Conv;;sion, rate, M
% <hour“1

I — 80 12 2.10 3.14 1420
2 —80 — 2.83 4.25 1710
3 —60 12 2.10 3.14 1470
4 —60 — 3.30 4.95 1686
5 —30 12 3.65 4.60 1512
6 -30 — 4.24 6.36 1700
7 —10 12 4.00 6.00 1620
8 —10 — 5.89 8.83 1750

electrodes reduces the polymerization rate and the molecular weight of the
polymer formed.

Therefore, in order to check on the possibility of free radical polymeri-
zation mechanism at low temperatures, we carried out a series of experiments
in which the polymerization of acrylonitrile was initiated in the presence of
DPPH and without DPPH by irradiation with ultraviolet light (303 —313 m/*).
The experimental results show (Table Ill) that radical polymerization proceeds
without DPPH even at —70°C at a rate which can be readily measured.

Table 111

Polymerization of acrylonitrile initiated by ultraviolet (303—313 mp)
radiation in the temperature range between -20 and —70°C with and
without DPPH

Temperature, Irradiation DPPH Polymerization
No. °c time, concentration, rate,
min. mole/litre % <hour-1
| + 20 240 - 1.14
2 0 180 — 0.28
3 —20 300 — 0.20
4 36 300 — 0.11
5 — 50 300 — 0.07
6 — 60 300 — 0.04
7 —70 300 — 0.03
8 + 20 300 10'3 —
9 — 50 300 103 —
10 — 70 300 103 —_
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Conclusions

1. We have shown that the polymerization of acrylonitrile initiated
by y-radiation at low temperatures mainly proceeds according to anionic
mechanism because of the shifting of the anion-radical bi-radical equi-
librium in the direction of the formation of active centres with ionic character.
W ith an increase in the polymerization temperature, the equilibrium is shifted
in the direction of active centres of radical character, and thus products with
a radical nature become predominant in the initiation of the polymerization
process.

2. As an effect of the direct voltage applied on the electrodes, the anion-
radical bi-radical equilibrium is shifted in the direction of the formation
of active centres of radical character in the entire temperature range. There
is a simultaneous increase in the reaction rate which is probably the result
of a concentration increase of the active centres due to the adsorption and
stabilization (reduced probability of ring formation) of the bi-radicals on the
electrode surface.

3. The deposited polymer layer hinders the diffusion of the monomer
and of the active centres to the electrode, and thus it reduces the effect of
voltage on the rate of polymerization.

4. Stabilization of the cations through complex formation with the sol-
vent (trimethyl-amine) leads to an increase of the polymerization rate. In this
case a direct voltage applied to the electrodes will reduce the polymerization
rate.

Only the fate of free radical and anionic products have been studied
in the present work. It has been assumed that, at least in first approximation,
the effect of positive ions and that of electrons should be small in comparison
with that of negative ions. Positive ions are considered to combine readily
with electrons to give inactive centres.

SUMMARY

The polymerization of acrylonitrile, induced by y-irradiation, has been studied in an
electrical field, in the temperature range between —80° and +20 °C. It has been concluded
from the experimental data that the polymerization is indicated at low temperatures by free
anion-radicals. There is an equilibrium state between the anion-radical form and the bi-radical
form; the actual state of this équilibrium is responsible for the anionic or free radical mecha-
nism of the polymerization.
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In recent years, ion exchange resins have found increasing application
in various fields of industry, and accordingly, the requirements to be met
by these resins have become more and more differentiated. The production
of nuclear power, e.g. raises the problem of purifying waste waters contaminated
by radioactive fission products. This problem requires the preparation of ion
exchange resins whose ion exchange capacities and mechanical properties
are not worse than those of other commercial resins, while at the
same time their resistance to high-energy radiation must be essentially
higher.

The styrene-divinylbenzene sulfocation exchange resin tolerates radi-
ations up to —108 rad relatively well [1, 2]. This favourable feature is due
to the presence of benzene rings in the polymeric skeleton i.e. to the presence
of a system of conjugated double bonds. We presumed that acenaphthylene,
containing two more conjugated double bonds in addition to those present in
styrene, is likely to lend a still higher resistance to radiation to the ion ex-
changer prepared from it. It is known from the literature [3, 6J that the capac-
ity of acenaphthylene cation exchange resins (6 mg-equivalents per gram)
exceeds that of other known cation exchangers. At the same time, it is also
known that this type of resin is not produced yet on industrial scale, and it has
not found use in industrial practice. This can be explained by the fact that,
in the copolymerization of acenaphthylene and divinylbenzene, 21% of the
acenaphthylene applied remains unchanged, or is retained in the pearl polymer
as a homopolymer. This homopolymer, together with the unaltered monomer,
isremoved from the pearl polymer on sulfonation. By this process the structure
of beads is weakened, and the mechanical strength of the resin is impaired.
Considering the importance of the above-mentioned problem and the fact
that acenaphthylene is a cheap initial substance available in large quantities,
we set ourselves the task to find such optimum conditions for the copolymeri-
zation ofacenaphthylene and divinylbenzene which will allow the preparations
of a cation exchange resin of adequate mechanical strength. The questions
investigated in the present study are as follows.
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(@) Optimum conditions of the synthesis of an acenaphthylene-divinyl-
benzene copolymer, suitable for the preparation of a sulfocation exchanger.

(b) Optimum conditions of the synthesis of copolymers of various
degrees of porosity, suitable for preparing cation exchange resins with a high
rate of ion exchange.

(c) Conditions of the sulfonation of the copolymers prepared.

(d) The properties of the cation exchange resins.

The applied experimental technique has been described in detail in earlier
communications [7, 9].

Experimental results and their evaluation

It is known [10] that the conversion rates of polymerization are essentially
affected by the employed conditions of copolymerization (nature of the ini-
tiator, temperature, etc.). Under the reaction conditions known from literature
(100°C; benzoyl peroxide), in the copolymerization of acenaphthylene and
divinylbenzene the diffusion of acenaphthylene molecules to the macro radicals
is strongly inhibited, presumably due to rapid gel formation [11, 12]. Thus,
the reaction proceeds at a very slow rate or it is completely stopped. We
assumed that under suitable experimental conditions it would be possible
to prepare a copolymer whose composition is identical with that of the initial
monomer mixture.

The initiators investigated as regards their influence on the conversion
of the copolymerization of the pair of monomers acenaphthylene and divinyl-
benzene, are listed in Table I.

The experimental data (Table I) show that of the initiators and initiator
mixtures examined the best results have been obtained with tertiary butyl
perbenzoate or a mixture of t-butyl perbenzoate and benzoyl peroxide. In
the presence of t-butyl peroxide or cumyl peroxide, the conversion was in-
significant, no pearl polymer was formed. This is readily understandable
since at 100°C both initiators decompose at minimum rate [13]. When the poly-
merization was initiated by mixtures of benzoyl peroxide with i-butyl peroxide,
or cumyl peroxide or t-butyl peracetate, the quantity of the material extract-
able from the copolymer was approximately the same as that extractable in
the case of initiation solely benzoyl peroxide. These data clearly indicate
that the synergic effect [10] observed in the peroxide-initiated polymerization
of some monomers is absent in the copolymerization of acenaphthylene and
divinylbenzene. This can be interpreted by the fact that acenaphthylene,
notwithstanding its symmetrical structure, has high activity and thus readily
reacts with both kinds of free radicals formed from the two peroxides, in-
hibiting in this way the recombination of the active centres prior to the chain-
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Table |

Effect of initiator on the appearance of copolymer
and on the amount of components which can be extracted from the copolymer

Appearance Extractable

No. Initiator of copolymer components,
%
l. t-Butyl peroxide oil ~
2 Dicumyl peroxide oil —
3 t-Butyl perbenzoate pearl 2.3— 33
4, i-Butyl peracetate pearl 8.6—11.3
5 Benzoyl peroxide pearl 8.9—11.3
6 1:1 (w/w) mixture of benzoyl peroxide and i-bu-
tyl peroxide pearl 14.6—15.0
7. 1:1 (w/w) mixture of benzoyl peroxide and dicumyl
peroxide pearl 11.4
8. 1:1 (w/w) mixture of benzoyl peroxide and t-butyl
perbenzoate pearl 3.7—4.4
9. 1:1 (w/w) mixture of benzoyl peroxide and i-Butyl
peracetate pearl 10.8 18.1

initiating action. The validity of this interpretation follows from an analysis
of Fig. 1 where the courses of the reactions initiated by t-butyl benzoate, ben-
zoyl peroxide and by the mixture of both peroxides are presented.

It appears from a comparison of Curves 1 and 2 in Fig. 1 that the initial
rate of copolymerization initiated by benzoyl peroxide essentially exceeds
that observed in the polymerization initiated by t-butyl perbenzoate. When
benzoyl peroxide is used for initiation, an insoluble copolymer is formed only
after the elapse of 8 hours. At the same time, conversion was 45% in the first,
and 96% in the second case.

Time ofpolymerisation,hours

Fig. 1. Contents of soluble substances in the acenaphthylene-divinylbenzene copolymers
as a function of the time of polymerization 1: benzoyl peroxide; 2: t-butyl perbenzoate;
3: mixture of benzoyl peroxide and t-butyl perbenzoate
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Curve 3 runs between Curves 1 and 2; the shapes of the curves clearly
reflect the course of the initiation process. In the first hours of the reaction,
predominantly the radicals formed from benzoyl peroxide are responsible for
the initiation of polymerization. It follows from this that the initiators do not
react with each other in this case.

Fig. 2. Course of the pearl polymerization process of the pair of monomers acenaphthylene
and divinylbenzene at 100, 109 and 120°C

Time of swelling, hours

Fig. 3. Kinetics of the swelling of an acenaphthylene-divinylbenzene copolymer prepared

at 109° C. 1: time of polymerization 8 hours; 2: 10 hours; 3: 12 hours; 4: 14, 20 hours, 5: 30

hours, 6: 41 hours; 1': 10, 12 hours; 2': 14, 20, 30 and 40 hours. From 1 to 6: not extracted:
1' and 2" extracted

The influence of temperature on the pearl polymerization of acenaphthy-
lene and divinylbenzene was studied at 100° and 120° C.

It is seen (Fig. 2) that higher temperatures result in higher polymeri-
zation rates. Forthe formation of an insoluble copolymer, 3 hours were required
at 120°, while 6 hours were needed at 109° and 8 hours at 100 C°.

Sweilling tests of the prepared copolymers have shown that shorter
polymerization periods result in stronger swelling power of the copolymer,
and the limit values of swelling are attained more rapidly (Fig. 3).
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On comparing Curves 4, 5 and 6 in Fig. 3 we find that copolymers poly-
merized for various periods show the same swelling limit values, though their
swelling rates are different. However, if the same copolymers had been pre-
viously extracted with benzene, their swelling rates were also identical (Curves
1' and 2' in Fig. 3). Taking into account these results and the observation
that the amount of extractable substance remains constant after a given
period of time, the conclusion can be drawn that at 109° C copolymerization

Time of polymerisation, hours

Fig. 4. Kinetics of the copolymerization of acenaphthylene and divinylbenzene at 109° (!

is completed in 14 hours, and subsequently only the homopolymerization of
acenaphthylene is continued. The density of distribution of the polymer chains
is increased by the homopolymer formed in the cross-linked structure, and
thus, on swelling, the diffusion of solvent molecules into the inside of the
pearl polymer is rendered more difficult (Fig. 4).

The presented experimental data show that the conversion is decisively
affected by the initial rate of copolymerization. Optimum effects can be
attained by employing i-butyl perbenzoate as initiator. No synergic effect can
be observed when the polymerization of the pair of monomers acenaphthylene-
divinylbenzene is initiated by peroxide mixtures.

Several methods are known for the preparation of macroporous ion ex-
changer skeletons [14—19].

The porous acenaphthylene-divinylbenzene copolymer has been prepared
in the presence of n-nonane. In this solvent the monomers are readily dissolved
while the copolymer does not swell. On varying the ratio of the diluent and
cross-linking component, the appearance of copolymers changed from a trans-
parent glassy state to an opaque, porcelain-like structure (Table II, and
a, b, cin Fig. 5).

The study of the optimum conditions for the production of porous
copolymers required a quick method of measuring the degree of porosity.

Acta Chim. Acad. Sei. Hung. 54, 1967



350 LI, PASKOV: ACENAPHTHYLENE-DIVINYLBENZENE CATION EXCHANGE RESIN

Table 11

Properties of acenaphthylene-divinylbenzcne phaneroporous pearl
copolymers depending on the degree of cross-linking and the quantity
of inert solvent

Degree of Apparent External
No. Solvent cross-linking density appearance
| 20 24.4 0.617 Transparent beads
2 30 24.4 0.520 Slightly opalescent beads
3 40 24.4 0.430 Opalescent beads
4 50 24.4 0.400 Opalescent beads
5 20 30.6 0.620 Transparent beads
6 40 30.6 0.330 Opalescent beads
7 50 36.3 0.295 Opalescent beads
8 60 414 0.288 Opalescent beads

Several such methods have been reported in the literature, however, these are
rather complicated [20, 21] and require special instruments. Thus, under the
conditions prevailing in a conventional synthetic laboratory, such measure-
ments would encounter difficulties. Therefore, a method has been evolved for
the quick measurement of the degree of porosity of polymers. This is based
on the following principle. The volume increase of the copolymer and the
quantity of solvent taken up are measured in a swelling solvent and in a non-

la) common copolymer
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(b) semi-microporous copolymer;

(c) phaneroporous copolymer

Fig. 5. External appearance of acenaphthylene-divinylbenzene copolymers
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swelling one. Toluene and cyclohexane were used as the swelling and non-
swelling solvents, respectively.

In Figures 6 and 7, the volume changes and solvent take-up capacities
of the copolymers are plotted against the degree of cross-linking and the
quantity of solvent used. It appears from Curves 1 and 2 that, on raising
the quantity ofinert solvent and the divinylbenzene content of the copolymer.

Fig. 6. Solventabsorption capacity and vol- Fig. 7. Solvent absorption capacity and
ume of the copolymer as a function of the volume of the copolymer as a function
quantity of inert solvent used of the degree of cross-linking. The mo-
Cross-linking: 24.4% nomer mixture contained 50% solvent
Curve 1: Absorption of toluene; Curve 2: Curve 1: Absorption of toluene; Curve
Volume changes in toluene; Curve 1 Ab- 2: Absorption of cyclohexane; Curve 1
sorption of cyclohexane; Curve 2': Volume Volume change in toluene; Curve 2" Vo-
change in cyclohexane lume change in cyclohexane

also the amounts of toluene and cyclohexane taken up by the copolymer
increase. However, the uptake of cyclohexane begins to decrease at a cross-
linking of 38%. On increasing the degree of cross-linking and the amount of
inert solvent, the relative volume increase in toluene of all copolymers examined
show a decreasing trend (Curves 1'), while cyclohexane gives rise to a slight
swelling of the copolymers (Curves 2'). These experimental facts indicate that
the macroporosity of the copolymer is essentially affected by both factors:
the degree of cross-linking and the quantity of inert solvent applied.

The volume of toluene taken up by the copolymer (Qt) is always higher
than the volume of absorbed cyclohexane (CQ), and the copolymer undergocs
also in cyclohexane a slight but measurable volume change. These obser-
vations lead to the conclusion that the porosity of the copolymerisnothomo-
geneous, i.e. pores of different volumes exist in the copolymer.

Pores can be classified in three groups:

1. Macropores which are capable of absorbing both toluene and cyclo-
hexane without any volume change. (The volume of such macropores will be
denoted by V macr0.)

2. Micropores (whose volume denoted by Fmicro) which appear in the
polymer due to swelling on the effect of toluene.
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3. Pores of medium size (whose volumes will be denoted by Turned) which
absorb both toluene and cyclohexane, and undergo volume increase in both
solvents. (Their volume changes are conditionally denoted both in toluene
and in cyclohexane by E ned for the sake of simplicity.)

The quantity of toluene absorbed by the porous copolymer is equal to
the combined sum of pores in the swollen copolymer:

Qr Amacro “b “med "b d ~med Amicro 0)

Since cyclohexane is absorbed only by the macropores and the pores
of medium size, the volume of absorbed cyclohexane will be:

(?ch = "macro + “med + ~ "med (2)

The volume increase of the copolymer in toluene is due to the volume
increase of pores of medium size and to the formation of micropores, while in
cyclohexane only the volume increase of the copolymer is the responsible
factor. Thus, the following equations can be written:

“med H- “~rnicro VO (3)
A med Ach ~ 70 (4)

where VO is the volume of the dry copolymer, while Vch and Vt denote the
volumes of copolymers swollen in cyclohexane and toluene, respectively.

Consequently, the total volume of micropores can be calculated from
Eq. (5), and that of the macropores and pores of medium size together from
Eq. (6) as follows:

Amicro — Qt Qch (5)
Amacro A"med QCh A Amed (6)

The solvents employed in the present measurements are also absorbed
by micropores and pores of medium size. Thus, it is impossible to calculate
separately the volumes of these pores by the above method. Therefore, the
degree of phaneroporosity is expressed by the formula

/1 Amacio+ “med

- Or

)

where (pnh is the specific phaneroporosity, i.e. the volume of phaneropores
referred to the volume attained on complete swelling.
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The curves shown in Figs 8 and 9 were calculated and constructed by
means of the above equations. These curves correctly indicate the role of the
degree of cross-linking and of the quantity of inert solvent in the formation
of porous copolymers. The increase of the quantity of the inert solvent and of
divinylbenzene (Fig. 8) results in the rise of the integral degree of porosity
and, within this, that ofthe number of macropores, while the number of micro-
pores diminishes with the increase of the volume of solvent.

