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ELECTROHYDROGENATION AND HYDROGENATION OF
SIMPLE ALIPHATIC KETONES IN ACIDIC MEDIA

S. Szabé6 and Gy. Horanyi

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

Received January 12, 1976

The electrohydrogenation and hydrogenation of some simple ketones (2-buta-
none, 3-pentanone, 3-methyl-2-butanone and 2-pentanone) were investigated on a
platinum catalyst in acidic media. Hydrocarbons were always formed during these
reactions but whereas butanone gave mainly hydrocarbons, in the case of pentanones
the corresponding secondary alcohol was the main product. The results and literature
data permit the conclusion that in the electrohydrogenation of ketones the alcohol
and the hydrocarbon are not formed via two independent paths but are rather the
products of a branching reaction. The rate determining step occurs prior to branching.

In earlier communications [1, 2] we discussed hydrogenation and electro-
hydrogenation of acetone on a platinum catalyst and a platinum electrode.
It was found, in accordance with the experimental results of other authors
[3— 7], that under given experimental conditions propane is the only product
of hydrogenation or electrohydrogenation. In contrast to this, no gaseous
product is formed in alkaline media, and also the rate is significantly lower
than in acidic media. In the present work, in connection with the hydrogenation
and electrohydrogenation of some simple aliphatic ketones: 2-butanone (ethyl
methyl ketone), 2-pentanone (methyl propyl ketone), 3-pentanone (diethyl
ketone), 3-methyl-2-butanone (isopropyl methyl ketone) in acidic media,
we intend to find out whether the regularities observed in the case of acetone
may be considered as general.

Experimental

The method applied was essentially the same as that used by us earlier. Prior to use,
the ketones were purified by distillation. 1 M IICKJ, served as background solution. The
gaseous products were analyzed by gas chromatography.

Results

In the case of all ketones examined, also gaseous components were
found among the products of hydrogenation and electrohydrogenation. The
composition of the gaseous products is illustrated in Fig. 1. It appears from

1 Acta Chim. Acad. Sei. Hung. 96, 1978



2 SZABO, HORANYI: ELECTROHYDROGENATION

Fig. 1. Gas chromatogram of the gaseous products for the electrohydrogenation of (a) 2-bu-
tanone; (b) 2-pentanone; (c) 3-pentanone; (d) 3-methyl-2-butanone

Fig. 1 that besides the hydrocarbon which can be expected on the basis of
the reaction

R- C—R'+ 2H2 — >R - CH2- R'+ HX

other hydrocarbons are formed in considerable amounts only in the case
of 3-methyl-2-butanone.

Consequently, in the case of 3-methyl-2-butanone, methane, ethane,
propane, butane and n-pentane are present in addition to 2-methylbutane,
the latter being the predominant component of the gaseous product.

Accordingly, in addition to the hydrogenation of the oxo-group, also
reductive cleavage of the carbon chain and an intramolecular rearrangement
take place. It is however conspicuous that isobutane is not present among
the products, indicating that no splitting occurs in the carbon chain of
3-methyl-2-butanone between Cx and C2.

Presumably the rearrangement resulting in n-pentane and the rupture
of the carbon chain take place with some of the intermediates of the hydrogena-
tion reaction.

Acta Chim. Acad. Sei. Hung. 96, 1978



SZABO, HORANYI: ELECTROHYDROGENATION 3

Theoretically it could be imagined that the splitting reaction is preceded
by the rearrangement. However, the fact that in the case of 3-pentanone
and 2-pentanone, whose chains are unbranched, the hydrogenation reaction
is not accompanied by a considerable chain rupture, contradicts this assump-
tion.

The formation of n-butane, provided that chain splitting is not preceded
by rearrangement, can be imagined in a way that the methyl group attached
to the main chain is split off in a reductive manner:

CH3
— H, — CH - CH. 4- CH.
CH-CH3
For the formation of propane and ethane the reaction scheme
CH3
1
CH3- C- C - CH3+ 6H2---- * CH3- CH3+ CH3- CH2- CH3

[
0

can be given.

This indicates that the reaction of 3-methyl-2-butanone is significantly
more complex than those of simpler ketones, which, similarly to acetone, give
only a single hydrocarbon. Therefore, in the following we shall discuss in
detail only the problems concerning the hydrogenation of 2-butanone, 3-
pentanone and 2-pentanone.

The fact that the gaseous products are of uniform nature does not mean
it in itself that no other products are actually formed during hydrogenation
or electrohydrogenation. Whereas in case of acetone we could maintain
experimental conditions under which propane was the sole product of the
reaction, this could not be attained in the case of the other ketones investi-
gated. With the lengthening of the carbon chain of the ketone the formation
of the corresponding secondary alcohols begins to predominate. In the case
of 2-butanone the current efficiency during electrohydrogenation was only
about 70—80% referred to butane, as supported by the results obtained
by the method applied also earlier. At the same electrode hydrogen was
evolved without 2-butanone at the same current density as that applied
in the electrohydrogenation of 2-butanone, and the volume of the hydrogen
evolved was measured as a function of time.

The current efficiency can be determined from the ratio of the slopes
of the straight lines obtained upon plotting the volume of hydrogen evolved
vs. time taking into account that according to the reaction

2H+ + 2e- —H2

1~ 4cta Chim. Acad. Sei. Hung. 96, 197&



4 SZABO, HORANYI: ELECTROHYDROGENATION

a charge of 2F is required for the evolution of 1 mol hydrogen, whereas 4F
are required for the formation of 1 mol butane. The volume vs. time curves
are shown in Fig. 2.

Catalytic hydrogenations carried out on powdered platinum gave similar
results. The product retained in the liquid phase proved to be 2-butanol.
(Some experiments were carried out in a preparative hydrogenation apparatus
in which 1/2 mol of ketone was hydrogenated. The products in the liquid

Fig. 2. Volume vs. time curves for (1) hydrogen evolution; (2) reduction of 2-butanonc (i =
= 30 mA)

phase were obtained by extraction with ether followed by drying, and the
product was processed by microdistillation after the removal of ether.) In
the case of C5ketones the product composition was shifted more and towards
the alcohols. From 80—90% of the ketone converted, the corresponding
secondary alcohol was formed.

The shape of the polarization curves in the case of the investigated
ketones deviates to certain extent from that obtained in the presence of
acetone.

The rather wide limiting current section observed for acetone became
shorter to such an extent that sometimes it could not be distinguished. Under
identical experimental conditions the apparent rate of electrohydrogenation,
the current passing through the system showed the highest values generally
in the case of acetone; at potentials of about 70— 100 mV the following order
given was observed:

acetone > 2-butanone >- 2-pentanone > 3-pentanone

The polarization curves of the various ketones are shown in Fig. 3.
On applying a suitable anodic prepolarization, polarization curves best
resembling that of acetone were obtained in the case of 2-butanone.

Acta Chim. Acade Sei. Hung. 96, 1978



SZABO, HORANYI: ELECTROHYDROGENATION 5

Thus, e.g. the maximum and minimum values appearing in the limiting
current section can be observed also in this case as indicated by Fig. 4. The
decrease of the limiting current, as already discussed in connection with
acetone, can be ascribed presumably to more extensive formation of alcohol [1].

0 40 80 120 160
E, mv

Fig. 3. Polarization curves of various ketones

The similarity observable in the polarization properties of acetone and
2-butanone can be understood because in both cases the formation of the
hydrocarbon is the predominant process.

In the case of various pentanones the assumption of the limiting current
appears already slightly forced though the slope of the i vs. E curves un-
doubtedly decreases to certain extent on changing the potential in the
negative direction. Thus, certain similarity remains in the nature of the

Fig. 4. Polarization curve of 2-butanone at a butanone concentration of 0.2 mol/1

Acta Chint. Acad. Sei. Hung. 96, 197Ne



6 SZABO, HORANYI: ELECTROHYDROGENATION

polarization curves though, as already shown, the formation of the hydro-
carbon is rather suppressed in the case of these compounds.

It should be noted that the comparison of the polarization curves of
the various ketones is justified only to a limited extent because the current (i)
can be correlated with the consumption rate or the ketone (wk) only on taking
into account the composition of the product. If the product is not uniform
or when various reactions are possible, e.g. when hydrocarbon and alcohol
are formed at the same time, the measured current will be

i = Fwl+ z2F w2
where
dn2

dt

is the amount (in mol) formed in unit time from one and the other product.
In the steady state, the rate of ketone consumption is wk= wy-\- w2. On
denoting by a the ratio of the rates of formation of the two types of prod-
ucts, i.e.

we obtain that
i=zyFaic2f z2F w2

Since for alcohol formation z1= 2 and for hydrocarbon formation

i= 2 Fwlx+ 2)

i= 2Fwk (“* 2
1+ @

Thus, the rate of consumption of the ketone is given by

W B S B

It appears from this equation that even in the case of identical values
of wk, various currents can be measured, depending on the size of a. The
theoretically possible values are located in the interval 2 F wk— 4 F wk.
The changes appearing in the limiting current of acetone were discussed
on the basis of similar considerations [1].

As both reactions are presumably preceded by the adsorption of the
ketone and since it is conceivable that the reactions leading to alcohol and

Acta Chim. Acad. Sei. Hung. %> 1978



SZABO, HORANYI: ELECTROHYDROGENATION 7

hydrocarbon have a common intermediate, it is of interest to investigate
the relationships existing between the measured currents and the rate of
ketones consumption.

In the literature there are studies on butanone, where both the current
and the product distribution were examined simultaneously [5]. These investi-
gations related to aging processes taking place under given experimental

100
80

Fig. 5. (a) Current of electrohydrogenation plotted against time for 2-butanone. ¢ Overall

current; + current corresponding to butane formation; X current corresponding to 2-butanol

formation; (b) values of Fig. 5a expressed as rates of ketone consumption. The curve without
dots is the resultant rate curve

conditions, are shown in Fig. 5a. According to Fig. 5a, under pote ntiostatic
conditions the current passing through system, when plotted against time,
shows a monotonous decrease, and in parallel to this, also the amount of the
formed hydrocarbon decreases. At the same time the quantity of secondary
butanol formed will be gradually greater and it will finally become the sole
product of the reaction. The decrease of the current is explained by the
deactivation, or aging, of the electrode. On calculating, from the current
vs. time curves corresponding to the various products, the rates of formation
of butane and butanol, respectively, referred to butanone consumed in the
reaction, the curves in Fig. 5b are obtained. It appears from this figure that
no significant change takes place in the rate of butanone consumption, though
appreciable variations occur in the product composition.

The fact that though no changes occur in the rate of reaction, the
selectivity is altered to a significant extent, prompts one to investigate
whether the routes leading to hydrocarbon and alcohol may be independent
of each other. Namely, according to certain assumptions [5], the formation
of alcohol is connected with a reaction involving interstitial hydrogen in the
platinum lattice. At the same time it is as sinned that the adsorption properties
of platinum are modified by this hydrogen, resulting in a decrease of ketone
adsorption and together with that, in a decrease of the reaction rate.

Acta Chim. Acad. Sei. Hung. 96, 1978



8 SZABO, HORANYI: ELECTROHYDROGENATION

On the basis of the above results and the considerations outlined, it
is rather difficult to suppose that the rates of the reaction of butanone via
two independent routes would be the same. On the basis of Fig. 5b it is more
likely that the initial steps, and presumably also the rate-determining step,
are identical in both cases. The change observed in selectivity would then
be due to the fact that the branch of the reaction leading to the hydrocarbon
is gradually suppressed for reasons unknown as yet.

The above considerations are justified not only in the case of butanone.
It is known from the literature that the composition of products changes
also in the electrohydrogenation of acetone, depending on the nature of
catalyst. The electrohydrogenation of acetone was investigated by Semenova
et al. [6] in the presence of platinum-iridium skeleton catalysts. It was found
that at a given potential the current efficiency referred to isopropanol rises
with increasing iridium content of the catalyst but at the same time also the
current required for electrohydrogenation decreases. Table | was constructed
on the basis of the data and curves given by Semenova et al. [6].

The current resulting in the formation of hydrocarbon can be calculated
from the data given in Table | in the following way:

~hydrocarbon — 1

Table |

Electrohydrogenation of acetone on Pt-Ir skeleton catalysts at 100 mV [6]

Current effi-

Composition of ciency referred Current, i
catalyst to isopropanol, (mA)
p (%)

Pt 6.3 1.8
90% Pt-Ir il 1.7
75% Pt-Ir 29 15
50% Pt-Ir 48 14
40% Pt-Ir 56 1.15
25% Pt-Ir 70 1.0
10% Pt-Ir 80 0.83
Ir 80 0.71

and the rate of reaction is:

: 1
srroo L R 4F s K B

Acta Chim. Acad. Sei. Hung. 96, 1978



SZABO, HORANYI: ELECTROHYDROGENATION 9

The rates of reaction calculated for skeleton catalysts of various com-
positions are summarized in Table Il. The rates corresponding to the formation
of propane and the alcohol are plotted in Fig. 6 against the concentration
of iridium in the catalyst. The overall rate given also in Table Il does not
show appreciable changes even at high iridium concentrations, and it increases
rather than decreases. A considerable decrease in the rate was observed
only at iridium contents above 60%. Thus, the increase of the proportion
of alcohol in the product is in this case not accompanied by a decrease of
reaction rates. Similarly to butanone, data are available also concerning
the electrohydrogenation of acetone on a platinum electrode. These data
show changes in the composition of the product.

Table 11

Reaction rate referred to acetone consumption as afunction of the catalyst composition [6]

Composition of

catalyst 10_eu)(mol/sec)

Pt 4.96
90% Pt-Ir 4.89
75% Pt-Ir 5.01
50% Pt-Ir 5.37
40% Pt-Ir 4.65
25% Pt-Ir 4.40
10% Pt-Ir 3.87

Ir 3.31

Fig. 6. Electrohydrogenation of acetone on Pt—r alloys. Rate of the formation of propane
(A A) and of propanol (0o 0) vs. the Ir concentration at 100 mV

Acta Chim. Acad. Sei. Hung. 96, 1978



10 SZABO, HORANYI: ELECTROHYDROGENATION

The values calculated on the basis of the experimental data given by
de Hemptinne et al. [3] are presented in Table IIl, using the symbols applied
above. These values indicate that wk (the amount of acetone consumed in
unit time) did not decrease even after 3.5 hrs, whereas the value of a (the
alcohol to hydrocarbon ratio) increased by a full order of magnitude.

Table 111

Changes in the rate of the electrohydrogenation of acetone and isopropanol to propane ratio as
afunction of time

(brs) a A (nn%sec)

0 0.18 0.165 4.6x10-7
0.5 0.26 0.16 4.6x10-»
1 0.42 0.155 4.7x10-»
15 0.50 0.15 4.6x10-»
2 0.66 0.145 4.7x10-»
25 0.88 0.142 48X 10-»
3 1.22 0.13 46X 10-»
35 1.80 0.125 47X 10-»

In accordance with the above discussion also these data confirm that
the formation of alcohol and hydrocarbon cannot be processes completely
independent of each other.

On the basis of the present observations and the literature data we
may attempt a qualitative interpretation of the phenomena occurring during
the stationary processes. Let us assume that one or several initial steps
of the series of reactions leading to hydrocarbon and alcohol are identical,
and that at the beginning of the measurements the rate determining step
is one of these. The overall reaction can be characterized by the scheme

[ — » C(hydrocarbon)
N — ———-% D(alcohol)

where routes A —» B —C and B “mD denote reactions which may comprise
also several elementary steps and which can be characterized by the apparent
rate constants kv k2 and k3. If kt k2, k1 kr and <ij k2 + fc3, then the
rate determining step is in route A —B. The ratio of products will depend
on the k2 to k3 ratio. If k2 k3, then the product will be practically pure
hydrocarbon.
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If however effects affecting (e.g. decreasing) the relative and absolute
values of k2and k3, occur the overall rate under otherwise identical conditions
will remain stable until the above inequalities for kv k2 and k3 are still valid.
At the same time if k2 and k3 are not changing to the same extent (e.g. k2
decreases faster than k3), the proportion of hydrocarbons in the product
will decrease. Accordingly, the phenomena observed by us can be explained
by the decrease of the value of apparent rate constants k2 and k3 belonging
to reaction routes B —C and B — D (k2 decreasing to a greater extent that
k3). As was discussed above, this does not imply that the rate of the overall
process should change at the same time though the product will be already
practically pure alcohol if k3 k2 However, k3 and k, may decrease further
to such an extent that fc, will be only slightly smaller than k3 or eventually
commensurable with Ag or even smaller than kv and thus the rate of the
overall process will be determined ever more by process B —mD, and this
rate will be already lower than at the beginning of the measurements.

In our opinion the phenomena observed in the electroreduction of
2-butanone and acetone can be adequately interpreted in this way. Only
hypotheses can be set up concerning the causes leading to changes in selec-
tivity, e.g. the irreversible adsorption of the oxo-compound or of the products
of its reduction, e.g. of the alcohol. These problems require still further
investigations. Anyhow, we succeeded in pointing out that extreme care is
needed in the interpretation of the processes taking place during the electro-
hydrogenation of ketones.

The same can be stated concerning the comparison of the polarization
curves of various ketones because in this case currents and current densities
belonging to the various potentials are being compared.

However, it is quite obvious from what has been said that this com-
parison is justifiable only if the alcohol to hydrocarbon ratio is also identical,
which occurs very rarely.

Polarization curves reflect in an unequivocal way the reduction of
ketones only if only one product may be formed or if both products may be
formed but the ratio of the products does not change with the potential and
with the experimental conditions. In the case of acetone, it was possible
to draw the kinetic conclusions described earlier [1, 2] because under given
conditions only propane was formed. On generalizing the results referring
to acetone and 2-butanone [2—5], the relationship

VY

can be given for the value of wk, whereas the polarization curve can be
described by the relationship
i=zF B ck
1+ Dck 10Ne
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12 SZABO, HORANYI: ELECTROHYDROGENATION

where B, D and b are constants, ck is the concentration of the ketone, E is
the potential and

If a depends on the potential and on the lifestory of the electrode (and,
as we have shown, this is frequently the case), the polarization curve may
exhibit very diversified shapes.
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Statistical theory due to F1ory has been applied to the systems: piperidine—tetra-
hydropyrane; piperidine—eyclohexane and tetrahydropyrane—eyclohexane. Excess
thermodynamic functions as a function of temperature and composition have been
evaluated and results were used to examine the theory.

Introduction

Successful attempts [1—6] have been made to test Firory’s theory
in the light of excess thermodynamic functions [7, 8] using thermodynamic
data. Very few attempts [9] have been made to study the excess thermody-
namic functions in the light of F1ory’s theory using ultrasonic measurements.
In the present investigation excess volume (Ve), excess enthalpy (HE), excess
isothermal compressibility (XE), excess thermal pressure coefficient (yE) and
excess entropy (T SE) were studied in the light of Fiory’s theory for associated
mixtures of piperidine-tetrahydropyrane, piperidine-cyclohexane and tetra-
hydropyrane-cyclohexane using ultrasonic velocity and compressibility data
of Moelwyn-Hughes and Thorpe [10].

Theoretical

The numerical evaluation of characteristic parameters V*, T* and P*
and reduced parameter V, T and P for each of the pure components and
corresponding parameters as well as segment fractions (®1 and ®2), site
fraction (62) and reduced excess volume (Ve) of the mixture were made
according to the procedure adopted by Firory [11, 12]. Experimental excess
volumes were used in the present investigation to calculate energy parameter
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14 PANDEY, MISHRA: APPLICATION OF FLORY’STHEORY

X 12 The excess functions were calculated using the following equations:

Excess thermal pressure coefficient was calculated using the relation:

The calculated thermal pressure coefficient y was obtained from P* for the
solution, as given by the equation:

Results and discussion

Values of characteristic parameters are listed in Table I. Here and
throughout this paper, mole fractions are those of the first named component
of each system. The abbreviations P, T and C respectively denote piperidine,
tetrahydropyrane and cyclohexane.

Table 1

Parametersfor the pure liquids

K rg:ﬁ Xa-")')él'?o %059133 2/:Ezljleeagle-(({-)l v C.CAVI; ol-1 le Calpc*c -1

Piperidine

293 98.86 79.8 1.055 0.320 1.2554 78.7478 5037.8  147.7

313 100.98 91.8 1.077 0.284 1.2653 78.8071  5250.0 1423

Tetrahydropyrane

293 97.44 934 1.123 0.292 1.2695 76.7546  4864.7  137.8

313 99.69 108.1 1.155 0.258 1.2896  77.3030 4965.0 1343
Cyclohexane

293 108.08 111.6 1.224 0.265 1.2875  83.9456  4669.3  128.7

313 110.79 130.4 1.254 0.232 1.3100 84.5725 47720 1246
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The excess volume

The F7aled) are subject to vitiation by errors in T* and P* for the
pure components. The former parameter depends on the thermal expansion
coefficient a, the latter is mainly determined by the thermal pressure coef-
ficient vy.

According to the relationship given by Frory [11], the effect on VEacd”
of an error in a2is approximately proportional to (P*—PT) x (P*4~P*) 1
and sensitivity of Ve to y2is proportional to the difference (T2— 2\). Because
the comparatively large difference between the thermal expansion coefficients
and less difference between the thermal pressure coefficients, the effect on
Ffcaicd.) an error in Yy islarger than the effect of an errorin a, in the present
systems under investigation. An examination of Table Il shows that VExptl)
are in good agreement in sign but not in magnitude with Fiory’s value.
The lower value of VEalcd”is due to making the approximation that P* = P*
and B2X 12~ 0 in Eq. (5), so that T is given by T — + ©2T2

The excess enthalpy and excess entropy

Theoretical values of HE have been calculated using X 12 values derived

from experimental excess volume [11, 12] and are shown in Table Il. Largest
discrepancy is seen in the system P-C. Agreement on the whole is quite
satisfactory within the limits of error. An examination of Table Il shows

that the ‘equation of state’contribution of HE is positive for all the systems
under investigation. This contribution depends [12, 14] not only on the re-
duced volume of the mixture and, therefore, on the excess volume but also
on the difference between reduced volumes V1and V2ofthe pure components.
The ‘contact interaction term’ x102 Vf X 132 V is dominant, thereby rendering
the enthalpy of mixing positive. The positive HE values of the systems
under investigation suggest that the systems are formed endothermally.
H <iPti) for P~C is greater than that for P-T showing that N—H -—----- —0
hydrogen bonds formed in the second systems are weaker than the N—H
------------ N bonds solely present in the first. -Healed.) values also show the
same trend. TSE values are all positive for the systems under investigation.

The excess isothermal compressibility and the excess thermal
pressure coefficient

Excess isothermal compressibilities have been calculated using X 12
values evaluated from experimental excess volume [10] and experimental
excess enthalpy [13]. XE, using X 12 values evaluated from HE could not be
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Systems

P-C

T-C

Mole
fraction

0.1990
0.3516
0.5072
0.6732
0.8252
0.2090
0.3078
0.5088
0.6478
0.8322
0.2548
0.4833
0.5236
0.7383

X 12 Cal. cc.
evaluated
usin<r expt. F*

20 °C

4.70
3.61
1.89
2.84
1.24
2.78
4.05
3.09
2.83
1.92
3.44
2.80
2.25
1.75

40 °C

5.50
1.86
2.32
5.59
2.22
9.14
12.17
7.46
3.56
1.80
19.42
15.49
10.77
5.23

Table 11

Cemparison of calculated and observed excess quantities

V ealed.

20°C

1.2685
1.2670
1.2650
1.2625
1.2597
1.2833
1.2789
1.2747
1.2698
1.2622
1.2855
1.2819
1.2812
1.2763

40 °C

1.2865
1.2835
1.2799
1.2758
1.2714
1.3034
1.2970
1.2914
1.2848
1.2746
1.3123
1.3112
1.3104
1.3043

Eq. of state
o HE cal
mol-1
20 °C 40 °C
13.5 141
194 203
216 225
198 216
14.9 15.6
193 230
231 12.2
303 355
268 328
13.0 174
166 46.4
20.2 74.4
203 68.0
140 58.0

HE cal no!~’

20 °C

Cald.

59.7
82.4
69.3
115.0
65.9
48.7
74.3
127.8
117.6
92.5
56.2
81.6
73.8
72.7

Expt.

56.9
85.8
94.2
80.4
48.5
190.2
241.7
254.6
200.0
139.5
108.8
140.2
138.7
98.4

40 °C

Cald.

47.3
40.1
58.2
136.3
71.6
81.6
127.5
153.0
104.6
64.5
188.0
289.6
280.8
169.7

Expt.

47.0
69.0
79.6
67.1
71.3

40 °C

Ve cc mol-1
20 °C
Cald. Expt. Cald.
0.02 0.14 0.02
0.01 0.20 0.02
0.02 022 0.01
0.58 0.20 0.01
0.33 0.15 0.02
0.01 0.18 0.15
0.01 0.25 0.000
0.01 025 0.003
011 021 0.007
0.08 0.09 0.001
0.02 0.19 0.00
0.008 0.22 0.01
0.006 0.22 0.02
0.022 0.14 0.008

Expt.

0.15
0.21
0.23
0.22
0.16
0.20
0.28
0.29
0.26
0.12
0.60
0.94
0.86
0.71

TSE cal
mol-1
cald.

20 °C 40 °C

14.4
20.1
15.9
215
14.3
10.5

8.1
23.6
255
20.8
13.6
19.9
17.0
17.2

11.2

8.7
12.9
33.0
16.3
19.0
23.2
34.1
14.0
12.5
51.9
78.8
73.1
45.2

AHdOIHLS.AH0T4 40 NOILVOI1ddV (VHHSIN ‘AIANVd
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Table 111

Comparison o fcalculated and observed excess isothermal compressibility

XEXIOeatm -1
s 20°C 40 C° Y-®X10S
Mole Calcd. calcd. Cal cc 1
System fraction Calcd. using ) deg 1
using X122 Calcd. using Calcd. using
X 12from  fom Expt. XI2 from X12 from Expt.
expé expt. expt. Ve expt. HE

y HE 20 °C 40 °C

P-T 0.1990 15 0.6 0.6 0.7 0.7 0.5 0.245 0.185
0.3516 1.55 0.9 0.8 0.1 0.2 0.7 0.340 0.176

0.5072 1.6 1.8 0.9 0.2 0.4 0.7 0.299 0.239

0.6732 24 21 0.8 11 0.3 0.7 0.454  0.486

0.8252 11 14 0.4 — 11 — 14 0.4 0.272 0.266

P-C 0.2090 0.3 0.8 0.3 0.8 — 0.6 0.283 0.367
0.3078 1.3 2.0 0.6 25 — 0.5 0.137 0.334

0.5088 11 1.0 0.5 0.56 — 0.5 0.549 0.651

0.6478 1.3 11 0.4 —20 — 0.3 0.569 0.497

0.8322 1.0 0.8 0.1 — 2.7 — 0.0 0.414  0.302

o, 0.2548 1.7 1.7 14 8.9 — 2.1 0.283 0.737
0.4833 2.4 2.2 2.1 13.3 — 2.6 0.399 0.115

0.5236 2.1 2.1 2.0 104 — 2.7 0.375 0.962

0.7383 1.9 15 1.6 7.4 — 2.2 0.351 0.752

calculated for P-C and T—€ at 40 °C due to unavailability of experimental
HE at this temperature. The two sets of the theoretical XxE values shown
in Table 111 are in good agreement with each other as well as with -f(expti)
This agreement indicates that there is no esssential difference between the
two procedures of evaluation of X 12. When there is an increase in the volume
due to mixing, the solution can be compressed to a greater extent leading
to an increase in the compressibility of the mixture i.e. Ve and XE should
be of the same sign. Results presented in Tables Il and IlIl show that like
experimental Ve and XE, theoretical Ve and xE also have the same sign
in all the systems under investigation with the exception of P and P-C
at 40 °C when the mole fraction of piperidine is % = 0.8252 and 0.8322,
respectively. This may be attributed to the predominancy of the errors
effective in the computation of P* values for this set. A perusal of Table 111
shows that xf(exptij values for the systems under investigation are in the
order P-C <CP-T <d T—€, at the same temperature and corresponding mole
fractions, this trend is also observed in ~ (caled) values. The greater the
hydrogen bonding, the smaller is the intermolecular spacing, and hence lesser
is the extent to which it can be compressed. Thus N—H — — — 0 hydrogen
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18 PANDEY, MISHRA: APPLICATION OF FLORY'S THEORY

bonds formed in the P—I system are weaker than N—H --——----— N bonds
solely present in the P-C system. Nuclear magnetic resonance spectra have
provided evidence for the formation of these hydrogen bonds. In the systems
P-T and T-C, “T(expti) varies symmetrically with the composition of the
mixture but the variation of *f(exptl.) is unsymmetrical in the case of P-C,
the maximum being displaced towards lower piperidine concentrations. The
same sequence is observed in “(caicd.)

Excess thermal pressure coefficients for the systems under investiga-
tion are negative at both temperatures. The theory fails to predict yE = yE (x).
However, in view of the inaccuracy in the values of P* and a, it is difficult
to offer any specific comments on this aspect.