Content of solvent, %

Fig. 8. Degree of porosity of the copolymer as a function of the quantity of inert solvent
used (Divinylbenzene content of the copolymers: 24.4%)

X—X—x: volume of micropores, ml/g; s—e—: volume of macropores and of medium-size
integral pores; o—o—o: integral volume of pores, ml/g; O —O —O: macroporosity,%

The situation may also occur (Fig. 9) when the degree of cross-linking
attains such a high level that the amount of inert solvent is unsatisfactory,
and thus the integral volume increase of the pores of the copolymer is due to
the increase of the total volume of micropores. For the production of a porous
resin containing 38% of divinylbenzene, an amount of inert solvent exceeding
50% is necessary. On the basis of the experimental data it is justified to state
that the degree of porosity of the copolymer depends on the degree of cross-
linking and on the nature of inert solvent employed. For the production of
phaneroporous acenaphthylene-divinylbenzene copolymers, at least 24 to 36%
of divinylbenzene and 45 to 60% of re-nonane are required.

In the sulfonation of the copolymer, the sulfonating action of the follow-
ing substances have been examined: 20% oleum, 60% oleum monohydrate,
and clilorosulfonic acid. For the sulfonation of the copolymer, 20% oleum
proved to be the agent of optimum effect. The properties of the obtained cation
exchange resin are listed in Table IIl. It appears from these data that the
properties of the resins depend to a great extent on their content of divinyl-
benzene. Thus, an increase of the degree of cross-linking, i.e. of the density
ofthe copolymer may lead to the decrease of swelling capacity which eventually
results in a decrease of the exchange capacity of the resin. W ith the rise of the
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degree of cross-linking, also the resistance to nitric acid, together with the
resistance to hydrolysis increase, and the mechanical strength slightly im-
proves.

In Table 111, the properties of the ion exchange resin KU-2 (a styrene-
divinylbenzene resin most widespread in practice) [23] are compared with
those of the resin prepared by us. It can be seen that the capacity of the latter
exceeds that of resin KU —2,while the other physico-chemical indices differ
only to a slight extent.

Fig. 9. |Influence of the quantity of divinylbenzene used on the total volume of pores
(Concentration of inert solvent: 50%)

X—X—x: volume of micropores, ml/g: o—o—o: integral volume of macropores and of medium-
size pores ml/g. —.—.:integral volume of all pores, ml/g 0 —O —0O :degree of maeroporosity, %

Time,min
Fig. 10. Kinetics of the ion exchange of acenaphthylene-divinylbenzene cation exchange
resins of various degrees of cross-linking

The rate of ion exchange depends on the degree of cross-linking, since
this latter determines the capability of the resin to swell which is finally
responsible for the rate of diffusion of the ions into the inside of the resin
particles. E.g., only one hour is required for the 100% saturation of a resin
cross-linked to 10.7%. Resins of 13.8 and 16.7% cross-linking are completely
saturated in 5 and 8 hours, respectively (Fig. 10).
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Table 111

Physico-chemical properties of the cation exchange resin KU-4

. Oxidiza-

Chemical Stability Resistance bility of
Oxidiza- Dynam- 5N 5N IN 10% LO dth?rm_al a0UEOUS \echan-

Degree of pjjity, ic yATOWSIS: filtrate, " jcq
No. cross-linking, 0 capac- after strength,
% mg’lg ity, heat %
meq./ stabil-
NaOH H,S04 UNO, HA NaOH CaClj ity

test

| 10.70 1.85 1239.9 100 100 73.4 100 96.5 91.0 517 92.0
2 13.80 1.60 1610.2 98 98 82.7 100  100.0 97.6 476 92.0
3 16.70 1.36  1560.0 98 98 95.0 100 100.0 985 4.00 945
4 KU-2—10* 15 1350.0 100 100  100.0 100  100.0 100.0 0.00 96.0

The porous copolymer was sulfonated with 20% oleum for 5 hours at
85—90°C. On completing the sulfonation, the resin was separated from the
mother liquor, and washed with distilled water until neutral. During washing,
the phaneroporous “porcelain” resin did not crack, and the beads remained
intact. Data on our sulfonation experiments are summarized in Table IV.

From Table 1Y it appears that with the rises of the porosity of the resin
(Experiments 1—4, where the amount of inert solvent was constant, but the
content of divinylbenzene was increased) and in the experiments where the

Table 1V

Properties of the porous cation exchange resin KU-4

Stat. capacity, Spec. Dynamic capacity,
meq./g volume meq./g
Divinyl- Solvent 01N 01N 01N 01N 01N Mechanical
No. benzene, % ! strength,
% NaOH and %
NaOH CaCl2 CaCl2 NaOH CaCl2
ml/g

| 24.4 50 4.02 3.75 2.8 1430 1340 98.6
2 40.6 50 3.78 3.8 3.2 1180 1180 98.0
3 36.3 50 3.61 2.86 3.5 1030 814 86.0
4 41.4 50 5.7 5.34 3.85 1470 1370 93.0
5 24.4 20 5.46 5.25 1.8 3000 2920 94.0
6 24.4 30 4.9 4.8 2.47 1970 1940 98.0
7 24.4 40 4.5 4.08 2.6 1730 1570 93.0
8 24.4 50 4.02 3.75 2.8 1430 1340 93.6
9 30.6 20 0.42 0.3 — — — —
10 30.6 40 4.7 44 35 1340 1170 95.2
11 30.6 50 3.78 3.8 3.2 1180 1190 98.1
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divinylbenzene content of the resin was kept constant and the amount of
inert solvent was varied (Experiment 5—7, 8 and 10—11), the capacity di-
minished, and was markedly different from the theoretical capacity values.
This can be explained by some essential alterations which take place
with the increase of porosity in the inner structure of the copolymer beads.
Instead of a more or less uniform density of the beads (a characteristic feature
of common copolymers), pores and voids vary at random with more compact
places. The increase of the degree of porosity leads to an increase of the density
of the non-porous parts of the pearl polymer, whether it has been due to the

Time, min

Fig. 11. Kinetics of the ion exchange of porous resins prepared in the presence of various
quantities of inert solvent. (Divinylbenzene content 24%)

increase of divinylbenzene content or to the inert solvent, consequently in all
probability only the pore walls or the parts lying near the walls are sulfonated,
and this obviously results in a higher capacity of the resin.

It also appears from Table IV that the mechanical strength of porous
resins does not exceed that of common resins of low degreed os cross-linking.
However, one must take into account the advantage offered by porous resins,
namely, that on swelling or on changes of the pH they undergo but a slight
volume change, and the beads do not crack. This is just the reason why the
bead polymers may be washed with water right after sulfonation, without any
risk of cracking.

The kinetics of ion exchange on porous resins are presented in Figs 11
and 12. It is seen that with the rise of the degree of macroporosity, the rate
of ion exchange of the resins increases. In the series where the amount of inert
solvent was kept constant, the resin cross-linked to 36.3% (@ph = 97%) had
the highest ion exchange capacity (Experiments 1—4 in Table IV). Saturation
was complete in ten minutes.

In the series where the amount of divinylbenzene was kept constant
(Experiments 5—8 in Table IV), the maximum rate of ion exchange (10 min-
utes) was shown by the resin prepared with 50% of inert solvent.
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It appears from these data that in the case of porous resins, a fair re-
sistance to the effect of pH fluctuation and the high ion exchange capacity,
is accompanied by a hazard of capacity decrease.

The resistance to radiation effects was investigated in co-operation
with the Kurchatov Research Institutefor Nuclear Energy. The detailed examin-
ation of the resistance to radiation effects of the acenaphthylene-divinyl-
benzene resin KU-4 is in progress in the Physico-chemical Research Institute
of the USSR, under the direction of Academician K. V. Chumtov [23].

The capacities of resins of various degrees of cross-linking prior to and
after irradiation are shown in Table V.

Fig. 12. Kinetics of the ion exchange of porous resins of various degrees of cross-linking
(Content of inert solvent 50%)

To facilitate the evaluation of the experimental results, the radiation
resistance of the cation exchange resin KU-2 (made of styrene-divinylbenzene)
is also given in the Table on the basis of literature data.

From Table V it appears that the radiation resistance of the resin in-
creases with the degree of cross-linking. With more advanced cross-linking
i.e. at a higher density of the resin, the degree of solvatation of the —S03H
groups and consequently the possibility of secondary reactions with the OH

Table V

Comparison of the resistance to radiation
of the cation exchange resins KU-2 and KU-4:

Degree of Stat. capacity Decrease
No. Type of resin cross-g/i:king, Intf()g);a“/llrggse, prior to eijlg- after of Cagoacity,
irradiation
I KU-2 8.0 1.92 4.90 2.45 50.0
2 KU-2 12.0 1.92 4.90 2.50 49.0
3 KU-2 16.0 1.92 4.75 2.60 45.0
4 KU-4 10.7 2.00 5.90 4.96 16.0
5 KU-4 13.8 2.00 5.45 4.68 14.2
6 KU-4 16.7 2.00 4.96 4.54 8.6
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or H + ions formed in the radiolysis of water decrease. These reactions would
result in the cleavage of the sulfo groups from the polymer skeleton. It is also
seen from the data that while cation exchange resins of type KU-2 lose 45
to 50% of their original capacity on irradiation, the KU-4 resin prepared
by us loses only 15%, Thus, the resistance to radiation effects of the latter
resins is three times as high as that of KU-2 ion exchangers.

SUMMARY

It has been found that the conversion in the copolymerization of acenaphthylene and
divinylhenzene depends on the conditions of the reaction (type of initiator, its concentrations
and temperature).

A copolymer suitable for the preparation of a sulfocation exchange resin (with an
extractable content of 3%) can be prepared at 109°C in 14 hours, using 1% of t-butyl perbenzoa-
te (referred to the weight of the monomer mixture) as initiator.

Acenaphthylene-divinylbenzene copolymers of phaneroporous structure have been
prepared.

A new method has been evolved for the quick measurement of the degree of porosity
of the copolymers. It was found by this method that the degree of porosity depends on the
ratio of inert solvent and the cross-linking component used. Phaneropores are formed in the
copolymer only at a definite ratio of inert solvent to cross-linking component.

Copolymers of the required mechanical strength and degree of porosity are obtained
at degrees of cross-linking of 24—36% and in the presence of 40 to 50% inert solvent.

It has been shown that porous copolymers can be sulfonated less readily than the
common, non-porous copolymers, and the degree of sulfonation decreases with increasing
porosity.

The resistance to heat and chemical agents, mechanical strength, and the resistance
to radiation of the new sulphocation exchange resins have also been examined. The first three
parameters of the resin differ only slightly from those of the resin KU-2, while its radiation
resistance has been found three times as high.
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The practical application of epoxy resins has a past of more than
twenty years, and today these resins find widespread use in various fields
of industry. Nevertheless, the cross-linking process, which is the theoretical
basis of processing, has not been fully clarified up to the present, and owing
to the characteristic complexity of cross-linking systems, this field of investi-
gation poses many difficult problems for researchers.

The chemical mechanism of the elementary processes occurring at the
beginning of cross-linking has been known for a relatively long time. In the
early fifties, the reactions of the epoxy group were studied by several authors.

They used monofunctional model compounds (unsuitable for cross-
linking) to investigate by traditional methods ofanalysis all those main reactions
which occur in the synthesis of epoxy resins and in their cross-linking effected
with various reagents.

The work of Shechter and Wynstra [1, 2], Fisch and Hofmann [3],
Narracot [4], Dearborn [5], Greenlee [6], etc. must be considered without
doubt fundamental, since even our present knowledge as regards the elemen-
tary processes is based on this work. These researches were instrumental in
showing that in the cross-linking of the chief representatives of epoxy resins
— the diepoxides on bisphenol A basis — three types of cross-linkages may
be formed depending on the reagent used:

in cross-linking with amine: C—N—C

C

in cross-linking with anhydride: C—0 —C
|
o

in catalytic cross-linking: C—0 —C

* Candidate of Chemical Sciences, the dissertation was made in the Mendeleev In
stitute for Chemical Technology (Moscow) under the leadership of Prof. M.S. Akutyn.
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It is evident, however, that experiments with non-cross-linking model
substances could not cover every aspect of the whole complicated process
which, as it is well known, involves the interaction of chemical, physicochemical
and physical processes. They could not furnish information, e.g., on such
important problems as the relation between the network structure and the
properties, afterreactions, etc.

The application of modern physicochemical methods in the field of
epoxy research began in the late fifties. Among these methods, IR spectroscopy
has a prominent place. The first publications by Dannenberg and co-workers
[7—9] appeared in 1958 —60, and were followed later by those of Lissner [10]
and Pirozhnaja [11]. These authors investigated the changes of the epoxy-
and other functional groups during the cross-linking reaction by IR spectros-
copy. These works showed the correctness of the reaction mechanism that had
been established earlier by chemical methods. Further development of these
methods resulted in recent years in two publications, in which also the kinetics
of the cross-linking process were followed by IR spectroscopy, and quantitative
conclusions were drawn on the conversion of the epoxy groups. One of
these publications is the work of Morimoto and co-workers [12], who effected
the cross-linking with amines, and the other that of Blagonravova and co-
workers [13], who used boron trifluoride diethyl etherate as cross-linking
reagent.

Of the methods used recently for the investigation of the cross-linking
reaction of epoxy resins, the work of Kovarskaja, Akutyn and co-workers
should be mentioned [14—17]. These authors obtained useful information
by recording the thermomechanical curves, and checked the degree of cross-
linking by the determination of the high elasticity-modulus at equilib-
rium.

Though development in methodics has been of great help in overcoming
the difficulties presented by the complex character of the investigated process,
the evaluation of experimental results is rendered difficult by the further fact
that epoxy compounds are complicated substances whose chemical structures
cannot be always unequivocally defined.

The fundamental concept of the present work was that the investigation
by more advanced methods of simple, well defined diepoxides of regular
structure, which are at the same time capable of cross-linking, may furnish
additional information.

Therefore, the cross-linking process was studied with chemically pure
model compounds, and some properties of the cross-linked product were
investigated.

Bisphenol A-diglycidyl ether, the basic compound of industrial epoxy
resins was selected as model compound, and aliphatic diglycidyl ethers, which
have become known in recent years, as reactive diluents.
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The study of this latter group of compound is interesting also owing to
the fact that aliphatic diglycidyl ethers (used in practice as flexibilizers)
participate as components of epoxy systems in the cross-linking process, how-
ever, no systematic investigation on the cross-linking of aliphatic diglycidyl
ethers has been reported so far.

Model compounds and experimental methods

Aliphatic diglycidyl ethers of various chain length (C6—C12) and bisphenol A-diglycidyl
ether were synthesized. The diglycidyl ethers used in this work and their characteristic data
are listed in Tables I and II.

Table |
Compound Short name Symbol
Bis-(2,3-epoxypropyl) ether Diglycidyl ether DG
Ethyleneglycol-di(2,3-epoxypropyl)
ether Ethyleneglycol diglycidyl ether EDG
1,3-Propyleneglycol-di-(2,3-epoxypropyl)
ether Propyleneglycol diglycidyl ether PDG
1,6-Hexamethyleneglycol-di-(2,3-epoxy-
propyl) ether Hexamethylene-glycol-diglycidyl
ether HDG
4,4'-1sopropylidene-phenol-di-(2,3-
epoxypropyl) ether Bisphenol A diglycidyl ether DDG
Table 11
Digly- Epoxy equivalent Boiling point Refractive Viscosity, Melting Spec,
cidyl °Cltorr index, (cP) point, weight
ether Calcd. j Found 20 °C 20 °C °C 20 °C
DG 65 68—69 9079 1.4461 4.2 - 1.119
EDG 87 89—90 12270.7 1.4535 6.3 — 1.121
PDG 94 98— 100 12770.6 1.4528 8.0 — 1.089
HDG 115 118— 119 13270.2 1.4550 9.8 — 1.030
DDG 170 171—172 23270.19 1.5711 — 41.8 —

Diglycidyl ether, the first member of the series, was prepared from epichlorohydrin
in the presence of boric acid with dimethylaniline catalyst.

The other aliphatic diglycidyl ethers were synthesized from epichlorohydrin and the
corresponding diols, in the presence of boron trifluoride-etherate catalyst.

Bisphenol A-diglycidyl ether was prepared from low molecular weight epoxy resin
by vacuum fractionation.

The following distilled, chemically pure aliphatic amines were used as cross-linking
agents:
g ethylenediainine (EDA) and hexamethylenediamine (HMDA), which have an identical

number of functional groups, but differ in chain-length;
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diethylenetriamine (DETA) and triethylenetetramine (TETA), which form cross-linked

structures with identical chain-length between the nodes of the network, but differ

from each other in secondary amine group content.

The reaction components were mixed in stoichiometric ratio, and determinations were
made within the temperature range 20—60°, in each case at 4 different temperatures.

By systematic combination of the starting materials, cross-linked systems of different
chemical structures were obtained.