The authors are grateful to Prof. R. D. Tewari for providing electronic calculating
machine.
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Electronic spectral studies of some less common transition metal complexes
with four ketoanil ligands have been carried out in conjugation with ligand field
theory for d—d and charge transfer transitions. Low spin octahedral stereochemistry
established spectroscopically was verified magnetically. Abnormal paramagnetic
behaviour exhibited by Rh(lIl), Ir(I11) and Pt(lY) complexes has been accounted
for second order Zeeman effect. Infrared spectral studies were employed, to investigate
sites of co-ordination in ligands, and to elucidate complex structures. Electron repelling
tendency of para-substituted groups of ligands has been found to exert direct influence
on complex stability. Stability orders of the complexes (ligand or metal wise) have
also been established and have been substantiated by 10 Dq values.

Introduction

Several attempts [1—8] have been made during last decade to investi-
gate electronic spectra of platinum metal ions involving d5and d6configurations
under the influence of octahedrally arranged ligands of different field strengths,
but references [9— 14] on these configurations under the perturbing fields
of ketoanil ligands are scanty and hardly any attempt [11] has been made
so far to investigate ketoanil-Ru(lll) complex. The present communication
in continuation to our previous work describes quantitatively in conjugation
with ligand field theory the electronic spectral and magnetic features of
some platinum metal ions, viz. Ru(l11), Rh(Ill), Ir(I11) and Pt(1Y) complexed
with four ketoanil ligands (abbreviated as A, B, C and D). Unusual para-
magnetic behaviour of Rh(IIl), Ir(l1ll) and Pt(lY) complexes established
magnetically and verified spectroscopically has been explained in terms of
second order Zeeman effect. Infrared spectral studies of complexes and ligands
have also been carried out in order to elucidate their structures, to mark
the sites of co-ordination and to establish their stability sequence and its
substantiation by electronic spectral results.

A = p-Dimethylaminoanil of phenyl glyoxal
B = p-Diethylaminoanil of phenyl glyoxal
C = p-Bromoanil of phenyl glyoxal

D = p-lodoanil of phenyl glyoxal

* Postal address: R. K. Upadhyay, 57, Chhatta Street, Khurja, 203131, India.
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Complex

RuA2CI3

RuD,C13

RhA2CI3

IrA2CI3

Bands
cm 1

13333
17699
18182
21505
23529
25000
31250
40000

12987
16529
18182
21053
24691
26667
32258
40816

13514
20408
23121
31250
41667

18692
25000
26315
32258
37736

Assignments
2T 4T
“m A,g
- 2%Es
- 22Tg
L- M
Charge transfer
2r*c Z*
- M,
- 2%,
a ing
L —M
Charge transfer
1Ay - 3718
S |
119
_ T
L M

Charge transfer
71-*-6p

Wa f_ll@

-« 4«
L -
Charge transfer
7r-eg

Table |

Electronic spectral and magnetic characteristics

10D9
(mm-1)

27833.25

22580.25

27924.50

28154.00

Racah’s
Parameters

545.75
2183.00

442.75
1771.00

508.06
4803.5

453.62
3154.00

LbSE.
(Kica

mol-1)

73.286

59.454

74.450

114.49

A

1.72

0.48
(0.43)

0.36
(0.42)

Nitrogt n (%)
Calc. Found
7.94 7.78
3.60 3.49
7.91 7.77
7.02 6.92

Metal (%)
Calc. Found
14.33 14.18
12.99 12.82
14.53 14.42
24.10 24.00
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iri)2a

PtACI

14925
20408
25641
27027
34482
40000

19231
22222
25974
33333
38462

PtBCIl4 19044

PtDCI

PtECI

22727
25641
32787
38462

18868
25316
32258
40000

17544
19231
23392
27778
30075
40000

Yy~ T
1
- T
- 0,
1w
L *M \n-
Charge transfer Ja-
3T
1T,
190
Kl
L - Ai
Charge transfer
\n . AT
lg 314
. 11_'L
1&37
- a. S|i'iu
L —aM

Charge transfer
a-*ea

Ay 3r,,4
Y
A TR
ﬂ“a,I.(Ilrlf
L—M

Charge transfer
1-*e,,
ar,
a9

7o

23150.00

29345.50

28939.70

28540.00

26316.00

ow

Values in parentheses are calculated spectroscopically

413.69
2741.50

459.94
3372.50

446.63
3298.70

433.87
3224.00

417.69
2924.00

90.17

117.59

116.66

115.81

107.65

0.37
(0.47)

0.36
(0.41)

0.37
(0.42)

0.40
(0.42)

0.43
(0.44)

3.22

4.77

4.55

2.25

2.09

3.12

4.68

441

2.18

1.98

2212

33.27

31.75

31.16

29.15

22.02

33.12

31.63

31.28

29.00
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Experimental

Preparation of ligands and complexes

All the ligands and complexes under study were prepared and purified following the
methods reported [15, 16] earlier. Chemicals used in these preparations were B. H. D. or J. M.
(London) products.

Table 11

Infrared frequencies with their tentative assignments

Licgrd RAZB RhAZI3 IvAxflg RAC Ligyd PBO4
1748m 1668s, sh 1660m, sh 1625s 1620m, b 1738s 1622s
1680s 1622s 1612s 1590s 1590m 1668s, b 1590s
1618s - - - - 1618s -
1588s - - 1568s - - 1553s
1558s, sh 15565, sh 1550m - 1558m, sh - -
1528s 1523s 1520s 1528s 1518m 1523s 1518s

820 s 810s 812s 808s 804s 817s 802s,
552m b 560m, b 560m, b 622m, b — 582s
- 330m 334s 334m 342s - 330m
— 277m 265m 272m 274m — 277m
Ligand RuDXI3 irIxcl,, PIDC.I, "'gEa"d PtECI, Assignment
1
I
1684s 1628s, b 1622s, b 1618m 1635s 1598m, b C= 0 str.
1648s 1608b 1606s 1604s 1600s 1563m C= N str.
1603s 1588s - - _ _

- 1568m 1548s 1563s - — C= Cstr.

- 1553m - - - -

- 1498s 1518s - - -

817s 810m 810m 812s 817m, sh 812m,sh  C—H bending ad-

jacent H atoms
+ 1 :4disubsti-

tution
- 487w 487m 492s - 484s M—N str.
- 317m 317s 322s - 322m M — ClI str.
— 277m 277s, b 277Tm, — 277m M — 0 str.

Physical measurements and analyses:

Infrared spectra of ligands and their complexes were recorded in the range of 200 cm-1
to 4000 cm-1in Nujol mull using CsF optics on a Perkin Elmer-621 spectrophotometer. Princi-
pal infrared frequencies with their tentative assignments are noted in Table Il. Electronic spec-
tral measurements were made on Beckman DU-2 spectrophotometer on acetonitrile solutions
of complexes in the 200—800 nm range in 5 nm steps. Magnetic measurements on the pulver-
ized complexes were performed on a Gouy’ balance. The results are compiled in Table 1.

Results and discussion

The magnetic moments (1.62 B .M. and 1.72 B. M.) of Ru(lll) complexes
at room temperature are quite near to spin-only value 1.73 B. M. Low exper-
imental values may be accounted for high spin-orbit coupling. These results
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show the presence of only one unpaired electron and deviation from the
Hund’s rule of maximum multiplicity in Ru(lll) ion complexes in under
study. Ru(lll) complexes of similar magnetic behaviour generally form low
spin octahedral stereochemistry involving dZp3 hybridization.

A perusal of electronic spectral reports on Ru(lll) complexes reveals
that on account of strong charge transfer hands spreading over a wide range
of wave length bands corresponding to d-d transitions have been difficult
to identify. Another difficulty experienced in the assignment of d-d type
transitions has arisen owing to their intermixing as they appeared within
a relatively narrow range of energy. Although the Tanabe and Sugano
diagram [17] predicts eight transitions from the ground state (t29)5 to the
doublet states of configuration (t2g)4e_)1, yet all the bands have not necessarily
appeared and assigned in the spectra of Ru(lll) complexes. In the present
complexes eight bands have been observed in each case which have been
assigned to various spin-forbidden and spin-allowed d-d and charge-transfer
transitions. The last hand with very high extinction coefficient and energy
(~ 40000 cm-1) could only be assigned to L —M charge transfer while next
broad peak with relatively very low extinction coefficient and energy could
be considered to have arisen on account of d-d 2T.la —2 2T2g transition
coupled with L —mM charge transfer. All the remaining six bands with very
low extinction coefficients have been assigned to spin-forbidden and spin-
allowed d-d type transitions on the basis of Tanabe and Sugano predictions.
Making the use of following equations [18]:

4T2g- 4Tlg= 8 B
Dq/B = 51
and C =4 B

The values of 10 Dg, B and C have been calculated and are noted in Table I.

A comparison of electronic spectra of Rh(Il), Ir(lll) and Pt(l1V)
complexes with those of isoelectronic (de) Co(lll) and Ru(lll) octahedral
strong field complexes shows an analogy in the band-splitting pattern. This
indicates that complexes under study are octahedral, strong field cases.
Further, in the present complexes ligand field bands show expected shift
arrangement according to an increasing number of transition series 5dn  4dn
> 3 dn (with relative values of function 1.75 :1.45 : 1.00) and according to
increasing oxidation numbers -|-4>-|-3>--j-2, being obtained in isoelectronic
ions. Four to six bands observed in the electronic spectra of complexes have
been assigned on the comparison basis to K2PtCI6. All the d-d transitions
have taken place from the ground term 1A lmr of substate (t2g)e to the excited
terms 3Tlg, 3T2g, XT lgand 1T 2gofsubstate (t29)5 (e)1; first two transitions are spin
forbidden while remaining two are spin allowed. Some of the ligand field
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-J
parameters, viz. B and C (Racah’s interelectronic repulsion parameters),
Dq (field strength parameter of Schirapp and Penney), 10 Dq (splitting
energy). L. F. S. E. etc. have been calculated for each complex by employing
the following equations:

3Tlg=10 Dg— 3C
1T1?= 10 D q- C
and 3ry=10 Dg+ 16 B —C

and values are noted in Table I. One band (unassigned) observed in the ligand
field spectra, very near to spin-allowed band L4lg — 1IT2y in some complexes
have been considered a part of IAlg—=XxT2g band. Splitting of 1Alg —=mITY
band may be accounted for high spin orbit coupling. Last band with very
high extinction coefficient appeared at 40000 cm-1 invariably in all the
spectra except in the spectrum of the Ir(I11)-D complex (at ~ 34482 cm-1)
has been assigned to L —mM charge-transfer (allowed) transition n —»eg
from 1Tlu ground term. The next higher band appearing at 40000 cm-1 only
in Ir(111)-L) complex corresponds to ct—meg.

Very small values of magnetic moments (Table I) are exhibiting feeble
paramagnetism in the Rh(IIl), Ir(11l) and Pt(lY) complexes under study,
however, are not accountable for the presence of any free electron in their
d-configuration. Thus these results infer spin paired d6octahedral configuration
to the complexes. The unusual magnetic behaviour verified spectroscopically
[19] may be explained in terms of second order Zeeman effect.

Principal infrared frequencies with their assignments [20—22] for the
ligands and complexes are noted in Table Il. A perusal of infrared spectral
data reveals the lowering in C=0 and C=N stretching frequencies of parent
ligands on complexation. This lowering indicates the participation of these
groups in co-ordination. Appearance of new bands in the spectra of complexes
corresponding to M-0 and M-N bonds infer the same conclusion arrived at
earlier. The perturbation, appearance or disappearance of peaks corresponding
to C= C (aromatic) stretching vibrations evidently show the rearrangement
or shifting of double bonds in ligand molecules during complexation. If doublet
band at ~ 817 cm-1 is considered due to 1 :4 disubstitution (para substitu-
tion) of ligands then lowering in its value and its change to singlet will lead
to the change of benzenoid structures of ligands to quinonoid in complexes
involving rearrangement of double bonds. A new band appearing at 317 —
—342 cm-1 in the complexes has been assigned [22] to M-CI stretching
vibrations. The M-N stretching frequency orders (metal and ligand wise)
substantiated by 10 Dq values clearly show the direct influence of electron
repelling tendency (falling in identical order) of ligands para substituents
on the complex stabilities.
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Considering the inferences as arrived at above the tentative structure
of complexes with possible mechanism may be shown as follows:

MCI,

where M = Ru(Ill), Rh(Ill) or Ir(111) and X = N(CH32 N(C2H52 Rr or I.
In Pt(lY) complexes Pt(lY) :ligand ratio is 1 :1, four chlorine atoms

are in the co-ordination sphere.
*

We are highly indebted to Prof. W. U. Rehman, Head of the Chemistry Department,
A. M. University, Aligarh and Ex. Prof. W. U. Malik, Head of the Chemistry Department,
Roorkee University, Roorkee for providing facilities for the electronic spectral and magnetic
mesurements, respectively. Thanks are also due to other friends of our group who have helped
in this work.
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Adsorption of methane and ethane, deuterium exchange of methane, ethane,
n-butane, and 2,2-dimethylpropane, and the hydrogenolysis and isomerization of
ethane, butanes and 2,2-dimethylpropane on a palladium black catalyst have been
studied. Data on adsorption of methane and ethane suggest different adsorption forms.
The ‘weak’ irreversible adsorption may play an important role in deuterium exchange,
whereas the ‘strong’ interaction leads to rupture of the C—€ bond and to poisoning
of the catalyst. The hindrance of formation of aa bonds is revealed not only by the
abundance of the [2H 1] alkane among the initial products but also by the well-defined
separation of deuterium exchange and hydrogenolysis. Kinetic parameters of hydro-
genolysis and isomerization as well as product distributions have been determined
as a function of temperature and hydrogen pressure. The results suggest that different
surface intermediates are responsible for isomerization and hydrogenolysis.

The mechanism of isomerization and hydrogenolysis of saturated hydro-
carbons on palladium films [1—4] and blacks [5, 8], as well as on silica [6, 7]
and alumina [9] supported catalysts has been extensively investigated. Com-
prehensive studies [1, 2, 5] have shown that Pd is much less in isomerization
active than Pt. Another interesting feature of Pd catalysts is the lack of
isomer production in case of neopentane [1, 2, 8] and of other hydrocarbons
[4, 11] containing a quaternary carbon atom. Multter and Gault [4] has
explained this phenomenon by suggesting a jr-bonded Pd intermediate n(oc, R), y
in bond shift rearrangements as well as in the hydrogenolysis of the C—<€
bond.

In this work we present results in the catalytic properties of Pd-black.
For better understanding of the nature of active sites, we have studied the
adsorption of methane, ethane and the deuterium exchange of methane,
ethane, n-butane and neopentane. This paper is also concerned with the hydro-
genolysis of ethane, butanes and neopentane, and especially with the effect
of hydrogen pressure on the selectivity of hydrogenolysis and isomerization.

A comparison is made between the catalytic hehaviour of Pd and Pt [12, 13].

Experimental

Adsorption of methane and ethane was measured gravimetrically using a Sartorius
vacuum microbalance. The composition of hydrocarbons irreversibly bonded was determined
by thermodesorption in a flow system at atmospheric pressure. Details have been given
elsewhere [13].
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Hydrogenolysis and deuterium exchange were investigated in a circulation appa-
ratus [12] with a total volume of 0.153 1

Deuterium exchange and the consumption of ‘light’” hydrocarbon were followed on
an AEIl MS 10 C2 mass spectrometer connected to the circulating system through a fine
capillary leak. Procedures for natural 13C and for fragmentation patterns, as well as the
calculation of product distribution have been described [14].

Products of hydrogenolysis were separated gas chromatographically at room temper-
ature on a column 5 m in length, filled with 20 w/w% squalane on Chromosorb W. Calibration
was performed with mixtures of the products.

Palladium black catalyst was prepared from H2PdCI16 by reduction with formaldehyde
at room temperature in an alkaline medium, followed by careful washing and drying. Two
types of catalysts were used. Catalyst | was prepared from the freshly deposited sample by
sintering (original surface area 14.3 m2 g_1) with repeated oxygen-hydrogen treatment at
423 K. The surface area of the sample was 3—3.5 m2g-1. The mean crystallite size, as
measured by X-ray diffraction, was 35 nm. Catalyst Il was prepared from Catalyst I: some
n-butane hydrogenolysis runs were carried out above 573 K during which the activity of
Catalyst | decreased. The drop in the hydrogenolysis activity of Catalyst | is about one order
in magnitude. The surface area of the sample and the mean crystallite size remained practically
the same as before.

Results
Adsorption

Adsorption of methane and ethane on presintered Pd-black was investi-
gated in the temperature range of 196—533 K via adsorption isotherms
and isobars. Temperature dependence of the amount of total and irreversible
adsorption at a pressure of 26.67 kNm~2is presented in Fig. 1.

In the temperature range between 196 and 473 K, where reversible
and irreversible adsorption can be separated, adsorption isotherms were
recorded. From the isotherms, isosteric heats and the entropy of adsorption
were determined. Typical results are shown in Table I, which includes also
the surface area occupied by an adsorbed molecule, as calculated from
Vm,Hc/"m,Ns (BET). It should be emphasized that the values in Table | were
calculated for a ‘poisoned’ surface (weight of the amount adsorbed irreversibly,
Y -ev-is in parenthesis), where the most active sites are occupied by substrates
bonded irreversibly.

Irreversible adsorption of CH4 and C2H6 takes place above 359 and
295 K, respecitvely. The amount of ethane bonded irreversibly was measured
in a hydrogen flow at atmospheric pressure either at the temperature of
adsorption or using temperature-programmed heating. The ethane retained
irreversibly can be removed in original form by hydrogen treatment at the
temperatures of chemisorption between 196-—453 K. Above 453 K, part of
the ethane chemisorbed leaves the surface in the form of methane. Results
are shown in Fig. 1. Typical runs for the temperature-programmed desorption
of chemisorbed ethane are presented in Fig. 2.
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Fig. 1. Temperature dependence of methane and ethane adsorption at 26.6 kNm-2 (CH4:

. D-total, ~-irreversible adsorption; C2H6: o -total, ®-irreversible adsorption; m — percent-

age of desorbed ethane formed from irreversibly adsorbed ethane in hydrogen flow at the
temperature of adsorption)

Fig. 2. Thermodesorption of irreversibly bonded ethane in H2 (a) — adsorption at 423 K

(93% is removed as ethane at the temperature of adsorption) Q — CHB 3 — CH4; (b) adsorp-

tion at 458 K (74% is removed as ethane at 458 K) o0 — CHG ® — Ch4; (c) adsorption at

493 K (49% is removed as CH6, 39% as CH4 at 493 K) m — CH6 0O — CH4 Heating rate
ou 10° min-1; flow rate of H2ou 10 ml min-1

Table |
Data on adsorption of ( 11i and C2He on Pd-black

CH4 oa,
Isotherm F F
— NHa(k.l mol-1) 194—273 K — 17.9
(Orev = 0.05) 273—423 K 325 51.3
Surface area/ 194—273 K 18.2 231
adsorbed molecule 273—333 K 24.1(1.9)* 38.5(3.2)
10-20 (m2) 333—393 K 36.2(8.6) 64.1(8.8)
-dSdm ol-'K -1 333—410 K — 100.3

F —Freundlich
*Weight of the irreversibly adsorbed substrate (10® gm-2)
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Exchange

Experimental results on deuterium exchange of methane, ethane,
propane, n-butane and neopentane are summarized in Tables Il and II1I.
Arrhenius parameters were determined from the temperature dependence of
the initial rate of consumption of ‘light’ hydrocarbons (—wd) in the tem-
perature range between 333 and 443 K using 10 :1 deuterium to hydrocarbon
mixtures unless otherwise stated.

Deuterium exchange of methane and neopentane can be satisfactorily
described by the stepwise exchange of hydrogen atoms in agreement with
Kemball’s [15] and McKee and Norton’s [16] results. At 438 K the ratio of
single to multiple exchange is 20.9 and 18.8 for methane and neopentane,
respectively. The apparent activation energies of the formation of multiple
deuterated isomers methane-d4, neopentane-d3and -d4are 182725 and 176”730
kJ mol-1, respectively.

In the case of ethane and propane, a maximum appears at d4 and d2
isomers, but with rising temperature, the distribution is shifted towards
ethane-d6 and propane-d8. In the temperature range of 338—393 K multiply
deuterated isomers prevail in the deuterium distribution pattern of n-butane.

Hydrogenolysis and isomerization

Hydrogenolysis of ethane, butanes and neopentane was investigated
above 513 K. The logarithm of the initial rate of hydrogenolysis as a function
of the hydrogen pressure is plotted in Fig. 3 for 55843 K. The hydrogen
pressures at which hydrogenolysis and isomer formation show maxima,
along with the kinetic order in hydrogen before and after the maximum
rate, are collected in Table IV.

Fig. 3. Rate of hydrogenolysis as a function of hydrogen pressure at 558;: 3 K; p (hydrocar-
bon) = 1.33 kKNm- 2, X — ethane, @ — neopentane, O — i-butane, O — n-butane
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Table 11
Data on deuterium exchange of ethane, propane and n-butane on palladium black

Initial per cent distribution

lg A(molecules E T
m-2e) (kymol-1 ®) « 0 a. q. s d 0 a. d9 . M
360 42.3 321 4.3 8.1 7.4 5.8 2.23
C2He 24.97 71 395 30.7 35.46 8.0 10.2 8.0 7.5 251
428 22.7 21.0 7.8 7.2 18.2 23.1 3.46
356 28.2 24.3 21 2.0 37 4.8 16.6 18.3 4.00
C,H8 23.81 58 380 10.6 18.6 15 8.1 11 15 215 36.6 5.42
399 8.2 7.8 0.2 6.4 5.3 12.1 246 354 6.04
341 3.0 34 0.8 21 0.3 4.1 10.2 183 242 336 8.18
n-C4H 10 23.88 54 355 1.7 2.5 2.1 34 2.9 5.1 7.6 15.8 26.0 32.47 8.10
370 2.1 1.3 0.2 0.3 11 2.0 8.5 185 28.2 37.8 8.63
C2HB™* 24.42 70 399 38.31 27.2 13.6 14.1 4.0 2.8 2.26
C3H 8> 23.52 58 380 34.3 28.6 12.1 3.2 4.3 7.2 6.2 3.9 2.81

Arrhenius parameters were measured in the temperature range 333—443 K using a mixture of 1.33 kNm- 2hydrocarbon and 13.3 KNm- 2
deuterium
** Exchange on catalyst Il
Table 111

Results on deuterium exchange of methane and neopentane

g A (molecules E T Initial per centdistribution
noew (k\]m(ﬂl) (}<) do d! d, d3 d. d5 de d, d. d
CH4 27.60 in 438 obs. 84.12 10.31 132 017 021
¢ = 1432 calc. 86.43 1283 0.71 0.02 0.00
456 obs. 8186 1712 096 0.06 0.00
¢ = 1921 calc. 82.13 1657 125 0.04 0.00
485 obs. 80.96 1588 2.03 050 0.63
¢ = 2397 calc. 78.09 19.91 190 0.08 0.00
neo-(J5H 12* 24.98 85 435 obs. 88.77 10.00 0.84 013 0.26 - - - - -
¢ = 1311 calc. 87.62 1165 068 002 000 000 000 0.00 0.00 0.00
460 obs. 92.55 6.82 037 023 0.03 - - - - -
¢ = 8.36 calc. 91.94 775 029 000 0.00 000 000 0.00 0.00 0.00
480 obs. 7325 2130 4.36 1.01  0.08

¢ = 33.37 calc. 7135 2453 375 033 002 000 000 000 0.00 0.00

Arrhenius parameters were determined from the initial consumption of “light” hydrocarbon (1.33 kNm~2 hydrocarbon, 13.3 kNm-2
deuterium)
* Deuterium distribution in C4119 fragment
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Table IV

Kinetic data on hydrogenolysis and isomerization

HC T(K) prex (KNm-2) o b 9 A E(kamol-i)
C2H, 558 2.6-4 —24 402 34.72 222
606 6-8 — 20 +0.35
neo—C_HL 558 A 8-11 — 15 0.67 35.46 224
B 57 —o01 0.98 — —
585 A 146—20 —135 11
B 73 — 135
i-C4H 10 537 A 10-15 - 16 0.97 30.23 162
B 16—20 — 15 111 28.20 1o
558 A 18-24 — 16 135
B 27—33 — 15 163
589 A 31-36 — 11 163
B 45-51 — 06 2.35
A 31.26 163
n-C4H 10 537 A 18-23 — 163 112 29.60 155
B 32-35 — 141 1.20 27.54 143
558 A 24— 28 — 145 145
B 3540 —12 151
589 A 44—47 08 163
B 545—57 - 09 2.18
"¢,H O A 29.40 144

A — hydrogenolysis; B — isomerization; ¢ — experiments on Catalyst I; d — Arrhenius plots
bend down; a and b are the reaction orders in hydrogen after (a) and before (b) the maximum
rate of reaction

The maximum rate of hydrogenolysis is shifted towards higher hydrogen
pressures with increasing carbon chain length (compare ethane and n-butane)
and with decreasing branching (see neopentane, isobutane, n-butane). An
opposite trend is observed for the maxima of isomer formation. At higher
temperatures the maximum rates of hydrogenolysis and isomerization are
shifted towards higher pressures of hydrogen. The same phenomenon has
been observed for transformations of saturated hydrocarbons catalyzed by
platinum [12, 17].

The selectivity as a function of hydrogen pressure and temperature
can be seen in Figs 4 and 5 and in Table ¥ for n-butane, isobutane and neo-
pentane, respectively.
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Fig. 4. Selectivity of hydrogenolysis of 2-methylpropane as a function of hydrogen pressure.
133 kNm~2; at 538 K W—CH4;,0 — CH6, 0O — C,Hf at 558 K A — CH4, 1— C,HB

PHC=
Xj— C3Hg at 588 K Q — CH4; 3 — CHc; m — C3H8

Fig. 5. Selectivities for the hydrogenolysis of n-butane as a function of hydrogen pressure
PHC= 1.33 kNm-2; at 537 K (J—CH4; CH6,0 — C3H8 at 558 K Q — CH4;,X— C,H6;
X — C3H8 at 589 K m — CH4;, N — CH6 O — C3H8
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Table ¥

Hydrogenolysis product distribution and selectivity of isomerization for neopentane on Pd-black

T(K) p,(kNm—*) Product distribution Sj
Met Et Pr n-But i-But

558 73.6 57.2 17 3.36 3.33 34.6 0.035
42.3 56.3 3.75 2.63 412 33.2 0.023
29.2 58.6 43 2.7 3.9 30.5 0.012
15.0 68.3 12.3 5.2 1.9 12.2 0.005

585 75.1 58.2 112 2.81 4.63 335 0.037
58.5 62.3 341 211 35 28.6 0.018
445 67.7 4.12 2.7 2.8 22.7 traces

At hydrogen pressures of 26.6—66.5 kNm-2 and between 513—573 K,
the hydrogenolysis of isobutane approaches selective propane formation
(SCGHs~ 1). The selectivity of terminal bond rupture is 0.75 in re-butane.
Under identical conditions the rupture of neopentane to isobutane is less
selective and secondary products such as re-butane, propane, are always
formed.

The maximum ratio of isomerization to hydrogenolysis is observed
under conditions of selective rupture as shown in Fig. 6.

1 i 1
0.5 1 15
g pHYikNm'21

Fig. 6. Isomerization to hydrogenolysis ratio as a function of hydrogen pressure, pfc = 1*33
kNm-2; n-butane O — 337 K; X — 558 K; O — 589 K; 2-methylpropane ¢ —537 K; ® —
558 K; 0 — 589 K

* S is the selectivity given by the equation: [12]: S( = where we is the ini-

tial rate of product formation
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Data on kinetic investigations with 10 : 1 hydrogen to ethane, and
20 : 1 hydrogen to hydrocarbon mixtures for butanes and neopentane are
also collected in Table V. The catalytic activities of Pd and Pt blacks were
compared in the hydrogenolysis of ethane at 563 K, using a standard mixture
of ethane and hydrogen. Rates for Pd and Pt arc 2.69 X 10-9 and 1.83 X 10-10
mol m-2 sec-1, respectively. The reaction rate decreased in subsequent runs.
After the sixt runs the rates are lower by 94.14 and 84.03%, while the surface
area diminishes only by 20.3 and 36.3% for Pd and Pt, respectively.

Discussion

The results obtained provide further evidence for the different adsorption
forms of hydrocarbons [12] and for the importance of ‘weak’ and ‘strong
interactions [18] in deuterium exchange and hydrogenolysis.

The reversible adsorption of methane and ethane at 194 K suggests
physical sorption. The area occupied by adsorbed molecules is in good
agreement with the geometrical cross sections [19] of 18 X 10-20 and 24 X 10-20
m2for methane and ethane, respectively. In the 273—423 K range reversible
adsorption may not be regarded as pure physical adsorption. This is clearly
shown by the value of the isosteric heat of adsorption and by the surface area
occupied by adsorbed ethane molecules. Data on the entropy of ethane adsorp-
tion arc nearly equal to the entropy change on losing one translational degree
of freedom [20]. This observation is valid also for Pt, for which the entropy
change between 405 —465 K, as calculated from data in Ref. [13], corresponds
to - 68J mol-1 K“1 Comparing the data on Pt and Pd, we suggest that the
loss of the degree of freedom is more extensive on Pd than on Pt. This activated
form ofadsorption can be considered asaprecursor ofdissociative chemisorption.

Irreversible adsorption of methane and ethane occurs above 359 and
295 K, respectively. Its value increases with increasing temperature in the
range between 360 and 533 K. In the presence of hydrogen, the irreversibly
bonded ethane can be removed in its original form from the Pd surface between
295—463 K. This type of chemisorption (irreversible ‘weak’ adsorption)
may play an important role in the deuterium exchange of hydrocarbons.
Above 453 K the part of irreversibly bonded ethane leaves the surface as
methane. From the temperature-programmed desorption experiments it is
clear that part of the irreversibly bonded substrate comes off only at elevated
temperatures. These results indicate a ‘strong’ metal-hydrocarbon interaction
which may be responsible for the self-poisoning of the catalyst. (The formation
of on interstitial surface carbide cannot be excluded.) This process occurs
at lower temperatures on Pd than on Pt, in agreement with the hydrogenolysis
activity ethane on these metals.
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Exchange of deuterium in ethane, propane and re-butane proceeds
easily. In agreement with results on Pt [12] there are large amounts of the
d4 and d2 isomers among the initial products in ethane and propane. The
preferred formation of the d2isomer can be explained by the simultaneous
elimination of eclipsed hydrogens. Indeed, deuterium atoms enter into ethane
symmetrically [13], confirming the importance of 1,2-bonded intermediates
in the exchange, as proved for exchange on Ni and Pt. In contrast to Pt,
where the formation of deuterated methane isomers shows a rather ‘uniform
distribution, Pd gives a monodeuterated product. The hindrance to the forma-
tion of multiply deuterated products is caused by the apparent activation
energy ofd4formation with respectto d4. The results presented are in agreement
with those reported by Kembant [15] and McKee and Norton [16] for films
and powders.

The formation bonded multiply carbon atoms [21], considered as
intermediates in hydrogenolysis, requires higher temperatures in agreement
with the adsorption results. This phenomenon seems to be supported not
only by kinetic results on the multiple exchange of deuterium in methane
and neopentane but also by the well-defined separation of the temperature
ranges for exchange hydrogenolysis. The ratios of deuterium exchange and
hydrogenolysis rates for ethane at a temperature where the rate of hydro-
genolysis is 1015 mol m~2s-1 are 5.8 X103 and 3.7 X 04 for Pd and Pt, re-
spectively. This points to the easier transformation of the ‘weak’ form of
adsorption into a ‘strongly’ bonded one on Pd.

The presence of hydrogen affects the “strength” of interaction as
pointed out earlier [22]. The volcano-shaped Kkinetic curves as well as the
product distribution pattern can be interpreted in terms of numbers of working
active sites. (For the sake of simplicity the change in the rate of turnover
is neglected.) At high hydrogen pressures, i.e. with more hydrogen on the
surface, the dissociation of C-H bonds is hindered, resulting in a negative
order in hydrogen and of the selective rupture of the C-C bond. At low
hydrogen pressures, Pd behaves as a reactant; the hydrocarbons are more
strongly adsorbed and presumably more extensively dissociated species are
formed, decreasing the number of working active sites. The reaction rate is
governed then by the rate of product desorption [23].

According to Table Y, the location of maxima shows a correlation with
the reactivity sequence for hydrogenolysis, while an opposite trend can be
observed for bond-shift isomerization. This observation is valid also for
product selectivities.

This phenomenon underlines our earlier proposal that a less dehy-
drogenated surface species participates [12] in isomerization. Experiments on
self-poisoned Pd surface [24] can also be explained from this standpoint;
upon poisoning of the catalyst, the rate of hydrogenolysis decreases more
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rapidly than that of isomerization. This means that isomerization is favoured
on the less active sites, which are also less sensitive for self-poisoning.

In contrast to Anderson’s and Boudart’s wWorks [2, 8] certain isomer-
ization activity has been found also for neopentane. It is clear, however,
that a high hydrogen pressure is required to maintain the conditions required
for isomerization. In fact, neopentane suffers deeper fragmentation than
butanes for similar reaction rates and hydrogen pressures.

The difference in the isomerization selectivity for neopentane on Pd
and Pt is striking. On Pt black at 573 K, w,/wftis 1.52, while on Pd under
similar conditions it is in the range of 10~2 To explain this feature of Pt,
one has to assume that on Pt the double bond is attached to single Pt sites
while on Pd the formation of a bridged intermediate occurs. This phenomenon
would explain the differences in deuterium distribution for methane in accord-
ance with the higher isomerization activity of Pt.
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The photolytic refining-reduction method applied to precleaned phosphatic
yellow cake has been extended to uranium tetrafluoride preparation. In this study,
the effect of precipitation and washing of the product on its texture and density was
examined and the Debyegrams were recorded. Nuclear purity tetrafluoride was
obtained, as confirmed by emission spectroscopy.

Introduction

In addition to dry methods for the preparation of uranium tetrafluoride,
wet procedures have also been tried, in which hexavalent uranium is re-
duced to the tetravalent state, followed by the precipitation of the tetra-
fluoride. The characteristics of the fluoride prepared, which play a major
role in the metal production process, vary remarkably with the procedure
of preparation. With regard to the reduction of U(VI) to U(lY), many
methods have been reported; in most of these there is serious contamination
by the reductant used. The difficulties pertaining to contamination were
overcome by means of organic reductants. Photolytic reduction of uranyl
solutions in the presence of organic reducing agents has been known since
long time [1] and various mechanisms were suggested to interpret this phe-
nomenon [2—3]. Gal [4] hasreported a method for the preparation of uranium
tetrafluoride by insolation of uranyl nitrate solution in the presence of ethanol.
The tetrafluoride obtained had the composition UF4. 1.2 H2 after drying
at 105 °C and standing for several days. Dadape and Prasad [5] prepared
ammonium uranium fluoride by the photochemical reduction of ammonium
uranyl fluoride solution, which was subsequently decomposed to anhydrous
tetrafluoride. Patnaik and Shao [6] described a method for the preparation
of U(IV) oxyformate based on photolysis. The oxyformate was then treated
with 30—40% hydrofluoric acid to give uranium tetrafluoride. The reduc
tion of pure uranyl nitrate, sulfate or chloride solutions via ethanol photo-
lysis has been investigated [7]. It was found that (a) U(IV) could be reduced
by solar irradiation to completion with excess ethanol and 4x10“2 M
acidified uranyl sulfate solution, as long as the hydrogen ion concentration
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was higher than twice that of uranium; (b) for more concentrated uranyl
sulfates, an extra addition of small quantities of hydrazine sulfate was needed
to complement photoreduction; (c) 20% ethanol is the recommended re-
ductant for up to 70 g/l uranium solutions.

In the present work, studies on the precipitation of uranium tetra-
fluoride from completely reduced (photolysis and hydrazine) pure uranyl
sulfate solutions have been carried out. Moreover, attempts have been made
at preparing the tetrafluoride from actual sulfate process liquors either after
direct reduction or after iron and phosphate precleaning. The green cakes
prepared were subjected to chemical, mechanical, X-ray and spectrographic
analysis.

Experimental

Solar irradiation experiments were carried out in various seasons, however, the results,
reported here pertain to autumn, whereby the average monthly bright sunshine was 318 hrs,
the maximum temperature 33.2 °C, and the solar and sky radiation 532.0 cal cm-2. Emphasis
is placed on the autumn experiments, because in winter, at an average temperature of 17.7 °C,
a monthly bright sunshine of 227.3 hrs, and solar and sky radiation of 286.6 cal cm-2 reduction
was only half complete. In summer, at an average temperature temperature of 36.8 °C, monthly
bright sunshine of 268.7 hrs, and solar and sky radiation of 690.9 cal cm-2, reduction was
two-third of that in autumn. The maximum average temperature was recorded 1.5 m above
ground; the solar and sky radiation was obtained from meteorological records, using a Robitz
Actinograph compared with an Epply pyrheliometer, whose elements were placed one meter
above ground.

UFi preparation from pure uranyl sulfate solutions

Two series of experiments were carried out. In the first series, the hydrofluoric acid
was added before insolation, while in the second it was added afterwards, with continuous
stirring during precipitation. The uranyl sulfate solutions subjected to solar irradiation were
3X10_1 and 0.5 M with respect to uranium and free sulfuric acid, respectively. To these
solutions, appropriate amounts of reducing agents were added (20 vol-% ethanol and 2%
hydrazine sulfate). Insolation was carried out in polyethylene beakers of 50 cm cross-section.
The depth of solutions varied between 1.3 and 3.75 cm. The time for complete reduction was
90 min. Hydrofluoric acid was used in a 10% excess over the stoichiometric amount as
recommended by several authors [8].

We have studied effect of stirring speed, precipitation temperature and mode of
washing of the precipitates, in order to define the optimal conditions for obtaining tetrafluoride
with appropriate tap density. Precipitation was carried out either at room temperature or
at 98 °C under nitrogen. Precipitates were washed with 1% HF till sulfate-free, then with
ethanol or acetone before filtration and drying in air. The “green cakes” were then analyzed
as mentioned before

Total fluorides were determined following the procedure described by Sporek [9].
The tetrafluoride was dissolved in NaOH {- H2 2 diluted and passed through an ion exchange
column charged with Amberlite IRA—120 in the hydrogen form. The liberated hydrofluoric
acid in the effluent was titrated against standard soda using methyl red as indicator. The
percentage of F- was then calculated.

The uranium in the ‘green cake’ was determined by dissolution in HC104HNO3
evaporation to dryness, redissolution of the residue in dilute nitric acid, precipitation as
ammonium uranate, followed by ignition and weighing as U308 [10].
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Green cake from actual process liquors

The process sulfate liquor containing foreign elements (11,400 ppm P, 8700 ppm Fe,
400 ppm Na, 200 ppm Zn, 50 ppm Pb, 25 ppm Sn, V, Cr, Cd) was either insolated directly
after adjustment of the uranyl ion concentration and the free acidity (70 g U/I, 0.5 M H2504)
and addition of the appropriate amounts of ethanol and hydrazine sulfate, or treated, while
hot (85 °C), with aqueous ammonia until pH 2.7 for the skimming of iron and phosphate.
Uranium and free acid concentrations were adjusted in the filtrate and the appropriate
quantities of reducing agents were added before insolation for sufficient periods. The “green
cake” was precipitated in nitrogen atmosphere from the hot (98 °C), reduced uranium solution
by the addition of 40% hydrofluoric acid while stirring. The tetrafluoride obtained was
thoroughly washed, air-dried and analyzed spectrographically.

Results and discussion

The wuranium tetrafluoride prepared from pure sulfate solutions by
the addition of hydrofluoric acid before and after insolation were subjected
to various modes of precipitation and washing. From the results shown in
Table 1, it is obvious that the tetrafluoride precipitated during insolation
and washed with 1% HF solution and acetone possesses the lowest tap density
amounting to 1.62 g/m3. Tetrafluorides with the highest tap density of around
3 g/cm3 are precipitated from strongly stirred hot solutions. Stirring during
precipitation leads to a marked increase in tap density. It should be noted
that the tap density of double uranium fluoride also obtained photolytically
[7] was 1.48 and 1.85 g/cm3upon precipitation at 30 and 60 °C, respectively.

Table |

Effect of precipitation conditions and mode of washing on the tap density

UF4 precipitated during” UF4 precipitated after

insolation without stirring insolation, while stirring*3

Mode of washing Tap density Temp. Stirring speed Tap density

(g/ems) (°C) (rpm) (9/cm3
1% HF 1.57 20 - 21
1% HF, ethanol 1.60 20 100 14
1% HF, acetone 1.62 20 250 25
20 500 2.8
98 — 2.5
98 100 2.8
98 250 3.0

Precipitation without heating
b
Washing with 1% HF and acetone

* Personal communication; Nabil Rofail (M. Sc. Thesis).
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Stirring at a speed of 250 °C rpm also increased the density. In the dry process
involving the fluorination of UO, by Freon 12, the tap density of the (UF4+
-)- U02F2) was found to fluctuate between 2.15 and 3.04 g/cm3for fluorination
temperatures between 250 and 500 °C, and its durations between 30 and
240 min.

Regarding the screen analysis of the tetrafluoride obtained, it is clear
from the data reported in Table Il that (a) the density of tetrafluorides
precipitated after insolation depend more or less on their texture; the finer
the precipitate the higher its tap density; (b) the fluoride of the lowest tap
density precipitated during insolation. It is therefore difficult to determine
the dependence of density, on the particle size, as observed by Petrow [11].

The chemical and X-ray diffraction analyses (Table IIl) reveal that
precipitates of low tap density (ca.) 1.6 (g/cm3) have the approximate compo-
sition UF4+2H2, while those of high density (ca.) 3 g (cm3) correspond to
UF4+«34H2. The X-ray patterns show the characteristic intensities for
UF4 «2i/2H20 and UF4+34H,0 in the ASTM cards 11—623 and 10—95,
respectively.

Finally, to ascertain the feasibility of a dual purpose photolytic re-
duction and refining, the actual yellow cake from phosphatic ores was dissolved
in sulfuric acid for the simulation of process sulfate liquors obtained from
autunite or uranium bearing apatite leaching. This solution was subjected
to ethanol insolation followed by tetrafluoride precipitation. From Table IV,

Table 11

Screen analysis of uranium tetrafluoride

Weight % (mesh)

Tecmp. Stirring dcll—'tF d;as?ty

(Q om aearen (g/cm=) + 80 + 120 + 170 v 200 +210 ey

20 —  before 1.62 0.9 1.0 l.i 0.2 ! 7.0 89.2
insolation

20 —  after 2.1 36.0 11.13 5.41 2.36 199 429
insolation

20 100 after 2.4 23.0 7.9 6.1 4.8 3.8 53.5
insolation

20 250 after 25 13.1 3.0 3.2 0.4 0.7 78.8
insolation

20 500 after 2.8 11.0 3.8 35 15 19 77.3
insolation

98 — after 2.5 traces traces 3.86 4.34 19.43 72.26
insolation

98 100 after 2.8 traces traces 3.02 440 16.38 76.04
insolation

98 250  after 3.0 traces traces traces 3.20 3.14 93.65
insolation

98 500 after 3.1 traces traces traces 3.32 3.60 92.99
insolation
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Table 111

X-ray diffraction analysis of uranium tetrafluoride

UF4(tap density 1.62 g/cm3)

d |

d

2.82
2.71
2.33
2.02

UF4 (tap density 3.1 g/cm3)

40 11.64
40 6.92
40 4.23
80 4.06
3.67
2.08
2.01
1.87
1.72
1.44
Table TV

| d |

23 141 30
25
100
40
70
40
80
30
20
30

Spectroscopic analysis ofgreen cake

8.45 100
5.96 50
5.15 40
4.75 40
4.38 70
421 60
3.51 60
3.48 70
3.19 60
291 40
Impurity
Element in liquor
(ppm)
Cd 5
B 5
p 11400
Al 25
Cu 20
Cr 5
Fe 8700
Pb 50
Mg 20
Ag 2
Zn 200
Na 400
Sn 5
\% 5

UF4 precipitated without

precleaning
Impurities  Decontamination
(ppm) factor
0.5 10
0.5 10
15 760
15
15 580
20 25
20 1
1 2
20 10
200 2
2 1
5 1

UF4 precipitated after
precleaning

Impurities Decontamination

(ppm) factor
0.1 50
0.1 50

15 760
15
3
15 580
20 25
10 2
0.5 4

20 10

20 20
2 25
5 1
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it is evident that better decontamination is reached when ferric iron and
phosphate are removed by precipitation at pH 2.7 and hot filtration before
insolation at the optimal parameters previously defined.

By this means, cascade grade tetrafluoride can be obtained in mines.
If the tetrafluoride is to be used for the production of metallic uranium by
calcium or magnesium reduction, it has to be dehydrated by heating gradually
up to 400 °C in a dry stream of nitrogen [12] or HF. Double fluoride has
also been separated as an alternative [13] to dehydration for the preparation
of UO2F2- free metal.

Nuclear purity uranium tetrafluoride has been prepared from photo-
lytically reduced sulfate process liquor. Products of various tap density,
texture and composition are obtained under different precipitation conditions.
The approximate composition of the products with low tap density is UF4
-2H20 and UF4, 34H20; for high density products dehydration is also feasible.

REFERENCES

[1] Mertor, J. W.: A Comprehensire Treatise on Inorganic and Theoretical Chemistry Vol.
X 11, Longmans 1961

[2] Heidt, L. J., Moon, K. A.: J. Am. Chem. Soc.; 75, 5803 (1953)

[3] Carront, J. L., Burns, R. E., Warren, H. D.: AEC research and development
HW-70543 (1961) Manford Labs. USA

[4] 1van Galn: Recueil de travaux de I’institut de recherches sur la structure de la matiére,
Vol. 2, 1961 Belgrade

[5] Dadape,Y.V., Krishna Prasad, N. S.: 2nd Int. Conf. on Peaceful Uses of Atomic Energy,
Geneva, vol. 4, p. 130 (1958)

[6] Patnaik, D., Sahoo, B.: Proc. Indian Acad. Sei. Sec. A 49, 200—2, April (1959)

[7] Zaki, M. R., Farah, M. Y,. E1-Fekey, S. A.: Acta Chim. (Budapest) 80, 167 (1974)

[8] Neit1, W. J., Higgins, |I. R.: Report ORNL-2469 (1958) USAEC

[9] Sporek, K. F.: Anal. Chem.: 30, 1030-2 (1958

[10] Cunnungham, J. E., Wall, G. P,, Wells, L: AERE-CE/R 2052 Part 2 (1958) United
Kingdom

[11] Petrow, H. G.: Report WIN-90 (1958) USAEC

[12] Higgins, I. R., Neit1, W. J., Mc Neese, L. E.: 2nd Int. Conf. on Peaceful Uses of Atomic
Energy, Geneva, P/506 (1958)

[13] E1-Fekey, S. A., Zaki, M. R., Farah, M. Y.: Arab Journal of Nuclear Sciences and
Applications; January 8,9 (1975) Cairo, Egypt.

M. R. Zaki
S. A. El-Fekey Atomic Energy Authority, Cairo, Egypt.
M. Y. Farah

Acta Chim..Acad. Sei. Hung. 96, 1978



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96 (1), pp. 45—54 (1978)

SYNTHESIS OF IPECACUANHA ALKALOIDS, IV*

SYNTHESIS OF THE ETHOXY ANALOGUE OF EMETINE

J. RoHALY and Cs. SZANTAY

(Institute of Organic Chemistry, Technical University, Budapest, and
Central Research Institute for Chemistry, Hungarian Academy of Sciences, Budapest)

Received November 18, 1976

The analogue of emetine containing ethoxyl groups has been synthesized (Ib).

The ORD and PMR properties of emetine (la), isoemetine (9a) and their ethoxy

analogues (Ib and 9b) have been studied.

In the application of emetine (la), exhibiting an excellent amoebicide
activity [I], its relatively strong toxicity, must always be considered.

Therefore, it appears rewarding to attempt the synthesis of analogues
having more favourable therapeutic indices than that of the natural product.

Exchange of methoxyl groups attached to the aromatic nucleus of
alkaloids against ethoxyl has often brought about favourable changes in
the physiological properties of the substance (e.g., papaverine —mperparine).
Therefore, the aim of the present work was to synthesize the ethoxy analogue
(Ib) of emetine.

As described in an earlier paper [2], 6,7-diethoxy-3,4-dihydroisoquino-
line (2) yields the benzoquinolizidine derivative 3a with ethylbutenone [8],
and this product was converted further with alkoxycarbonylmethylphosphonic
acid dialkyl ester [3] under the conditions applied in the synthesis of emetine.

According to our earlier experience [3], the formation of three isomers
(3b, 4a, 5a) can be expected. The main product (55% yield) was the crystalline
compound 3b. The IR spectrum of this product indicated the presence of
a conjugated ester group, and its steric structure was proved by its successful
conversion into Ib.

By means of TLC, a fourth isomer could also be detected in the mother
liquor, in addition to the three isomers mentioned (3b, 4a, 5a). This substance
is 6a, with the double bond in endocyclic position. This is confirmed by the
conversion of all the other isomers uniformly into 6a on heating with sodium
methoxide, which treatment is known to catalyze the exo —»endo double
bond migration [4].

Catalytic reduction of 3b yielded the saturated ester 7a in a satisfactory
yield (90%). Another substance could be detected in the mother liquor by
means of TLC; this is probably the C-2 epimer.

* Part Ill. M. Babczai-Beke, J. Jelinek, Cs. Szantay: Acta Chim. Acad. Sei.
Hung. 95, 77 (1977).
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On the analogy of the procedure applied by Openshaw and Whit-
taker [5] in the synthesis of emetine, 7a was converted into the acid amide
(7b) with diethoxyphenylethylamine and subjected to cyclization with
phosphorus oxychloride to obtain the ethoxy analogue (8) of O-methyl-
psychotrine.

Catalytic reduction of this product yielded Ib and the isomeric 9b.
The two structures were distinguished by means of the ORD curves applied
by VAN Tameten et al. [6] for making distinction between emetine (la) and iso-
emetine (9a). This, of course, required isolation of the substances, which was
achieved by the use of N-acetyl-L-(—)-leucine applied to 8. Reduction of 8
in the resolved state, gave the optically active (—)-Ib and (—)-9b, and their
antipodes.

Since the difference between emetine (la) and Ib appears only in the
alkoxyl groups located far from the chiral centres, it is justified to assume
that similar rotation values correspond to similar absolute configurations.

The ORD curves (Figs 1and 2) could be recorded in a broader wave length
range than in the work of van Tamelen etal. [6], thus even more characteristic
differences were observed between the ethoxy analogues Ib (Fig. 1) and 9b
(Fig. 2) than between emetine (la) and isoemetine (9a).

Fig. 1. ORD curve of the ethoxy analogue of emetine, Ib.HBr; ¢ = 0.103 (625—244 nm) in
water

Fig. 2. ORD curve of the ethoxy analogue of isoemetine, 9b-HBr ¢ = 0.1505 (625—280 nm);
¢ = 0.0752 (285—232 nm), in water
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In view of the course of the ORD curves and after comparison with the
ORD curves [6] of emetine (la) and isoemetine (9a), the compounds are,
in all probability, represented by structures Ib and 9b. The PMR spectra
of the compounds epimeric at C-I’ also show characteristic differences
(Table ).

Table |

Chemical shifts of the aromatic protons of emetine (la), its ethoxy analogue (Ib), isoemetine (9a),
and its ethoxy analogue (9b) in deuterochloroform solution*

Aromatic protons

Compound

C-8, C-5" and C-8’ c-ll
Emetine la 6.64 6.6 shoulder 6.82
Ethoxy analogue
of emetine Ib 6.64 6.6 shoulder 6.82
Isoemetine 9a 6.58 6.69
Ethoxy analogue
of isoemetine 9b 6.60 6.70

* Chemical shift values are given in 6 units

In the spectra of la and Ib, one single aromatic proton appears separ-
ately, while the other three are found very near to one another. It is very
probable that the conformation represented by the formula in the usual
form (1) is not the real state of the substance in chloroform solution. It can
be observed by the examination of models that a strong interference exists
between the ethyl group at C-3 and the isoquinoline ring.

It seems to be more probable that the two aromatic rings are located
rather near to each other in such a manner that one of the aromatic protons
will reach the deshielding region of the other aromatic ring.

In the PMR spectra of isoemetine (9a) and its analogue (9b), the dis-
placement of the special aromatic proton signal from the signals of the other
aromatic protons is much smaller (0.12 pp), while this value is 0.22 ppm
in the spectra of emetine (la) and of its ethoxy analogue (Ib).

Similar observations have been made in the case of (;£)-2,3-didehydro-
emetine and (d:)-2,3-didehydroisoemetine and their ethoxy analogues, too [7].

The assumed structures of compounds Ib and 9b have also been con-
firmed by the biological investigations. It was established earlier [1] that of
emetine isomers a notable, amoebicide action was exerted only by the one
possessing structure la.

Substance Ib had essentially the same activity as emetine, while the
isomeric 9b proved to be inactive.

The biological activity will be discussed in another paper.
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Experimental

/3-(3,4-Diethoxyphenyl)ethylamine was supplied by Chinoin Pharmaceutical and
Chemical Works, Budapest.

I V spectra were recorded with a Unicam SP 800 spectrophotometer and the IR
spectra (in KBr pellets) with a Spectromom 2000 instrument. The PMR spectra were obtained
with a Perkin—Elmer R12 (60 MHz) spectrophotometer; the chemical shift values (d) are
given as ppm units; the internal standard was TMS.

The ORD curves were recorded with a Opton REPM 12 instrument.

In the qualitative thin-layer chromatographic tests Kieselgel G (Merck) adsorbent
was used. The developing solvent was benzene—methanol (9 : 1). lodine vapour was applied
for detection.

3,4-Dihydro-6,7-diethoxyisoquinoline (2)

/5-(3,4-Diethoxyphenyl)ethylamine (12.8 g; 61 mmoles) was dissolved in formic acid
(70 ml) and refluxed for 5 hrs. The excess of formic acid was evaporated in vacuum. The
residue was dissolved in dry benzene (75 ml), phosphorus oxychloride (11.85 g; 7.1 ml; 78
mmoles) was added with stirring, and the mixture was refluxed for 2 hrs. The solvent and
excess phosphorus oxychloride were then evaporated in vacuum. The residue was dissolved
in water (50 ml) and made alkaline with 10iV NaOH. The aqueous solution was extracted
with benzene (26x20 ml). The combined benzene solution was dried over MgS04, filtered,
and the benzene evaporated. The residual oil was dissolved in methanol (20 ml), acidified
with cone, hydrochloric acid (4.5 ml) while cooling in ice, refrigerated, and the yellow crystals
which deposited were filtered off. The hydrochloride of 2 (8.7 g; 56%) had m.p. 223—224 °C.

CIHBNO02CL (255.73). Calcd. C 61.06; H 7.09; N 5.48; Cl 13.86. Found C 61.15; H
7.07; N 6.09; Cl 13.93%.

UV: ;maxr (log e): 246 nm (3.92), 307 (3.67), 353 (3.61).

IR (KBr): partial maxima in the 1800 cm-1 range; 1650 cm-1 (C=NII—).

The hydrochloride of 2 (2.55 g; 10 mmoles) was dissolved in water (20 ml) and made
alkaline with 10JY NaOH, then extracted with ether (4x10 ml). The combined ethereal
solution was dried over MgS04, filtered and the ether evaporated. The oily residue was dis-
solved in hot petroleum ether (20 ml) then refrigerated. The solvent was decanted from the
white needles which deposited. The crystals were dried over paraffin chips and solid KOH
in a vacuum desiccator.

Compound 2 was thus obtained in the form of colourless crystals (1.0 g), m.p. 46—47 °C.

CI3HINO02 (219.27). Calcd. C 71.2; H 7.82; N 6.39. Found C 71.06; H 7.80; N 6.64%.

UY ;™axH (log e): 234 nm (4.27); 285 (3.85); 312 (3.79).

IR (KBr): 1630 cm“1 (C=N—).

PMR (CDC13): 1.45 (t, 6H, J = 6.66, OCH2—CH3); 2.64 (t, 2H, J = 8, CH2—CH2—
—N=); 3.74 (t, 2H, J = 6.66, CH2—CH2—N=); 4.1 (q, 2H,J = 135, J = 7.32, O0—CH2>—
—CH3; 422 (q, 2H, J = 135, J = 7.32, O—CH2—CH?3); 6.68 (s, 1H, aromatic proton);
6.84 (s, 1H, aromatic proton); 8.22 (s, 1H, CH=N—).

2-0xo0-3a-ethyl-9,10-diethoxy-1,2,3,4,6,7-hexahydro-llbaH-henzo(a)-
-quinolizine (3a)

The hydrochloride of 2 (25.57 g; 100 mmoles) and ethylbutenone [8] (14.47 g; 147
mmoles) were refluxed in 93% ethanol (75 ml) on a water bath for 24 hrs. The alcohol was
evaporated and the residue dissolved in water (200 ml), made alkaline with solid Na2C03,
then refrigerated overnight. The crystals were filtered off, washed with ice-water (20X20 ml),
and dried in air. The solid product (25 g) was recrystallized from acetone (50 ml) to obtain
3a (19.3 g; 62%). m.p. 120—122° C (lit. [9] m.p. 117—118 °C.

UV Imax” (log e): 212 nm (4.045), 281 (3.474), 224 (inflection).

IR (KBr): 2760 and 2800 cm-1 (Bohlmann bands), 1710 cm-1 (C=0, ketone).

PMR (CDC13): 1.0 (t, 3H, J = 6.0, CH2—CH3J3); 1.44 (t, 6H, J = 6.6, 0—CH2 CH3J3;
2.1—3.8 (m, 12H, CI, C3, C4, C6, C7, Cllb, C4—CH2—: aliphatic protons) 4.067; 4~078 (q,
4H, J = 6.0, O—CH2—-CH2DJ); 6.55, 6.61 (s, 2H, aromatic protons).
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E-Methyl[3a-ethyl-9,10-diethoxy-1,3,4,6,7,lIboc-hexahydro-2H-
-benzo(a)quinolizinylidene-2] -acetate (3b)

Potassium t-butoxide (6.72 g; 60 mmoles) and diethyl methoxycarbonylmethylphos-
phonate [3] (16.0 g; 76 mmoles) were dissolved in anhydrous dimethylformamide (19.2 ml).
A solution of 3a (8.6 g; 21 mmoles) in anhydrous dimethylformamide (43 ml) was added,
and the mixture was allowed to stand at room temperature for 72 hrs. The solution was added
to ice-water (500 ml) by drops, and the aqueous phase was extracted with ether (4x50 ml).
The combined ethereal solution was extracted with saturated aqueous NaHSO03 solution
(20 ml) and with water (2 X20 ml). Th ethereal solution was dried over MgS04, filtered, and
the ether evaporated. The syrupy residue (10.15 g) was dissolved in methanol (6.5 ml) and
refrigerated overnight. The crystals were filtered off yielding 3b (5.6 g; 55%); m.p. 77—78 °C.