Infrared spectroscopy

The course of cross-linking was followed by IR spectroscopy. A ZEISS ER 10 Type
instrument, equipped with a special, thermostated cell holder was used for the investigations.
The progress of the reaction was indicated by a change in the concentration of the epoxy
group that is to say by observing the optical density change of the epoxy band. The reaction
components were mixed and placed into the cell, and the spectrum of the absorption band was
recorded, at the given temperatures at certain intervals (10 min). The spectrum was obtained
at the wave number 4520 cm”1

Physicomechanical measurements

The progress of cross-linking in the model mixtures was also checked on the basis of
changes in the physicomechanical properties of the system. Curing, leading from the liquid
to the solid state through a gel condition, was assumed to proceed in two stages. The first
stage, ranging from the start of the process to the beginning of gel formation, is characterized
by a change in the viscosity of the reaction mixture. The second stage, from the beginning
of the rubber-elastic state up to solidification, is characterized by a change of the value of
reversible deformation. Viscosity in the first stage was measured periodically at 10 minutes
intervals with a Hoppler Rheoviscosimeter and plotted againsttime. The decrease in reversible
deformation in the second stage was determined with a Hoppler Konsistometer. Measurements
were commenced, when the sample placed into the metal cell attained a rubber consistency
as a result of cross-linking, and repeated each 10 minutes, subjecting the sample for 10 seconds
to a pressure load of 5 kg/cm2 The deformation values obtained at equal intervals were plotted
against time. The curves are characteristic of the last stage of cross-linking under the given
experimental conditions.

Thermomechanical measurements

Thermomechanical measurements were carried out on samples of the obtained cross-
linked products with the double purpose to characterize these products, and to detect possible
subsequent cross-linking processes. The thermomechanical curves were recorded in the usual
way with a Hoppler Konsistometer at a load of 10 kg/cm2 and a heating rate of 1 °C/min.
After solidification and before the thermomechanical measurements the samples were subjected
to various aftereffects. Some of the samples allowed to stand at 25°Cfor 48 hours, 14 days and
30 days, respectively, after solidification, to observe the effect of the time factor. The rest
of the samples was exposed to heat treatment for 6 hours at 100°C, after standing for 48 hours
and 30 days, respectively, from the time of solidification.

Dcrivatography

The cross-linked samples were tested also by derivatography. The aim of these tests
was a qualitative comparison of the products of different structures obtained by different
methods of cross-linking, from the point of view of thermal stability, and the detection of
subsequent cross-linking by means of observing possible thermal effects. In consideration
of the aspects of practical applicability, the derivatographic tests were made in air stream.
The heating program was 6°C/min., and the upper temperature limit was 600°C.

Acta Chim. Acad. Sei. Hung. 54, 1967



CSILLAG et al.. CROSS-LINKING MECHANISM OF EPOXY COMPOUNDS 365
Discussion of the results

During our experiments all combinations of the previously mentioned
diepoxides and polyamines were studied at various temperatures. The' aim
of the work was to obtain information about the influence of the starting
components and temperature on the reaction rate and degree of conversion.

The kinetic curves recorded by IR spectroscopy show, in general, the
character of the course of the reactions to be similar in all cases investigated.
The process starts without any considerable induction period, it has self-
accelerating character, and it markedly slows down after 60—70% of the epoxy
groups have reacted. Maximum reaction rate is observed, in general, at a con-
version of 25—50%. The reaction rate and degree of conversion are very sen-
sitive to the reaction conditions. In the different experiments, the conversion
varied between 50 and 100%.

In order to evaluate the reaction rate, expediently the half-period of the
process, that is to say the time during which 50% of the epoxy groups have
reacted, was chosen as the basis for comparison. Half-periods measured in
the experiments are listed in Table Ill. These data show that of the three
investigated factors, the diglycidyl ether component exerts the decisive effect
on the course of the reaction, in other words, under otherwise identical con-
ditions the diglycidyl ethers determine certain required reaction times.

This is also the reason why the reaction could be examined in a relatively
wide temperature range (20—60°C) only in the case of ethyleneglycol-diglycidyl
ether; with the other diglycidyl ethers the excessive violence or slowness of
the reaction made work at certain temperatures impracticable. The influence
of the structural differences of diglycidyl ethers on the kinetics of cross-
linking is shown in Fig. 1. From this the following conclusions may be drawn:
among the aliphatic diepoxides, diglycidyl ether reacts at the highest rate
to be followed by ethyleneglycol, propyleneglycol and finally hexamethylene-
glycol diglycidyl ethers. This shows that the reactivity of aliphatic diglycidyl
ethers can be arranged unequivocally in an order, according to which the
reactivity decreases with the increase of the chain length.

Moreover, the experimental results show that the degree to which the
reaction will proceed i.e. the conversion of the epoxy groups, depends also
fundamentally on the chemical structure of the diglycidyl ether used; under
the given reaction conditions illustrated in the diagram, this value varies
between 80 and 100%. As it is to be expected, the aromatic member of the
diepoxide series studied, bisphenol A-diglycidyl ether, presents a different
behaviour. As shown in the figure, this compound has a very high reactivity
at the beginning. However, the reaction slows down considerably after about
50% of the epoxy groups have reacted, and the total conversion is relatively
poor. The low conversion as compared to the relatively high reaction rate of
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Table 111
Diﬂ',{f;fy' Amine 20°c  30°c  35°c 4o°c s0°c @ec
EDA 134 55 36 27 — -
DG DETA 114 56 38 31 — —
TETA 180 92 55 33 — —
HMDA 152 88 60 34 — —
EDA 170 65 47 22 — —
EDG DETA 150 68 56 46 22 12
TETA 250 108 90 61 — —
HMDA 230 120 85 51 _ .
EDA — — — — _ _
PDG DETA 285 142 95 73 — —
TETA — — — 81 _ _
HMDA — — — 55 — _
EDA — 203 — 84 65 39
HDG DETA — 255 165 110 — —
TETA — 200 — 136 59 35
HMDA _ 205 — 67 59 41
EDA 240 105 — 41 26 —
DDG DETA 217 93 — 48 24 —
TETA 305 105 — 54 28 —
HMDA 225 100 — 45 23 —

bisphenol A-diglycidyl ether seems to be indicative of the fact that the aro-
matic ring constitutes a steric hindrance to cross-linking.

The influence of the amines, the other components of the system, on
the course of the reaction was also studied. Exact relationships, similar to
those found for diglycidyl ethers, could not be established. It is to be assumed

Fig. 1. Kinetical curves of the cross-linking of various diglycidyl ethers as determined from
the change in optical density of the epoxy groups (Cross-linking: DETA, 40 °C)

1- DG;2- EDG; 3- PDG; 4 - HDG; 5 - DDG
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that differences in the structure of the amines investigated influence but to a
smaller degree the cross-linking process, and thus, only trends could be ob-
served.

Nevertheless, the evidence of numerous experiments permits to con-
clude that the rate of cross-linking increases with the decrease of both the
chain length and the secondary amine group content of the amine compound.

On the basis of the curves plotted at various temperatures, the overall
activation energy of the process was determined by a graphical method, to
obtain a value of 12—17 kcal/mole.

Fig. 2. The change in viscosity of the mixtures of various diglycidyl ethers and DETA in
the initial stage of cross-linking (Cross-linking: 40 °C) -
1- EDG;2- PDG;3- HDG;4- DDG

Parallel with the IR investigations, the process of cross-linking was also
examined by a combined method of viscosity and deformation measurements.
It was found that the physicomechanical behaviour of the macroscopic
system reflects, well indeed, the findings obtained by IR spectroscopy.

The viscosity curves plotted for the first stage of the cross-linking pro-
cess present viscosity values which increase very slowly in the beginning, and
then very rapidly. This jump is connected with the beginning of gel formation.
Therefore the perpendicular drawn to the abscissa from the intersection of the
tangents traced to the lower and upper branches of the curve will give the ge-
lation time. The gelation time was considered by us as a characteristic value
of the viscosity curves. This value, besides having a practical importance
in the processing of epoxy resins, may serve as a basis of comparison of the
rates of cross-linking processes.

Fig. 2 shows, for various diglycidyl ethers, the curves of the change of
viscosity under identical conditions of cross-linking. Gelation times derived
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from these curves give the same order of activity for diglycidyl ethers, as ob-
tained by means of IR spectroscopy.

W hen these gelation times are compared with the kinetic curves deter-
mined by IR spectroscopy, it can be established that the beginning of gel forma-
tion occurs at a time when about 30—50% of the epoxy groups has been
converted. It may be concluded from this that about 40% of the epoxy groups
is utilized in the initial period of the reaction for chain growth.

The regularities discussed above appear inthe second stage ofthe cross-
linking process in the same way as shown by the viscosity curves. The

30

Time (min)

Fig. 3. The change of deformation in systems formed by various diglycidyl ethers with
DETA in the terminal stage of cross-linking (Cross-linking: 40 °C)

1- DG;2- EDG;3- PDG;4- HDG;5- DDG

curves plotted for the second section (see Fig. 3) indicate the diminishing
of reversible deformation, and represent the combined change of the rubber-
elastic and elastic deformation of the solidifying system. Obviously, rubber-
elastic deformation will be predominant in values of the initial section
of the curve.

The time of the starting point of the curves corresponds to that time of
the cross-linking process, when the system attains a rubber-elastic state
in the course of solidification. When the value of reversible deformation
becomes constant with time, cross-linking may be regarded as terminated
at the given temperature and load. On the basis of the curves, two charac-
teristic values can be read from the coordinates: the total time of the cross-
linking process, and the value of permanent deformation. Measured under
identical conditions, this latter is indicative of the elasticity of the cross-linked
system.

When the termination of the cross-linking processes is established on
the basis of these curves, and the times obtained are evaluated for the various
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diglycidyl ethers, the same order of activity is obtained as before. The shortest
period is found for diglycidyl ether, to he followed by bisphenol A-diglycidyl
ether, etc. and finally by hexamethyleneglycol diglycidyl ether requiring
the longest time to react.

Moreover, it may be seen from the diagram that the solodified products
obtained from diglycidyl diether and bisphenol A-diglycidyl ether present
the lowest reversible deformation, while this value is considerably higher with
the other three members of the series. This means that diglycidyl ethers having
longer aliphatic chains yield structures of higher elasticity, as it was indeed
to be expected.

Fig. 4. Thermomechanical curves of various cross-linked diglycidyl ethers
(Cross-linking: DETA, 30 °C)
1- DG;2- EDG;3- HDG; 4 - DDG

The cross-linked systems were studied with respect to their thermo-
mechanical behaviour and thermal stability.

These investigations showed the structure of the starting materials to
influence substantially the thermomechanical properties of the cross-linked
product. However, this statement holds true primarily for the diglycidyl ether
component, as the role of the amine components used in our experiments was
found to be inferior.

As regards the diglycidyl ether component, marked differences are
presented between compounds of aliphatic and aromatic character, further-
more, within the aliphatic group depending on the chain-length. In aliphatic
systems of diglycidyl ether basis, the glass-transition temperature (Tg) is
considerably lower than for systems with bisphenol A-diglycidyl ether. With
systems of aliphatic structure, this value is between 3° and 76°C, while for those
with aromatic structure between 71° and 115°C. A comparison within the group
of aliphatic systems shows higher T,, values to belong to shorter carbon chains,
and vice versa. These relations can be readily seen from Fig. 4, which shows
the thermomechanical curves plotted for various diglycidyl ethers of aliphatic
and aromatic structure after cross-linking under identical conditions. The
T,, values and the amplitudes of rubber elasticity show that the use of aliphatic
diglycidyl ethers results in structures of higher elasticity than obtainable with
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the aromatic compounds, and this difference is the more marked, the longer
is the aliphatic chain.

The cross-linked products were examined also by derivatography. Test
carried out in air stream showed thermal destruction and oxidation to proceed
simultaneously, and this stimulates well thermal conditions met within prac-
tical applications. The general character of the derivatograms obtained is
almost identical for all samples, and can he characterized by the fact that

TemperatureCC)

Fig. 5. Derivatograms of various cross-linked diglycidly ethers
(Cross-linking: HMDA, 30 °C)
1 —DG;2- EDG; 3 —1IDG; 4 — DDG

under these conditions decomposition begins, in general, above 200°C, and is
completed for the most part within the range of 250—350°C.

A detailed analysis ofthe derivatograms shows that products of aliphatic
and aromatic structure present differences also in respect of thermal stability.
Fig. 5 shows the derivatograms of the investigated diglycidyl ethers, cross-
linked under identical conditions, as a function of temperature. It can he seen
that the decomposition temperature and the temperature of the maximum
decomposition rate are higher for bisphenol A-diglycidyl ether than for the
aliphatic compounds, as contrary to the weight loss on decomposition, which
is lower. The curves on the diagram were obtained for samples cross-linked
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with hexamethylenediamine at 30°C, and tested after standing for 14 days.
In this case — as it may be seen from the figure — the decomposition temper-
ature ofthe aliphatic productsis 249°C, and that of the aromatic products 260°C.
The temperature corresponding to the maximum decomposition rate ranges
with aliphatics between 252 and 254°C, while this value for the aromatic product
is 285°C. Weight losses were as follows: 85% for ethyleneglycol diglycidyl ether,
81% for hexamethyleneglycol diglycidyl ether, 80% for diglycidyl ether, and
73% for bisphenol A-diglycidyl ether. It is of interest to mention that the
number of the peaks on the DTG curves indicates the decomposition of ali-
phatic diglycidyl ethers to proceed in two or three steps, and that of bisphenol
A-diglycidyl ether in a single step.

The evaluation of the DTA curves is very difficult, because analysis
in air stream results in a high heat of combustion which masks other heat
effects. It should be mentioned, however, that a rather small exothermic
effect is clearly visible on the diagram of the DTA curve of the aromatic
diglycidyl ether in the temperature range between 100 and 105°C, which is
absent on the DTA curves of the aliphatic compounds. This effect will be inter-
preted later on.

The conclusions drawn from the cases presented in Figs 4 and 5 are of
general validity, and also apply to samples cross-linked under other conditions.
Numerical data characteristic of our thermal analyses are summarized in
Table IV. These results unequivocally that the heat resistance of aliphatic
diglycidyl ethers, both in the chemical and mechanical sense, is lower than
that of products with aromatic structure.

Table IV
Temperature

Structure of ) Decomposition of max. Weight

diglycidyl 1% temperature, decomposition loss,

ether ° rate, %

°C

Aromatic 71— 115 250—270 267- 300 66—73
Aliphatic 3—76 225—250 250—275 78-89

The thermal tests were evaluated also from the point of view of the amines.
Derivatography showed practically no differences, while the evaluation of
the thermomechanical tests is complicated. This is due to the fact that many
factors are playing a part in the development of the ultimate properties of
cross-linked systems. The two principal factors in this complex effect are: the
degree of cross-linking and the molecular structure of the segments. Naturally,
this latter depends on both components, ether and amine. Products from di-
glycidyl ether cross-linked with different amines permit to conclude' that
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the elasticity of the structurated system has a decreasing trend with a decrease
in amine chain length, and with an increase in secondary amine group content.
However, in the case of bisphenol A-diglycidyl ether, the Tgvalues of the prod-
ucts formed with ethylenediamine, diethylenetriamine and triethylenetetra-
inine fall within a very narrow range (110 —114°C), and only the product of

10min  315min  i8 hours  Udays 30days

Fig. 6. Changes in the IR absorption of the epoxy groups as a function of aftertreatment

Fig. 7. Thermomechanical curves of cross-linked DDG
(Cross-linking:DETA, 30 °C, with aftertreatment)

1, 3,4 —allowed to stand for 48, 336 and 720 hours, respectively, at room temperature
2, 5 — treated at 100 °C after standing for 48 and 720 hours, respectively

liexainethylenediamine, having a long aliphatic chain, differs from the others
in respect of elasticity. This may be explained by the fact that the segments
between the nodes of the three-dimensional network produced by ethylene-
diamine, diethylenetriamine or triethylenetetramine have identical dimensions,
and also the differences in flexibility are slight. In case of the relatively simple
molecule of diglycidyl ether even these slight differences may come into
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display. When bisphenol A-diglycidyl ether, a relatively complicated molecule,
is used, the effect of the ether component is predominant in determining the
thermomechanical properties, and it masks the mentioned relatively small
differences, so that only hexamethylenediamine, having a much longer aliphatic
chain, can exert an effect promoting elasticity.

An analysis of the thermomechanical curves allows further conclusions,
too. In most cases, cross-linking below 50—60°C does not produce final struc-
tures. The thermomechanical curves indicate that subsequent cross-linking
takes place between 60 and 100°C. For samples with aliphatic basis, this tem -
perature range is higher than the Tg value, and is manifested by a gradual
decrease ofthe degree ofrubber-elastic deformation with increasing temperature.
For samples with bisphenol A-diglycidyl ether basis, this temperature interval
comes to lie below the Tgvalues, and is represented by a smaller peak (“pre-
deformation”) on the thermomechanical curves. It may be assumed that sub-
sequent cross-linking processes occur, at least partly, via the reaction of the
residual epoxy groups. Fig. 6 shows for example the change in epoxy group
content upon the action of aftertreatment, followed by IR spectroscopy.
It can be seen that the residual epoxy group content diminishes as a function
of the efficiency of after-treatment, but it vanishes completely only when sub-
jected to heat treatment.

Naturally,the reaction of the residual epoxy groups is accompanied by heat
release. However,this exothermic effect can be observed on the DTA curves
of Bisphenol A diglycidyl ethers only, where the relatively small heat content
released in the afterreaction is concentrated within a short time to a narrow
temperature range. This explains the DTA peak, mentioned earlier, occuring
at about 100 °C on the derivatogram of bisphenol A-diglycidyl ethers. Fig. 7
shows the thermomechanical curves for cross-linked bisphenol A-diglycidyl
ethers, one part of which has been subjected to aftertreatment, and the other
part has not. The temperature of the base point of the peak occurring on the
DTA curve is the same as the temperature at which the small peak of the ther-
momechanical curve — i.e. the elastic deformation — begins to diminish as
a consequence of after-cross-linkage. Fig. 7 shows that “pre-deformation” is
absent on the curves of those samples which have been subjected to thermal
aftertreatment. In the same way, also the small exothermic peak mentioned
is absent on the DTA curves of heat-treated samples.