After recrystallization from methanol, the m.p. was 80—381 °C.

C2H3IN04(373.478). Calcd. C 70.75; H 8.37; N. 3.75. Found C 70.80; H 8.35; N 3.81%.

C IR (KBr): 2745, 2765, 2805 (Bohlmann bands); 1720 cm-1 (C= 0 ester); 1640 cm-1

PMR (CDC13): 0.98 (t, 3H, CH2—CH3J); 141 (t, 6H,J = 6.66, 0—CH2—CH3); 2.0—34
(m, 11H, CI, C3 C4, C6, C7, C3—CH2—, aliphatic protons); 3.76 (s, 3H, CO02CH3J); 4.054, 4.11
(g, 4H, J= 147,J)= 732, O—CH2—CH3); 451 (q, 1H, J= 133, J = 3.3; Cl—H equ);
5.65 (s, 1H, CH 2C—CH=C); 6.6, 6.86 (s, 2H, aromatic protons).

E-Ethyl [3oc-ethyl-9,10-diethoxy-I1,3,4,6,7,llba-hexahydro-2H-
-benzo(a)quinolizinylidene-2] -acetate (3c)

The substance was prepared as described for 3b, using diethyl ethoxycarbonylmethyl-
phosphonate [3]. M.p. of 3c: 97—98 °C (from ethanol).

C2H BN 04 (387.508). Calcd. C71.28; H 8.59; N 3.61. Found C71.27; H 8.51; N 3.33%.

IR (KBr): 2745 and 2795 cm-1 (Bohlmann bands); 1715 cm-1 (C= 0 ester); 1536 cm-1
(C=C—CO0).

Methyl [3-ethyl-9,10-diethoxy-1,6,7,lIba-tetrahydro-4H-benzo(a)quinolizinyl-
-2]-acetate (6a)

After having prepared 3b as described above and isolating the pure compound, the
methanolic mother liquor containing 4.5 g (12 mmoles) of 3b, 4a and 5a was mixed with a
solution of sodium methoxide (3.95 g; 73 mmoles) in methanol (25 ml) and refluxed in nitrogen
atmosphere for 2 hrs.; the methanol was then evaporated in vacuum, under nitrogen. The
residue was dissolved in ice-water (20 ml), and the aqueous solution was extracted with
benzene (5 X 10 ml). The combined benzene solution was dried over MgS04, filtered and the
solvent evaporated in vacuum. The residue was a pale yellow oil, 6a (4.5 g; 100%).

IR (KBr): film, 2800, 2755, 2730 cm-1 (Bohlmann bands); 1740 cm-1 (C= 0 ester).
According to TLC, the product was homogeneous and suitable for use in the further synthetic
steps.

Methyl [3a-ethyl-9,10-diethoxy-1,3,4,6,7,IIb(X-hexahydro-2H-benzo(a)qumolizinyl-
-2]-acetate (7a)

Compound 3b (10 g; 26.5 mmoles), prepared as described above, was dissolved in
methanol (90 ml) and, after the addition of methanol (6 ml) containing hydrochloric acid
(0.98 g; 26.8 mmoles), it was hydrogenated in the presence of Pd/C catalyst (1.5 g) at a pressure
of 6 atm. After the absorption of the calculated amount of hydrogen (2 hrs) the solution
was filtered from the catalyst and evaporated to dryness in vacuum. The residue was dissolved
in water (50 ml) and made alkaline with cone. NH40H (14 ml). A sticky material separated,
which was dissolved in ether (60 ml). The ethereal solution was dried over MgS04, filtered,
and the ether evaporated. The oily residue was dissolved in petroleum ether (18 ml) and
refrigerated overnight. White crystals of 7a separated (8.84 g; 89%), m.p. 74—75 °C.

C2H BN 04 (375.494). Calcd. C 70.35; H 8.86; N 3.73. Found C 70.51; H 8.80; N 3.66%.

IR (KBr): 2794 and 2745 cm-1 (Bohlmann bands); 1735 cm-1 (C =0 ester).

PMR (CDC13: 0.96 (t, 3H, —CH2—CH3J); 142 (t, 6H, J = 6.66, —OCH2—CH3J);
1.9—33 (m, 15H, CI, C2, C3, C4, C6, C7, C2—CH2—, C3—CH2—-1aliphatic protons); 3.72
(s, 3H, CH3—CO); 4.06 (q, 4H, J = 6.66, 0—CH2—CH3); 6.6 (s, 1H, aromatic proton); 6.72
(s, 1H, aromatic proton).
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3a-Ethyl-9,10-diethoxy-1,3,4,6,7,llba-hexahydro-2H-benzo(a)quinolizinyl-
-2BR-acetic acid N-[-(3’,4’-diethoxyphenyl)]-ethylamide (7b)

A mixture of jS-(2,3-diethoxyphenyl)ethylamine (15.8 g; 76 mmoles) and 7a (9.46 g¢;
25 mmoles) was maintained at 170 °C for 14 hrs in nitrogen atmosphere. After cooling, the
product was mixed with ethyl acetate (30 ml) and refrigerated. The pale yellow crystals were
filtered off and washed with some cold ethyl acetate to obtain compound 7b (11.77 g; 84%),
m.p. 142—146 °C.

The substance was sufficiently pure for direct use in the further synthetic steps.

A sample recrystallized from ethyl acetate (10 ml solvent per g) had m.p. 152—153 °C.

C3BH4N25 (552.73). Caled. C 71.75; H 8.75; N 5.07. Found C 71.51; H 8.82; N 5.08%.

IR (KBr): 2810 and 2750 cm-1 (Bohlmann bands); 1640 cm-1 (Amide I); 1558 and
1562 (Amide 11); 1260 and 1230 cm-1 (C—O—C).

(;h)-2B8[(6,,7’-Diethoxy-3’,4’-dihydro-I,-isoquinolinyl)-methyl]-
-3a-ethyl-1,3,4,6,7,l1lb3C-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine (8)

Compound 7h (11.7 g; 21.2 mmoles) was dissolved in anhydrous benzene (250 ml).
POCI3 (8.2 g; 49 ml; 53.2 mmoles) was added to the solution dropwise under stirring and
the mixture was refluxed for 1 hr. The solvent was evaporated in vacuum and the residue
dissolved in water (100 ml). The aqueous solution was made alkaline with cone. NH40H
(20 ml) under cooling in ice-water. The sticky substance which separated from the aqueous
solution was dissolved in chloroform (100 ml), dried over MgS04, filtered and the chloroform
was evaporated. The residue was dissolved in methanol (14 ml) and crystalline oxalic acid
(5.5 g; 43.6 mmoles) in methanol (12 ml) was added to the solution.

The methanol solution was mixed with ether (30 ml) and refrigerated. The crystalline
oxalic acid salt was obtained by decanting the mother liquor and recrystallizing the salt
from a mixture of methanol (15 ml) and ether (25 ml). The crystals were filtered off and dried
in air to obtain the dioxalic acid salt of ()-8 (12.5 g; 79%), m.p. 150—152 °C.

CBHEND4 2 CHD4+15 HD (741.824). Caled. C 59.9; H 7.2; N 3.78; H.,0 3.64.
Found C 60.1; H 7.19; N 3.81; HD 4.0%.

The oxalate of 8 (12.5 g) was dissolved in water (100 ml) and made alkaline with cone.
NH40H while cooling in ice-water. The white solid was filtered off, washed with water
(3x10 ml) and dried over solid KOH in a vacuum desiccator, then dissolved in boiling
anhydrous ether (100 ml). (+)-8 crystallized from the ethereal solution after cooling in a
refrigerator (8.6 g; 76%), m.p. 94—95 °C.

CBHAN24 (534.717). Calcd. C 74.11; 11 8.67; N 5.24. Found C 74.3; 1l 8.98; N 5.21%.

UV f i H (log e): 231 (4.38), 281 (3.93), 310 (3.71).

UV ;C ~ H (log r) 213 (4.20), 251 (4.40); 2.90 (3.85), 309 (3.93); 348 (3.84).

IR (KBr): 2790 and 2740 cm-1 (Bohlmann bands); 1623 cm-1 (C=N); 1265 and 1230
cm-1(C—0—C0C).

PMR (CDC13: 1.02 (t, 3H, CH2—CH3); 1.43 (dec., 12H, 0 —CH2—CH3); 1.8—3.8
(m, 19H, aliphatic protons); 4.07 (dec., 8H, O—CH2—CH3J); 6.58 (s, 2H, aromatic protons);
6.7 and 7.1 (s, 2H, aromatic protons).

(x)-2B-[(6°,7’-Diethoxy-.lyl’-llihydro-I’-isoquiiiolinyl)-methyl] -3(X-ethyl-
-1,3,4,6,7,llba-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine ((+)-8)
di-N-acetyl-L-(—)-leucine salt

Compound ()-8 (5.34 g; 10 mmoles) and N-acetyl-L-(—)-leucine (3.46 g; 20 mmoles)
were dissolved in warm ethyl acetate (50 ml). The solution was cooled to room temperature,
ether (550 ml) was added and the mixture was allowed to stand in a refrigerator for 24 hrs.
The solvent was decanted and the crystals were washed with a mixture of dry ethyl acetate
and ether (1 :10) at 0 °C, to obtain the di-N—acetyl—+——)—teucine salt of ( m)-8 (4.8 g; 4.36
mmoles), m.p. 68—70 °C. After recrystallization from ethyl acetate (23 ml), the compound
had m.p. 70—71 °C; [a]b® + 25.5 +1° (c = 4, methanol).

CBHBND4 «2C8H 1N 03 »+3HD (935.21). Calcd. C 62.92; H 8.83; N 5.99; H,0 5.78.
Found C 62.85; H 8.7; N 6.16; H,0 5.22%.
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(+)-2B-[(6,,7’-Diethoxy-3,,4,-dihydro-I’-isoquinolinyl)-methyl]-3a-ethyl-
-1,3,4,6,7,llba-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine ((+)-8)

The di-N-acetyl-L-(—)-leucine salt of (+)-8 (1.0 g; 1.07 mmoles) was dissolved in
water (10 ml). The solution was made alkaline with cone. NH40H and extracted with ether
(3 X10 ml). The combined ethereal solution was dried over MgS04, filtered, and the ether
evaporated. The residual oil (0.5 g) was dissolved in anhydrous ether (1.3 ml) and petroleum
ether was added (1.3 ml) to the solution. The crystals which separated on refrigeration were
filtered off to yield (+)-8 (0.3 g; 52%), m.p. 50—52 °C; [a]DP + 42.6° +1° (c = 1.85, ethyl
alcohol).

CBH4ND 4 (534.717). Caled. C 74.11; H 8.67; N 5.24. Found C 74.08; H 8.67; N 5.24%.

UV drxH (log e): 232 (4.31), 260 (3.91,) 280 (4.01), 308 (3.80).

UV Amai~'ilog e): 213 (4.21), 245 (4.22), (290 (3.84), 307 (3.91), 352 (3.87).

PMR (CDC13: 1.03 (t, 3H, CH2—CHJ); 1.48 (dec., 12H O—CH2—CH23); 4.1 (dec.,
8H, O—CH2—CHJ); 6.57; 6.59; 6.75; 7.09 (s, 4H, aromatic protons).

(—)-2R-[6°,7,-Diethoxy-I'8,2,,3\4 -tetrahydro-I’-isoquinolinyl)-niethyl]-3a-ethyl-1,3,4,
6,7,llba-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine (Ib) and (—)-2B-[(6",7-
-diethoxy-l,a,2’,3,,4’-tetrahydro-I,-isoquinolinyl(-methyl] -3a-ethyl-1,3,4,6,7,lIb !X -

-hexahydro-9,10-diethoxy-2H-benzo(a)quinolizine (9b)

Raney nickel catalyst (21 g), washed previously with water and ethanol, was suspended
in ethanol (40 ml). A solution of (+)-8 (8.0 g; 15 mmoles) and sodium ethoxide (19 g; 280
mmoles) in ethanol (125 ml) was added to the suspension. The alcoholic suspension was
subjected to hydrogenation at 15 atm pressure. After the absorption of 1 mole of hydrogen
(16 hrs) the catalyst was filtered off and the alcohol evaporated in vacuum. The residue was
dissolved in water (60 ml) at room temperature and extracted with ether (3x40 ml). The
combined ethereal solution was dried over MgS04, filtered, and the solvent evaporated. The
residual sticky substance (8 g) was mixed with anhydrous oxalic acid (3.1 g; 34.5 mmoles)
and dissolved in hot methanol (9 ml). The solution was allowed to stand at room temperature
for about 2 hrs. The white crystals were filtered off, washed with cold methanol (7 ml), and
dried; 6.4 g, m.p. 193—195 °C. After recrystallization from methanol (100 ml), the dioxalate
of Ib (3.83 g; 35%) had m.p. 195—198 °C.

CBHAND 4« 2C2H D 4(716.813). Caled. C 62.0; H 7.31; N 3.91. Found C 61.75; H 7.27;
N 4.14%.

The dioxalate of Ib (3.8 g) was dissolved in water (30 ml) and the solution was made
alkaline with cone. NH40H. Rase Ib separating from the aqueous solution was dissolved
in ether (20 ml), dried over MgS04, filtered, and the ether was evaporated. The residue was
dissolved in ethanol (5 ml) and, after the addition of ethanol containing an equivalent amount
of hydrochloric acid, it was evaporated to dryness in vacuum. The solid residue (3.31 g) was
dissolved in chloroform (3 ml), ethyl acetate (6 ml) was added and the mixture was allowed
to stand in a refrigerator. The crystals were filtered off and dried to give Ib. 2HC1 «2.5H2
(2.5 g; 25.8%), m.p. 210—215 °C; [«]?? + 44.5° +1° (c = 1.01, CHC13).

CBH4N204 « 2HC1 + 2.5H,,0 (652.40). Calcd. C 60.52; H 8.47; N 4.28; Cl 10.83; HD
6.88. Found C 60.44; H 8.65; N 4.42; Cl 10.93; HD 6.93%.

UV Ami? 0°g &m 211 (4.21); 230 (4.08); 282 nm (3.75).

Ib. 2HC1 «2.5H2 (0.2 g; 0.3 mmoie) was dissolved in water (10 ml) and, with cooling
in ice-water, the solution was made alkaline by the addition of cone. NH40H. The white
amorphous precipitate was filtered off, washed with water (2x5 ml) and dried over solid
KOH in a vacuum desiccator. Compound (—)-1b(0.15 g; 0.275 mmole) was obtained as a
white amorphous powder, [a]i?—49.70° +1° (c = 2.009, CHC13.

CBHABND4 « 1/2H2D (545.442). Calcd. C 72.66; H 9.05; N 5.14; HD 1.65. Found C
72.69; H 8.91; N 5.12; HD 1.49%.

UV Am>H(log e): 226 (4.15); 285 nm (3.83).

PMR (CDC13): 0.98 (t, 3H, CH2—CH3); 1.39 and 1.41 (t, 12H, J = 7.32, O—CH2—CH3);
1.8—3.3 (m, 21H, aliphatic protons and NH proton); 4.05 and 4.06 (q, 8H,J = 18andJ = 7.32
O—CH2—-CH3); 6.64, 6.6 (sh.), (3H, aromatic protons); 6.82 (1H, aromatic proton).

The methanolic mother liquor obtained after filtering off the crystalline dioxalate
of Ib (6.4 g) was evaporated to dryness in vacuum. The solid residue (4.5 g) was crystallized
from methanol (16 ml). The crystals were rapidly filtered off and recrystallized from a mixture
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of methanol and water (16 : 1). The crystalline substance obtained was the dioxalate of
(—)-9h (1.2 g; 18.6%), m.p. 145—146 °C.

CBHAND4+2CH2D4 « HD. Caled. C 60.48; H 7.14; N 3.81; HD 2.45. Found C 60.55;
H 7.25; N 3.84; HD 2.55%.

Isolation of the base (—)-9b was accomplished as described for (—)-lb, starting from
the dioxalate (—)-9b.

Compound (—)-9b is a white amorphous powder, [a]jf—25° +1° (c = 1.18, CHC13).

PMR (CDC13: 1.01 (t, 3H, CH2—CH3); 1.41 (t, 12H, J = 7, O—CH2—CH3; 1.8—35
(m, 21H, aliphatic protons and NH proton); 4.04 and 4.05 (q, 8H,J = 16,J = 6, —O—
—CH2—CH3J); 6.6 (3H, aromatic protons); 6.7 (1H, aromatic proton).

*
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The synthesis of dehydroemetine (la) has been achieved through dehydroproto-
emetine (3b) by means of the Pictet—Spengler type cyclization procedure. In the
preparation of the ethoxy analogue of dehydroemetine (Ib) the Bischler—Napieralski
cyclization reaction was used.

Dehydroemetine (la) is a drug with an excellent amoebicide activity.
Its first synthesis was reported by Brossi et al. [1].

In the hope of reducing the toxic side effects of both emetine and
dehydroemetine, the ethoxy analogue of dehydroemetine (Ib) was also syn-
thesized, following a synthesis of the ethoxy analogue of emetine [3]. A new
reaction path was simultaneously developed for the preparation of dehydro-
emetine (la).

Since in our earlier emetine synthesis [2] the stereoselectivity of the
last step was successfully enhanced by the application of the Pictet—Spengler
cyclization procedure, this reaction was favoured in the preparation of dehydro-
emetine (la), too.

The synthesis of the ethoxy analogue of dehydroemetine (Ib) was
achieved by using the Bischler— Napieralski cyclization reaction.

On the analogy of the method given for the preparation of the dimethoxy
derivative 2a [4], the exo —mendo isomerization of the double bond of the
unsaturated ester 2b [3] was effected again with sodium methoxide [3].

In the course of the new synthesis of dehydroemetine (la), the ester
3a [4] was reduced with di-isobutylaluminium hydride yielding dehydroproto-
emetine (3b), which was then converted with /I-(3-hydroxy-4-methoxyphenyl)-
ethylamine into dehydrocephaeline (Ic) and its epimer, 5c, by the Pictet—
Spengler method. These reaction products were converted into dehydro-
emetine (la) and dehydroisoemetine (5a) with diazomethane, without previous
separation.

In order to prepare the ethoxy analogue of dehydroemetine (Ib), the
ester 3c [3] was converted into the acid amide 3d with diethoxyphenylethyl-

* Part IV: Rohaly, J., Szantay, Cs.: Acta Chim. Acad. Sei. Hung. 96, 45 (1978)
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2a R1= R'-= CH:i R3= OCzHs
2b R1= R2= C2H5 R3= OCHzs 3b RI=R2=CH3 R3=H
3c R1= R2= C2H5 R3= OCH3

3d R1= R1= C2HO R'= NH—(TH2)2>
-COH3(OC2H5)2

4
R' = R-= R3= R4=ToHs
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amine, according to the method suggested by Openshaw and Whittaker [5].
Cyclization of the reaction product with phosphorus oxychloride gave the
ethoxy analogue of 2,3-didehydro-O-methylpsyhotrine (4), and this yielded
Ib and the isomeric 5b on reduction with zinc in hydrochloric acid.

Compounds Ib had near the same antiamoebic properties towards
Entamoeba hystolytica strains as emetine or dehydroemetine (la), at the same
time the lethal dose (LD50) was 1000 mg/kg, in contrast with about 80 mg/kg
of emetine and dehydroemetine, in subcutaneous administration to mice.
Similar differences amounting to an order of magnitude in favour of Ib were
observed in the chronic toxicity tests.

Experimental

The IR spectra were recorded in KBr pellets with a Spectromom 2000 instrument.
The UV spectra were taken with a Unicam SP 800 spectrophotometer, and the PMR spectra
were obtained with a Perkin—Elmer R12 (60 MHz) instrument. Chemical shifts are given
in &(ppm) units; the internal standard was TMS. /S-(3,4-Diethoxyphenyl)ethylamine was
supplied by Chinoin Pharmaceutical and Chemical Works.

2,3-Didchydroproloemetine (3b)

Ethyl [3-ethyl-9,10-dimethoxy-1,6,7-llba-tetrahydro-4H-benzo(a)quinolizinyl-2]-ace-
tate (3a) [4] (2.6 g; 7.25 mmoles) was dissolved in anhydrous toluene (53 ml). The solution
was cooled to —65 °C with stirring in dry nitrogen atmosphere, and di-isobutylaluminium
hydride (1.2 g; 1.5 ml; 8.5 mmoles) was added to it. The solution was stirred at —65 °C for
2 hrs. A saturated solution of sodium hydrogen sulfite was then added, while maintaining
the temperature below —40 °C.

After the addition of the NaHSO03 solution, the temperature of the mixture was allowed
to rise to room temperature. The precipitate was filtered off and dissolved in water (100 ml).
Toluene was separated from the aqueous NaH S03solution. The aqueous phases were combined
and extracted with ether (40 ml). The aqueous solution was then made alkaline (pH = 9)
with 2iV NaOH, while cooling in an ice salt mixture: the temperature of the solution must
not exceed 0 °C. The precipitate produced by the addition of the alkali was dissolved in ether
(60 ml), and the aqueous phase was extracted with ether (3 X30 ml).

The combined ethereal solution was dried over MgSO04, filtered, and the solvent was
removed at room temperature in vacuum in a stream of nitrogen. The residue was a pale
yellow solid, 3b (1.4 g; 64%).

PMR (CDC13): 1.04 (t, 3H,J= 7.2, CH2—CH3); 1.9—3.5 (m, 13H, aliphatic protons);
3.84 (s, 6H, O—CH3J); 6.58 and 6.61 (2 Xs, 2H, aromatic protons); 9.68 (t, 1H, CHO).

The substance was subjected to analysis in the form of the perchlorate. Compound
3b (0.157 g; 0.5 mmole) was dissolved in ethanol (1 ml) and perchloric acid (0.17 ml; 70%)
was added dropwise. The perchlorate was then precipitated by the addition of water. The
perchlorate 3b (0.175 g; 0.405 mmole) was dissolved in hot methanol (3.2 ml), cooled to room
temperature, a few drops of water were added until the solution became turbid and the mixture
was refrigerated. The crystals were filtered off to obtain the perchlorate of 3b. H2 (0.076 g;
0.176 mmole), m.p. 198—200 °C, analytically pure.

CIH25N03+HC104 « HXD (433.86). Calcd. C 52.6; H 6.5; N 3.23; Cl 8.17; H,,0 4.52.
Found C 52.11; H 6.6; N 3.13; Cl 7.82; H20 4.15%.

2,3-Didehydroemetine (la), 2,3-didehydroisoemetine (5a)
and 2,3-didehydrocephaeline (Ic)
Compound 3b (1.3 g; 4.34 mmoles) and B8-(3-hydroxy-4-methoxyphenyl)ethylamine

hydrochloride (1.71 g; 8.15 mmoles) were suspended in water (36 ml) and glacial acetic acid
(3 ml) was added. The solution (pH 4.5) was allowed to stand in nigtrogen atmosphere at
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room temperature for 5 days. The pH of the solution was then adjusted to 9 by the addition
of solid Na2C03. A pale brown precipitate separated; this was filtered off, washed with some
water and dried over P25 in a vacuum desiccator. Raw 2,3-didehydrocephaeline (Ic) and
its epimer (5¢) (1.55 g; 81%) were obtained. The products were dissolved in ethanol (35 ml),
diazomethane (3.5 g; 83.5 mmoles) in ether (300 ml) was added to the solution, and the

mixture was allowed to stand at room temperature for 2 days. The solvents were removed
on a water bath at 35°C in vacuum.

The oily residue was dissolved in ether (75 ml) and extracted with 21V NaOH (20 ml)
and water (5 X20 ml). The ether solution was dried over MgSO04, filtered, and the ether was
evaporated in vacuum. The residue was a mixture (1 : 1) of 2,3-didehydroemetine (la) and
2,3-didehydroisoemetine (5a) (1.5 g; 75%).

The mixture was dissolved in methanol (2.7 ml) and a solution of anhydrous oxalic
acid (0.6 g; 6.65 mmoles) in methanol (1.6 ml) was added to the solution. After seeding with
the oxalate of 2,3-didehydroisoemetine (5a), the solution was allowed to stand at room
temperature for one day. The oxalate of 2,3-didehydroisoemetine (5a) crystallized (0.9 g;
1.35 mmoles), m.p. 175—177 °C (lit. [1] m.p. 175— 178 °C).

The filtrate was then evaporated to dryness in vacuum, the residue was dissolved
in water (20 ml), clarified with carbon and made alkaline with 10iV NaOH (1 ml). The precip-
itate was dissolved in benzene (40 ml). The benzene solution was extracted with water (3 X20
ml), dried over MgS04, filtered and acidified with ethanol, which contained hydrochloric
acid, then evaporated to dryness in vacuum. The residue (0.8 g) was crystallized from a
mixture of methanol (15 ml) and ether (40 ml) to obtain the dihydrochloride of 2,3-didehydro-
emetine (la) (0.75 g; 1.3 mmoles), m.p. 252—254 °C (lit. [1] m.p. 248—250 °C).

[3-Ethyl-9,10-diethoxy-1,6,7,lIba-tetrahydro-4H-benzo(a)quinolizinyl-2] -acetic acid
N-[B-(3’,4’-diethoxyphenyl)]ethyl amide (3d)

Methyl [3-ethyl-9,10-diethoxy-1,6,7,llba-tetrahydro-4H-benzo(a)quinolizinyl-2]-acet-
ate (3c) [3] (4.59; 12 mmoles) and|:/?-(3,4-diethoxyphenyl)ethylamine (6.2 g; 29.6 mmoles)
were heated under nitrogen atmosphere at 170 °C for 4 hrs. The excess of |S-(3,4-diethoxy-
phenyl)ethylamine was then evaporated in a stream of nitrogen in vacuum. The residue was
recrystallized from ethyl acetate (7 ml) to obtain 3d (5.2 g; 78%), m.p. 115—116 °C.

This product was sufficiently pure for use in the following synthetic steps.

A sample recrystallized from ethyl acetate (5 ml) for analysis had m.p. 122—124 °C.

C3BH4HN205550.717). Caled. C71.97; H 8.42; N 5.09. Found C 71.44; H 8.31; N 5.04%.

IR (KBr): 3320 (NH); 1645 (Amide I); 1560 cm“1 (Amide I1).

( )-2-[(6°.7"-Diethoxy-3’.4’-dihydro-1’-isoquinolin. 1)-inethvl I-3-ethyl-1,6,7,] Iboc-tetra-
hydro-9,10-diethoxy-4H-benzo(a)quinolizine (4)

Compound 3d (5.5 g; 10 mmoles) was dissolved in anhydrous benzene (60 ml). Phosphorus
oxychloride (3.85 g; 2.3 ml; 25 mmoles) was added with stirring, and the solution was refluxed
for 1 hr. The solvent was evaporated in vacuum and the residue dissolved in water (60 ml).
The aqueous solution was made alkaline with cone. NH40H (7.5 ml) while cooling in ice-water.
The precipitate was extracted with benzene (4x20 ml). The combined benzene solution was
dried over MgS04, filtered, and the benzene was evaporated in vacuum. The oily residue
was dissolved in methanol (5 ml) and acidified with methanol containing hydrochloric acid.
Cooling in ice-water was applied meanwhile. The methanolic solution was mixed with ether
(30 ml) and refrigerated. Compound 4 ¢2HC1 «4 « H2D was thus obtained (5.53 g¢; 81%),
m.p. 136—138 °C.

CBHMN2D4 « 2HCL « 45 HD (686.802). Calcd. C 57.83; H 8.08; N 4.08; Cl 10.32; HX
11.80. Found C 57.80; H 7.92; N 3.81; Cl 10.37; H2D 11.30%.

UV Amaxr (log f): 213 (4.17), 242 (4.14), 290 (3.83), 307 (3.87), 353 nm (3.87).

Compound 4 « 2HC1 (1 g) was dissolved in water (20 ml) and made alkaline with cone.
NH40H while cooling in ice-water. The yellow precipitate was filtered off, washed with water
and dried over KOH at room temperature in a vacuum desiccator to obtain a yellow powder,
4 (0.7 9).

CBHMN204 « 1/2H,0 (543.725). Calcd. C 73.14; H 8.14; N 5.17; H,0 1.66. Found C
73.15; H 837; N 4.8; H,0 1.14%.

UVAmaexH (log €): 232 (4.28), 282 (4.03), 310 nm (3.82).
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IR (KBr): 2790, 2750, 2730 (Bohlmann bands); 1623 (C=N); 1255 and 1225 cm 1
(C—0—0C).

PMR (CDClg): 1.09 (t, 3H, J = 7.32, CH2—CH3); 1.4, 1.405 (t, 12H, O—CH2—CH3);
1.9—3.8 (m, 17H, alipathic protons); 4.06 (q, 8H, O—CH2—CH3); 6.59 (s, 2H, aromatic
protons); 6.69 (s, 1H, aromatic proton); 7.15 (s, 1H, aromatic proton).

(;b)-2-[(6,,7,-Diethoxy-1,R,2,,3,,4,-tetrahydro-I,-isoquinoHnyl)-methyl]-3-ethyl-1,6,7,lIba-
-tetrahydro-9,10-diethoxy-4H-benzo(a)quinolizine (Ib) and (=t)-2-[(6°,7’-diethoxy-
-Ia,2’,3\4’-tetrahydro-I’-isoquinolinyl)-methyl]-3-ethyl-1,6,7,lIbct-tetrahydro-9,10-

(Kethoxy-4H-benzo(a)quinolizine (5b)

The dihydrochloride of 4 (4 g; 5.8 mmoles) was dissolved in aqueous alcoholic (1 : 1)
2N HC1 solution (65 ml). The solution was heated and stirred on a water bath, and zinc powder
was added (4.0 g; 61 mmoles) by half-hour periods in 1-g portions. Stirring of the solution
was continued on the water bath for 5 hrs. The alcohol was evaporated and the aqueous
solution made strongly alkaline while cooling in ice-water, then extracted with benzene
(4 X30 ml). The combined benzene solution was acidified to pH 6 with methanol containing
hydrochloric acid, and evaporated to dryness in vacuum. The residue was dissolved in
methanol (17.5 ml), and ether (35.5 ml) was added; the mixture was then refrigerated. The
crystals were filtered off, washed with a small amount of a mixture of methanol and ether
(1:2) at 0°C, and dried over CaCl2in a vacuum desiccator,. The dihydrochloride of Ib with
1 mole of water of crystallization was obtained (1.52 g; 41%), m.p. 210—212 °C.

CBH4ND4 « 2HCL « HD (625.66). Calcd. C 63.34; H 8.06; N 4.48; Cl 11.34; H20 2.88.
pound C 63.48; H 8.30; N 4.4; Cl 11.11; HD 2.96%.

UV Amax (log e): 213 (4.19), 230 (4.09), 282.5 nm (3.79).

IR (KBr): 2600 cm '1 (NH2).

The dihydrochloride of Ib (1 g) was dissolved in water (10 ml) and the solution was
made alkaline with cone. NH40H while cooling in ice-water. The resulting white precipitate
was filtered off, washed with water, and dried over KOH in a vacuum desiccator to obtain
Ib as a white powder (0.7 g).

CBH4N204 » 1/2H,,0 (543.726). Calcd. C 72.88; H 8.62; N 5.15; HD 1.65. Found C
73.05; H 8.48; N 5.19; HD 1.52%.

IR (KBr): 2795, 2755, 2735 cm-1 (Bohlmann bands).

PMR (CDC13: 1.0 (t, 3H,J = 7.3, CH2—CH3J); 14 (t, 12H, J = 6.66, 0 —CH2—CH3);
1.7—3.6 (m, 19H, aliphatic protons); 4.08 (q, 8H, J = 6.66, O—CH2—CH?3); 6.63 (s, 2H,
aromatic protons); 6.7 and 6.76 (s, 2H, aromatic protons).

After the isolation of Ib «2HC1, ether (35.5 ml) was added to the mother liquor of
crystallization. The solvent mixture was decanted from the precipitate and the residue (0.38
g) was dissolved in methanol (1.3 ml). A few drops of ether were added, and the mixture
was allowed to stand at room temperature. The crystals which deposited were filtered off
to obtain 5b «2HC1 (0.21 g; 5.52%), m.p. 175—177 °C.

CBH46N204 » 2HC1 «2.5H2D (652.78). Calcd. C 60.70; H 8.12; N 4.29; Cl 10.86; H2
6.94. Found C 60.89; H 8.29; N 4.2; Cl 10.61; HD 6.86%.

UVA~7IX (log e): 213 (4.21), 230 (4.11), 282 nm (3.77).

IR (KBr): 2550 cm 'l (NH2.

The base liberated from 5b « 2HC1 was obtained in the form of an amorphous powder.

CBHAN2D 4« 1/2HD (543.725). Calcd. C 72.88; H 8.62; N 5.15; HD 1.65. Found C
72.81; H 8.43; N 532; HD 1.32%.

IR (KBr): 2795 and 2735 cm-1 (Bohlmann bands).

PMR (CDC13: 1.04 (t, 3H,J = 7.3, CH2—CH3); 1.45 (t, 12H,J = 6.66, O—CH2—CH2J);
15—3.6 (m 19H, aliphatic protons, NH); 4.1 (q, 8H, J = 6.66, O—CH2—CH3J); 6.67 (s, 2H,
aromatic protons), 6.76 and 6.8 (s, 2H, aromatic protons).

The authors’ thanks are due to Chinoin Pharmaceutical and Chemical Works for
supporting the present work; to Dr. P. Kolonits for recording the IR and PMR spectra;
and to Mrs. Dr. L. Balogh for the microanalyses. Valuable help by Mr. I. Jaksa in the exper-
imental work is gratefully acknowledged.
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The characteristics of the electronic structure and the UV spectral properties
of pyrido-as-triazines and benzo-as-triazine were investigated by the use of different
semiempirical methods (PPP, CNDO). The reactivity properties of the molecules
were studied on the basis of calculations. It is concluded that the UV spectral and
electronic structural properties are decided by the position of the pyrido-N-atom.

In the recent years several biologically active compounds have been
found among pyrido- and quinolino-as-triazines characterized by formulas
I and Il, respectively. For an interpretation of the results

relating to reactivity and biological activity, an investigation on the electronic
structure of these compounds is necessary. In continuation of our earlier
work [1—6], in the present paper we report the results of quantum chemical
investigations on pyrido-as-triazine skeletons (I11—VI) and on benzo-as-
triazine (VU),

N2

N 1° N

(3,2-e)
Vi Vil
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of the four possible unsubstituted VII pyrido-a.s-triaz.ines (I11—V1) the fol-
lowing are known: 3,4e (1V), 3,2-e (VI) and 4,3-e (V). In each type several
derivatives have been prepared.

Relatively little quantum chemical work has been done on aza-
naphthalenes containing more than one nitrogen atoms. First Favini et al. [7]
investigated the electronic transition spectra of azanaphthalenes by the
Pariser—Parr—Pople (PPP) method. These authors were also the first to
examine the benzo-as-triazine (VII) molecule. In 1966 Wait and Wesley [8]
carried out Hickel molecular orbital (HMO) calculations for azanaphthalenes,
including pyrido-as-triazines. They gave the HMO charge density data and
the value of the excitation energy calculated for the first n —»n* transition
in benzo-as-triazine. For azanaphthalenes containing one or two N atoms
in one ring some further PPP calculations are also known [9—10b]. All-
valence electron (CNDO, INDO) calculations have also been reported for
these compounds [11]. The non-condensed as-triazine molecule was theo-
retically investigated by several workers [7, 12— 14].

Calculations

The calculations were carried out by the use of the CNDO/2 [15] and
PPP [16, 17] methods. In the CNDO calculations the original program and
parametrization have been employed [15].

The PPP method was applied in the SCF—MO—LCAO—CI form with
ZDO approximation [16— 17]. In the calculation of configurational interaction
(Cl) first excited configurations were taken into account. The y( and yy
integrals were obtained by the Pariser—Parr [17] and Nishimoto— Mataga
[18] approximations, respectively. The-values for the ionization potential (1,)
and electron affinity (M;), both referred to the valence state, were taken
from the work of Hinze and Jaffe [19]. In the course of our calculations,
including also those by the CNDO method, all molecules weré supposed to
have planar structure and all valence angles were taken as nearly 120°. The

Table |

Bond distances used in the calculations

Bond Distance (A) Ref.

c= ¢ 1.39 [17]
C= N 1.36 [20]
= 1.33 [13]
C—H 1.08 [21]
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Table 11

Initial data for PPP calculations

Atom h(eV)[13J Ai(eV)[19] Ref.
C(trtrvr,V3 11.16 0.03 c=2¢C 2.39 [17]
N (t 2trVi,Vs) 14.12 1.78 C=N 2.58 [20]

N= N 2.20 [22]

applied bond distance (R/j) data are shown in Table |. The atomic parameters
(Aj, 1j) and bond parameters (resonance integral, By) are shown in Table II.

The UY spectra were recorded on a UNICAM SP-800 instrument in
ethanol solution. The experimental oscillator strength values [23] were deter-
mined from the log s data.

Results and discussion

The values for the first four singidet-singulet n—n* electronic transition
energies (ZIE), (PPP method), the wave length values (2) and the oscillator
strength data, together with the experimental values determined in the
present work, are shown in Table II1I.

It is seen that there is a good agreement between the experimental
and theoretical values for the transition energies. For the oscillator strength
(/) the deviation is larger, hut for the main bands the values are acceptable.
In the case cf henzo-as-triazine (VII) the data given by Favini et al. [7] are
also shown. It is seen that the data calculated in the present work are in
better agreement with the experimental results than those of the previous
authors. The reason for that lies in the choice of the value for the /?N=N
integral. In the present work the /2N=N value (Table Il) was determined by
a spectrum-fitting technique which means, that /3N=N was varied as a param -
eter until the best fit between the experimental and theoretical data was
obtained. This /2N=N value was then used in the case of the pyrido-as-triazines.

Pyrido(3,4-e)-as-triazine (IV) and pyrido(3,2-e)-as-triazine (VI) were
prepared first by Lewis and Shepherd [24]. They also gave UV data for
these compounds (with which our data are in perfect agreement). Each
compound can be characterized by a three-band UV spectrum, in agreement
with the statement of Paul and Rodda [25] concerning pyrido-pyridazines.
On the basis of our theoretical results, these bands belong to n—n* transitions.
(The n —=an* band appears at about 470 nm).

It is seen from the data in Table Ill that the UV spectral data show
a dependence on the position of the N atom in the pyrido-ring. At the first
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Table 111

Calculated and experimental electronic transition spectra

Compound

VII

in
(2,3-¢)

v
(3,4-¢)

(4,3-e)

Vi
(3,2-¢)

z!Ee-*(eV)

3.932

(3.817)*
4.150

(4.105)*
5.739

4.107
4.419

5.930
6.084

Theoretical

A [nm]

315
325
299
302
216
216
205
213

308
279

208
203

331
282
220
206
313
295
221
202
302
281

209
204

0.176
(0.154)*
0.200
(0,116)*
0.881
(0.183)*
0.019
(0.456)*

0.245
0.249

0.104
0.137

0.187
0.073
1.008
0.069
0.199
0.054
1.023
0.029
0.260
0.222

0.670
0.017

*data by Favini etal. [7], **/ =

*** a: polarization angle measured from y (grades)
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zZn
N

a*kk

205.9
120

259.3
333.1
165.4
323.4

249.8
268.6

195.6
293.4
271.6
179.5
330

255.4
221.2
149.5
347.2
152.3

77.6
288.4

u[23]

i-+J
5—6
4—6
5—7
5—8
5—7
5- 6
5- 6
5—7
3—6
4—6
5-6
4—6
5—7
4 -7
5—6
5—»6
4—6
5-7
4—6
3—6
5—6
5—7
5—6
4—6
5—7
4—7

Experimental (EtOH)

JE(eV)

4.137

5.413

3.735

5.486

3.936

4.065

5.904

A(nm)

300

229

332

226

315

305

210

/**

0.066

0.767

0.065

0.472

0.136
0.157

0.700
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n —mn* transition band (350—290 nm) the wave length sequence is the
following:

n—n* A n—n* >Hn7n*

(3.4—e) (4,3—e) (2,3—e) (3.2—
In all cases for this band, the dominating transition is <p,+1 (» = 5), with
the exception of the ring (3,2-e) (VI1), where ¢?’+2 transition also contributes
significantly. In the above mentioned cases, the band is polarized in the
Y -direction.

The position of the band appearing at about 220 nm is also influenced
by the position ofthe pyrido-N-atom. This band is polarized in the x-direction,
and the ¢?,+2 electronic transition has a significant role in its appearance.
In comparison with benzo-as-triatine it is found that the introduction of
a new nitrogen atom — with the exception of pyrido(3,4-e)-as-triazine (IV) —
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Table IV
Total energies and HOMO and LEMO orbital energies calculated by the PPP method

1
H

PPP-s-energies (eV)

Compound Total s-energy HOMO* LEMO**
11 (2,3-e) — 318.77329 — 10.55186 - 3.26150
1V (3,4-€) — 318.40316 — 10.05678 — 3.28738
V (4,3-e) — 318.44582 — 10.12894 — 3.22315
VI (3,2-e) — 318,7338 — 10.53008 — 3.28806

* Highest Occupied Molecular Orbital.
** Lowest Empty Molecular Orbital.

does not cause a significant change in the n—n* transition energies. This is
in accordance with the general observation that replacement of sp2 carbon
atoms by yi(t*trtr, 1, V2) does not change markedly the structure of the
UV spectra, thus when compared with the spectra of unsubstituted hydro-
carbons, in our case naphthalene, no additional n—n* bands can be observed.

It was found further that the UV features of the two pyrido-as-triazine
pairs, (3,4-e)-(4,3-e) and (2,3-e)-(3,2-e), are similar to each other. The lowest
n—n* transition energies are seen in the (3,4-e) and (4,3-e) fused rings, thus
their n-electron system can easily be excited. This is confirmed by the values
of the all-n-electron energies (Table 1V) indicating the stability the n-electron
system in these compounds, and by the energy diagram for the CNDO mole-
cular orbital shown in Fig. 1.

It can be inferred from the PPP-n-energy values and from Fig. 1 that
the stability of the n-system is the smallest in the case of the pyrido-as-tri-
azines (3,4-e) and (4,3-e) (IV and V, respectively).

Figure 1 shows the CNDO molecular orbital energy values for the com-
pounds examined. (The energy diagram is not complete, because of the possible
44 orbitals the energy values for only orbitals No. 9—30 are shown.) The char-
acter of the different MO’swas determined from the orbital coefficients. (Those
MO’s for which the re-character is greater than 60%, are denoted by n [26].

It appears that in all cases the highest occupied orbital (HOMO) has
re-character, while the lowest empty MO (LEMO) has n-character. It is seen
that for compounds (2,3-e) and (3,2-e) the HOMO energies are higher com-
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Table V
Total energies calculated by the CNDO method

14
H

13 A 1
Hut/j 3 C_2

N JL X

4 n
b

Total energy (a.u.)

Compound CNDO
1 (2,3-€) — 92.19951
IV (3,4-e) —92.19186
V (4,3-e) — 92.20722
VI (3,2-€) — 92.20643

pared with those of the analogous compounds (3,4-e) and (4,3-e), respectively.
In the case of the highest occupied sa-orbital the situation is reversed. A
further difference between the pyrido-as-triazine pairs (3,2-e)-(2,3-e) and
(4,3-e)—3,4-¢) is that in the former it is orbital No. 20, while in the latter
orbital No. 22, which has n-character. This fact can be rationalized by
suggesting that the single electron pair of the pyrido-N-atom is more de-
localized into the ring for (3,4-e) and (4,3-e) linkage, than for (3,2-e) and
(2,3-e) linkage.

The CNDO total energy values (Table ¥) are informative regarding
the general stability features of these compounds. From these data it can
be inferred that the stability is the lowest for the pyrido(4,3-e)-as-triazine
(1v) skeleton, and the stability sequence obtained by CNDO calculations
differ from the sequence for the s-system obtained by the PPP method.

Besides the UV spectral properties, we also examined the electron
distribution of the molecules. The data forthe ground state electron distribu-
tion calculated by the CNDO method are shown in Tables VI—X. The a-
electron densities were determined by Wait and Westey [8] using the HMO
method, thus we can use their data as the only reference for comparison
with our CNDO and PPP results, as we did in Fig. 2 for pyrido(2,3-e)-0s-
-triazine (I11).

It is seen that the various approximation methods yield data of the
same character but differing in numerical value. The values obtained by the
HMO and PPP methods are, however, also numerically near to each other.
In the interpretation of reactivity features, the ff-electron densities cannot
be neglected; in this respect the CNDO results are therefore more valuable.
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Fig. 2. a-electron density data for some atoms of pyrido-as-triazines calculated by different
methods

Fig. 3. CNDO electron density data for the N atoms of pyrido-as-triazines
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Table VI
Electron and charge densities for Compound VI

14

H
Atom Bonding type Total Charge

N () 0'4.0596 5.0559 — 0.0559
a 0.9963

N(2) <4.0505 5.0948 — 0.0948
n 1.0443

C(3) 0-2.9010 3.8586 0.1414
A 0.9576

N (4) 04.1127 5.1580 — 0.1580
A 1.0453

C (5) 0 3.0044 4.0286 — 0.0286
1 1.0242

(6) 0 3.0021 3.9810 0.0190
n 0.9789

C(7) 0 2.9940 3.9974 0.0026
2 1.0034

C(8) 0 3.0084 4.0047 — 0.0047
1 0.9963

C(©9) 0 2.9408 3.9366 0.0634
a2 0.9958

C(10) 0 2.9202 3.8781 0.1219
a 0.9579

H (1) 0 1.0029 1.0029 — 0.0029

H (12) 0 0.9969 0.9969 0.0031

H(13) 0 1.0040 1.0040 — 0.0040

H (14) 0 1.0035 1.0035 — 0.0035

H (15) 0 0.9990 0.9990 0.0010

On the basis of data for the a-electron systems of all p yrido-as-triazines,
the most negative — thus the most basic — N atom is the one in the pyrido-
ring. From the CNDO total electron density (cr -f- 1) values it can be seen
(Fig. 3), however, that the electron densities on the N atoms and on the C-3
atom depend on the position of the pyrido-N-atom. It is also shown that
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Table Y1

Electron and Charge Densities for Compound HI

14 8 1
Atom Bonding type Total Charge

N (1) a 4.0681 5.0474 —0.0474
4 0.9793

N(2) a 4.0459 5.1021 — 0.1021
1 1.0562

c @3 er2.9035 3.8461 0.1539
1 0.9426

N (4) (14.1080 5.1702 — 0.1702
1 1.0622

N (5) er4.0836 5.1813 — 0.1813
n 1.0977

C(6) a 2.9532 3.8911 0.1089
4 0.9379

c () er3.0026 4.0346 — 0.0346
1 1.0320

C(8) (73.0178 3.9618 0.0382
n 0.9440

c (9) a 2.9504 3.9568 0.0432
a2 1.0064

C (10) er2.8588 3.8005 0.1995
1 0.9417

H (11) a 1.0005 1.0005 — 0.0005

H (12) o 1.0069 1.0069 — 0.0069

H (13) a0.9997 0.9997 0.0003

H (14) a1.0010 1.0010 — 0.0010

in all cases it isthe N-1 atom which has the smallest charge. The most negative
nitrogen atom of the as-triazine ring is N-4. The CNDO results reveal — contra-
dicting the PPP and HMO data — that the pyrido-N atom is not found to
be the most negative in all cases. In the case of the compounds (2,3-e) and
(3,2-e), in accordance with the PPP and HMO calculations, the largest neg-
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Table VIII

Electron and charge densities for Compound 1V

Atom Bonding type Total Charge

N(I) a 4.0499 5.0654 — 0.0654
s 1.0155

N (2) a 4.0622 5.0825 — 0.0825
5 1.0203

c® 0-2.8952 3.8658 0.1342
1 0.9706

N (4) (74.1199 5.1452 — 0.1452
8 1.0253

C (5) 029513 3.9384 0.0616
5 0.9871

N (6) (74.0947 51313 —0.1313
A 1.0366

c() 0-2.9329 3.9198 0.0802
5 0.9869

c@®) 03.0118 4.0261 — 0.0261
5 1.0143

C(9) 02,9417 3.9082 0.0918
5 0.9665

C (20) 029314 3.9085 0.0915
5 0.9771

H(D) 0 1.0008 1.0008 — 0.0008

1 (12) 00.9999 0.9999 0100011

H(13) 0 1.0064 1.0064 — 0.0064

H (14) 0 1.0017 1.0017 — 0.0017

ative charge is located on the pyrido-N-atom, but for pyrido(3,4-e)- and
(4,3-e)-as-triazines the largest negative charge is on the N-4-atom of the
as-triazine ring. The reason for this difference lies in the different extent
of delocalization of the single n-electron pair of the pyrido-N-atom, because
this electron pair is more localized on the N atom in the (2,3-e) and (3,2-e)
molecules, than in the two other cases.

At present we have no experimental data for the dipole moment. On
the basis of the CNDO results the values for dipole moment vary in the
following sequence:

~N(D) 4.02 2.3 2.01 0.31
(3,2-¢) > (2,3-e) > (4,3-e) > (3,4-¢)
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Table IX

Electron and charge densities for Compound Y

Atom Bonding type Total Charge

N(I) a 4.0639 5.0417 — 0.0417
7 0.9778

N (2) a 4.0425 5.0979 — 0.0979
n 1.0554

c® F2.9084 3.8483 0.1517
$10.9399

N (4) J4.1080 5.1641 — 0.1641
7 1.0561

c(5) cr3.0126 4.0609 — 0.0609
7 1.0483

C@® 12.9436 3.8997 0.1003
7 0.9561

N(7) cr4.0778 5.1474 — 0.1474
n 1.0696

C(8) 12.9562 3.9089 0.0911
n 0.9527

C(9) €T2.9542 3.9676 0.0324
9 1.0134

C (10) c12.9239 3.8547 0.1453
n 0.9308

H(I) al0o 1001 —00m

H (12) d0.9925 0.9925 0.0075

H(13) a1.0074 1.0074 - 0.0074

H (14) d1.0080 1.0080 — 0.0080

Thus on theoretical grounds the (3,2-e) pyrido-triazine system is the most
polar, while the (3,4-e) is the least polar.

From our data it can be inferred that the C-3 atom of the as-triazine
ring is unequivocally favoured in respect to nucleophilic attacks. The carbon
atoms of the pyrido-ring have electrophilic character. These conclusions are
in agreement with the experimental facts.

An interpretation of the different reactivity properties of C3-substituted
derivatives [1—6] will be given in forthcoming publications.
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Table X

Electron and charge densities for Compound VI

Atom Bonding type Total Charge

N (1) a 4.0512 5.0618 — 0.0618
1 1.0106

N(2) er4.0471 5.0839 — 0.0389
a 1.0368

C(3) cr2.8976 3.8644 0.1356
1 0.9668

N (4) cr4.1165 5.1491 — 0.1491
a 1.0336

C (5) cr3.0169 3.9939 0.0061
a 0.9770

C(6) cr3.0130 4.0139 — 0.0129
2 0.9999

C(7) cr2.9462 3.9023 0.0877
n 0.9561

N (8) cr4.0929 5.1621 - 0.1621
a 1.0692

C (9) cr2.8872 3.8704 0.1296
n 0.9832

C(10) 0-2.9318 3.8987 0.1013
n 0.9669

H(Il) cr1.0002 1.0002 — 0.0002

H (12) cr0.9966 0.9966 0.0034

H(13) cr0.9985 0.9985 0.0015

H (14) cr1.0052 1.0052 — 0.0052

Conclusions

According to our investigations, the results of different semiempirical
methods properly reflect the experimental characteristics of unsubstituted
pyrido-as-triazine compounds. About the electronic structures of pyrido-os-
triazines it can be established that the introduction of a new nitrogen atom,
as compared with the case of benzo-as-triazines does not cause significant
changes in the UV spectral properties and in electron distribution. The observed
differences are mainly due to the different positions of the pyrido-N-atom.
In determining the reactivity of the molecules, the dominating factor is the
strong nucleophilic character of the C-3 atom.
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M. Sittig: Toxic Metals. Pollution Control and Worker Protection

Pollution Technology Review, No. 30, pp. 300.
Noyes Data Corp., Park Ridge, New Jersey, U.S.A. 1976

Mass poisoning with tragical outcome, e.g. Minimata illness in Japan, have proved
that metals which are toxic already in low doses endanger not only those who work with
them but, if they find their way into the environment, endanger also the population.

The aim of the author in this work is to offer some guiding principles concerning the
elimination of the possibly poisonous effects of toxic metals, through organization of pre-
vention and testing. This book is a comprehensive survey of the latest information which
bears upon preventive measures at work sites and in the environment. The bulk of this infor-
mation consists of reports, patent specifications and communications in competent journals,
derived from studies financed or sanctioned by governing bodies.

Each in a separate chapter of its own, the following metals are discussed: antimony,
arsenic, barium, beryllium, boron, cadmium, chromium, copper, indium, lead, manganese,
mercury, molybdenum, nickel, selenium, tin, vanadium and zinc. Lucidity is enhanced by
all the substances being treated uniformly and with regard to the following features: toxicity,
incidence and the extent of exposition to the substance, detection in air, water and in biological
media, the standards of tolerability in the environment, prescribed methods of treatment,
removal of the substance from air and from water, solid waste disposal, economic effects
and consequences of measures of control. References are given at the end of each chapter.

This book is a recommended item on the bookshelves of specialists who work as environ-
mental engineers, industrial sanitary personnel, toxicologists and chemists.

J. Molnar

E. Crementi:Determination of Liquid Water Structure. Coordination Numbers
for lons and Solvation for Biological Molecules

pp. 107. Springer Verlag, Berlin, Heidelberg, New York 1976

The structure of water, the solvation of ions and molecules are important problems
of present day chemical physics. This second volume of the series “Lecture Notes in Chem-
istry” acquaints the reader with the quantum-mechanical treatment of these. The work
done in the last five years by the author and his team, well known for their extensive quantum-
chemical calculations, is reported in thirteen parts in the Journal of Chemical Physics,
forming the core of this book. The 107 pages carry 3 chapters; in them we find 23 tables,
32 figures, with 122 references to the literature.

The chapters are: 1. Description of a Chemical System as a Set of m Fixed Nuclei
and n Electrons; 2. Structure of Liquid Water as a Test Case; 3. Co-ordination Numbers and
Solvation Shells.

The first chapter is an introduction into the quantum-mechanics of molecular aggregates.
The SCF—LCAO—MO approximation used is explained in detail. The advantages of the
choice of basic sets and the electron population analyses and bond energy analyses in mole-
cules and in molecular complexes are discussed. It is especially useful that the physical and
chemical meaning of the quantities which constitute the classical final results of quantum-me-
chanical calculations, viz. electron density, total energy, orbital energies are underlined.
Considering the subject matter of this chapter and its volume of 56 pages, the unusually
high number of examples, numerical data, and comparative tables render this discussion
most enjoyable.

The second chapter shows the application of the method in the study of the structure
of liquid water. The determination, based upon the Hartree—Fock potentials, of the energy con-
tours of the water dimer is discussed and results are compared with those obtained by the em-
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pirical Ben Nairn—Stillinger and Rowlinson potentials. From the analysis of the stabilization
energy of many different (H20),,-type aggregates of various configurations theconclusion is
drawn that none of the individual clusters shows favoured stability. This is contrary to va-
rious mixture models of liquid water for which the properties of water are explained in terms of
small, regular polymers. The existence of clusters nearly equivalent energetically but rather dif-
ferent in geometrical structure suggests that the exact geometry of the clusters is of little im-
portance and that the probability distribution of the clusters with various structures is
physically the more significant parameter Finally, in this chapter the pair correlation functions
determined by Monte-Carlo calculations based upon Hartree—Fock pair potentials of liquid
water are compared with results of X-ray and neutron-diffraction experiments.

The third chapter shows the applications of quantum mechanics in the study of ion-
—water aggregates and of ion hydration. The results of Monte-Carlo calculations, based upon
Hartree—Fock pair potentials, for the hydration of alkali and halide ions as well as for ion
pairs are shown. The role of three-particle forces in the case of H20 —Li— is discussed and
at the end of the chapter, briefly the study of the solvation of amino acids and of other biolog-
ically interesting systems is dealt with.

The text reads easily and affords the fundamentals for a more thorough study, for
both expert and beginner. By dedicating this work its author has paid tribute to Prof. Per-
Olov Loswdin at his 60th birthday. Finally the reviewer wishes to note that this book fully
achieves the purpose of the Series, which is: “to report new developments in chemical research
and teaching — quickly, informally and at a high level”.

E. KALMAN

Structure and Bonding, Yol. 30
pp. 197. Springer Verlag, Berlin, Heidelberg, New York 1976

The task continuously to keep up with progress even in a narrow field of science is
made even more burdensome by the proliferation of scientific communications, both in respect
of numbers and volume. Also this is a reason why publications that give a comprehensive
account of the actual state of a narrowly defined domain of problems are especially welcome.
“Structure and Bonding” contains such summaries; these significantly facilitate inquiry into
a certain field and help to review the most important recent achievements.

Volume 30 is already the fourth in a series which deals with the chemistry of the rare
earths: a fact which points to the importance attributed and the interest accorded to both
theory and practice in connection with this group of elements and their compounds.

This volume contains four reviews. The first is the work of S. P. Sinha, entitled
“A Systematic Correlation of the Properties of the/-Transition Metal lons”. Several param-
eters that describe properties of lanthanides and actinides, viz. spectroscopic parameters,
oxidation potentials, constants of formation, crystallographic data, linear complete angular
momentum, show an L-dependence. However, in many cases a linear function emerges only
if J is taken into consideration. Such cases are: atomic number, extraction data, Racah-
parameters, spin orbital coupling parameter, etc. The great number of data collected shows
that the J-dependence permits the realization of really well manageable linear correlations,
though deviations occur also in these cases. This review refers the reader to 98 items of the
literature; the possibilities of illustration are shown by 67 figures.