SUMMARY

The cross-linking process of various aliphatic diglycidyl ethers and of bisphenol A
diglycidyl ether has been investigated. It has been found that the initially self-accelerating
process slows down after the conversion of 60—70% of the epoxy groups. With aliphatic
diglycidyl ethers the reactivity diminishes with increasing chain length. Maximum reaction
rate occurs at a conversion of 25—50% of the epoxy groups, and this coincides with the be-
ginning of gel formation. The reactivity of bisphenol A-diglycidyl ether is very high in the
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initial stage of the process, however, the conversion is lower than for aliphatic diepoxides.
Presumably, this may be ascribed to steric hindrance of the aromatic ring. The overall acti-
vation energy of cross-linking was found to be 12— 17 kcal/mole. Cross-linked products from
bisphenol A-diglycidyl ether are less elastic but more resistant to heat than products with
aliphatic basis. It has been shown that complete development of the network structure re-
quires subsequent heat treatment, and this cross-linking occurs by the reaction of the residual

epoxy groups.
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A frequently occurring type of organic chemical reactions is the abstrac-
tion of the bounded hydrogen atom from a molecule. As a rule, hydrogen ab-
straction reaction presents itselfin practice as elementary step of a complicated
chemical reaction. The knowledge of the rate constant of this elementary
reaction is significant for the explanation of the relationship between reactivity
and molecular structure, as well as for the examination of complicated chemical
processes.

Since 1962, the Department for Free-radical Kinetics of the Central Re-
search Institute for Chemistry of the Hungarian Academy of Sciences has been
engaged in a research an essential part of which takes place within the scope
of a scientific co-operation agreement between the Academies of Sciences of
Hungary and the USSR, concerning “The Investigation of Elementary Free-
radical Reactions in the Liquid Phase”.As a result of this work, eight papers
have been published, or are in the press in Soviet scientific journals; six lectures
have been delivered at international scientific conferences. For investigation
of elementary free-radical reactions, we have employed the liquid phase model
reaction: RH -j- CHs —»CHA4.

Where the possibility of methane formation has been investigated
depending on the sterical and polar factors, further on the C—H bond orders
of the molecule. For an investigation of the effect of the structural parameters
of the molecule, different types of organic compounds have been reacted with
methyl radical. The types used were as follows:

a) Aliphatic and alicyclichydrocarbons,

b) Aliphatic monocarboxylic acids,

¢) Aliphatic amines,

d) Aliphatic alcohols,

e) Amino acids and peptides.

In Chapter I, Il and 11l we report the experimental results of hydrogen
abstraction reactions with methyl radicals from hydrocarbons and mono-

* Candidate of Chemical Sciences, the dissertation was made at the Lomonosov Stale
University of Moscow under the leadership of Prof. N. M. Emanuel.
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carboxylic acids, and about our investigations concerning the structure and
reactivity of alcohol-water mixture. In the reactions with compounds of this
type, mainly diacetyl peroxide was employed as the source of methyl radicals.
Diacetyl peroxide, when dissolved in an organic solvent or solvent mixture
at low concentrations (>5 <10 -2 mole/1), dissociated during the experiment
into free methyl radicals between 60 and 90°C, according to the following
reaction, at a conveniently measurable rate:

[CH3COOj2 — 2 [CH3COO] -+ 2 CHs -f 2 CO2

The kinetics and mechanism of the decomposition was examined by Szwarc
et al. [1]. It has been found that this homolytic decomposition takes place
at low peroxide concentrations according to first order kinetics when different
hydrocarbons or acetic acid are used as solvents, the decomposition rate con-
stant is practically the same [1, 2, 3]. The acetyl radicals formed in the first
step of the decomposition dissociate so quickly (the dissociation rate constant
of the acetyl radical is 10 sec-1 at 60 °C, its activation energy 5 kcal/mole)
that their stationary concentration in the system is insignificant as compared
with the stationary concentration of the methyl radicals [4].

In addition to methane, the formation of a small quantity of ethane can
also be observed in the system, depending on the composition of the reaction
mixture; that is, parallel with the process of hydrogen abstraction, the re-
combination of the methyl radicals takes place as well. The addition of 1—2
mole-% of a free-radical scavenger to the reaction mixture does not influence
the quantity of ethane formed. This fact, further the dependence of the ratio
of the formed ethane/methane on the nature of the solvent used show that
the recombination of methyl radicals takes place only in the immediate
environment of the dissociating diacetyl peroxide molecule, that is, recombi-
nation is the result of the so-called “cage-effect”, which is one of the charac-
teristic features of the condensed phase. Therefore, a particular phase effect
has also to be taken into consideration in the elementary process of hydrogen
abstraction in the liquid phase, in addition to the structural factors of the
reacting molecule.
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The rate of a free-radical reaction involving hydrogen atom transfer is
a function of the chemical structure of both the stable RH molecule and the
attacking R - radical. Thorough and systematic experimental results can be
found in the literature primarily concerning the influence of the molecular
structure, mainly in the works of Steacie [1] and Trotman-Dickenson [2],
but these investigations deal with the gaseous phase.

In our present work the abstraction of hydrogen from hydrocarbon
molecules with free methyl radicals in liquid phase and the kinetics of this
elementary reaction molecules have been investigated. Since the direct measure-
ment of the reaction rate is especially difficult in case of liquid phase rapid
radical reactions, the so-called isotope-kinetical method [3, 4] was chosen,
which is relatively simple and affords adequate data for the elucidation of the
relationship between molecular structure and reactivity.

The isotope-kinetical method essentially consists in running a so-called
“standard” reaction; the hydrogen of the reacting “standard” molecule is
partially labelled with tritium in a given position. Thus, from the methodical
point of view such conditions are given, that the free methyl radicals generated
in the system may react simultaneously in two or three directions to the same
product, but one pathway leads to methane labelled with tritium. In the case
of low conversions (-<1 mole%) the following basic reactions have to be taken
into consideration in the system:

RH + CHsz —~ CH, (1)
R'H + CHs (2)
kT
R T+ Clls — CH3r 3)
* Candidate of Chemical Sciences, the dissertation was made at the Lomonosov State
University of Moscow under the leadership of Prof. N. M. Emanuel %
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where RH is the investigated hydrocarbon, and R'H and R'T are the labelled
and non-labelled forms of the “standard” compound.

The subordinated role of possible side-reactions has been checked ex-
perimentally [5].

When the radioactivity of the formed methane and the initial concen-
tration ratio [R'H]/[RH] are known, the relation of the rate constants k*lkj?t
can he calculated. The relations ka/kaX obtained for the different examined
hydrocarbons have been used to characterize the reactivity of the different
hydrocarbons in a given reaction type. The index “o” refers to the so-called
“molecular” reactivity, thus fcu means the reactivity of all C—H bonds of the
given hydrocarbon molecule.

Since n-heptane labelled with tritium in position 4 and labelled cyclo-
hexane were employed as “standard” compounds in our measurements, their
molecular rate constants could easily be written as the sum of the partial rate
constants (fe/l) of the bond types C—H, according to the following equation:

KN=2n,K? (1)

where r = number of bond types,
n = number of identical bond types in the given molecule.

The term identical bond types means structurally equivalent bonds
whose reactivity is, with known approximation, identical.

According to Eq. (1), if we take one secondary C—H bond to be equal to
unity, cyclohexane and n-heptane contain 12 and 10.5 secondary C—H bonds,
respectively, of about identical reactivity [6]. Therefore, the molecular re-
activity of the investigated hydrocarbons was related to the reactivity of
one secondary C—H bond of the n-heptane or cyclohexane molecule.

Taking into consideration what has been said above, the method can be
employed in two variations:

1. The relative reactivities of the C—T bonds of different character can
be determined within one compound [7], when only Reactions (2) and (3) are
taking place in the system; this can be done if the specific radioactivity of the
formed methane (1cn4 and that of the labelled compound (1T) are known.
W hen labelled and unlabelled C—H bonds of the same bond order are reacting
in the system, the reciprocal of the ratio of the partial rate constants (kHkT)
corresponds to the kinetic isotope effect:

kH _ 1T
A~ n.JgHI
2. The molecular reactivity of a compound, related to the reactivity

of one secondary C—H bond, can be determined according to the following
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expression, taking into consideration the isotope effect:

s [R'H]
RH] 3)

where /cH4 is the specific radioactivity of the formed methane, when it is also
present in the system.*

In order to investigate the reactivity of C—H bonds of different types,
such aliphatic alicyclic hydrocarbon molecules were selected as models which
contained primary, secondary and tertiary C—H bonds, further isolated and

Fig. 1. Dependence of the ratio of rate constants on the composition of the reaction mixture
at 80 °C. 1. Me-Cyclopentene-1; 2. Cyclohexane; 3. Me-Cyclopentane; 4. Me-Cyelo-
hexane; 5. Isooctane: 6. Benzene

* As for the exact mathematical deduction of Equations (2) and (3) and concerning
the limits of their applicability, see the paper by O. Dobis, I. Nemes, and G. Szentgyérgyi,
to be published later.
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Fig. 2. Dependence of the ratio of the rate constants on the composition of reaction mixture
(a) Decalin and cyclohexane; (b) Decalin and n-heptane at 80 °C

conjugated C=C bonds. The results obtained by varying the composition of
the reaction mixture show that the ratio of the rate constants calculated
from Eq. (3) depends linearly on the ntolc per cent composition of the mixture
of hydrocarbons. This dependence on the concentration will be discussed later
in detail. Fig. 1 shows the rate constants of hydrogen abstraction from the
different hydrocarbons related to the reactivity of one secondary C—H bond
of n-heptane, as a function of the mole per cent of the components. Fig. 2
shows the dependence of the reactivity of cis- and (rans-decalin on the com-
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position of the reaction mixture, in relation to one secondary C—H bond of
cyclohexane and n-heptane, respectively. It is seen that altering the compo-
nents of the system results in a change of the slope of the linear dependence.

In the experiment carried out with benzene, the accuracy of the measure-
ments was not satisfactory in case of low benzene concentrations, owing to the
low reactivity of the hydrogens of the benzene ring in the system of n-heptane
and labelled benzene. Therefore, at low benzene concentrations, the measure-
ments were also carried out in a system of benzene and labelled n-heptane;
the results obtained in the latter system allow a more precise calculation
of the relative reactivity of benzene, by means of the transformation of Eq. (3);

K» _ 105 Jchi [C7H 18]
feH " J8H.-ICH, [C6H 6]

(3a)

where Icha is the specific radioactivity of the methane formed in the pure
labelled benzene system.

As shown in Fig. 1, the reactivities of benzene calculated from the kinetic
data of two systems labelled in different ways are in good agreement. This
result supports the correctness of the basic hypothesis of the applied kinetic
method, namely, that k [7kg is independent of nature of the medium, that is,
Reactions (1) and (3) are the true parallel reactions.

Since alinear relation was found between the reactivity and the mole-%
composition of the reaction mixture, the reactivity values extrapolated to zero
concentration were taken as the basis of comparison of the reactivities of the
hydrocarbon molecules. The values extrapolated to zero and 100 mole-%
concentrations of the investigated hydrocarbons are summarized in Table I.

The values extrapolated to zero mole-% were divided into the
partial rate constants according to Eq. (1). The partial reactivities obtained
in this way are given in Table II.

The data in Table Il show a certain conformity to the results of Brook
[9], and Brooks et al. [10]. These authors investigated the reactivity of hydro-
carbons in the process of hydrogen abstraction with free t-butoxy radicals
in liquid phase. At the same time, certain deviations can also be found which
may probably be attributed to the kinetical difference between the methyl
and i-butoxy radicals, and to a difference in the experimental temperatures.

At the same time, the conclusions drawn from the data of the Table may
be supported by the results of Szwarc et al. [11, 12, 13] as well.

Table Il affords information about the effect of the molecular structure
on the reactivity of the C—H bond types. Particularly high effect is exerted
on the reactivity of a given C—H bond by a neighboring C= C bond or a ben-
zene ring. Thus, it is seen from a comparison of the reactivities of the primary
C—H bonds of a-heptane and toluene that the reactivity of the aC—H bond
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Values of reactivity, extrapolated to 0 and 100 mo/e-% of n-heptane at 80 °C

Hydrocarbon

Cyclohexane

Me-Cyclohexane

Me-Cyclopentane

irons-Decalin

cis-Decalin

Cyclohexene

Me-Cyclopentene-I|

Isooctane

Benzene

Cyclohexadiene-1,3

Cyclopentane

Table |

[C-Hie] = 100 mole-% [RH] =

10.7 £ 0.3
187+ 1
254 + 2
275+ 1
505+ 15
144.0 + 6
168.0 + 5

16+ 0.1

0.4 + 0.05
380.0 + 20.0
142 + 0.2

Table 11

100 mole-%

11.2
16.6
23.0
21.0
30.0
124.0
107.0
4.2
0.61

Partial rate constants of hydrogen abstraction at 80 °C

Type of C—H bond

Primary bond character

Secondary bond character

Secondary reduced aC—H

bond character

Tertiary bond character

Aromatic C—I1 bond

Acta Chim. Acad. Sei. Hung. 54, 1967

Hydrocarbon

n-Heptane

Toluene

n-Heptane
Cyclohexane

Cyclopentane

Cyclohexene
Me-Cyclopentene-1
Cyclohexadiene-1,3

Me-Cyclohexane
Me-Cyclopentane
trans-Decalin

cis-Decalin

Benzene
Toluene (para C—H bond)

kH/kH

0.1
3.7

1.0
0.89
1.42

35.1
38.5
95.0

8.6
13.7

6.65
17.9

0.067
0.068
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is increased 37 times on substitution of the aliphatic group with benzene ring.
The reactivity ratio of the secondary C—H bonds in cyclohexane and cyclo-
hexene, further in cyclopentane and methyl cyclopentene-1 show that the
reactivity of the oocC—H bond is increased 27—39 times by the presence of
a C= C bond in the aliphatic ring. On the other hand, the presence of a con-
jugated C=C bond in the ring causes a 1o0o0-fold increase in the reactivity
of the aC—H bond.

Similar results are obtained concerning the partial reactivities from
the experimental data of Szwarc et al., who calculated the reactivity of un-
saturated hydrocarbons as compared with the reactivity of the isooctane
molecule, from the decrease of methane product, caused by methyl radical
addition reactions [11]. W ith the aid ofthe data measured by us in the system
n-heptane-isooctane, the results of Szwarc et al. can be expressed as compared
to the reactivity of one secondary C—H bond of n-heptane. According to
these calculated data, the ratio of the reactivities of the primary C—H bonds
of toluene and n-heptane is 39, whereas the reactivity-increasing effect of
the C=C bond for the secondary aC—H bonds in propylene and butylene is
16 —34-fold at 65°C [12,13]. It is remarkable that the reactivity of the aC—H
bonds is increased at 65°C 84 times by the C=C bonds of the pentadiene-1,4
molecule separated by cr-bonds [13], similarly to the case of the conjugated
butadiene type C= Chonds ofthe cyclohexadiene-1,3 molecule, measured by us.

According to the partial rate constants, the character of the C—H bonds
has a strong influence on the reactivity. Taking the average value of the partial
reactivities of tertiary C—H bonds, the following approximate ratio is ob-
tained at 80°C for the reactivity ofC —H bonds according to the character of
the saturated C—C bonds:

kY :/cf] :fefdi — 0.1 :1:12 (4)
From a recalculation of similar gas-phase data [1, 2] to 80° this ratio is:
ky :/c[j :kyu = 0.1:1 :10

Besides the molecular structure, a well-perceivable influence is exerted
on the reactivity of the molecule by its conformation and by the strain of
the aliphatic ring. In the case of the compounds investigated by us this effect
is not strong and can be retraced basically to the cis and trans positions of the
neighboring C—H bonds. From a comparison of the reactivities of cyclo-
hexane and cyclopentane it can be seen that the reactivity of a C—H bond
in cis position is 1.6 times greater in the cyclopentane molecule, than the
C—H bond of the same character in trans position in the cyclohexane mole-
cule. About the same increase of reactivity, 1.86 and 1.43-fold, is found when
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the reactivities of the tertiary C—H bonds of cis-decalin, or methyl cyclo-
pentane are compared with the reactivity of the C—H bond of the same
character in methylcyclohexane.

The difference in the reactivities of cis and trans hydrogen atoms is
the kinetical manifestation of the torsional strain of the C—H bonds. For
example, the torsional strain in the cyclopentane molecule is so strong, that
one of the carbon atoms lies beyond the plane of the ring [14]. If one of the
hydrogen atoms is eliminated, the original tetragonal configuration of the car-
bon atom becomes trigonal. This configurational transition permits energeti-
cally and sterically the change of the bond angles of the carbon skeleton
in a direction leading to a decrease of the torsional repulsion between the hy-
drogen atoms. The release of energy connected with the change of the bond
angles of the carbon skeleton is not great, however, the effect exerted upon
the torsional strain of the hydrogen atoms is significant. Therefore, the de-
composition of the transition complex formed during the reaction is shifted
by the torsional strain of cyclopentane in the direction of the formation of
methane. This appears kinetically as an increase of the reactivity of the cyclo-
pentane molecule in the given reaction.