The second article, by R. Reisfeld, deals with “Excited States and Energy Transfer
from Donor Cations to Rare Earths in the Condensed Phase” . Here it is demonstrated how
the probability of energy transfer in microscopic and in macroscopic dimensions can be
calculated. Resonance transition plays hardly any role; however, the diffusion of energy
must be taken into account together with ‘phonon-assisted’ energy transfer. As a technique,
selective laser excitation combined with ‘time-resolved’ spectroscopy is proposed. The donor
ion can be excited selectively and from the time-resolved emission of the rare earth acceptor
the energy rate, increasing with time, is obtainable. Optical characteristics are well inter-
pretable by the nephelauxetic effect found by Jhrgensen and by electronegativity according
to Pauling. 74 items of literature are cited, 10 figures and 10 tables illustrate the text.

M. Campagna, G. K. Wertheim, and E. Bucher wrote the third review, its title is
“Spectroscopy of Homogeneous Mixed Valence Rare Earth Compounds”. The 4/-photo-
emission of the rare earths can be adequately discussed on the basis of intensity and mul-
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tiplet structures. As reflected by the results of the electron spectroscopic method, the electron
structure of homogeneous mixed valence compounds is expounded in quite a new way. The
phenomenon is discussed in consideration of the results of X-ray photoemission, XPS, of
ultraviolet photoemission, UPS, and of electronic energy-loss spectroscopy, ELS. Spectro-
scopic results are shown in 27 figures; 76 items of literature are cited.

C. K. Jorgensen is the author of the fourth review, entitled “Deep-lying Valence
Orbitals and Problems of Degeneracy and Intensities in Photoelectron Spectra”. Here the
validity of s—p separation, the overlap of neighbouring atoms of the same element, the role
of 5p and 6p shells in post-transition elements, the Gelius-effect, electron transition and the
type of information to be gained for the ground state from the final ionization state are
discussed. All these questions are answered on the basis of results gathered by photoelectron
spectroscopy. 224 items of the literature are germane to this highly concise treatment of
the subject.

All the four articles in this book attest that the exacting standards set in the edition
of this series have been fully adhered to. The reader is given four very succinct summaries
and is helped to significant information about spectroscopic and theoretical studies con-
cerning lanthanides and actinides, the electronic states and the structures of their compounds.

J. Csaszar

Contact Catalysis, Vols 1 and 2

pp. 1019. Editor-in-chief Z. G. Szabo, Assistant editor D. Kallé
Akadémiai Kiadé, Budapest, and Elsevier Publishing Co., Amsterdam 1976

This work, issued as a joint venture of the two publishing houses, is a revised version
in English of the Hungarian “Kontakt katalizis” written by a team of authors from the
Hungarian Catalysis Club. Each of the authors is a specialist in some field, thus what the
reader holds in his hands is a fully comprehensive treatment of the entire science of contact
catalysis. In the first volume primarily a theoretical approach to catalysis and the disciplines
pertinent to it is offered; the second volume deals with practical problems of the preparation
of catalysts and with reactor design. This work certainly is a remarkable attempt at the
creation of a handbook: the reader is given if not the answer to, then at least an instruction
for the solving of, every problem in connection with contact catalysis.

The first chapter (J. Ladik and F. Solymosi) is about the electronic structure of
metals and semiconductors. Not only the most modern approaches of solid state physics to
the structure of metals and semiconductors are shown here but also the application, still in
an initial phase, of quantum-mechanical methods to the calculation of the surface states
of solids are treated. Good approaches are shown to the band structures of metals and semi-
conductors, to the theories about defects in semiconductors. The defect structures of the
most important n- and p-conductors, further those of the intrinsic conductor oxides are
discussed separately. There is only one topic the omission of which is perhaps regrettable:
theoretical considerations concerning alloys.

The second chapter (P. Fejes) treats the adsorption of gases on the surface of solids.
Here we get the phenomenological description of the interaction of adsorbent and adsorbate,
the derivation and the interpretation of the established isotherms, viz. Langmuir, Freund-
lich, Temkin, etc. After the expounding of the thermodynamics of adsorption, the changes
in enthalpy and in entropy, the heat of chemisorption, the mobility of the absorbed layer,
theories concerning the rate of sorption, energy, considerations of geometrical features and
the determination of the rate constant of desorption are discussed. The methods used for
the determination of rates of adsorption and desorption also belong here. The chapter concludes
with a critical review of theories relating to the mechanism of chemisorption.

The third chapter (D. Kalté and F. Solymosi) is devoted to questions of catalyst
structure and activity. Not only the effects of geometrical and of energy factors are thor-
oughly and critically discussed, but also the theory of processes which occur at energetically
heterogeneous surfaces; e.g. the rule of compensation, is considered, further an introduction
to the electron theory of catalysis is given. The mechanisms of the most important catalytic
reactions and the effect of changes in the catalyst upon the mechanism of the process were
reviewed according to types of catalysts, i.e. metal, semiconductor, supporter and insulator
catalysts.
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The kinetics of heterogeneous catalytic reactions form the subject of the fourth chapter
(F. Nagy and D. Kalle), where the most important problems of reaction kinetics are dealt
with in a logical order. Thus, we read about the concepts of reaction rate, the elementary
steps of heterogeneous catalytic reactions, the rate-determining process and the transport
processes. Various static and dynamic reactors are described; these can be used for the labor-
atory determination of the rates of processes. The calculations for the solution of Kinetic
equations which represent the catalytic processes A “mB, A B, -f- B2 and Aj + A2->B
are summarized. At the end of this chapter we find examples of how to solve rate and kinetic
equations derived from work with various laboratory reactors.

In the fifth chapter (J. Petro) heterogeneous catalysts are described: operations in
the preparation of a catalyst, viz. precipitation, impregnation, washing, drying, forming,
activation, etc. A separate part is devoted to the modification of catalysts, to promoter
effects, to carrier effects and to the alteration of catalyst selectivity with the help of catalyst
poisons. Finally the various types of catalysts are discussed.

The physical testing of catalysts is treated in the sixth chapter (K. Sasvari, K. Ibranyi
M. Arkosi, G. Menyhart, A. Gergely, F. Tungler, J. Solymosi, S. Kiraly, S. Holly
and L. Radios). This chapter describes X-ray diffraction methods used for the determination
of the structure of a catalyst. Electron optical studies, i.e. electron microscopy, electron
diffraction, LEED and Auger spectroscopy, give information about the morphology of surfaces.
The efficiency of the latter two techniques places them uncontestably in the foremost rank
among those suitable for use in the study of the composition and the structure of a catalyst
surface.

The study of magnetic properties reveals the ways of interactions; at present, however,
it is successfully used for the determination of the dispersity of metal catalysts. Electrical
characteristics, e.g. conductivity and Hall effect are important primarily in the case of semi-
conductor catalysts.

One of the dominant features of a catalyst is its surface: the part about adsorption
deals with the techniques suitable for the determination of this feature. The BET equation,
Harkins—Jura method, their criticism, their limits of applicability are all mentioned. Infrared
spectroscopy isf accorded a separate part; unfortunately this is not detailed enough, consid-
ering the signiicance of this method. The series of experimental methods closes with the
application of EPR. In the cases of insulator and oxide- type catalysts the importance of
these methods is considerable. Also it is regrettable that no space could be found for the ever
more often applied ESCA method and for Mdssbauer spectroscopy.

The last chapter (M. Bakos) comprises the practical realization of heterogeneous
catalytic processes. Here not only the transport processes, i.e. heat and material transport
occurring together with a catalytic process, are shown but also the methods used for the
determination of the most important parameters of the catalytic process itself, viz. rate
equations, order of reaction, apparent reaction rate, etc. Besides this, the estimation of the
parameters most important for engineering design calculations is shown, i.e. catalyst volume,
length of catalyst bed, reactor diameter, etc. and the use of these data in the design of various
reactor types is discussed.

L. Guczi

NMR: Basic Principles and Progress

Ed. P. Dienhl, E. Fluck, R. Kosfeld,

Vol. 11, pp. 246. M. Mehring (University of Dortmund): High Resolution NMR Spectrosopy
in Solids. Springer Verlag, Berlin, Heidelberg, New York 1976

As well known by chemists, in the NMR spectrum of a liquid sample sharp lines emerge;
these have, however, a width that corresponds to about 0.1—1 Hz, due to the inhomogeneity
of the magnetic field and to spin relaxation. Hamiltonian interactions manifest themselves
in isotropic chemical shifts and in scalar spin—spin interactions. Owing to rapid isotropic
molecular motion, all other anisotropic interactions, e.g. chemical shift anisotropy, dipole-dipole
or quadrupole interaction are averaged to zero. In the solid state, however, these anisotropic
interactions prevail and ought to furnish interesting information in respect of features of
symmetry and in electron configurations. Since most often, e.g. with *H, I9F nuclei, in the
case of the generally applied magnetic field, that is with 1 to 6 Tesla, the dipole—dipole inter-
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action dominates, in the NMR spectrum of a solid sample very broad, featureless bands
will appear and from these no conclusions on local symmetry and electron distribution can
be drawn. Therefore the fundamental purpose of high resolution NMR spectroscopy of solid
psamles is the elaboration of methods suppressing unwelcome dipolar interactions responsible
for the broadening of the bands and leave, more or less, unaffected the anisotropies of chemical
shifts and the scalar interactions. The chief objective of this book is to acquaint its readers
with the recent methods evolved for this purpose. This topic is treated in seven chapters
with 283 references.

1. The introduction is a short survey of the most important methods and results of
high-resolution NMR spectroscopy of solids.

2. In the chapter “Nuclear Spin Interactions in Solids” the discussion in terms of
tensors, of spin interactions is given. Here the rotation about the ‘magic’ angle =
= 54°44°8” 127, i.e. the “specimen rotation method” is explained: the result of this is
that dipolar interactions and shielding anisotropy average out to zero. The isotropic chemical
shift, Knight-shift and scalar coupling thus become accessible besides. In addition to metal
powders, this methods has been successfully applied to polymers and to biologically interesting
compounds. These measurements have proved that in the solid state, especially in organic
solids, rapid molecular re-orientation may occur even at not too high (100—500 °K) temper-
atures.

3. Multiple Pulse NMR Experiments. This chapter deals in detail with multiple
pulse tests applied in cycles, among these with the so-called WHH-4 four-pulse sequence.
This fundamental method, which operates in the spin space, brings about the averaging of
dipole and quadrupole interactions but does not interfere with shift interactions. It has the
advantage that the broadening of bands due to shift interaction and paramagnetic contam-
inants becomes amenable to study. The limit of this method is set chiefly by pulse imper-
fections.

4. Double Resonance Experiments. Since dipole interactions are inversely proportional
to the third power of the distance r between spins, the suppression of band diffusion due to
homonuclear dipole—dipole interactions is possible also through a dilution of the spin system.
Thus e.g. in the case of 13C, 15N, 43Ca nuclei, rarely met with in nature, homonuclear inter-
actions are rather negligible; the interaction with the surrounding L, 19, etc. nuclei which
abound in nature, can be eliminated by decoupling techniques, consequently, a high resolution
spectrum is obtained. Since the 13C, 15N, etc. nuclei give very weak signals, the reservoir
furnished by commonly available spins is used for the enhancement of sensitivity. This may
be achieved in two ways, viz. (1) by the indirect method where rare spins are detected through
their effect upon the common spins, or (2) by the direct method where the rare spins are
polarized by the common ones. This is the method known as proton enhanced nuclear induction
spectroscopy or cross-polarization experiment. The latter of the two has been found the more
advantageous for practical applications.

5. The chapter about Magnetic Shielding Tensors is a review of the various shielding
tensors, determined by various methods, for X4, 19, 13C, etc. nuclei. Not only the actual
measure, but also the symmetries of these tensors are important since this also is a function
of the structure of a molecule or a crystal.

6. Spin-Lattice Relaxation in Line Narrowing Experiments. This chapter treats the
pnisy and a few useful applications of spin=Ilattice relaxation processes hitherto not consid-
ered as very important in the high-resolution NMR spectroscopy of solids.

7. The book ends with an Appendix: here the author summarizes all the theoretical
aspects which he has utilized in the preceding chapters.

Due to the method of discussion and the deductions which require a relatively high
level of mathematical knowledge, this book is designed chiefly for physicists and for specialists
in NMR spectroscopy; nevertheless, it allows also chemists and organic chemists to catch
glimpses of some possibilities of collecting information relevant to structures of molecules
and crystals with the help of high-resolution NMR spectroscopy of solid specimens. This is
important also because this branch of science, regarded as a curiosity at present, may furnish
an important research tool applicable to a wide range of problems, thanks to the rapid devel-
opment of instrumentation and techniques.

G. Toéth
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Cs. Szantay and L. Novak: “Prosztaglandinok szintézise”
(Synthesis of Prostaglandins)

Akadémiai Kiadd, Budapest, 1976. pp. 317. Cloth. Ft 49.—

This book, the 33rd volume in the series: “A kémia Gjabb eredményei” (New Results
in Chemistry), offers an evaluative and comprehensive review, interspersed with comments
based on experimental work done by the authors themselves active in this field, of the chem-
istry of a group of compounds which is highly interesting from a biological point of view.
Researches in the syntheses of prostaglandins have enriched chemical theory as well as
methodology. Beyond the factual communication of results, Szantay and Novak discuss
the why and how of the chemical reactions and, in connexion with given processes, throw
light upon several general regularities. Owing to this, their book is of interest not only for those
who are engaged in the study of prostaglandin chemistry, but also for those who wish to
keep pace with the development of organic chemistry. Copious references to the literature
at the end of each chapter render this volume an indispensable source book for those actively
engaged in this field, while those about to enter it will find that these references will spare
them much time and labour.

Attractive type and printing, clearly and carefully reproduced formulae highly facilitate
perusal without weariness. It is a very great pity that the binding is by cheap sticking at
the spine: this breaks after short use and allows the pages fall apart. Such a fundamental
book which certainly will be thumbed very often ought to have been given some much more
lasting form.

Considering the high professional level of this work, the not too rare and more than
once rather sense-distorting misprints weigh heavily, viz. on p. 86 phosphonate is formed
from a phosphonium salt by alkyllithium; on p. 99 thorium nitrate is printed instead of
thallium nitrate; on p. 105 the reference number to an item in the literature is erroneous
etc. At least a list of errors should have been provided.

The information-content of some figures showing synthetic routes is open to censure.
For instance, on p. 107, Fig. 2.10 is one of simple reaction steps which are clear even when
given in a contracted form; in contrast, the illustration of the Prins reaction which comprises
complicated rearrangements of bonds is not provided with even a single arrow for pointing
out electron shifts, though formulae 2.127 and 2.128 are drawings of the fundamental skeleton
from different points of view.

The detailed Table of Contents placed at the beginning of the book seems to be quite
a lucky device and helps to find one’s in this concrete domain better than would a subject
index of minute particulars.

The structural division of this book follows the topics dealt with. An Introduction,
five pages altogether, delineates the importance, history of research of prostaglandins, and
where these compounds are to be found in nature.

The first chapter is about the structure, nomenclature, physical properties of prosta-
glandins, and about how to convert one into another.

In the second chapter the linear variants of syntheses are explained, thus the Corey-
syntheses, grouped according to the types of prostaglandins; then the methods according
to Corey for the preparation of lactone-aldehydes; the variant according to Woodward;
and the syntheses which start from norbornadiene, and from bicyclohexyl derivatives. There
was no time to include a later method developed in the laboratories of the Chemical and
Pharmaceutical Works Chinoin, Budapest.

The third chapter contains a discussion of the convergent variants of the synthesis
of prostaglandins. The methods proposed for the synthesis of cyclopentenone derivatives
which serve as synthones, are dealt with in detail, then less convergent transformations
(addition of cyano compounds, nitromethane) follow; after these the high degree of convergence
and stereoselectivity to be achieved by the addition of organometallic compounds, i.e. Grignard
reagents, copper compounds, is illustrated with a number of examples very much to the point.
In its concluding part this chapter treats the regionally selective ring, cleavage of epoxy-
cyclopentane derivatives; the way of planning syntheses with a computer is then outlined.

Chapter 4 starts with an exposition of the concepts of chirality and asymmetrical
synthesis. This part has a smack of a textbook: beyond technical terms precisely and concisely
explained, scarcely anything else is offered here; this review is a useful refresher, but it is
not really needed for the comprehension of what this chapter intends to convey.

The discussion of the brilliant synthesis worked out by Uskokovic et al. is perhaps
too laconic. The designation “pseudo-symmetrical meso-compound” used in the description
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of Fischli’s synthesis is not very well chosen since in the meso-eompound (which has a plane
of symmetry) not the symmetry but the asymmetry is ‘pseudo’, thus the meso-compound
is ‘pseudo-asymmetrical’. The concluding part of this chapter deals with the microbiological
reductions reported by Sih et al.

In the fifth chapter we find syntheses of prostaglandin derivatives and analogues.
Perhaps this is the field where progress is most rapid and most diversified at the present time;
this is also the part of their book where the authors’ sense of proportion is most happily in
evidence. The examples discussed comprise the syntheses of methyl-, oxa-, and thia-prosta-
glandin analogues.

In the sixth chapter the biosyntheses of prostaglandins and their recovery from natural
sources are described. Unfortunately the recently published achievements of biosyntheses,
viz. thromboxanes, prostacycline, could not be included, though, as a formula, i.e. 6.23 on
p. 300, the so-called TX2B, even if under another name, is to be found here.

The Appendix which concludes this work gives an outline of the chemical analysis
methods used in connexion with prostaglandins.

1. TOMOSKOZI

A. Romanov (editor): Modified Polymers, their Preparation and Properties

Pergamon Press, Oxford—New York—Toronto— Sydney—Paris—Frankfurt, 1977 (70 pages)

The volume contains the main lectures presented at the 4th Bratislava Conference
on Polymers 1—4 July, 1975.
It includes the following papers:
J. Dobo: Radiation cross-linking of PYC with ethylene glycol dimethacrylate
P. Rempp: Recent results on chemical modification of polymers
A. A. Askadskij: Influence of chemical structure on the properties of polymers
W. Jaeger and G. Reinisch: Mikrogebildung durch thermische Aktivierung
N. G. Gaylord and T. Tomono: Alternating copolymer graft copolymers — XI1. Grafting
through matrix polymerization
A. D. Jenkins: Acrylonitrile block and graft copolymers
N. A. Prate: Problems of polymer modification and the reactivity of functional groups of
macromolecules
H. Inagaki, T. Kotaka and T. |. Min: Separation and characterization of block and graft
copolymers by thin-layer chromatography
The content of the book is identical with that of the periodical Pure and Applied
Chemistry, Yol. 46, No. 1, pp. 1—70 (1976).

I. Géczy
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ACTA CHIMICA

TOM 96—Bblr. 1
PE3IOME

JNeKTPOrnapupoBaHne ¥ ruapvpoBaHue MNPOCThIX aIU(ATUYECKNX KETOHOB
B KUC/bIX Cpefax

. CABO n [Ib. XOPAHU

dneKTporngpmpoBaHne M TrUAPUPOBAHWE HEKOTOPbIX MPOCTbIX KETOHOB (2-6yTaHOH
3-NeHTaHOH, 3-MeTUN-2-6yTaHOH W 2-MeHTaHOH) 6bIN0 MCCNeA0BAHO Ha NNaTMHOBOM KaTanwusa-
Tope B KWCNoW cpefe. YrneBoAopoAbl Bcerfja ob6pasyTcsa B 3aTol peakuyuun. OpHako, ecnu B,
cnydyae 6yTaHOHa OCHOBHbIM MNPOAYKTOM SABASieTCA Yrnesofopoj, TO B C/lly4yae MNeHTAHOHOB
OCHOBHbIM MPOAYKTOM ABASIETCA COOTBETCTBYIOLW NI BTOPUUYHBLIA cnUpPT. Ha ocHOBe pe3ynbTaToB
nccnefoBaHuii M nuTepaTypHbIX JaHHbIX MOXHO CAenaTb 3aKAlO4YeHMUe, UTO NPU 3NeKTPOrunf-
pUpOBaHMN KETOHOB CNMUPTblI M YrN1eBOAOPOAbl 06pa3ylOTCA He B [iBYX He3aBUCUMbIX CTYyNeHAX
peakuuun, a ABNATCA NPOAYKTaMMW pa3BeTBAEHHOW peakunun. CTyneHblo, AMMUTUpPYyloLLeli CKo-
pocTb ABNSAETCA Ta, KOTOpas NpeflecTByeT OTBETBJIEHUIO.

MprmMeHeHVe Teopun dfiopM K pacueTy U3GbITOYHBIX TEPMOAMHAMUYECKIMX
YHKLUUIA CUCTEM MNUMEPUANH-TETPArUAPONMPaH, MNUMNEPUANH-LUK/IOreKCaH W
TeTparnaponupaH-LMKIoreKcaH

LK. 4. MAHAEN n P. /1. MULLIPA

CTaTucTmuyeckas Teopus ¢opu 6bina NpUMeHeHa K cucTeMaM: NUMNEPUAUH-TeTparug-
podypaH, NMUNEPULUH-LUKIOTEKCAH W TeTparugponupaH-uuKnorekcaH. W36bITOUHbIE TepMmo-
ANHAMUYecKMe (YHKUWU 6biNnM onpejenieHbl B 3aBUCUMMOCTM OT TemnepaTypbl M cocTaBa, a pe-
3ynbTaTbl GbIIN UCNONb30BaHbl ANS NPOBEPKU TEOPUU.

VccnepoBaHue XenaToB HEKOTOPbIX MeHee pacnpoCTpaHeHHbIX MepexofHbIX
meTtavios, |l

Ru(I11), Rh(I11), 1r(111) v Pt(1V)

P. K. YIIALXAW nM. . CUHTAS

MccnefoBaHWA 3N1eKTPOHHbIX CMeKTPOB KOMMNIEKCOB HEKOTOPbIX MeHee pacnpocTpa-
HEHHbIX NepexXoAHblX MeTannoB C YeTbIpbMSA KETOHU/bHWUMU nuraHfamu 6Gblny NpoBefeHbl B
CBSI3W C Teopueil nuraHgHoro nona ana d—d nepexofoB nepeHoca 3apsiga. HwuW3KocnuHHasA
OKTasfpuyeckas CTepeoXnMMusa, onpefeseHHas CneKTPOCKONMYecku, 6bina foKkasaHa MarHUTHbIM
nytem. A6HopmManbHOe napamarHuTHoe nosegeHne komnnekcos Rh(I11), Ir(l11l) n Pt(1V) 6bin0
npunucaHo apdekTy 3e-maHa BTOporo nopsgka. MK cnekTpockonuyeckue mccnefoBaHus 6biau
MCNONb30BaHbl NS ONpPefeneHNss MecT KOOPAMHALMMN B NTUTAHAJAX U ANSA ONpefeneHns CTPYKTYpbl
KOMMNAeKcoB. Bbino HafgeHo, 4YTO 3N1eKTPO-AOHOPHbIEe CBOWCTBA Napa-3aMelieHHbIX rpynn nun-
raHoB 0KasblBalOT MPAMOe BAUSIHWE Ha CTabuNbHOCTb Komnnekca. Bbln onpefeneH nopapgok
CTabuNbHOCTU KOMMJEKCOB (MO AUraHfy W No MeTanny), KOTOpbli NMOATBEpPXAaeTCs WX Benu-
ynHamum 10Dq.



Peakunmn HEKOTOPbIX a/IKaHOB Ha KaTa/in3aTtope nanna,qvlesoﬁ YepHU
A. LWAPKAHDb, /1. TYUW n M. TETEHW

Bblna nccnegoaHa agcopbuna metaHa M aTaHa, peakuuu geiiTtepuiiHoro o6meHa MeTaHa,
TaHa, H-6yTaHa 1 2,2-gUMeTUNNpPONaHa a TakKXe TUAPOreHoNn3 1M m3omepmsauma ataHa, 6y-
TaHOB W 2,2-fuMeTUNNPONaHa Ha nannagueBoin YepHu. N cxoaa U3 gaHHbix agcopbunm metaHa u
3TaHa MOXHO Mofaratb pasfnyHble (QopMmbl agcopbunn. «Cnabas» HeobpaTumas agcopbumsa
MOXEeT urpaTb BaXHYyl ponb B peakuunax AeiiTepuiiHoro o6meHa, B TO BpeMs KaK «CUIbHOE»
B3anmMogelicTBMe NPUBOANT K paspbiBy cBsisu C—C U K oTpaBfeHUto KaTanusatopa. CTepuyeckue
npensitTcensa B o6pas3oBaHWM CBA3ell a 6blIM 06HApPYXeHbl He TO/MIbKO Ha OCHOBE AaHHbIX MO
o6oralieHnto HavanbHbIX NPOAYKTOB ankaHamu [2H,], HO TakXe M Ha OCHOBe XOpOLW O onpefje-
NEeHHOro pasfeneHnsa pgeliTepuitHoro o6meHa OT ruaporeHonnsa. KuHeTuyeckume napameTpbl
rMaporeHonMsa n n3omMepusaunmn, a Takxe pacnpegeneHne NpofyKToB 6blAn onpefeneHbl B 3a-
BMCMMOCTMN OT TeMnepaTypbl U AaBfeHNA Bogopoja. Pe3ynbTaTbl yKa3blBalOT Ha TO, YTO pasiny-
Hble MOBEPXHOCTHbIE MPOMEXYTOUYHbIe NPOAYKTbI MPUHMMAKT yyacTue B peakLnax nsomepusa-
uMn n ruaporeHonmsa.

Mokpoe padmHMpoBaHue ¢octaTHOM >KeNTON fenewkn [0 TeTpaTopucToro
ypaHa
M. P. 3AKW, C. A. Ub-®EKEW n M. 1. DAPAX

MeTo4 GOTONMUTMYECKOTO PapMHUPOBAHUS — BOCCTAHOB/IEHUS, MPUMEHSIEMbI Ans npea-
BAPUTENbHO OYMLLEHHBIX (POCHATHbLIX UALTP-NPECCHbIX flenew oK, 6bi1 pacnpocTpaHeH U ANs
nonydyeHus TeTpadTopuUCTOro ypaHa. Bbin uccnefoBaH 3 eKT BbiCAXAEHUS W MPOMbIBKW Npo-
AYKTa Ha ero TEKCTPYPYy M MAOTHOCTb, a TakxXe Ha ero [le6aiirpamsl. Bbin nonyueH TeTpapropus
C A4ePHOW YNUCTOTOM, KaK 3TO 6bII0 NOATBEPXKAEHO €ro CMeKTPOM IMUCCUN.

CuHTe3 ankaiongos unekakyaHbl, IV
CnHTe3 aToKCM-aHanora aMeTuHa

A. POXAM n Y. CAHTAU

Bbl/l CUHTE3NPOBAH aHanor ameTnHa, cogepxawnii aTokeurpynny (1b). dmetun (la) u
nsoametuH (9a), a Takxe mx atokcu-aHanoru (1b) u (9b) 6bINKN nccnegoBaHbl MeTogamu OP [ u
MMP.

CuHTes ankasionjoB nnekakyaHsl, V
HoBbIli NyTb NOy4YeHUS AerMAPO3METMHA U ero aTOKCUM-aHanora

Y. CAHTAU n 9. POXAN

Bbin ocywecTBneH cuHTe3 gerngposmetuHa (la) uepes germgponportoHametud (3b) ¢
nomouwbio uUuknusayum Tuna MukteT—LneHrnepa. [ra cuHTe3a 3TOKCU-aHanora Aerngpo-
ameTuHa (1b) ucnonb3oBanu yMkAM3auuiow TuUna Buwnep—HanupanbckKoro.

KBaHTOBOXMMWNYECKME UCC/1eJOBaHUA nmpnao- " XMHOINMHO-aCTPUasnHoB, |
MogenbHble coegnHEHUSA nmMpnao-ac-tTpmnasmHa

3. ANHA, M. BEHKO, A. . KWLL, J1. NA/IJI0OLW, 3. BEPEHW, M. EKEJT n C. POXJTNL,

C NnoMOLW b0 pa3niMyHbliX nonyamnupuyecknx metogos (MMM, KHAO) 6binn nccnegoBaHbl
9NeKTPOHOCTPYKTYPHble U Y ®-CNeKTPOCKOMMYECKNe AaHHble Nupupo-ac-tpnasnHa n 6eHso-ac-
-TpuasnHa. Ha ocHoBe pe3ynbTaToB pacyeTa 6binu 06CYyXAeHbl JaHHble peakKTUBHOCTU. Bbino
yCTaHOBMEHO, YTO Y P -cneKTpanbHble U 3N1€KTPOHOCTPYKTYPHbIE XapaKTepUCTUKN M3MEHSIOTCA
B 3aBUCMMOCTU OT MONoOXeHs nupupo-N-aTOMa.



Les Acta Chimica paraissent en francais, allemand, anglais et russe et publient des
mémoires du domaine des sciences chimiques.

Les Acta Chimica sont publiés sous forme de fascicules. Quatre fascicules seront réunis
en un volume (4 volumes par an).

On est prié d’envoyer les manuscrits destinés a la rédaction a I’adresse suivante:

Acta Chimica
H-1521 Budapest, Hongrie

Toute correspondance doit étre envoyée a cette méme adresse.

La rédaction ne rend pas de manuscript.

Le prix de I’'abonnement: $ 36,00 par volume.

Abonnement en Hongrie a I’Akadémiai Kiadé (1363 Budapest, P. O. B. 24, C. C. B.
215 11488), a I'étranger a I’Entreprise du Commerce Extérieur « Kultdra » (H-1389 Buda-
pest 62, P. O. B. 149 Compte-courant No. 218 10990) ou chez représentants a I’étranger.

Die Acta Chimica verdffentlichen Abhan5lungen aus dem Bereich der chemischen
W issenschaften in deutscher, englischer, franzdsischer und russischer Sprache.

Die Acta Chimica erscheinen in Heften wechselnden Umfanges. Vier Hefte bilden einen
Band. Jahrlich erscheinen 4 Bénde.

Die zur Veroffentlichung bestimmten Manuskripte sind an folgende Adresse zu senden:

Acta Chimica
H-1521 Budapest, Ungarn

An die gleiche Anschrift ist jede fur die Redaktion bestimmte Korrespondenz zu richten.

Manuskripte werden nicht zuriickerstattet.

Abonnementspreis pro Band: $ 36,00.

Bestellbar fir das Inland bei Akadémiai Kiadd (1363 Budapest, Postfach 24, Bank-
konto Nr. 215 11488), fur das Ausland bei »Kulturax AuBenhandelsunternehmen (H-1389
Budapest 62, P. O. B. 149. Bankkonto Nr. 218 10990) oder seinen Auslandsvertretungen.

«Acta Chimica» u3galT cTaTbWM MO XMMMUU Ha PYCCKOM, aHT/IMACKOM, (ppaHLY3CKOM W
HEMEKKOM $3blKax.

«Acta Chimica» BbIXOAWT OTAENbHbIMW BbiNycKamun pasHoro o6bekTa, 4 BbliNycka
COCTaBNSIOT OAUH TAM W 3a rOof BbIXOAAT 4 Toma.

MpefHasHayeHHble ANs Ny6NUKaLMM PyKoOnucKu cnelyeT HanpasBnsiTb Mo agpecy:

Acta Chimica
H-1521 Budapest, BHP

BCcAKYO KOpPPEecnoHAeHUM0 B pedaKLuio HanpaBnsaiTe no aToMy Xe agpecy.

Pesakuus pykonucell He BO3Bpaliaert.

MopnucHas yeHa — $ 36,00 3a Tom.

OTeyecTBEHHble MOAMUCYMKM HanpasnsiiTe CBOM 3asiBKWM No ajgpecy W3gaTenbcTea
Akagemunun Hayk (1363 Budapest, P. O. B. 24, Tekywuii cuer 215 11488), a MHOCTpPaHHbIe
noAnNMCYMKK 4Yepes opraHusauuio no BHewHed Toproene «Kultura» (H-1389 Budapest 62,

P. O. B. 149. Tekywuii cueT 218 10990) unm uepes ee 3arpaHuMyHble MNpejcTaBUTeNbLCTBA WU
YNOMHOMEYEHHbIX.



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

AUSTRALIA

C.B.D. LIBRARY AND SUBSCRIPTION SERVICE,
Box 4886, G.P.O., Sydney N.S.IV. 2001

COSMOS BOOKSHOP, 135 Ackland Street, st.
Kilda (Melbourne), Victoria 3182

AUSTRIA

GLOBUS, Hochstadtplatz 3, 1200 Wien X X
BELGIUM

OFFICE INTERNATIONAL DE LIBRAIRIE, 30
Avenue Marnix, 1050 Bruxelles

LIBRAIRIE DU MONDE ENTIER, 162 Rue du
Midi, 1000 Bruxelles

BULGARIA

HEMUS, Bulvar Ruszki 6, Sofia

CANADA

PANNONIA BOOKS, P.O. Box 1017, Postal Sta-
tion “B”, Toronto, Ontario M5T 2T8

CHINA

CNPICOR, Periodical Department, P.O. Box 50,
Peking

CZECHOSLOVAKIA

MAD’ARSKA KULTURA, Narodni tiida 22,
115 66 Praha

PNS DOVOZ TISKU, Vinohradska 66, Praha 2
PNS DOVOZ TLACE, Bratislava 2

DENMARK

EJNAR MUNKSGAARD, Norregade 6, 1165
Copenhagen

FINLAND

AKATEEMINEN KIRJAKAUPPA, P.O. Box 128,
SF-00101 Helsinki 10

FRANCE

EUROPERIODIQUES S.A., 41 Avenue de Ver-
sailles, 78170 La Celle St.- Cloud

LIBRAIRIE LAVOISIER, 11 rue Lavoisier, 75008
Paris

OFFICE INTERNATIONAL DE DOCUMENTA-
TION ET LIBRAIRIE, 38 rue Gay-Lussac, 75240
Paris Cedex 05

GERMAN DEMOCRATIC REPUBLIC

HAUS DER UNGARISCHEN KULTUR, Karl-
Liebknecht-Strasse 9, DDR-102 Berlin

DEUTSCHE POST ZEITUNGSVERTRIEBSAMT,
Strasse der Pariser Kommiine 3—4, DDR-104 Berlin
GERMAN FEDERAL REPUBLIC

KUNST UND WISSEN ERICH BIEBER, Postfach
46, 7000 Stuttgart 1

GREAT BRITAIN

BLACKWELL’S PERIODICALS DIVISION, Hythe
Bridge Street, Oxford 0X1 2ET

BUMPUS, HALDANE AND MAXWELL LTD,,
Cowper Works, Olney, Bucks MK46 4BN
COLLET’S HOLDINGS LTD., Denington Estate,
Wellingborough, Northants NN8 2QT

W.M. DAWSON AND SONS LTD., Cannon House,
Folkestone, Kent CT19 5EE

H. K. LEWIS AND CO., 146 Gower Street, London
WC1E 6BS

GREECE
KOSTARAKIS BROTHERS, International Book-
sellers, 2 Hippokratous Street, Athens-143

HOLLAND

MEULENHOFF-BRUNA B.V., Beulingstraat 2,
Amsterdam

MARTINUS NIJHOFF B.V. Lange Voorhout
9—11, Den Haag

10. 1V. 1978 HU ISSN 0001-5407

SWETS SUBSCRIPTION SERVICE, 347b Heere-
weg, Lisse

INDIA

ALLIED PUBLISHING PRIVATE LTD., 13/14
Asaf Ali Road, New Delhi 110001

150 B-6 Mount Road, Madras 600002
INTERNATIONAL BOOK HOUSE PVT. LTD.,
Madame Cama Road, Bombay 400039

THE STATE TRADING CORPORATION OF
INDIA LTD., Books Import Division, Chandralok,
36 Janpath, New Delhi 110001

ITALY

EUGENIO CARLUCCI, P.O. Box 252, 70100 Bari
INTERSCIENTIA, Via Mazzé 28, 10149 Torino
LIBRERIA COMMISSIONARIA SANSONI, Via
Lamarmora 35, 50121 Firenze

SANTO VANASIA, Via M. Macchi 58, 20124
Milano

D.E.A., Via Lima 28, 00198 Roma

JAPAN

KINOKUNIYA BOOK-STORE CO. LTD., 17-7
Shinjuku-ku 3 chéme, Shinjuku-ku, Tokyo 160-91
MARUZEN COMPANY LTD., Book Department,
P.O. Box 5056 Tokyo International, Tokyo 100-31
NAUKA LTD., IMPORT DEPARTMENT, 2-30-19
Minami Ikebukuro, Toshima-ku, Tokyo 171
KOREA

CHULPANMUL, Phenjan

NORWAY

TANUM-CAMMERMEYER, Karl Johansgatan
41—43, 1000 Oslo

POLAND

WCGIERSKI INSTYTUT KULTURY, Marszal-
kowska 80, Warszawa

CKP | W ul. Towarowa 28 00-985 Warsaw
ROMANIA

D. E. P, Bucurecti

ROMLIBRI, Str. Biserica Amzei 7, Bucuregti
SOVIET UNION

SOJUZPETCHATJ — IMPORT, Moscow

and the post offices in each town
MEZHDUNARODNAYA KNIGA, Moscow G-200
SPAIN

DIAZ DE SANTOS, Lagasca 95, Madrid 6
SWEDEN

ALMQVIST AND WIKSELL, Gamla Brogatan 26,
S-101 20 Stockholm

GUMPERTS UNIVERSITETSBOKHANDEL AB,
Box 436, 401 25 Goteborg 1

SWITZERLAND

KARGER LIBRI AG, Petersgraben 41, 4011 Basel
USA

EBSCO SUBSCRIPTION SERVICES, P.O. Box
1943, Birmingham, Alabama 35201

F. W. FAXON COMPANY, INC., 15 Southwest
Park, Westwood, Mass, 02090

THE MOORE-COTTRELL SUBSCRIPTION
AGENCIES, North Cohocton, N. Y. 14868
READ-MORE PUBLICATIONS, INC. 130 Cedar
Street, New York, N. Y. 10006
STECHERTA-MACMILLAN, INC., 7250 Westfield
Avenue, Pennsauken N. J. 08110

VIETNAM

XUNHASABA, 32, Hai Ba Trung, Hanoi
YUGOSLAVIA

JUGOSLAVENSKA KNJIGA, Terazije 27, Beograd
FORUM, Vojvode MiSiéa 1, 21000 Novi Sad

Index: 26.007



ACTA
1| CHIMICA

ACADEMIAE SCIENTIARUM
HUNGARICAE

ADIUVANTIBUS

M. T. BECK, R. BOGNAR, V. BRUCKNER,
GY. HARDY, K. LEMPERT, F. MARTA,
K. POUNSZKY, E. PUNGOR,

G. SCHAY, Z G. SZABO, P. TETENYI

RF.DIGUNT

B. LENGYEL et GY. DEAK

TOMUS 96 FASCICULUS 2

AKADEMIAI KIADO, BUDAPEST
1978

ACTA CHLU. ACAD. SCI. HUNG. ACASA2 96 (2) 83—187 (1978)



ACTA CHIMICA

A MAGYAR TUDOMANYOS AKADEMIA
KEMIAl TUDOMANYOK OSZTALYANAK
IDEGEN NYELVU KOZLEMENYEI

FOSZER KE SZzTO
LENGYEL BELA

SZERKESZTO
DEAK GYULA

TECHNIKAI SZERKESZTO
HARASZTHY-PAPP MELINDA

SZERKESZT® BIZOTTSAG
BECK T. MIHALY, BOGNAR REZSO, BRUCKNER GY0z0,
HARDY GYULA, LEMPERT KAROLY, MARTA FERENC,
POLINSZKY KAROLY, PUNGOR ERNO, SCHAY GEZA,
SZABO ZOLTAN, TETENYI PAL

Acta Chimica is a jémnal for the publication of papers on all aspects of chemistry, in the
English, German, French and Russian.
Acta Chimica is published in 4 volumes per year. Each volume consists of 4 issues of
varying size.
Manuscripts should be sent to
Acta Chimica
H-1521 Budapest, Hungary

Correspondence with the editors should he sent to the same address. Manuscripts are
not returned to the authors.

Subscription: $ 36.00 per volume.

Hungarian subscribers should order from Akadémiai Kiadé, 1363 Budapest, P.O. Box
24. Account No. 215 11488.

Orders from other countries are to be sent to “Kultura” Foreign Trading Company
(H-1389 Budapest 62, P.O. Box 149. Account No. 218 10990) or its representatives abroad.



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96 (2), pp. 83—94 (1978)

A STUDY OF THE DISSOLUTION OF TUNGSTEN
AND MOLYBDENUM IN MIXTURES COMPOSED
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Lamps and Electric Co. Ltd., Budapest)
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The rates of dissolution of tungsten and molybdenum in mixtures composed
of sulphuric acid, nitric acid and water have been studied. Based on rates of dissolution
as measured, the concentration-domains in triangular diagrams, characteristic of the
two metals, have been delimited. Due to the vigorous oxidizing effect of the reaction
products formed when molybdenum goes into solution, the corrosion of tungsten in-
creases significantly, i.e. when these two metals are placed into the acid mixture at
the same time. When molybdenum is also present in the acid mixture, the location
and the shape of the concentration domains in the triangular diagrams, characteristic
of the rate of solution of tungsten, will aproximate those characteristic of molybdenum
rather than of tungsten. Generally the extent of corrosion of tungsten is propor-
tional to the mass of molybdenum gone into solution at the same time. A method
is proposed for the calculation of dissolution rates when the two metals are in inseparable
mechanical combination in the sample and thus their initial masses cannot be deter-
mined by weighing, only by calculation from the tn(f (- m”° total initial weight. The
relative error of the calculation of the initial weight of tungsten is expressed as a func-
tion of the relative error in the measurement of the common density 01+2 of the com-
posite sample.

Introduction

Metals, e.g. tungsten or molybdenum, which form acidic oxides, can be
dissolved both in acidic or alkaline media if oxidative conditions are secured.
Many various acidic or alkaline solvents that contain some oxidative agent are
known [1, 2], several among these attained considerable practical importance.
Under the head of acidic oxidant nitric acid might be considered as the most
important one; in orderto reduce its aggressiveness it is admixed also with sul-
phuric acid, thus, in fact, one has to deal with a ternary system composed of
nitric acid, sulphuric acid and water. It is well known [3] that in the corrosion
of tungsten a significant increase of this will be effected by reaction products
which form when some other metal e.g. molybdenum is also dissolved in the
same medium, in other words, when these two metals are put at the same time
into the acidic mixture. This experience justifies that the rate of dissolution
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84 KISS, SZALANCZY: STUDY OF THE DISSOLUTION OF TUNGSTEN

of tungsten be studied in a system where also molybdenum is dissolved at the
same time, apart from the study of the processes that take place when these
metals are dissolved separately.

Experimental

Variously composed mixtures of sulphuric acid (specific weight 1.84),
nitric acid (sp.w. 1.40 and 1.52), and water were kept at temperatures between
60 and 100 °C, 0.5 °C, then weighed pieces oftungsten and molybdenum were
placed into the mixtures. After a certain period of time the metal pieces were
removed from the acid, rinsed, dried, then the weight losses were determined
and referred to the initial surface of the pieces and to unit time.

In order to remove the oxide layer from the surface, the metals were
kept for some time in a 10 per cent solution of sodium hydroxide and the
weight of the samples thus pre-treated was accepted as the initial weight. In
the case of some compositions of the acid mixture the weight of the tungsten
sample became higher than its initial weight; this was due to the formation
of an oxide, visible to the naked eye. Therefore these samples, weighed after
rinsing and drying, were stripped of oxide in a warm, 10 per cent solution of
sodium hydroxide and weighed again.

Since the rate of dissolution of tungsten is very low, a piece of a given
mass had to be worked so as to present the largest possible surface that an
accurately measurable loss of weight be recorded. Pieces of spirals of incandes-
cent lamp filament were most suitable for this purpose. The surface F (in cm?2)
of a spiral piece of the filament 0.005 cm in diameter was calculated according
to the equation

4am
F = 41.343 *m

dg
where m stands for the mass of the spiral (in grammes), d for the diameter of
the filament, and g for the density of tungsten (19.35). Since the solubility of
molybdenum is higher by several orders of magnitude, from this metal plate-
lets 10 by 10 by 0.25 mm were used.

In tests which involved the simultaneous dissolution of the two metals,
15 pieces of tungsten spirals were fitted tightly around a 50 mm length of a
molybdenum wire of 2 mm diameter. With the geometrical arrangement of the
samples always the same, well defined conditions were assured for the contact
between nitrous gases and tungsten spirals.

Since the acids commercially available were of various concentrations we
thought it better to express the composition of their mixtures uniformly as per
cents by weight, i.e. grammes of acid in 100 grammes of the acid mixture, and
not as per cents by volume of acids of ascertained specific weight.
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Results and discussion

1. Dissolving of tungsten

No measurable quantities of tungsten dissolved at temperatures below
100 °C, therefore tests were carried out at this temperature. Since besides
nitric acid also sulphuric acid can be an active component, first the binary
systems sulphuric acid and water, respectively, nitric acid and water were stud-
ied (cf. Fig. 1). In disagreement with the statement ofvan Liempt [1] we have

Fig. 1. Change of weight of tungsten in sulphuric acid and water, respectively in nitric acid

and water systems. 1. After treatment in sulphuric acid. 2. After treatment in sulphuric acid

and subsequent alkaline removal of oxide. 3. After treatment in nitric acid. 4. After treatment
in nitric acid and subsequent removal of oxides by alkali

found that sulphuric acid dissolves tungsten slightly. The maximum rate
of dissolution is at the concentration of 45 per cent (Curve I). After the
acid treatment a slight layer of oxide is formed on the surface of the metal:
the measure of this formation as a function of the concentration of the acid is
shown by Curve 2 plotted with data gathered after alkaline boiling. In nitric
acid the weight of the tungsten sample increases at the beginning (Curve 3);
it is only at concentrations above 40 per cent that the rate of dissolution
is greater than the rate of oxide formation. After removal of the oxide layer
from the surface we found that formation of oxide and dissolution proceeded
at highest rates between concentrations of 25 and 30 per cent (Curve 4) and
then decreased considerably.

The triangular diagram in Fig. 2 maps the characteristic concentration
domains into which, within noted limits, the dissolution rates oftungsten belong.
The numerical values given refer to 100 °C, and to the dimension and order of
magnitude 10-5g -cm-2 «hour-1. In the case of compositions located within
the concentration domain marked A in Fig. 3, a yellowish layer of oxide can
be seen on the tungsten surface at the time the corrosion process is interrupted;
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86 KISS, SZALANCZY: STUDY OF THE DISSOLUTION OF TUNGSTEN

within the domain marked B, however, the surface retains its metallic colour
throughout. In the case of domain A the weight of the tungsten sample still
decreases substantially after treatment in boiling sodium hydroxide that fol-
lows the corrosive treatment, in domain B the subsequent alkaline treatment
causes practically no loss of weight any more.

Fig. 2. Dissolution rate of tungsten in mixtures of various proportions (per cent by weight)
of sulphuric acid, nitric acid and water. Temperature 100 °C. Dissolution rate 10-5 g ecm-2 «
ehour-1

Fig. 3. Concentration domains delimited according to coverage by oxide of tungsten surfaces.
A = tungsten surface, oxide-covered; B = tungsten surface, metallic

2. Dissolution of molybdenum

In contrast to tungsten, molybdenum is not attacked by sulphuric acid
in any concentration, up to 100 °C; nitric acid, however, dissolves molybde-
num by some orders of magnitude better. This feature can be utilized for the se-
paration of molybdenum from tungsten. On the ascending section of the curves
in Fig. 4, up to the point of maximum (at about 36 to 38 per cent), the sur-
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Fig. 4. Changes of weight of molybdenum in nitric acid and water systems. 1. 60 + 0.5 °C;
2.70 + 05°C; 3. 80+ 05°C

face of the molybdenum taken out of the acid is brown-black, at concentrations
higher than these the surface has a clear metallic colour. The bulk of the dark
surface layeris Mo02 consequently it cannot be dissolved by alkaline treatment,
therefore no curves as shown in Fig. 1 can he plotted for molybdenum.

In Fig. 5 the concentration domains delimited on the basis of disso-
lution rates noted for molybdenum have been drawn. These show that acid

Fig. 5. Rate of dissolution of molybdenum in mixtures of various proportions (per cent by
weight) of sulphuric acid, nitric acid, and water. Temperature 80 °C. Rate of dissolution
10-5 g *cm-2 esec-1

compositions indicated by the hatched part are the most suitable for the dis-
solution of molybdenum. At the interruption of the dissolution processes the
oxide coating on the molybdenum surface is confined to a much smaller domain
of concentrations than in the case of tungsten (cf. Fig. 6).
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Fig. 6. Concentration domains delimited according to coverage by oxide of molybdenum sur-
faces. A = molybdenum surface, oxide-covered, B = molybdenum surface, metallic

3. Simultaneous dissolution of tungsten and molybdenum

In the presence of the much more readily dissolvable molybdenum the
powerful oxidizing reaction products, viz. nascent oxygen and NO2 signifi-
cantly enhance the oxidation and dissolution of tungsten. Corrosion begins
already at 60 °C, i.e. at a temperature where molybdenum begins to dissolve at
a notable rate. In Fig. 7 we present rate domains recorded for the dissolution
of tungsten when also molybdenum is present in the acid mixture. Juxtaposi-
tion of Figs 2,5, and 7 informs us, according to expectation, that in the
presence of molybdenum the location and shape of the concentration
domains characteristic of the dissolution rate of tungsten approximate these
features in Fig. 5, for molybdenum, rather than the corresponding ones in
Fig. 2, for tungsten. At the same time we see that under the experimental

Fig. 7. Solution rate of tungsten at simultaneous dissolution of molybdenum in the same me-
dium. Temperature 80 °C. Rate of dissolution 10-3 g *cm-2 <hour-1
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KISS, SZALANCZY: STUDY OF THE DISSOLUTION OF TUNGSTEN 89

conditions described the rate of dissolution of tungsten increases by about two
orders of magnitude.

We might state, generally, that the corrosion of tungsten is proportional
to the dissolved quantity of molybdenum; in given cases the loss of weight can
amount even to 10—12 per cent. Figures 8 and 9 contain corrosion data for

Concentration of molybdenum dissolved, (mol/l)

Fig. 8. The corrosion of tungsten as a function of the concentration of molybdenum dissol-
ved at the same time in the same solvent. Temperature 80 °C. Duration oftreatmenti 30 min

1 2
Sulphuric acid 12.5% 16.6%
Nitric acid 19.5% 50.0%
W ater 68.0% 33.4%

Concentration of molybdenum dissolved, Imol/Il

Fig. 9. The corrosion of tungsten as a function of the concentration of molybdenum dissolved
at the same time in the same solvent. Temperature 80 °C. Duration of treatment 30 min

1 2
Sulphuric acid 23.0% 35.0%
Nitric acid 30.0% 40.0%
W ater 47.0% 25.0%
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90 KISS, SZALANCZY: STUDY OF THE DISSOLUTION OF TUNGSTEN

two concentration domains of dissolved molybdenum and two acid mix-
tures.

The measure of corrosion of the filaments tested can be demonstrated
very well also by their change of resistance. In Fig. 10 we show the scatter
of the resistance of pieces of tungsten untreated (1), treated in the absence (2),
and in the presence (3) of molybdenum. This Figure shows very vividly
that under otherwise identical experimental conditions an increase of resis-
tance incidental to a significant diminution of cross-section occurs when aggres-
sive nitrous gases evolved in the course of the dissolution of molybdenum
enhance the corrosion of the tungsten surfaces.

102030 " 102030 1020 30
n (pieces)

Fig. 10. Change of the resistance of tungsten filaments, due to corrosion. Temperature 80 °C.
Duration of treatment 60 minutes. Final concentration of molybdenum 0.7 mole per litre.
Acid mixture: sulphuric acid, 23.0%; nitric acid 30.0%; water 47.0%

As shown in Fig. 11, corrosion of tungsten is a linear function of tem -
perature.

When the concentrations of the components of the acid mixtures were
determined according to the method of Stuck [4] for states corresponding to
points of measurements in Fig. 9, the process of the exhaustion of the acid
mixture could be kept track of (cf. Fig. 12). As dissolution proceeds the con-
centration of the mixtures changes along a line parallel to the sulphuric acid
axis or along a curve that does not deviate very far from it. Since the position
of the concentrationdomains as shown in Fig. 7 is more or less horizontal,
starting from a domain of a given dissolution rate it is generally feasible that in
the course of the corrosion process passage through zones more and more
dangerous for tungsten he evaded.
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Fig. 11. Corrosion of tungsten as a function of temperature. Duration of treatment 30 minutes.
Final concentration of molybdenum 1.25 mole per litre

1 2
Sulphuric acid 23.0% 35.0%
Nitric acid 30.0% 40.0%
Water 47.0% 25.0%

Fig. 12. Change of the concentration of the mixture of acids, in the course of dissolution
processes

Taking Figs 5 and 7 as a basis, we can circumscribe the concentration
domain wherein the two conflicting requirements, viz. quickest possible disso-
lution of molybdenum and least possible corrosion of tungsten, will best be

satisfied by compromise (cf. Fig. 13).

4. Calculation of the rate of dissolution for tungsten-molybdenum systems

When these two metals are inseparably worked together then a determi-
nation of their initial masses is not feasible. In such cases it is expedient to
proceed along the following lines.
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Fig. 13. The domain of concentrations most suitable for the prevention of the corrosion of
tungsten

The overall weight of the tungsten and molybdenum common sample is
noted and its density is determined in a pycnometer. With these data known,
two equations are written, viz.

i . om2 _ m1l+2

q @ 12142
and

ml+ m2= ml+2,

where mlisthe mass of tungsten, m2is the mass of molybdenum, m1+2 is the
common mass; Aar is the specific weight of tungsten (19.35) [5], g2is the specific
weight of molybdenum (10.20) [6] and p1+2is the common specific weight ofthe
sample with the mass mx -f- m2-

2
When the term K = 1-—- 9—is introduced for substitution we get the

initial mass of tungsten in the common sample, i.e.

7
mv|v= m I+2
K qi+2
and for that of molybdenum we have
Mo 1 Q
m, m1+2.
K K gql+2

Let it be supposed that the reaction is allowed to proceed till molybde-
num is completely dissolved. By weighing the mass oftungsten left undissolved,
respectively, by calculating the initial weight of tungsten as suggested, the
difference between the two data represents the mass of tungsten gone into
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solution; the surface area being known, also the rate of dissolution can be
determined. No particular experimental support for the validity of this method
is needed; the accuracy ofthe calculations depends on the accuracy of the deter-
mination of specific gravity, by pycnometry. We may note, however, that in
view ofthe very low rate of dissolution oftungsten, a very high level of accuracy
must be attained in the calculation of the initial weight of this metal in the
sample.

The relative error in the initial weight of tungsten is a function of the
relative error in gl+2.

dmyY % @.,,.

I {2
9l+2
9l+2 .

. . a2
Since in the case of tungsten and molybdenum the value o f ----—-- may vary
91+2
between 1.0 and 0.527, the course of this function between these limits might

be studied. According to Fig. 14 it is obvious that for the calculation of the
initial mass mY of tungsten the conditions are the more favourable the nearer

the term approaches the value 0.5, i.e. the higher is the concentration of

91+2
tungsten in the sample. In practice the cases most often met with are of sys-

tems to be exposed to corrosion in which the respective initial masses of molyb-
denum and of tungsten fall between the limits

mY <Cm3db< 2mY.

Fig. 14. Relative error of the calculation of rn~f as afunction of the relative error in  +2
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94 KISS, SZALANCZY: STUDY OF THE DISSOLUTION OF TUNGSTEN

In this domain the values of mm fall between the limits 0.77 and 0.85; from
Pi+2

this it follows that in order to arrive at a result for the initial mass mY of

tungsten within the limits of relative errors 1.0 and 1.5 per cent — and this is

sufficiently accurate in most of the cases — the 001+2 relative errors in pycno-

metric determinations must be limited between 0.15 and 0.5 per cent: this

degree of accuracy is attainable without any difficulty.
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Calculations were carried out for the molecular structure of silicon-centered
free radicals, para-substituted trimethylsilylbenzenes, para-substituted silylbenzenes,
methyltrimethoxysilane and some compounds containing silicon—aitrogen bond.
The correlation between various experimental physico-chemical data (ionization
energy, dipole moment, 13C and 29Si NMR chemical shifts) of different organosilicon
compounds and values calculated by the CNDO/2 method was investigated.

Introduction

In our previous paper [1] we have given an account of the PPP, IPPP
and CNDO/2 calculations carried out for various organosilicon compounds.
We have reported on the choice of parameters used in the calculations and on
the structural investigation of phenylhalogenosilanes, phenoxysilanes and
vinyl, allyl, phenyl, allyl derivatives of fourth main group elements. In the
present paper the results for other organosilicon compounds are described.
We report on calculations on silicon-centered free radicals and on the possibil-
ities of applying the PPP and CNDO/2 methods in the interpretation of the
results of various physico-chemical measurements.

Silicon-centered free radicals play an important role in several reactions.
All the experimental evidence favours the pyramidal configuration for silyl
(SiH3), methylsilyl (MeSiH2), dimethylsilyl (Me.SiH) and trimethylsilyl
(Me3Si) radicals. To investigate these radicals CNDO/2 calculations were car-
ried out for various assumed arrangements of hydrogen atoms and methyl
groups bonded to the central silicon atom, and the conformations with minimum
total energy were taken to be the most probable arrangements. According to
the calculations at the energy minimum the H-Si-H bond angle is about 99° for
the silyl radical, the bond angles are larger for the methylsilyl and dimethyl-
silyl radicals and the calculations indicate energy minimum at C—Si—€ bond
angle of 114° for the trimethylsilyl radical. W ith increasing methyl substitu-
tion the radical becomes more planar, but even the trimethylsilyl radical is
non-planar. The same trend is concluded based on the measured 29Si ESR
splitting constants for trimethylsilyl and silyl radicals [2, 3].
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In order to investigate the efficiency ofthe CNDO method in determining
equilibrium bond distances and to study the change of sibcon—earbon bond
length as a function of bond order, CNDO/2 calculations were carried out for
trimethylphenylsilane neutral molecule and the corresponding anion radical.
In the calculations the sibcon—earbon bond distance was varied in the range of
1.75—1.95 A. Considering the energy minimum, the results indicate that the
equilibrium bond distance is 1.886 A for the neutral molecule and 1.848 A for
the anion radical. The calculated bond order between sibcon atom and aromat-
ic carbon atom is 1.09 and 1.35 in case of neutral trimethylphenylsilane and
anion radical, respectively. As the bond order increases the equilibrium bond
distance decreases. The bond distance obtained for neutral molecule is consis-
tent with the bond distance data of sibcon—aromatic carbon bond determined
experimentally for phenylsilanes. According to the measurements this bond
length is around 1.87 A [4].