The reactivity of cis-decalin compared to the trans compound is greater
than expected. If the difference of energy between the two configurational
isomers is the consequence of a torsional strain of the tertiary C—H bonds
in the cis compound, then the enthalpy difference should be ~ 1 kcal/mole.
However, the real enthalpy difference is as high as 2.72 kcal/mole [15]. There-
fore, probably another energetical effect exists, as consequence of which the
tertiary C—H bond of cis-decalin is more reactive than could be expected on
the basis of a simple sterical model. Let us suppose that the partial reactivities
of the tertiary C—H bonds of cis- and fraras-decalin, related to each other, can
be calculated on the basis of the Polanyi rule, using the value of the above
enthalpy difference. Since after splitting off the hydrogen of the tertiary
C—H bond the final states are identical in both isomers, the difference in the
reaction heat equals the initial enthalpy difference:

AE = a *AQ = 0.25 «2.72 = 0.68 kcal/mole

Supposing the same action constant for the reaction of both isomers:
kH.
—>5U- = exp (680/353R) = 2.62
Wans

This ratio, calculated from the corresponding data of Table Il is 17.9/6.65 =
= 2.69. Consequently, the experimental data are in good agreement with
the reactivities calculated theoretically with certain assumptions.
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In the case of cyclohexane the influence of the conformation is weak,
consequently, the reactivity of the C—H bonds is approximately identical
with that of the secondary C—H bonds in re-heptane. In the liquid phase
practically only the energetically more stable chair conformation is present
under the temperature conditions employed.

According to literature data, the difference in the heat of formation
between the chair and boat conformations of the cyclohexane molecule is
5.5—5.9 kcal/mole [16, 17], and the entropy change is practically due to the
change in the symmetry numbers of the two conformers, i.e. /IS = 2.16 e.u.
Thus, the change of free-energy is 5 kcal/mole at 80°, corresponding to the
concentration ratio [chair]/[boat] # 103. As the activation barrier of the
transition is about 10 kcal/mole [18], the above equilibrium distribution
of the conformers is rapidly attained at 80°.

The kinetical data in Table | show at the same time that the solvent has
significant influence on the reactivity of the different hydrocarbons. The sol-
vent used frequently affects chemical reactions of various types which can be
well explained by polar and ionic interactions, or by the formation of com-
plexes [19].

Complex formation with s-bonds or unshared electron pairs of the mol-
ecules may considerably influence free-radical and atomic reactions. Russel
[20—23], for example, observed a 10-fold change in reactivity in the reaction
of chlorine atoms when aromatic or other inert molecules were present in the
system. A similar, but much smaller effect was found by Russel also in the
case of the reaction of i-butyl radicals [24]. According to Szwarc [25], free-
radicals form an unstable complex with the molecules of the solvent, this may
affect the kinetics of the free-radical reaction.

Thus, in the above types of reactions the interaction of the reacting
free-radical with the solvent has a certain effect upon the reaction kinetics.
It may be- assumed that in a similar way the solvent can exert an influence
on the reaction kinetics from the side of the molecular component as well,
especially when the reacting molecule contains functional groups prone to
dipole or other intermolecular interactions. However, it is difficult to give
an explanation for the influence of the solvent in the case of practically apolar,
saturated hydrocarbons, such as cis- and irreres-decalin, or isooctane.

In certain cases, the extrapolated values of the straight lines in Figs 1
and 2, and the slopes of the curves can be well explained with changes in
population of the conformers, or by the close packing of the liquid molecules
depending on the mixture composition. For example, in the case of isooctane,
the reactivity extrapolated to zero concentration is 1.6, which is practically
equal to the reactivities of the 15 primary C—H bonds present in the molecule.
Thus it seems that the highly reactive tertiary and secondary C—H bonds
of isooctane fail to react with the methyl radicals. Therefore, it can be assumed
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that at low isooctane concentrations the molecule has such conformation
in which the C—H bonds of great reactivity are shielded by the steric effect
of the methyl groups. However, with the increase of isooctane concentration
the conditions of close packing of the molecules are changed in the mixture
in a way that the conformation corresponding to less shield reactive C—H
bonds may exist as well.

It can be calculated from reported data [26] that the reactivity ratio
between the tertiary C—H bond and one secondary C—H bond in isooctane
is kfi/kW = 0.6 measured at 80°C in pure isooctane.

If it is assumed that in the pure isooctane system the molecule exists
in such a conformation where only the tertiary C—H bond is hindered, the
molecular reactivity (1.5+ 2+ 0.6 = 4.1) calculated on this basis and from
Eq. (4) is in good agreement with the value extrapolated for 100 mole-% iso-
octane (see Table 1).

The influence of the mixture composition on the reactivity in the case
of cis- and irares-decalin can be explained similarly: these molecules have sev-
eral different conformers. cis-Decalin may exist in more energetically and
kinetically different conformations than tiares-decalin. This is the probable
explanation of the experimental fact that the reactivity of the cis-isomer
depends on the composition much more markedly than that of the trans com-
pound.

The close packing of the molecules of a mixture depends to a large ex-
tent on the geometrical congruence of the molecules present. The greater the
resemblance of the two substances forming the mixture the less sensitive the
system to the substitution of one substance by the other and, presumably,
the smaller the dependence of the molecular reactivity on the composition.
This relation can be seen in Fig. 2, where, owing to the nearly identical ring
symmetry of decalin and cyclohexane, the slope of the straight line is smaller,
than in the case of the system n-heptane-decalin. The reactivities of the decalin
isomers measured in two different systems may furnish further indirect evi-
dence for the conformational coherence of the molecules in the mixture. In
Table I, the reactivity of cyclohexane is shown related to a secondary C—H
bond of re-heptane, measured in the system re-heptane-cyclohexane. Using
this result, the reactivities measured in cyclohexane-decalin were recalculated
for system n-heptane-decalin. The data obtained indirectly by calculation
and in direct experiment are shown in Fig. 2b (dotted line). As it is seen the
reactivity values extrapolated to 100 mole-% decalin concentration prac-
tically coincide for both decalin configurations. Significant differences between
the calculated and directly measured values are observed at low decalin con-
centrations only, especially in the case of the cis isomer. Fig. 2b may carry
the meaning that the equilibrium of the energetically different conformational
isomers of cis- and trares-decalin is different in cyclohexane and in re-heptane.
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By increasing the molar ratio of clecalin, this equilibrium is shifted toward
a given limit, irrespective of the other component of the mixture.

The dependence of the reactivities on the composition in the cases of
metliylcyclopentane, methylcyclohexane, methylcyclopentene and cyclo-
hexene may be interpreted similarly. As there is no great difference in energy
between the conformational isomers in these compounds, the dependence of
the reactivities on the composition is small. The influence of the composition
on the reactivity of unsaturated hydrocarbons can partly be explained by
the appearance of a steric resonance effect as well.

The dependence of the reactivity of benzene on the composition is con-
nected with the addition reaction of methyl radicals in the benzene ring. The
methane yield of this reaction is directly proportional to the benzene concen-
tration and this results in an apparently increased reactivity in the process
of hydrogen removal.

However, it has to be noted that the dependence of the equilibrium
of the conformers on the composition, owing to the lack of direct experimental
data, can only he considered an assumption by which the results concerning
the change of reactivities can be interpreted.

The relative reactivity constants of the hydrocarbons were also measured
at 60, 70 and 90°C, at a given composition of the reaction system. The logarithm
of the rate constants showed good agreement for all hydrocarbons when re-
presented according to the Arrhenius equation for all hydrocarbons. The
Arrhenius parameters of the relative rate constants, as well as the mole-%
compositions of the different mixtures of hydrocarbon pairs are summarized
in Table 111I.

The former experiments made at 80°C have shown that in those cases
when the ratio of the rate constants depend but slightly on the mixture com-
position, the results are practically independent ofthe fact whether the reaction
of cyclohexane or re-heptane has been selected as the “standard” reaction.
Namely, the ratio of rate constants obtained in the systems n-heptane (k£|)—

cyclohexane (fc®) and cyclohexane (fc®) — re-heptane (k™) is theoretically:
10,5kHI ~

where 12 and 10.5 are the proportional “re” factors calculated for the mole-
cules of cyclohexane, and re-heptane, respectively, according to Eq. (1).

In the calculation of this relation from the experimental data, employing
only the corresponding pre-exponential factors of Table 11l owing to the
equality of the exponential factors, a good agreement has been obtained
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Table 111

Temperature dependence of the ratio of rate constants

» ” - Mixture
Hydrocarbon hySdtraonci?tr)don :1; cgﬁrtrgl)e_ ‘Eg’ﬂa’%ﬂﬁg} )

n-Heptane . Cyclohexane 2.3 +— 0.4 1130+ 130 45,61
cis-Decalin ... Cyclohexane 0.44 + 0.05 3190 + 80 31.68
irnns-Decalin ... Cyclohexane 0.038 + 0.007 4540+ 110 40.00
Cyclohexane n-Heptane 56.5 + 4.8 -1130+ 130 54.39
Cyclopentane fi-Heptane 754 — 2730+ 240 —

eiS-D ecalin n-Heptane 18 + o0.08 2260 + 280 28.08
Irans-Decalin ... n-Heptane 0.17 + 0.07 3480+ 250 27.84
Me-Oyclohexane ....... n-Heptane 35.7 -f- 8.1 - 480+ 50 50.31
Me-Cyclopentane ... n-lleptane 6.1 + 1.8 950 + 70 40.35
1SO0CEANE  wovvveereesesesseeesneenesriens n-Heptane 0.31 4 0.15 1500 + 1000 43.44
Cyclohexene .. n-Heptane 9.0 + 1.5 1930+ 120 40.42
Me-Cyclopcntene-1 n-Heptane 12.4 + 2.6 1780+ 140 25.00
Cyelohexadiene-1,3 n-Heptane 1620.0 + 125.0 — 1950+ 120 23.91

within the limits of experimental error:

2.3 56
12 10.5

= 1.02

The temperature dependence of rate constants measured in the system
cyclohexane-n-heptane can also be calculated from the data measured in the
systems irans-decalin-cyclohexane and irares-decalin-re-heptane. The result

of this calculation

fH
= 2.68 exp (1040)/RT

is in approximate agreement with the temperature dependence derived from
the direct experimental values.

If the temperature dependence of the ratio kalk2 is calculated from the
two systems containing cis-decalin, a less good agreement is obtained:

kH
-Hl—= 1.7exp(1300)/RT
Ko

This is probably caused by the significant concentration dependence of the
[ffer/fc™t values (see Fig. 2).

As it is evident from the data of Table III, such regularities which could
be explained by the structures of the reacting molecules can be found neither
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in the change of the activation energy differences, nor in that of the ratio
of pre-exponents. The change of these factors is essentially greater than the
change of the rate constants which latter could be well interpreted by the
structure and fine structure of the molecule. At the same time, there is a linear
relation, shown in Fig. 3, between the activation energy and entropy differences,
where the saturated and unsaturated hydrocarbons lie along two lines with
different slopes. This characteristic function of the Arrhenius parameters, the
so-called effect of compensation, can frequently be found in chemical and
physical processes of similar types, taking place in condensed systems [27—32].
In the present case the activation energy differences are in a range of about
6.500 cal/mole. In the system employed by us, the maximum error of this
range is 1.600 cal/mole; consequently, in the given case the relation shown
in Fig. 3 cannot be due to experimental errors [33].

According to the thermodynamic function of the free-energy of the sys-
tem, the slope of Fig. 3 is a temperature, which is known in the literature as
the “isokinetic temperature”.

Our results, however, did not reveal any relation between the “isokine-
tic temperature” of the system and the isokinetic rate of the process [34].

Roginski and Khait [32] made a theroretical investigation of the origin
of the compensation effect and they found that the probability of the process
of activation in condensed phase does not depend on the average temperature
of the system, but on the local temperature of the elementary cells belonging
to the reacting particles. This local temperature, in turn depends on the acti-
vation energy, and thus the double dependence leads to the mentioned compen-
sation effect. However, the equations obtained theoretically by Roginski and
Khait are not suitable for the analytical calculation of the slope of the function
shown in Fig. 3.

Furthermore it is well known that in processes which take place in micro-
structurally co-ordinated systems, the compensation effect generally occurs.
For example, the viscosity of liquids described by the equation

= B exp (ENRT)

gives a straight line for of identical type when represented as the function
in B =f(E). This is caused by the circumstance that the pre-exponent as
well as the energy is proportional to the same quantity on the first and second
power, respectively, i.e. B = f{v) and Er] = F(y2, where v is the frequency
of the molecules of the liquid in the quasi-crystalline system.

Let us suppose on the basis of the work of Waring and Becher [28]
that the process of activation takes place in such a liquid the lattice sites
execute simplified harmonic oscillatory vibrations about their equilibrium
positions. The energy per mole of the vibrational system is equal to the ac-
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tivation energy of the process of fluidity (E

£f= 20Mr2Q= v (5)

amplitude of vibration, and M = molecular

where v is the frequency, q=
weight. Vibrations exceeding a certain critical gc amplitude lead to collisions;

Fig. 3. Dependence of the activation energy differences on the logarithm of the pre-exponents

the number of collisions will be:

Zeh="-nv. exp (—£E£0(RT))

where a and b denote the concentrations of the reacting particles, and c that of
the solvent; n is the number of particles forming an elementary cell.
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Using the above principles, for the rate of methane formation according
to reaction equations 1 and 2 we get:

Wx= [KHH CH3l ,~ exp(_ e %RT))exp (- Ea{RT)) (6)
KH

W2= nwtexp (- E% (RT))exp (- Est(RT)) (7)

where Eais the activation energy of Reaction 1, and Est that of Reaction 2.
From Eqs (s) and (7) the ratio of the rate constants of the two reactions is
as follows:

[RH] v, TEl- E% ) I NE) g
*} [R'H] wt F I RT ) F(RT ©

where JIE = Ust — Ea.
Employing Eq. (5) for substituting the Ed values in the exponent of
Eq. (s8), the following relation is obtained:

LH , RH v ) )
B T ot ©
*51t R'H vst M st |\H:J RT

where AEe= AE f-Ed®

According to Eq. (9) the pre-exponential factor is a function of valvst
whereas the energy factor is a function of the square of the same quantity
This relation of functions gives always a straight line when represented as
shown in Fig. 3. At the same time, the ratio of the rate constants of the two
parallel reactions depends on the composition of the mixture. This concen-
tration dependence is of general validity; in every case when two different sub-
stances react with the same reactant in a system, and the process of activation
is a function of the energy of vibration holding together the molecules in the
condensed phase, the ratio of the rate constants of the two parallel reactions
is a function of the composition.

From Eqs (s) and (5) a linear relation may he derived between the pre-
exponent and the energy exponent, which is suitable for calculation. First
the following simplifications are introduced:

[RH] ~ [R'H]
Lo~
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and Az oxgr(l o+ %)
where x <61, and In(l x)
N
Then: (1 -j-x) exp (dJE(RT) exp 2vit (1 +%)2 (10)

RT

W hen the substitution AES — AE — 2vit xT]Y¥Y is made, the following func-
tion is obtained:

RTI n = RTIn H - 1-(AEz-AE) (11)
A* iS, 2rtl | ' v

Employing the data v= 1.1 «1022 sec-1 and q= 0.5 A of Waring and
Becher [28] obtained for n-heptane, the slope of Eq. (11) gives --——--- —F =

= 0.54 m10-3 mole/cal at the average temperature of the experiments (75°C),
whereas the value calculated from the slope of the straight line ofthe saturated
hydrocarbons shown in Fig. 3 is 0.57 « 10 _3. It is seen that Eq. (11) deduced
for ideal conditions and with rough approximations gives an unexpectedly
good agreement with the experimental results.

According to Eq. (11), a linear correlation between the activation energy
and enthalpy can only be obtained if AE = const. The effective activation
energies, on the other hand, may be calculated from the kinetic data of these
reactions measured in the gaseous phase, when for the absolute values of the
activation energies 8.0—8.3 kcal/mole is obtained in case of saturated hydro-
carbons [35]. Consequently, the activation energy and entropy functions
of the examined reactions must be represented by straight lines in the case
of saturated hydrocarbons, and the apparent activation energy differences
observed by us are to be interpreted in terms of phase structural instead of
molecular structural reasons.

SUMMARY

By employing the isotope-kinetical method, the relative reactivities of hydrocarbons
have been measured in an elementary free-radical reaction of the type RH -f- CH j-—-> CHj
in the liquid phase. The rate constant of each process was related to the rate constant of the
same reaction of a tritium-labelled “standard” compound, and the ratio of the two rate
constants was employed to characterize the reactivity. The two processes took place parallel
in the same system.

Aliphatic and alicyclic hydrocarbon molecules were chosen for models containing
primary, secondary and tertiary carbon atoms, furthermore isolated and conjugated C=C
bonds. On the basis of the obtained kinetic results connexions have been found between the
reactivity of the breaking C—H bond and the molecular structure.

It is shown that the ratio of the rate constants calculated from the rate equations of
the parallel reactions depends linearly on the composition of the system. This special con-
centration dependence can be well interpreted partly with the close packing of the molecules
of the liquid mixture, partly with its quasi-crystalline structure.
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The activation energy and entropy differences calculated from the temperature de-

pendence of the relative rate constants show a definite compensation effect. This effect can be
accounted for by the quasi-crystalline structure of the liquid mixture, if the process of
activation is attributed to an elementary cell as to a vibrational system.

=

SR NARN
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100-neTue nNepuojmMueckoil cuctembl MeHgeneesa

B. K. I'puroposuy: Mepuopnyecknii 3akoH MeHfaeneesa n 3N1eKTPOHHOE CTPOEHMe
meTannos., M3g. «Hayka», Mocksa, 1966.

Kak knaccuyeckume npousBefleHNs MY3blKU N NTNTepaTypbl B pyKax COBPEMEHHOIO MHTep-
nperatopa OTKPbIBalOT CBOW HOBble CTOPOHbLI, MOTOMY 4YTO COfepXaHWe WX Heucuyepnaemo,
Tak W AYyX BeNWKWX Hay4YHblX TBOPEHWW W caMblX KNacCUMKOB fBNATCA HencyepnaembiMU.
Mepnogunueckas cuctema MeHpaeneesa ABNAETCA 6ECCNOPHO TakKMM KAaCCUYECKUM MNpou3Be-
feHnem B o6nactu xumuu. B. K. FpuropoBny B cBoell pab6oTe, M3AaHHOM MOBCKOBCKWM
n3fatenbcTBOM «Hayka» B 4yecTb 100-neTHero to6unes OTKPbITUA NEePUOAMYECKOW CUCTEMBI,
TpakTyeT NepuoAMYecKyl CUCTEMY C HaWBbICLW e B3bICKATENbHOCTbID COBPEMEHHOrOo WHTep-
npetatopa. TpyfHO nNepeyncnnTb BCE TO 6ONbWOE KONMWYeCcTBO paboT, BblWeAWNX B CBET B
HalweMm CTONeTWM, NpefMeTOM KOTOPbIX ABAAeTCA nepuofmyeckas cuctema. Ho Fpuroposuy
CyMen ckKa3aTb 4TO-TO HOBOEe, M 3TO fAB/NAETCA B OCHOBHOM CHeACTBMEM TOro, 4YTO aBToOp,
obpaTuBwuiica K MNOANMHHUKaAM MeHjeneeBa, MNOHAN CaMOGbITHble 3aMbiCAbl U CTpemne-
HWS BENUKOTO YYeHOro CO 3HaHMEM W Hay4YHON NOATOTOBKOW COBpeMeHHOro yma. [ns 3aToro,
pa3yMmeeTcs, He fOCTaTOYHa MaccMBHas NO3NLMA MCTOPUKA HayKuW, a HeobXoaMMa, KakK ynomsa-
HYyTO BO BCTYNAeHWW, aKTWBHAA WHTepnpeTauums BeNUKWUX 3aMbICNOB, ABUXYL afd HayKy
BNnepeg B COBPEMEHHOM JAyXe.

KakoBbl BaxHellwmne uyepTbl pa6oTbl [puroposuuya? B nepByw ouepedb, noxanyi,
cnefyetr ynomMsaHyTb TO, YTO aBTOp paccMmatpusBaeT MHOroo6pasuve 3/1eMEHTOB C TOYKU 3peHus
npeAcTaBNeHUid CoBpeMeHHONW KBaHTOBOW XWMWW Teopuu MeTannos. HeocnopumbiM fBAAeTCH
TOT (PakT, YTO X0TA 6ONbLWAA 4aCTb 3NEMEHTOB NpejcTaBnseT coboll meTannbl, 0fHaKO, KakK B
NpUHUMNAX HEOPTaHWYECKOH XMMuUN, Tak U npu paszéope NepmofMYecKO CUCTEMbl 0GbIYHO fOMU-
HUPYOT MeTannoufHble 31eMeHTbl. TpUropoBUY ¢ 60NbWON MOCNeA0BaTENbHOCTbIO MUCYEPMbI-
BaeT BO3MOXHOCTW, CKPbITble B MOCTPOEHWU 3NEKTPOHHON CTPYKTypbl aTOMOB. Tak NpuHUuuMnN
M3 NOANUHHBIX paboT MeHefeneeBa 0 CMeLW eHUN 3NeMEHTOB BHYTpK cTonbua, packpbiBato wmniics
MeXfay aHanoramu, aBTOp pa3BuUN fanblie, a WMEHHO f[anbHelllne OTTEHKM B MnocTpoe-
HWU 3NeKTPOHHON CTPYKTYpbl BblpaxalTcd, KakK MeHblWMWe CMeweHWs BHYTpu cTonbua.
B pesynbTaTe 3TOro 3/ieMeHTbl BTOPOro nepuofja, Tak Ha3blBaeMble «/IerKue 3/1eMEHTbI», He Mo-
nagatoT 6e30 BCero B OAWH CTONGEL C UX «TAXKENbIMUY» POACTBEHHUKAMU. OTO CMelleHNe ABNA-
eTCcAd 0CO6EHHO LUEeHHbIM W MOAHOCTb COOTBETCTBYET XWMMWYECKUM HabGMOAEHUAM, COrnacHo
KOTOPbIM M3BECTHO, YTO OWMWGOUYHBIMU ABNAKTCA Te YKOPEHUBLINECH NMPEXHNE NpefCTaBNeHNs
0 XapaKTepUCTUYHOCTU TaKWX 3NeMeHTOB, Kak, Hanpumep, 60p, yrnepog, a3oT M KUcCnopop
nNna BCero cronbua, KOTOpble, faXe HaWMMeHOBaHWe CTONOLOB BefyT OT HUX. B 3TOM OTHOWe-
HUW MHTEPECHO OTMEeTUTb, YTO Ha TakKOe pa3nmyune yxe ykaszan u MeHjenees.

MocnepoBaTtenbHo crneaya npeactasneHnam Menpgeneesa, puroposumy BCTynaetr B
npoTMBOpeYne C NPaKTUKONW OTAENbHOrO MNOMeLWeHWs NaHTaHWAOB M aKTUHWAOB: aBTOp Mo-
Mel,aeT MX B NepUOLUYECKYIO CUCTeMY KaK TpeTbto nogrpynny. focTpoeHne Takum o6pas3om
Tabnnuybl, HECOMHEHHO, ABNAETCA 60Nee KOHCEKBEHTHbIM W MNO03BONAET Nyuyliee O06bACHEHUe
Lenoro pafa — B O0COBEHHOCTM (PU3NYECKUX — IKCNEPMMEHTaNbHbIX (hakToB. ABTOpP WMMeeT B
3TOM BOMpoCe Hambonee MHOFOCTOPOHHMeE, ybexjatolWw e aprymMeHTbl, XOTA U B 3TUX NpeAcTas-
NeHnax uMewTca CcBOWM cnabble CTOPOHBI.

CoBpeMEeHHbIVi YnTaTenb, BOZMOXHO, ByAeT mopaxaTbCs, YuTas ToT hakT, ABNA W MIACA
MHTEPECHBIM C TOYKMN 3PEHUA UCTOPUU HayKM, 4yTo B paboTax MeHpgeneesa, n3faHHbIX B 1869—
1871 ropax — KaK 3T0 MNoka3blBaeT TpPUropoBMY Ha OCHOBe MOAJMHHWKOB MeHpgeneesa —
HaxofAATCA He TOMbKO BCerja npunucbiBaemas emy, TakK Ha3blBaemas, «KOpoTKaf» (popma, HO
1 ABe APYTrue OCHOBHble — «yANUHEHHAA »M «NupamuganbHas» hopmbl cuctembl. C 3TON TOUYKMN 3pe-
HUA 6Gbino Gbl MHTEPECHO NpoBecTW 6Gonee OGWMPHBLIA 0630p MHOCTPAHHOTO BAMWSAHWA U B3au-
MOfeACTBNSA, BOSHUKLIMX B 3TOM BOMNPOCE, TaK Kak 3TO AOMOAHWAO Gbl HOBbIMW CTOPOHaMU Hayu-
HO-UCTOPUYECKYIO ponb MeHfeneesa.
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[axe B TenerpahHOM CTUNe HeNb3s onucaTb TO MHoroo6pasne ob6nacTeil, B KOTOPbIX
aBTOp MPUBOAMT NPaKTUYECKYI MNPOBEPKY O0OWMX NPUHLUWNOB. ABNAETCA AOCTATOYHbIM, MO-
Xanyi, o6paTuTb BHUMaHWe Ha TO, YTO XapaKTepHble OCOGEHHOCTU 3NEKTPOHHON CTPYKTYpHI,
cnpaBefNMBOCTb NEPUO[UYECKUX 3aKOHOMEPHOCTEW MANNCTPUPYOTCA B 06MacTAX aHanuTun-
YeCKON XUMWUMN, TEPMOAMHAMUKUN, 3NEKTPOXUMMUYECKMX MOTEHUManos, ruapataumm m 1. 4. Cme-
W eHNs BHYTPU CTONOLOB NOATBEPXAAlOTCA aHaIW30M aTOMHbIX pajuycoB, a TakXe MeTanno-
XUMUYECKUMMN U TEOXUMUYECKUMUN HABNIOJEHUAMN. ABNACTCA OUYeHb HArNALHLIM U UHTEPECHbIM
BKNIOYEHNEe HEKOTOPbIX, COBEPL EHHO HOBbIX, FNaB COBPEMEHHON XMMMWUU B 3Ty KapTuHy. Tak,
Hanpumep, aBTOpP Ha HOBOW KBaHTOBO-XWMMW4YeCKOW OCHOBe 06GCYyXfaeT HampaBleHHble CBfA3U
BHYTPU MeTanmMyeckux CUCTEM, BAUAHWE BbICOKOTO [aBneHUs Ha (pas3oBble fuarpamMmmbl MeTan-
NoB, 31eKTpuyeckme cBoiicTBa W T. 4. XOpPOWO cornacyTcs C 3TUMWU NpPefCTaBNEHUAMU U HO-
Belillne pe3ynbTaTbl XUMUM GNaropoAHbiX rasos. 126 pucyHkKoB u 43 TabnuLbl, NOMELLEHHbIE
B pa6oTe, AenawT ee HarnagHol n nerkoil gna o6o3peHus. Pa6oTa [puroposmMya no copep-
XaHWI, TPAaKTOBKEe MpPeACTaBNeHWA U BbINONHEHWIO ABNAETCH AOCTOWHOW BblIGPAaHHOTO npep-
mMeTa.

T. Ceken

H. L. Schiafer und G. Gliemann: Einfuhrung in die Ligandenfeldtheorie.
Akademische Verlagsgesellschaft, Frankfurt am Main, 1967. XIV -f- 535 S.

Es ist eine besondere Freude fir den Rezensenten, tber ein Werk berichten zu kénnen,
wie es die »Einfihrung in die Ligandenfeldtheorie« von H. L. Schiafer und G. Gliemann ist.
Seit dem Erscheinen der grundlegenden Arbeit von F. E. l1se waren wir Zeugen einer méach-
tigen Entwicklung in der mathematischen Behandlung der Ligandenfeldtheorie, sowie deren
praktischen Anwendung auf die Ldsung konkreter physikalischer und chemischer Probleme.
Inzwischen sind zahlreiche Handbicher und Monographien erschienen, die die Grundlagen
und verschiedene Anwendungen dieser Theorie zum Gegenstand haben. Meiner Ansicht nach
ist das Buch von Schlafer und Gliemann als aus dieser groRen Zahl weit hervorragend zu
beurteilen.

Das Werk gliedert sich in drei Hauptteile. In Teil A behandeln die Verfasser — nach
einem Uberblick der Versuchsergebnisse an einigen ausgewdhlten Beispielen — das klassische
elektrostatische und das kovalente Modell, die Grundkonzeption der Ligandenfeldtheorie, die
Annédherungsmethode des schwachen und starken Feldes, die Termdiagramme, die Dq-W erte,
das RACAfI-Parameter B, die spektroskopischen und nephelauxetischen Serien, Intensitats-
verhdltnisse, Spin-Bahn-Kopplung, die Anwendung der MO-Methode und die Charge-Transfer-
Spektren. Dann werden die Probleme der magnetischen Eigenschaften, der lonenstabilitat,
der Jahn—TELLER-Theorie, der kinetischen Stabilitdt von Ubergangsmetallkomplexen und
schlieRlich die Frage der Bindungsverhdltnisse behandelt.

In Teil B sind die Theorie der freien Atome und lonen, gruppentheoretischen Methoden,
die Anwendung der Ligandenfeldtheorie im Falle konkreter Elektronenzahlen, weitere Ent-
wicklungsmdoglichkeiten der Theorie, die Spin-Bahn-Kopplung und die magnetischen Eigen-
schaften in einer auBerordentlich klar und logisch aufgebauten theoretischen Behandlung zu
finden. Dieser 257 Seiten umfassende Teil kann als der wertvollste des Buches betrachtet
werden.

In Teil C — die als organische Ergédnzung von Teil B anzusehen ist — geben die Ver-
fasser die zur Behandlung der Theorie ndtigen mathematischen Formeln, Charakterentafeln,
die wichtigsten Molekiulsymmetrien, die Hybridisierung von Zentralionenfunktionen in der
Theorie der Valenzstrukturen und die Auswahlregeln.

Der — wie schon aus diesem kurzen Uberblick hervorgeht — sehr umfassende Stoff
wird von den Verfassern in einem &uBerst klaren, allgemeinverstandlichen und — was dem
Buche einen besonderen Wert verleiht — sehr lesbaren Stil vorgetragen. Die glucklich ge-
wdhlten Beispiele — vor allem aus eigenen Untersuchungen der Verfasser — sowie die 147
Figuren und 73 Tabellen tragen zur maximalen Verstandlichkeit des Stoffes bei.

Die weitere Bearbeitung der behandelten Probleme wird durch die zitierten mehreren
Hundert Literaturhinweise sowie den am Schlisse des Buches befindlichen — mit kurzen
Bewertungen versehenen — systematischen Literaturnachweis erleichtert.

Ich moéchte jedoch auf zwei Problemenkreise hinweisen, die bei einem Teil der Leser
eventuell ein Mangelgefihl hinterlassen kdnnten. Es wére nicht uninteressant gewesen, auch
auf die Komplexe der Elemente der zweiten und dritten Ubergangsreihe sowie auf das f-Elek-
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tronenproblem einzugehen, selbstverstdndlich mit Riucksicht auf die hier — unbedingt starker
als bei dem 3dn-Problem — auftretenden Schwierigkeiten. Die auf die Komplexe dieser
beiden Gruppen beziglichen Untersuchungen nehmen an Intensitat standig zu, und die Be-
arbeiter dieses Gebietes hdtten eine kurze Behandlung dieser Fragengruppe sicher mit Freude
begriuRt.

‘ Diese Bemerkung dndert aber keineswegs an dem hervorragenden Werte des Werkes.
Die duBerst gefallige Ausstattung und die drucktechnisch vollkommene Arbeit — wofur der
Akademischen Verlagsgesellschaft, Frankfurt am Main, jedes Lob gebuhrt — tragen dazu bei,
daB man das Buch gern in die Hand nimmt und benitzt. Ich bin Uberzeugt davon, daf das
Werk im Kreise der Komplexchemiker ungeteilten Beifall ernten und fir alle auf diesem
Gebiete Tatigen eine wertvolle und unentbehrliche Hilfe bedeuten wird.

J. Cséaszar

E. Pungor: Flame Photometry Theory. Akadémiai Kiadd, Budapest, 1967
(in English).

The great interest that followed the publication in 1962 of the Hungarian version of
this book prompted Akadémiai Kiad6 to publish it in a foreign language, too.

The book treats the theoretical background of the physics of flames used in flame
photometry, and the chemical processes taking place in flames during combustion excitation.
The book contains 200 pages, divided into 6 chapters, with 47 tables and 112 figures. The
general theoretical problems of flames are dealt with in so much detail and with such a scien-
tific thoroughness that the book is very useful not only for the chemist working in the field
of flame photometry, but also for those dealing with the technological application of flames.

Chapter 1 deals with the theory and methods of measurement of flame velocity and
with the theory of flame propagation. Some important characteristics of flames, such as wall
effect, extinction diameter, extinction distance, the dependence of the latter on the pressure
and temperature, striking back, lifting of flame and ignition temperature are also discussed.

Chapter 2 describes methods for the determination of the concentration of H and OH
radicals, and also radical equilibria in the flame.

In Chapter 3 the methods of measuring the flame temperature are dealt with.

In chapter 4 some types of flames used in flame photometry are treated, and their
composition and properties are discussed.

In chapter 5 the theory of atomization and spray coagulation is given, this begins one
of the fields of research of the author.

Aseparate chapter (Chapter 6) is devoted to flame emission spectroscopy and atomic
absorption spectroscopy. This chapter was written by Dr. R. A. Chalmers, an expert of the
field, on the request of the author, so this chapter is an extended version of the corresponding
one in the Hungarian edition.

The subject of the rather concise work is based on the literary material of the Pro-
ceedings of the Combustion Symposium, so most modern theories and newest results are sum-
marized in the book.

The book is completed by an extensive literary compilation (243 original works are
cited) concerning the theory of flame, and a name and subject index, which latter makes
the book easy to handle. References are given in alphabetical order according to the name of
author (or first author), and not in the order of occurrence in the text; this makes finding them
easier.

The author said in the Preface to the Hungarian edition: “The book has a mosaic-like
structure, as several separate fields are treated. This may be a drawback. Its parts are generally
not — and in most cases may not be — based on the preceding ones.” These sentences give
a good characterization of the book.

The considerable conciseness of the book is generally not disturbing for the reader
because the fundamental explanations are given, but it is sometimes necessary to consult the
original work for better understanding.

It is a great merit of the book that the author treats different theories concerning the
same phenomena with criticism. The section “Theory of atomization and spray coagulation”
has been written on the basis of the author’s research work. The very ingenious experi-
mental solution using two connected atomizers to study spray coagulation deserves special
mention.

The followingremarks do not concern the essential parts of the book.
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1. The data at the bottom of column 6 in Table 5.2 relating to potassium seem to in-
dicate that under certain conditions a minimum of rate of atomization occurs at low pressures,
even if an indirect atomizer is used — although this has been experienced by the author only
with direct atomizers (Fig. 52).

If the data represent averages of a great number of measurements, i.e. the minimum
is not caused by experimental errors, there must be a contradiction between these data and an
earlier statement of the author, namely that “With atomizers of not concentric structure . ..
no influence of pressure on the rate of atomization can be expected.”

2. The spray-stabilizing effect of alcoholic solutions in characterized by “spray coales-
cence constants”, k, derived in Section 5.3.

As proved by the author, k. i.e., the stability of spray increases with increasing length
of the carbon chain in alcohols. The denomination of k is not very apt, perhaps it should be
called spray stabilization constant on the basis of the physical meaning. Coagulation is the
opposite of stability, i.e. the spray can be called stable if its tendency to coalesce is small.
Although the numerical value of the constant k (dimension: g~ *) can be interpreted correctly
(the higher the value of k, the lower the degree of coagulation), the denomination “spray
coalescence constant” may create misunderstanding.

Finally, a request of chemistry working with flames has to be expressed here, namely
that the author should also publish a book on the practice of flame photometry.

E. Kocsis

The Production of Polymer and Plastics Intermediates from Petroleum. Editor'-
Il. Long. Butterworths, London, 1967, pp. 140.

The work edited by R. Long discusses the following ten important problems of the pro-

duction of polymers and plastics intermediates from petroleum:

Thermal cracking to olefins (pyrolysis).

Production of butadiene from petroleum.

The BASF method of acetylene production.

Comparison of the methods of production of acetylene and ethylene.
Production of acetic acid.

. Ethylene and propylene oxides and glycols.

Oxo-alcohols.

Production of styrene.

Production of phenol.

10. Production of e-caprolactam.

The editor is professor of the Kingston School of Technology. Some of the authors of the
individual chapters are employees of large firms of the British chemical industry (Imperial
Chemical Industries, Ltd., Shell Chemical Company, Ltd., etc.) while some chapters have been
taken over from periodicals. The chapters are completed by references to the literature.

The mode of discussion applied in the book is of descriptive nature. It is likely that
limitation in space has been responsible for the fact that the topics are not dealt with more
thoroughly. The discussed subjects have not been weighted from the aspect of the economic
significance of the various technologies, e.g. the sand-bed cracking equipment of the firm
Lurgi is treated over as many pages as the tube-furnaces method of pyrolysis. In the techno-
logical descriptions no references are made to the requirements of power and auxiliary ma-
terials, and only the main data of yield and some initial parameters are given. The flow
diagrams are of a rather schematic nature. The problem of cost as one of the parameters is
entirely neglected.

Despite of these deficiencies, the book offers a good general survey of the field dis-
cussed, and it appears to be useful as a university textbook.

CONOITEWNE

L. Vajta

S. Stankoviansky: Analyticka chémia kvalitativna. Slovenské vydavatel’stvo,
technickej literatdry, Bratislava, 1965, 494 Seiten.
Es handelt sich um ein Buch in slowakischer Sprache. In diesem Gebiet erschien schon

ein Buch des Verfassers im Jahr 1942. Das vorliegende Buch ist natlrlich der Entwicklung
entsprechend neu verfallt, umgearbeitet und erweitert worden. In erster Linie bezieht sich
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das auf den theoretischen Teil, wobei aber auch der spezielle Teil erheblich modernisiert und
erweitert wurde. Ein besonderer Vorteil dieses Buches gegeniber den altenist, da die klassi-
schen Reaktionen, die Tupfelreaktionen und die mikroskopischen Reaktionen von lonen
nebeneinander behandelt werden, so dalR man an einem Ort beschrieben findet, wie ein ge-
gebenes lon nach den verschiedenen Methoden nachweisbar ist. Die Reaktionen der sog. selte-
neren Elemente, von denen manche in den letzten Jahrzehnten zu unerwarteter Bedeutung
gelangten, sind ebenfalls angegeben, was besonders lobenswert ist.

Das Buch ist auf acht Kapitel aufgeteilt. Im ersten, in der Einleitung, ist das Zustande-
kommen und die Entwicklung der analytischen Chemie kurz beschrieben. Die Prinzipien der
spektroskopischen, elektroanalytischen und chromatographischen Methode werden hier eben-
falls kurz beschrieben. Das zweite Kapitel bespricht die theoretischen Probleme. Es; werden
die Begriffe Selektivitdt und Empfindlichkeit, die S&ureri-Basen Theorie nach Arrnenius und
Bronsted, die F&llungs- und Komplexbildungsreaktionen besprochen. Die letzten 30 Seiten
des Kapitels sind der Besprechung der spezifischen Atomgruppen gewidmet.

Durch die in seiner langen analytischen Praxis erworbenen Erfahrungen war der Ver-
fasser in der Lage, mit sehr gutem kritischen Sinn die characteristischsten Reaktionen auszu-
wéhlen. Im dritten Kapitel werden die Reagenzien, ihre Bereitung und Prifung kurz beschrie-
ben. Das folgende Kapitel behandelt die sog. Klassen- oder Gruppenreaktionen. Er sucht
Zusammenh&nge zwischen den analytischen Klassen und den Kolonnen des periodischen
Systems und falt die Ergebnisse diesbeziiglicher Untersuchungen zusammen. Sehr interessant
ist das funfte Kapitel, in welchem die Trennungsverfahren besprochen werden, am eingehend-
sten die klassische Schwefelwasserstoffmethode, kiirzer aber auch die neureren Verfahren,
wie die vOn Okac, Tananajew, Chartot. Wertvoll sind das sechste und siebente Kapitel, wo
die dilektiven lonreaktionen erdrtert werden. Schade, daB die verschiedenen Reaktionen der
einzelnen lonen nach Reagenzien nicht durch geeigneteren Druck hervorgehoben worden
sind. Das letzte Kapitel befalt sich mit den organischen S&uren.

Im Buch vereinen sich sehr glicklich Theorie und Praxis der analytischen Chemie.
Die neuesten Ergebnisse der qualitativen Analyse lassen sich darin alle auffinden. Die aus-
fihrlichen Literaturhinweise sind besonders den Anfangern nutzlich.

L. Potos

Herrmann J.: Lehrbuch der Vorratspflege. Haltbarmachen, Frisch-
halten und Lagern von Lebens- und Futtermitteln (Textbook of Preservation.
The Conservation, Preservation and Storage of Foods and Feeding Stuffs).
VEB Deutscher Landwirtschaftsverlag, Berlin, 1963.

This very imposing volume gives much more knowledge than supposable after its title;
it represents a concise summary of food chemistry and technology connected with the preser-
vation, conservation and storage of eatable commodities and feeding stuffs. The near 1000
pages of the textbook are dealing — in two well distinguished parts — with the basic facts
of food chemistry and with the special problems of preservation- and conservation-industry.
Accordingly in the first part of the textbook a short introduction to biochemistry, biophysics,
and microbiology can be found in connection of the composition of food and fodder, a very
good account of the changes occurring during the storage of vegetable and animal products,
methods for the prevention of the disadvantageous alterations, and finally the description
of the fundamental methods and processes of preservation and conservation. In these chapters
physical, chemical and biological methods, their theory and praxis are fully dealt with. The
second part of the textbook is dedicated to the special requirements of various branches of
the food- and fodder-preserving and conserving industry: among others methods of pre-
servation for green-fodders and oil seeds, vegetables, fruits, vegetable and fruit-products,
tobacco spices, are given furthermore the practice of keeping fresh eggs, milk, dairy products,
animal carcasses and various kinds of meet, fishes and see-food are shown. Although the
book was written meanly for students of the agricultural sciences, the good conception and
excellent treatment of tbe material by the experienced author succeded to complete a text-
book of great interest also for biochemists, medical experts and technicians. The exterior of
the book is worthy of its content.

L. Telegdy Kovats
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ACTA CHIMICA
TOM LIV — BbIM. 3—4
PE3IOME

McecnepoBaHMe  CUHTETUYECKUX HeopraHn4eckKmnx MOHO-0O6MEHHNKOB

n. CWMPTEW, N. XMWHKA, K. B. 3ABOPEHKO wu B. 3. NO®A

B pamkax HacTosilwei paboTbl 6bl1 NPUIOTOB/IEH HOBbIVA YMEH rPynnbl CUHTETUYECKMX
HeopraHM4ecknx NOHO-0OMEHHUKOB, & MMEHHO, (ocaT XpoMa, KOTOPbIA Npu 3afaHHbIX OTHO-
weHnsax P 04Cr onucbiBaeTcs nydiwe Bcero dopmynamu Cr20 2HP04) n Cr20(HP 042 U3y-
YaIMCb HEKOTOpPbIe CBOMCTBA MOMYYEHHOrO BELLEeCTBa N0 CPaBHEHWIO C pocthaTamu LIUPKOHUS Y
TuTaHa. Ha ocHoBe uccnegoBaHWin 6OblN0 yCTaHOBMEHO, YTo pagvkan HPO|~ asnsetca fo-
MUHUPYIOLLLE hopMO/i B paccMaTpyBaeMbIX COEAUHEHWUSAX, HO TakXXe HYXHO cuuTaTbCA 1 C
npucyTcTeMeM pagukanos H2PPOJ~ n POJ-. Ha ocHOBe 3HauUMTENbHOW aHa/lorum Mexay
KPWBOW 3aBMCUMOCTN 06MEHHOW eMKocT 0T pH 1 KpuBoli gnccouymaummn hochopHOM KUCIOThI,
nosiBieHMe 06MeHHOCNOCO6GHbIX MOHOB H+ MOXHO NpeAcTaBUTb Kak pe3ynbTaT guccouuvauum
BOLOPOAHO-(hOCaTHbIX WMOHOB, HAXOAALLMXCA B MOHO-06MeHHMKe. COOTBETCTBEHHO 3TOMY,
MeXaHW3M rpoLecca MOHHOTO 06MeHa AB/SieTCA ABYXCTyNeH4YaTbiM (B 3aBUCMMOCTM OT Be/N-
YvHbl pH). B NepBoi cTyneHW NpoMcxoanT 06MeH MOHOB BOAOPOAA, 06pasytoLmMxcs B npouecce
H2POJ- -> HPOQOj”, a Ha BTOpoli cTyneHn — obpasywowmxca B npouecce HPO|_  PO[_.
Bbl/10 yCTaHOBMEHO, YTO B C/lyHae HU3KMX 3HAYeHU OTHOLWeHusA P 04meTann, — T. €. BeLLeCTB,
aMOpPMHbIX MO CTPOEHUIO — afcop6UMOHHbIE CBOMCTBA TakKXe WMelOT 60/bLUOe 3HaYeHMe.
OnucaHHble 3aKNKOYeHUs, BCeACTBME HalileHHON BbICOKOM aHanoruu, mMoryTt 6biTb OAMHAKOBO
npuNucaHbl BCEM TPEM M3YYeHHbIM BeLLECTBaM.

MonoxuTeNbHble pe3ynbTaTbl, OTHOCUTENIbHO MNPUMEHUMOCTVM 3TUX BELLECTB Ha npak-
TWUKe, NO3BOMAIOT MCMO/Mb30BaTh UX B PAAMOXMMWUKN, @ UMEHHO, CPeau MHOMUX APYrux v ans
pasfeneHns NPOLYKTOB Pas/IMYHON KOHLEHTpauun, o0bpasyomxcs B napanfienbHbIX a4epHbIX
peakuuax, Kak Hanp., NpoAyKTOB, C Pas/IMYHOMA aKTUBHOCTbI, 06pasylolmnxcs B peakumu
“Co(n, y) 6Co 1 BCo(n, p)FFe.

AKTUBAUMOHHBIA aHanu3 cnejoB NMpUMeceid 3/1eEMeHTOB B MOMYNPOBOAHMKAX
Tnna GaAs

3. CABO n X. PAYLWI

Bbin paspaboTaH ObICTPbIA aKTUBALMOHHbIA aHA/IMTUYECKWIA MeTOj onpefesieHns meam
B MOHOKpucTanie GaAS. AKTUBHOCT NpuMecein pasfensiiuce 0T akTUBHOCTEN, 06pasyroLmnxcs
B MaTPUUHbIX 3/1EMEHTAX, C MOMOLLbIO 3KCTPaKL MUK, Perynmpyemoin Ha pacctossHun. ["pynnosoii
peareHT AWTM30H MNO3BOMNSET Hapsjy C MeAbl0 OAHOBPEMEHHO OMpefenaTb AasibHelilune NATb
npumeceii (Au, Hg, Cd, Zn, Co). MNMpnmecn onpefensinincb Ha OCHOBE MX ramma-CneKTpoB M C
MOMOLLbIO TEXHWKM coBnafeHui. MeTog ABnseTca 6onee ObICTPbIM M MeHee TPYJOEMKMM MO
CPaBHEHUIO C 06bIYHLIM MHOFOCTYMEHYATLIM XMMUYECKUM pasfenieHreM. IKCTpakums u nsme-
peHvie LEeCTU M3yUeHHbIX MpuMeceil MOryT 6bITb OCYLLECTB/IEHbI 32 4—6 4acoB.



HoBble pesynbTaTbl B 06/1aCTU MCCNef0BaHWA TEPMUYECKOTO Pas/oXKeHUs
NoMANMETUN-CUINSIEHA METOLOM Fa3oBO XpomaTtorpagum
T. CEKEWN, 0. M. HE®EAQOB, . TAP3O, B. N. WWUPAEB n A. ®PUTL

C MoMOLLbI0 MUKPOPEeaKTopa M rasoBoii XxpoMaTorpaguy 13yvasnocb TepMUUecKoe pas-
NOXEeHVe nonuauMeTUn-cununeHa. Monumep noageprancst MNPOAOKUTENbHONR WM MOMEH-
Ta/lbHOl TepMuueckoli 06paboTKe B MUKPOPEAKTOpe MpW pasfiuHbIX TemrepaTypax U CHUMAa-
nacb XpoMaTorpamma fpoayKToB pasfioxeHusi. C MOMOLLbIO AByXKaHa/lbHOro MeTofa AeTeK-
TMPOBAHMS MOHM3ALUMM B MJIaMeHU BOAOPOAA WM MOHM3aUMK B MaMeHU MeTaH-Bodopofa 6biiv
YCTaHOBMEHbI NPUGNN3NTENbHbIE 3HAYEHWS] OTHOLLEHMSI Ymcen atomoB C/Si, XapakTepHble Ansi
MO/IeKY/l NPOAYKTOB pacnaja. HekoTopble U3 HUX HA OCHOBE MHAEKCOB peTeHuMKU Kosada yaa-
N10Cb  MAEHTU(ULMPOBATL C MPOCTLIMU KPEMHEOPTraHUUYECKUMU COEUHEHUAMM, MOMYYEHHBLIMU
CUHTETUYECKMN.

B 3aBMCMMOCTU OT TemmnepaTypbl NUPOMM3a 6biM 06HAPYXeHbl TPU CTaauu TepMuue-
CKOro pasfnoXeHusi nonmmvepa. MepBas cTagua XxapakTepuayeTcs AenonvMmepusaumeii ¢ 06paso-
BaHWEM HeBO/bLLION0 KO/IMYECTBA HU3KOMOJEKYISPHOIO KPEMHEOopraH14YecKoro o/iMromepa.
Ha BTOpOI CTagun paspbiB CBS3ei COMPOBOXAAETCS BHYTPMUMOEKYNSIPHONM Mneperpynnmpos-
KOV, UTO NPUBOAUT K 06pa30oBaHMi0 60/LLIOI0 KOMMYECTBA CPefHe- U HWU3KOMOEKYNAPHbIX
KPeMHeOorpaHnYeckux coedvHeHWin. Ha TpeTbeil cTagun Hapsigy C [ecTPyKuwmei onvromepos
NPouCXoanUT 06pasoBaHve, rNaBHbIM 06Pa3oM, HU3KOMOSEKYNAPHbLIX KPEeMHEOPraHUYeckux u
OpraHyMyecKunx BELLECTB.

Orlpe,qeneHme ONHbI epuoda VIHFVI6I/IpOBaHI/IFI B pa,qleaanoﬁ
nonnmMepunsagnn

. TOAEW wn H. M. CMUPHOB

B [aHHOM COO6LLEHUM Mbl MPOBEN TOUHbIA aHaIN3 KUHETUKWU WHIUGMPOBaHWUs Ans
cnyyasi, Korfa WHrmémpoBaHue MPOUCXOAMT B OHOM 3/1EKTPOHHOM aKTe. Bbifia ycTaHOB/eHa
(hopmyna Ans OnpefeneHUst ANUHbI Nepuoa UHIMGUPOBAHWS Ha OCHOBE AUNATOMETPUUECKMX
M3MEPEHNIA. AHANN3MPOBASIUCL U KPUTMUECKM COMOCTABNANNCL TaKXe Apyrve MeTodbl onpe-
JeneHnst nepuofa WMHrM6MpPoBaHWS.

3Hepr|/|v| CBsI3el aToMoB-OpraHoreHoB c MeTa/l/laMU-KaTam3aTopamm

N. TETEHN

Ha O0CHOBE KMHETMYECKMX [AAHHbIX SHEPruii aKTMBALMWM PasNUUHbIX KaTa/IMTUUYECKNX
peakumin 6bIM paccumTaHbl SHEPruUM CBS3ei BOAOPOAA, Yriepoda M Kucnopoja ¢ 11 pasnuu-
HbIMU MeTasinamu. MoKaszaHa PeasibHOCTb 3TUX 3HAUYEHWI 1 BO3MOXHOCTb OLIEHKM C MX MOMOLLbHO
BE&/IMUMHBI SHEPTUM aKTUBALUMWM NS APYTUX KaTa/IMTMUeCKMX peakuuii. OTMeYeHo, 4TO Ha
UMCNeHHbIE 3HAYeHUs 3HEepruii CBA3ell CpaBHWUTENIbHO Maslo BAMsieT Mpupoda MeTasna.

Kone6aTenbHble CNEKTPbl NPOU3BOAHbLIX CUMMKaLMKIOreKCaHOB W 4acCToThbl
CUMMETPUYHbIX KonebaHuia YONNHEHNA CBA3N Si—C B cnnnKaunkKnoasikKaHax
C Pas/IMyYHbIM YKUCNOM Y/EHOB KOJibLa
r. ®OTAPAW W, ®. TEPEK u B. M. BAOBWH

M3yyanncb MK-CNEeKTPbl U CMEKTPbl KOMBUHALMOHHOIO PacCemBaHusl HEeKOTOPbIX CUU-
KalMKoasikaHoB. Ha 0CHOBe MPUBIMKEHHOr0 aHa/im3a HopMasibHbIX KOOPAUHAT NPOBOAUINCH
OTHECEHUS JIMHWIA CKeNeTHbIX KoneGaHuii MoneKynbl CUAMKaumKkiorekcaHa. CpaBHUBa/MCh
4acToTbl CUMMETPUYHBIX KoneGaHuii yannuHeHust cBssan Si—C B MPOM3BOAHbIX CUIMKALMKIIO-
rekcaHa W B COOTBETCTBYIOLIMX CWUMAHOBbIX MPOU3BOAHBLIX, & TaKXe M3yuanocb W3MeHeHwue
4acToT CUMMETPUUHBIX KOMe6aHWi yainHeHnst cBA3M Si—C B LUECTWUY/IEHHOM, NSITUU/IEHHOM
W YeTbIPeXUIeHHOM reTepoLuKie. Ha ocHOBE 3TOr0 6bIIM NoMyYeHbl MHPOPMALMN O0THOCUTETbHO
HanpskeHWin B KOJbLE.



Pa3paboTKa pasfMuHbIX HUKENeBbIX KaTa/lM3aTopoB B MpoLiecce
AErnapoLnKInN3aumun

3. TAN wv M. N. POBEHTAPT

BoccTaHOB/MeHHble KaTanu3atopbl Ni/AI203 1 MeTaIMYECKWA HUKeNb AOCTUTAOT WX
MaKCUMasbHOW AernapoLMKIN3NPYIOLLEl aKTUBHOCTM NOC/e NPoLecca «pa3paboTKu», B TeHeHue
KOTOPOro 4acTb afcop6ypoBaHHOTO Ha MOBEPXHOCTM BOAOpOdA yaansieTcs. PasnuuHble Xofpl
npouecca paspaboTK1 HabMIOAAIUCL B Cly4yae ABYX UCCMEA0BaHHBIX KaTanm3aTopoB C pasHbIMU
KOMMYeCTBaMM HUKeNs. Mepa M HanpaBfeHWe KaTa/MTUUeCKoli aKTUBHOCTM onpejensieTcs
peLwmnTeNlbHO KOMIMYECTBOM BOZIOPOAA Ha NMOBEPXHOCTM; HEMosIHOe BOCCTAHOB/IEHWE Y BO3MOXHOE
cofepXaHve Bofbl Ha KaTa/M3aTope OKasblBalOT He3HauuTeNlbHOE BAWSHUE HA HUX.

V3yyeHne KaTa/IMTUYECKOTO TUAPVIPOBaHWS (HeiTepupoBaHus)
LMK/IOFeKCeHa Ha MIaTMHOBOM KaTasmsaTope, |

L. MOTEP, Ab. MUHK n ®. HAAb

B CBA3M C MeXaHW3MOM TMAPUPOBAHWS LMK/IOreKceHa Ha NAaTMHOBOM KaTanusatope u
C BAMSIHVMEM CTapeHWsl KaTasimsatopa Ha MexaHu3M 6bllo YCTaHOB/IEHO ClefytoLLiee;

1) MvaprpoBaHue NPOTeKaeT B ABYX CTyneHsax. IMepBas CTyneHb SABAsSieTCS Npucoean-
HeHMeM OfHOr0 aToMa BOAO0POAA K LIMK/IOreKceHy. BTopas CTyrneHb MOXET MpoTeKaTb ABOSIKUM
06pasoM: NPOMCXOAMT IM60 AMCNPOMNOPLVOHPOBaHWE MONYTUAPUPOBAHHOMO MPOAYKTa, 160
npucoeanHeHe BTOPOro aTtomMa BOAOPOAA.

2) CKOpOCTb peakuun NMMUTUPYeTCA afcopbumeii  LMKIOreKceHa.

3) BAusiHMe CTapeHUs CKasblBaeTCs, B MEPBYH0 O4epedb, Ha YMEHbLLEHUW ancopbumm
UMKnorekceHa. MexaH13M peakuun oCcTaéTca HEM3MEHHbIM, a U3MEHSIETCS NLLb O0THOCUTE/TbHBbI
BEC OTAENbHbIX CTYMNeHeiA.

Xumusa cBob6ofHbIX pagvkanos, VI
VccnegoBaHve HEKOTOPbIX CBOGOAHbLIX pagvKaioB, TMMa OKUCU a3oTa, MeTOAOoM
arnp

M. KEHAE, ©. TOAEW wn 1. WIOMEMU

BbinM CMHTE3MpOBaHbl M M3yyeHbl MeTogoM JIMMP cTabunbHble CBOGOAHbIE paguKasbl
theHnN-(2-UumaH-2-Nponun)-oKMCKM asoTa, a Takxke 18-TM ee pas/IMUHbIX 3aMELLEHHbIX MPOU3-
BOAHbIX. BblIM onpefeneHbl KOHCTaHTbI pacluensieHns cnekTpoB 3MP u 06bACHANUCL Ha
OCHOBE MOJIEKY/SIPHOM CTPYKTYPbI. BbII0 YyCTAHOBMEHO, UTO B C/lydae OPTO-3aMeLLeHMs1 3Tu
CUCTEMbI He ABMSOTCS KOM/aHapHbIMU, BCNEACTBME YEro HecrnapeHHbIi 3M1eKTPOH, B OCHOBHOM,
KOHUEHTpMpyeTcsi Ha cBsisan N—O. O6cyxjanocb BAUSIHWME MeTa- M Mapa-3amecTuTeneli Ha
3NEKTPOHHYIO CTPYKTYpPY, W 6blna ycTaHOB/IEHA NIMHeliHAs KOppensiumMs MexXAy KOHCTaHTOM
pacwienneHma Ha asote (aN) M 31eKTPOUNAbHLIMA KOHCTaHTaMW 3aMecTUTenem (<r).

ViccnegoBaHve NpUPOAbl aKTUBHBLIX LEHTPOB, WMHWLMMPYIOLLUX
HU3KOTEMMEPATYPHYIO MO/IMMEPU3ALNIO aKPUIOHUTPUNA
n. Knw, A. H. NTPABEAHWKOB un C. C. MEABEJLEB

Bbina uccnefoBaHa pafvauMoHHas MoNAMMepusaumns akpuaoHUTpUaa nog BAWSHUEM
HanNpsHKeHUs MOCTOSAHHOro Toka (12 B), B TemnepaTypHom uHTepBane 4-20 — 80°C. bBbino
NnokasaHo, 4TO MOoAMMepM3aLnsa MHULUMPYETCA aHWOH-pagukanamu, fnpuyeM B MOJMMepusa-
LMOHHOM cuCTeMe CyLLeCTBYeT AMHaMW4YECKOe paBHOBECWME aHWOH-pafuKan (4WaHWOH) 6un-
pagvkan. MNonumepusaumsa nNpu HU3KUX TemnepaTypax BCNeACTBME CMELLEHUS paBHOBECUS B
CTOPOHY WOHHbIX MPOAYKTOB NPOTeKaeT MO0 MOHHOMY MeXaHu3my. [pu NoBbILLEHUN Temnepa-



Typbl paBHOBECME CMELLAeTCs B CTOPOHY pafvKa/ibHbIX NPOAYKTOB U paauKasibHble NMpoLecchl
UrpatoT Bce 60/bLIYI0 POo/b. MpUIoXKeHNe HamnpsXKeHUsi K 3N1eKTpoJaM CABUraeT paBHOBECUE
B CTOPOHY pagvKafbHbIX MPOAYKTOB MpW BCeX TemrepaTypax, BCleACTBUe Yero nosmmepusa-
LUMsi NPU HU3KMX TemnepaTypax Takxe MpoTeKaeT Mo CBO60AHOPAAMKa/IbHOMY MexaHu3my.

CvHTe3 M umccrefoBaHMe CBOWCTB Cy/ib(DOKATUMOHUTA Ha OCHOBE COMOMMmepa
aueHaTuieHa N AUBUMHWNGEH30MA
M B. N,—MNAWKOB A. b.

Vccnegosanacb cononvMepusaumsa aueHadpTuieHa M AMBUHWNGeH30Ma. Bblno ycTaHoB-
JIEHO, 4TO CTeneHb MpeBpalleHWs 3aBUCUT OT YCNOBUWA MofvmepusaumMm — OT MPUCYTCTBUSA
MHMLMaTOpa, OT ero KOHLUeHTpauuu WM OT TemnepaTypbl peakumn. MpurogHbiii AN CUHTe3a
CyNboKaTNOHMUTa COMoMMeP (KONMYEeCTBO PacTBOPUMbIX — 3%) MOXET 6bITb MOy4YeH Mo-
nMepusaLmen B NpUCyTCTBUMN TpeT-0yTunnepbeH3oaTa B KonmyecTse 1% OT Beca MOHOMEPOB
npu Temnepatype 109°C 3a 14 uyacos.

Monyunnuce aueHadTUAEH-AMBUHUNOEH30/IbHbIE CONOMMMEPBI CIOMCTO-MOPUCTON CTPYK-
Typbl. Bbin 3apaboTaH cnoco6 6bICTPOro onpegeneHUs NOPUCTOCTM U C €ro NMOMOLLLbIO YCTaHOBUN,
YTO CTeNeHb MOPUCTOCTY 3aBUCUT OT COOTHOLLIEHWS MHEPTHOIO PacTBOPUTENS U CTEMNEHN CLUMBKW;
CMIOUCTO-NOPUCTOCTb MOXET BbITh AOCTUTHYTA NNLLbL NPW ONpPeAeIeHHOM COOTHOLLEHUN UHEPTHbIN
pacTBopuTe/lb — ClUMBalOLWMA areHT. Cononvmepbl, 06nafatoLine JOCTATOYHON MOPUCTOCTHIO
N MeXaHWYeCKOl MPOYHOCTbIO, MOTYT ObITb MOMAyYeHbl B npucyTcTBUM 40—50% WHEPTHOro
pactBoputensa n 24—36% CLUMBKMW.

Bbl0 ycTaHOB/EHO, YTO B pe3y/ibTaTe Cy/bPUPoBaHUSA 06bIYHbIX COMO/MMEPOB B KaX-
[0e aueHapTMNEeHOBOE KOMbLO MOXeT 6bITb BBeaeHO A0 2 SO03H~ rpynn.

YCTaHOBUAN, YTO MNOPUCTbIE COMOMNMEPbI CyNb(MUPYHOTCA TPyAHee 06bIYHbIX COMOsu-
MepoB. C yBeMYeHMEeM MOPUCTOCTU YMeHbLUIAETCA CTeneHb Cy/Nb(UpPOoBaHUA.

Mpu unccnegoBaHUM CBOMCTB MOJYyYEHHbIX HAMW KaTMOHWUTOB ObLI0 YCTAHOB/EHO, YTO
TEPMOCTOMKOCTb M XMMMUYECKasA YCTOMYMBOCTb, & TaKXe MeXaHMyecKas MNPOYHOCTb MMWb B
He3HauMTeNbHON CTeneHW yCTynatT MokasaTensam kKaTuoHuTa KY-2, pagnaumoHHas ycCToi-
UYMBOCTb, HaNpoTVB, B TPW pas3a MPeBOCXOANT pafnaLMOHHYH0 YyCTolumBoCcTb KY-2.

O MexaHM3Me CTPYKTYpPMPOBaHUSI 3MOKCUCOELUHEHNI

UYNNNAT N., CTAHKAW T., BAWBAP N, KANWHI ®., u AKYTWUH M. C.

ViccnegoBancsi npouecc CTPYKTYPUPOBaHUSI PasiMUHbIX anuaTUHecKnx AUravumnan-
aupoB U agvaHauramuuannagupa. Bblno ycTaHOBMEHO, UTO CHadana camoycKopsioLuumiics
npoLecc 3aMeansieTca nocne npespalieHns 60—70% 3NOKCUAHbIX Fpynn. PeakKLMOHHas cro-
COBHOCTb  anMaTUYeECKUX AUTNNLUANIIHIUPOB YMEHbLIAETCA C MOBbILLEHWEM ANMHbI  Lienu.
MakcrmanbHas CKOpPOCTb peakuuM MOosIBASETCA MpU NpeBpalleHUMn 3MOoKCUAHBLIX rpynn B
25—50%, T. e. Npy Hayasne o6pa3oBaHUs renn. PeaKLMOHHAasi CNOCOGHOCTb AVMAHAUTINLUAN-
aupa B Haya/lbHOM Mepurojde NpoLecca SBMSETCS BECbMa BbICOKOW, OfHAKO CTereHb ero rnpe-
BpALLEHUsI MeHbLUE, YeM Y anudaTuyecKnx LU3NOKCUAOB; 3TO BEPOSITHO OGBSCHSETCS CTepu-
YeCKUM MpenaTCTBYIOLWMUM AeliCTBMEM apoMaTMyeckoro Kosbua. O6Lias aHeprusi akTmBauum
CTPYKTYpMpOBaHUsi cocTaBnsieT 12—17 kkan/monb. CTPYKTYpMpOBaHHble MPOAYKTbl AWaHAM-
rMumMannagrpa ABASIOTCA MeHee YNpyruMu, Ho 60see TEMIOCTOMKUMMK, YeM MpoAyKTbl Ha
anugaTtmyeckoii 6ase. Bblno 06HapyXXeHo, YTO ANA NOMHOM CTPYKTYPUPOBAHHOCTU HEO6X0AMMO
NPUMEHSITb JOMOMHWUTE/IbHOE TeMMEPUPOBaHWe, MpUYeM CTPYKTYpoobpasoBaHWe MNpOMCXOAUT
nocsie BCTYM/IEHUS B peaKLMiO OCTaBLUMXCS 3MOKCUAHBIX TFpynmn.



ViccnepoBaHue peakUMOHHOM CMOCOGHOCTU OpPraHMYecKUx COeAMHEHWI
B PafUKa/IbHBIX Peakuusix B XWLKOW (hase

0. AOBUNLW

MeTogoM M30TONHOW KMHETUKW OrnpefefieHa OTHOCUTESIbHasA peakuMOHHAas CrocO6HOCTb
YyrneBOAOPOAOB B WX 3/eMeHTapHON paavMKanbHoi peakumm RH + CLL, > CH4 B Xungkoii
(haze. AN XapaKTepuUCTUKN PeaKLMOHHOW CMNOCOBHOCTW 6bII0 UCMO/b30BAHO OTHOLLEHME KOH-
CTaHT CKOPOCTEN M3y4aeMOi peakuum 1 aHasIOTMYHOM peakLumun, B KOTOPO y4yacTBOBaNo Meye-
HOe TPUTMEM «CTaHAAPTHOE CoefiHeHMe». Obe peakLun NPOXOAWIN B OfHOWN 1 TOW XXe cucTeMe.

ONna n3yyeHUss peakUMOHHOM CMOCOGHOCTM OblIM BblbpaHbl anngaTuyeckme U annuumk-
NInyecKre yrneBoAopOAbl, COAepKalliue MepBUYHbIE, BTOPUYHbIE N TPETUYHbIE YI/1EBOAOPOLHbIE
aToMbl, & TakXe M301MpOBaHHble U conpskéHHble C= C cBA3M. Ha 0CHOBE KMHETUYECKMX
[JAHHbIX HalfeHO OTHOLUEHWEe MeXAy peaKLMOHHOW CroCOGHOCTbIO OTPbIBAIOLLENCS CBA3M
C—H wn cTpoeHueM MOseKynbl.

YCTaHOB/IEHO, YTO BbIYUC/IEHHbIE HA OCHOBE YPAaBHEHWI CKOPOCTe napasfieflbHbIX
peakumii KOHCTaHTbl CKOPOCTE JIMHEMHO 3aBWUCAT OT coCTaBa CUCTeMbl. JOTa CBoebpasHas
3aBMCUMOCTb'KOHCTAHTbI CKOPOCTElM OT KOHLIEHTpaLMM X0poLlo 06bACHAETCH, C O4HON CTOPOHbI,
NNOTHOM YNaKOBKOW MOMEKY/ XXUAKOCTK, @ C PYroWi CTOPOHbI, KBa3VKPUCTA/INYECKON CTPYK-
TYpPOii >XXWUAKOWA CMecu.

BbluMcneHHble MO0 3aBMCMMOCTM OTHOCWUTE/IbHOM peakLMOHHOW CMocO6HOCTU OT TeM-
nepaTtypbl pasHUUbl 3HEPTUM W SHTPOMUN aKTUBALMN MOKa3biBAIOT XOPOLUO BbIPaXXEHHbIN
KOMMEHCALMOHHbI 3P(EKT, KOTOPbIA MOXET ObiTb 00bSACHEH KBa3WKPUCTAIINYECKON CTPYK-
TYPOW XWULKON CMecK, eciv MpoLecC akTuBaLMM OTHECTU K 3/1eMeHTapHOM suyelike, Kak Kose-
6rouerncsa cucteme.
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