Calculations were carried out for para-subsituted trimethylsilylbenzenes
and para-substituted silylbenzenes by the PPP and CNDO/2 methods. The inves-
tigated substituents were the following: H, CH3 F, Cl, N(CH32 CN, NO2
Out of our results the calculated and experimental dipole moments for the
p-XCeH4Si(CH3)3 series are shown in Table I, the calculated and experimental
electron transitions are summarized in Table 1I.

Table 1

Calculated and experimental dipole moments of compounds
p-XC~H”IfCH3 3 in Debye

( calc.
Del Re + PPP CNDO/2 Cexp.
H 0.09 0.32 0.25 [5]
CH3 0.44 1.41 0.46 [6]
F 1.23 1.16 1.69 [7]
Cl 0.99 1.96 1.70 [7]
N(CH32 1.33 — 1.83 [6]
CN 2.89 — 4.34 [8]
NO, 4.54 5.17 4.45 [8]

As far as the dipole moments are concerned the Del Re -j- PPP calculations
show large deviations from the calculated values for the chloro and cyano deriv-
atives, which can be explained by the difficulties in determining the Del Rc
parameters in the case of cyano group. The CNDO/2 method gives wrong results
only for methyl substitution. The ultraviolet spectra are known only for three
derivatives of the compounds investigated. The agreement between the singlet
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Table 11

Calculated and experimental transition energies for compounds
p-XCeH "(C H 33 in eV

4W  (ppp) 'weq

H 467 469 [9]
5.69 5.77
6.39 6.59

6.43

CH3 478 470 [10]
5.75 5.61

N(CH3?2 4.69 423 [11]
4.69

electron transitions obtained by PPP calculations and transition energies cor-
responding to the maxima of experimental spectra of these derivatives seems
appropriate.

Nagai and his co-workers [12] determined the NMR chemical shift of
hydrogens bonded to silicon and the J (2SiH) coupling constants for some com -
pound in the p-XCeH4SiH3 series. Fig. 1 illustrates the correlation between
the proton signs, the coupling constants and the <$h partial charge of the corre-
sponding hydrogen atoms. In both cases the point belonging to the unsubsti-
tuted compound lies farther from the regression line. The relative rate constants
of the cleavage reaction of substituted trimethylsilylbenzenes by hydroxide
[13] and the bond order values calculated for Si—€ bonds are presented. Based
on the results ofthe CNDO/2 calculations the values of bond orders were appro-
ximately determined by two methods (marked by A and B, respectively) [14].
Because of difficulties in carrying out calculations for larger molecules with
many orbitals, CNDO/2 calculations coidd be performed for all the substituted
compounds in question only for the p-XC6H4SiH 3 series and these calculated
results were compared with the values of experimental rate constants. It can
be seen clearly from the data of Table Il that there exists a relationship be-
tween the relative rate constants and the Si—€ bond orders. With the exception
of unsubstituted derivatives the compounds follow the same order whether
they are lined up according to decreasing rate constants or increasing bond
orders. The strongly electron attractive nitro group weakens the Si—€bond, on
the contrary, the dimethylamino group enhances the (p —d)n character and
the strength of this bond. The correlation of n bond orders calculated by the
PPP method is generally worse with the relative rate constants.

The conformation analysis of methyltrimetoxysilane molecule was carried
out bv the CNDO/2 method. The geometry of the molecule was fixed by Gergé
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Fig. 1. Relationship between partial charges of hydrogens (&) as well as chemical shifts
(dsi-H) and coupling constants (J(29SiH)) for compounds p-XC6H4SiH3

et al., using electron diffraction method [15]. The minimum value of R factor
was determined by least squares refinement, which gives the mostprobable state
of the molecule from among the various possible conformers.

Figure 2 shows the change of R factor when the methyl groups are rotated
along the Si—© axis keeping the C3symmetry of the molecule unchanged. The
total energies calculated by the CNDO/2 method are also represented during
the same rotational operations, and as it can be seen the agreement between
the shapes ofthe two curves is good. This agreement raises the question whether
the R factor can be regarded asthe experimental measure ofthe potential energy
of a molecule. The result has to be considered rather carefully since the R factor

Table 111

Relative rate constants and Si—€ bond orders for compounds
p-XCJI.SifCH.J,, and p-XQHRill.,

Bond order (CNDO/2)

feel. [13] 7""°§§p°“’e' - Si(CH,); -SiH3

method A method B method A method B
NO, 10120 0.177 - - 1.1241 0.9951
Cl 34.5 0.199 1.0938 0.9866 1.1389 1.0014
CN — 0.187 — — 1.1435 1.0034
F 8.0 0.197 1.1074 0.9920 1.1547 1.0082
H 1.0 0.193 1.0866 0.9770 1.1520 1.0095
CH3 0.265 0.193 1.1143 0.9942 1.1593 1.0104
N(CH32 0.026 0.203 - - 1.1736 1.0162
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Angle of rotation

Fig. 2. Plot of total energy and value of R factor against the angle of rotation in the case of
CH3SI(OCH3)3

is sensitive, e.g. to the inscribing of background. In any case it is worth of carry-
ing out similar calculations for other molecules.

The PP13 and IPPP methods were used for the investigation of the
following compounds containing silicon—nitrogen bonds: N-trimethylsilylaniline,
N,N'-bis-(trimethylsilyl)-phenylenediamines, N-phenylhexamethyldisilazane,
N-trimethylsilylpyrrole. To illustrate our results we chose the calculated elec-
tronic transitions and plotted in the function of the experimental values in
Fig. 3.

It can be seen that the results obtained by the IPPP method show a bet-
ter agreement with the data of experimental UV spectra than the values cal-
culated by the PPP method.

In the following figures some results of our CNDO/2 calculations carried
out for different organosilicon compounds are presented in comparison with
the corresponding experimental data. The calculated orbital energies of the
highest occupied molecular orbitals are plotted in the function of the experi-
mental ionization energies in Fig. 4. The calculated values are larger than the
experimental ones, but the correlation is good, more considerable deviation is
indicated only for the SiH4 molecule.

Figure 5illustrates the calculated and experimental dipole moments. The
points are scattered considerably; mainly molecules containing Si—H and Si-ClI
bonds are farther from the straight line of 45°. The cause of this fact can pos-
sibly he attributed to the CNDO method which gives extremely high negative
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Fig. 3. Electronic transition energies calculated by the PPP and IPPP methods in the function
of experimental values for compounds containing Si-N bond

Fig. 4. lonization energies calculated by the CNDO/2 method in the function of experimental
values

Acta Chim. Acad. Sei. Hung. 96, 1978



REFFY et al.. APPLICABILITY OF THE PPF AMI. CNDO/2 METHODS, 11 101

Fig. 5. Plot of dipole moments calculated by the CNDO/2 method against experimental values

charges to the hydrogen atoms and too low negative charges to the chlorine
atoms attached to silicon.

The 13C NMR chemical shifts of the aromatic carbon atoms in numerous
phenylsilanes are compared with the calculated electron densities on the corre-
sponding carbon atoms in Fig. 6. The experimental data were given by Chva-
lovsky etal. [16, 17]. For the carbon atoms in ortho, meta and para positions
the correlation between the experimental data and calculated electron densi-
ties may be considered good, for the aromatic carbon atoms bonded to silicon
the slope of the regression line is different, and the degree of correlation is much
smaller.

We also investigated the correlation between the 2Si NMR chemical
shifts and the electron densities on silicon atoms, as it is illustrated in Fig. 7.
The experimental data were taken from the works of Ernst [18] and Schram1
[19]. The most considerable deviations can be observed for compounds contain-
ing Si—F bond, and forthese compounds a separate regression line can be drawn..

The CNDO/2 method gives the bond energy of an investigated compound.
This value can fairly be calculated according to the relatively simple Sander-
son method [20]. This method results in bond energies in accordance with the
experimental heats of atomization. The values of the CNDO method are two to
three times higher. The Sanderson method was also applied using the charge
distribution obtained by the CNDO method. This way the calculated bond
energies were slightly larger than the experimental values. It is shown in Fig-
8 that e.g. in case of phenylmethylsilanes the bond energies obtained by the
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Fig. 6. Relationship between 13 NMR chemical shifts of phenylsilanes and electron densities
on the corresponding carbon atoms

Fig. 7. Relationship between 2Si NMR chemical shifts and electron densities on silicon atoms
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CNDO method correlated well with those obtained by both the Sanderson
method and the modified Sanderson method based on CNDO charge distri-
bution. Similar relation holds for other series of compounds, too.

Ph-SiHj  Ph-SiH2CH3 PhSIH(CH3)2  PhSi(CH3)3

Fig. 8. Correlation of the bond energies calculated by various methods for phenylmethylsilanes

fl]
[2]

[11]
[12]

[13]
[14]
[15]
[16]
[17]
[18]
[19]

[20]
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The 300 MHz NMR spectrum of N',N'-dipropionyl-N-aminoimide of anthracene-
maleic anhydride has revealed different conformations for the propionyl groups. The
exo-propionyl group shows free rotation about the N-CO and CO-CH2 bonds, while
the endo-group has a preferred conformation about these bonds. An angular methyl
group in the cage moiety gives an ABC3pattern for the endo-CO-CH2CH3, further sup-
porting a preferred conformation. The observations on some substituted N'-acetyl
derivatives are consistent with the proposed conformations.

Non-planar ground state conformations about the N-N bond in tetraacyl-
hydrazine derivatives (1) have been observed [1—3] and interpreted in terms
of repulsive interactions in the planar transition state between the two lone
pair electrons in the p-orbitals of the N-atoms [4, 5]. High torsional barriers
to the N-CO bond has been correlated [6] with the partial double bond char-
acter of the amide bond. However, preferred conformation about N—N and
N-CO bonds has also been reported for certain acyclic N,N'-diacylhydrazines
(2) [7]. The spectrum of the N'-monoacetyl derivative of N-aminocamphor-
imide (3) [8] at 44.5 °C indicates free rotation about the N—N' bond and re-
stricted rotation about the N'-CO bond, which has been characterized by the
shielding constant of the /?-methyl group. The NMR spectrum of compound
(4a) [1] indicates hindered rotation about the N—N bond and the observed
large shielding effect of the cage benzo ring (about 90 Hz in the 60 MHz spec-
trum) on the endo-N-acetyl protons can be expected from the preferred confor-
mation about the N—€O bond, where the carbonyl group is oriented away from
the cage benzo ring. We now report the observation of hindrance to rotation
about the CO—€H2bond of the endo-(a-substituted) acetyl group in compounds
of the type (4)
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(4)
(4a) R=H R'= R"=H
(4b) R=CH3 R'=CH3 R"=H
(4c) R=CH3 R'=CH3 R"=CH3
<4d) R=H R'=C1 R"=H
(48) R=H R'=C1 R"=CH3
(4f) R=H R'=C6H40CH3(p) R"=11
(49) R=H R'=C6H,0CH3(p) R"=CH3

The 60 MHz NMR spectrum of compound (4b) in CDC13 (Table 1) shows
a quartet at d 3.00 (2H) and a triplet at d 1.10 (3H) for the ero-propionyl
group and a complex multiplet at d 0.80 (5H) for the endo-propionyl group.
The other cage protons exhibit a normal pattern. Similarly, the spectrum of
compound (4c) exhibited a complex pattern at d 0.85 (5H) for the eredo-pro-
pionyl group and a normal pattern for the other protons (Table 1). 300 MHz
spectra of these compounds revealed some evidence for the conformational
preference about the CO—€H2bond in the erado-propionyl group. In the spec-
trum ofcompound (4b) in CDC13 the earo-propionyl protons appear as an A2X 3
pattern, i.e. a sharp quartet at d2.93 (2H, J = 7.5 Hz) and a sharp triplet
at d 1.09 (3H, J = 7.5 Hz) while the endo-propionyl protons exhibit an A,B3
pattern [9] JAB" 7 Hz and Avab = 42 Hz) (Fig. 1). The other cage protons
show the normal resonances. In the spectrum of compound (4c) in CDC13, the
exo-propionyl protons exhibit a normal A2X 3pattern, while the erado-propionyl
protons show an ABC3 pattern (Fig. 2).

The cage moiety of compound (4b) possesses a plane of symmetry per-
pendicular to the succinimidyl plane and passing through the N-N bond. The
two propionyl groups lie in the plane of symmetry in the non-planar ground
state conformation about the N—N bond. The magnetic equivalence of the two
methylene (geminal) protons of the propionyl groups suggests that (a) the

Fig. 1. 300 MHz NMR spectrum of compound (4b) in CDC13 at ambient temperature
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Fig. 2. 300 MHz NMR spectrum of compound (4c) in CDC13 at ambient temperature

propionyl group may freely change the conformation of the N-CO-CH?2 sys-
tem, and (b) it may take up a preferred stable conformation like (5) or (6),
which is symmetrical about the same plane of symmetry of the cage moiety.
If any other conformation of the propionyl group were stable, it would make
the geminal protons magnetically nonequivalent. The cage moiety of compound
(4c) has no plane of symmetry and hence the two methylene (geminal) protons
of any of the two propionyl groups may be expected to be magnetically non-
equivalent [5]. However, the spectrum shows that the two methylene protons
ofthe e”o-propionyl group are magnetically equivalent, while those ofthe endo-
propionyl group are nonequivalent. This observation could be explained by
assuming stable conformation (7) about the N—€O—€H2 system of the endo-
propionyl group. The eso-propionyl group is free from any steric hind-
rance of the cage moiety and may rapidly change its conformations about the
N—€O—€H2system. Thus, the methylene protons seem to be less sensitive to
the cage asymmetry caused by the angular methyl group. The endo-propionyl
seems to assume a preferred conformation of type (7), in which the two meth-
ylene protons are held rigidly in such a way that they are differently affected
by the cage asymmetry due to the angular methyl group and may give rise
to an ABC3pattern.

The possibility of the existence of conformation (6) may be eliminated
on the basis suggested by Riggs etal. [1]. The larger shielding effect of the cage
benzo ring on the methylene protons relative to that on the methyl protons of
the endo-propionyl group is also in accordance with conformations (5) or (7).
In these conformations the methylene protons point to the cage benzo ring,
while the methyl protons are slightly away from this ring.

In order to eliminate the spectral complexity due to vicinal couplings,
compounds (4d)—(4g) have been prepared. The 60 MHz spectrum of compound
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4b

4c

4tl

4e

4f*

afx>

4g**

3.00 (1H, q)
1.10 (1.5H,t);
J = 7.2Hz and
0.80 (2.5H,
complex)

3.05 (W, q)
1.15 (1.5H, t);
J = 7.5Hz and
0.85 (2.5H,
complex)

1.72 (3H, ds)
3:2; 96Hz

1.73 (3H, ds)
1:1; 95.5Hz

2.49 (3H,s)

1.75 (3H, ds)
1:1.2; 92Hz

2.52 (3H, s)

1.73 (3H, ds)
1:2; 92Hz

Table |

NMR data for compounds (4a—4g) in CDCI3 at 44.5 °C

CHR'

3.00 (1H, q)
1.10 (1.5H, t);
J = 7.2Hz and
0.80 (2.5H,
complex)

3.05 (1H, q)
1.15 (1511, t);
J = 7.5Hz and
0.85 (2.5H,
complex)

3.68 (2H, ds)
2:3; 122Hz

2.66 (1H, ABQ)
4.67 (1H, s)

2.10 (2H, s)
3.78 (3H, s)

3.16 (2H, ds)
12 :1; 12411z
3.79 (3H, ds)
2.5Hz

2.15 (2H, ABQ)
3.82 (3H, )

2.15 (1.36H, ABQ)

4.19 (0.64H, s)
3.79 (3H, ds);
2Hz

3.46 (1H, 1)

1.33 (3H, 3)

341 (111, m)
1.27 (3H, ds)
Av = 1.5Hz

3.43 (1H, m)

3.43 (1H, dt)
Av = 4.5Hz

1.32 (3H, s)

1.28 (3H, ds)
3.5Hz

* Spectral data of the freshly prepared solution
** Spectral data of the solution after standing for 6 hrs

C12

3.46 (1H, 1)

3.93 (W, d)
J = 3.5Hz

341 (IH,m)

2.84 (IH,d)
J = 35Hz

3.43 (1H, m)

3.43 (IH ,dt)
Av = 4.5Hz

2.91 (1H, d)
J = 35Hz

2.85 (1H, dd)
J = 3.5Hz

Clo

4.97 (IH 1)

4.60 (1H, s)

487 (IH,m)
445 (1H, s)
4.87 (1H, m)

4.92 (IH,m)

450 (1H, s)

4.49 (W, ds)
2.5Hz

Cc9

4.97 (1H, t)

4.94 (1H. d)
J = 3.5Hz

4.87 (1H, m)

4.78 (1H, d)
J = 35Hz

4.87 (1H, m)

4.92 (1H, m)

4.80 (1H, d)
J = 3.5Hz

4.82 (1H, bt)

7.42

7.50

7.31

7.42

7.15

7.20

7.17

7.17

Aromatic
protons

(8H, m)

(8H, m)

(8H, m)
(8H, m)
(12H, m)

(12H, m)

(12H, m)

(12H, m)

In case of multiplicity due to slow rotations, the ratio of the intensity of the upfield signal to that of the downfield signal and the
separation (in Hz) are indicated
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(4d) in CDClg (Table 1) shows conformational isomers about the N-N bond
and two sharp singlets for the methylene protons corresponding to the two
conformers. The 60 MHz spectrum of compound (4e) in CDC13 also reveals
(Table 1) two conformations about the N—N bond. But the methylene protons
of the exo-COCH2CI conformations appear as a sharp singlet, while those of the
endo-COCHZ2CI conformation appear as an AB pattern, the weak outer signals
of which cannot be observed as the internal chemical shift of the two geminal
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protons is very small. The 60 MHz spectra of freshly prepared solutions of
compounds (4f) and (4g) in CDC13(Table 1) show that the endo-COCH2C6H40CH 3
(p) conformation about the N—N bond is preferred exclusively. The methylene
protons of compound (4f) appear as a singlet while those of (4g) show an AB
pattern. On standing, both conformations about the N-N bond were observed
in the solutions of (4f) and (4g) (Table I).

Thus magnetic nonequivalence ofthe two methylene protons in the endo-
(a-substituted) acetyl group and the absence of such nonequivalence in the
exo-group may be considered as evidence for hindered rotation about the
N—€O—€H?2 system. The hindrance to rotation about the —-€O—€H2 bond in
these compounds is probably steric in origin.

Experimental

NMR spectra were recorded on a Varian A-60D NMR spectrometer and IR spectra
were recorded on Perkin-Elmer 257 and 720 spectrophotometers. Chemical analyses, melting
points and IR data are reported in Table IlI. All compounds were recrystallized from ethanol.

Table Il
IR and physical data for compounds (4b)—(4qg)

Analysis
No. Mp. (°C) Found Calculated s-m)I(R’(mH)
C (%) H (%) C <%) H (9

(4b) 259-61 71.41 5.58 71.63 5.51 1708 m, 1738s, 1745s, 1798 w
(4c) 237-39 71.89 5.75 72.10 5.81 1705w, 1725 m, 1740s, 1795w
(4d) 231—33 64.52 4.08 64.63 4.16 1745s, 1800w, 1820w

<4e) 191—93 65.46 4.38 65.32 4.50 1730s, 1760 m, 1800w

(41) 202—04 72.16 4.89 72.49 5.03 1740s, 1790 w

(49) 188—90 72.92 5.14 72.86 5.30 1740's, 1800 w

(10) 210—11 65.63 3.97 65.76 4.10 1690 m, 1730s, 1795w, 3175 m
(" 259—61 66.43 4.35 66.23 4.47 1690s, 1730s, 1795w, 3175 m
(12) 263-65 74.12 4.92 73.96 5.06 1665s, 1730s, 1795w, 3180 m
(13) 266-88 74.18 5.18 74.34 5.35 1680s, 1725s, 1785w, 3200 m

s = strong; m = medium; w = weak

Preparation of compounds (4b) and (4c)

Compound (4b) was prepared as follows: the adduct of anthracene and maleic anhydride
[10] was treated with an equimolar amount of hydrazine hydrate in ethanol at room temper-
ature to yield N-aminoimide (8) [1]. The latter was refluxed with propionyl chloride (more
than 2 mol) and a few drops of pyridine for about 6 hrs. After removing the excess propionyl
chloride, the solid obtained was washed with water and recrystallized.

Compound (4c) was prepared in a similar fashion from the N-aminoimide (9) [11]
obtained from the adduct of anthracene and citraconic anhydride [12].
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Preparation of compounds (4d), (4e), (4f) and (4g)

These compounds were prepared in two steps: Nr-monoacyl derivatives (10), (11), (12)
and (13) were obtained by the addition of the respective substituted acetyl chlorides (in dry
benzene) dropwise to an equimolar amount of the corresponding N-aminoimides [(8) and (9)]
in dry benzene under stirring. The reaction mixture was then refluxed for 1 hr. After removing
the solvent, the products obtained were washed with water, recrystallized and characterized
by their elemental analyses and IR spectra (Table II).

(10) = N'-monochloroacetyl of (8)
(M) = N'-monochloroacetyl of (9)
(12) = N'-p-methoxyphenylacetyl of (8)
(13) = N'-p-methoxyphenylacetyl of (9)

The monosubstituted derivatives [(10), (11), (12) and (13)] thus obtained were acetylated by
heating with an excess of acetic anhydride on a water bath for about 2 hrs. After removing
the excess of acetic anhydride, the products were recrystallized from ethanol.

The authors wish to thank Dr. J. N. Shoolery, NMR Applications Laboratory, Varian
Associates, California, for providing 300 MHz NMR spectra of the two compounds. One of us
(RMS) is grateful to the C.S.I.R. for the award of a Research Fellowship.
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0-Ps yields were determined in various liquid hydrocarbons, tetramethylsilane
and mixtures thereof as a function of C2H6Br and CCl4 concentration. These molecules
are known to be good electron scavengers and positronium inhibitors as well. The spur
reaction model of Ps formation predicts a correlation between the inhibition coefficient
and the chemical rate constant of electrons with scavenger molecules. We found that
the dependence of the inhibition coefficient on the work function (V0 of eletrons
in different liquids shows a very unusual behaviour, similar to that recently found for
the chemical rate constants of quasifree electrons with the same scavenger molecules.
The inhibition coefficient as a function of VO had a maximum for C2H6Br, while it in-
creased monotonously with decreasing VOfor CCl4 The inhibition coefficient for CH6Br
in a 1:1 molar tetramethylsilane-re-tetradecane mixture was found to be greater
than in both of the pure components. The clear correlation found between electron
scavenging rate constants and positronium inhibition constitutes the severest test to
date of the spur reaction model of positronium formation. The importance of the po-
sitron annihilation method from the point of view of radiation chemistry is also em-
phasized.

Introduction

For many years the excess electron in liquids (e.g. the hydrated electron
[2]) has been an important subject of research in radiation chemistry. In partic-
ular the excess electron in nonpolar liquids is studied in much detail at pres-
ent. It is probably less known that the properties of the two other light par-
ticles: the positron and the positronium (Ps) atom [3] in liquids are strongly
correlated to those of the excess electron. We shall give an account of such cor-
relation in this article.

When positrons, i.e. the antiparticles of electrons, are injected into a
medium, they slow down mainly through ionization processes to nearly ther-
mal energies, whereafter they annihilate into photons with the electrons of the
medium [3]. Before this annihilation process, however, the positron can form
— with a given probability (P) depending on the nature of the medium — a
bound state with an electron, i.e. a so-called positronium (Ps) atom. Ps atoms
are formed in two different states depending on whether the spins of the two

* Department of Physical Chemistry and Radiology, L. E6tvds University, Budapest,
see [1]
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particles are parallel (ort/io-Ps or o0-Ps) or antiparallel (para-Ps or p-Ps). In
vacuum, o- and p-Ps have mean lifetimes of 1.4x0 ~7 and 1.25x10~10 sec,
respectively. The lifetime of o-Ps is reduced to 0.5—5 nsec in condensed
media. The theoretical formation probability of o-Ps is three times greater than
that of p-Ps. Both the lifetime and the formation probability of o-Ps are
strongly affected by the physical or chemical nature of its environment.

For many years, the behaviour of Ps in various molecular liquids and
solids was investigated through measurements of the 2-y angular correlation
distributions and the positron lifetime spectra. In pure organic liquids the
longest lifetime (r3) is normally ascribed to o-Ps pick-off annihilation with the
outer electrons ofthe molecules. The rate of pick-off annihilation for the differ-
ent pure liquids can he explained fairly well by the bubble model [4]. Chemical
reactions of 0-Ps atoms with solute molecules in liquids decrease the long life-
time. From the concentration dependence of this decrease, the chemical rate
constants can be easily calculated and the results are now quite well interpreted.

However, the values of the Ps formation probabilities measured for dif-
ferent liquids, and the inhibition of Ps formation in them caused by different
solutes, were very little understood until very recently [3] when one of the
present authors (O.E.M.) proposed a new idea of Ps formation: the spur reac-
tion model [5]. This model correlates the Ps-yields to the results of spur ki-
netics obtained in radiation chemistry. A spur formed due to the interaction
of an ionizing particle with matter can be defined as a group of reactive inter-
mediates which are so close together that there is a significant probability of
their mutual reactions while they diffuse into the bulk of the medium. The
positronium is assumed to be formed by a reaction between a positron and an
electron in the positron spur. The positron spur is the group of reactive species
(e.g. the positron, excess electrons, positive ions, etc.), which is created around
the positron when it loses the last of its kinetic energy. Ps formation competes
with the recombination of the electrons and their parent positive ions (‘gemi-
nate recombination’), and also with the diffusion of electrons out of the spur.
Reactions ofthe electrons or the positrons in the spurwith the solventmolecules,
or with scavengers, will also decrease the probability of Ps formation. Solvation
of the electrons or the positrons in the spur may strongly influence the Ps for-
mation on account of the increased dielectric shielding of the Coulomb forces
between the particles. Chemical reactions between scavengers and the short-
lived species in the spur, which would otherwise react with the electrons or the
positron, may also influence Ps formation. The spur reaction model of Ps
formation has been tested on several previous occasions [6] and proved to be
very fruitful and predictive for interpreting Ps yield data. In particular, a
general discussion of the model is found in references [5] and [6b]. Ps inhibi-
tion, explained as the result of electron scavenging in the positron spur, is dis-
cussed in detail in reference [6¢c].
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Recently Arien etal. [7] measured the chemical reaction rates of quasi-
free electrons in nonpolar liquids. They found that the chemical reaction rate of
electrons with different scavenger molecules was strongly influenced by sol-
vents. They correlated their results with the quantity VO, the work function of
the electrons in their mobile state in the liquids. For CHSBr, the rate constants
exhibited a pronounced maximum for a characteristic value of VO, reminiscent
of the resonant energy maximum in the dissociative attachment cross-sections
for electron reaction shown by the same molecules in the gas phase. However,
for CC14, the reaction rate constants increased monotonously with decreasing
V0. This kind of dependence of electron rate constants on VO was recently
theoretically interpreted by Hengtein [8] and by Schitter and Nyikos [9].

The purpose of our work was to measure the inhibition of Ps formation
by C,H5Br and CCl4in nonpolar liquids and to correlate the strength of the Ps
inhibition to the electron rate constants measured by Arien et al. [7]. Because
of the spur model of Ps formation predicts strong correlation (i.e., parallel
trend) between Ps inhibition and electron rate constants, it is expected that
the strength of the Ps inhibition versus VO will show a maximum at the same
F 0-value as the electron rate constant in the C2H.Br case, while a monotonously
increasing inhibition strength for decreasing VO is expected for CCl4. The ex-
pected behaviour of the Ps inhibition was found. The Ps yields were corre-
lated also to the steady state electron scavenging work of Schuter et al. [10].
It seems to be quite difficult to explain these results in terms of the older Ps
formation model [3, 11], the Ore model modified with hot Ps reactions.

Here we present positronium inhibition measurements for the following
systems: C2HS5Br in n-tetradecane (ra-Cl14), n-hexane (n-C6), 2,2,4-trimethyl-
pentane (iso-octane, iso-C8), 2,2-dimethylpropane (neo-C5 and tetramethyl-
silane (TMS); CCl4in re-Cl14, iso-C8 and TMS. In addition of these systems the
inhibition function for C2H5Br were also determined in n-C14TMS (XTMS=
0.49) and ra-Ce-neo-C5 (X ,,.Cl — 0.25) mixtures (X represents the molar frac-
tion of the component in the subscript).

Experimental

Lifetime measurements. About 40 /Ci 2NaCl deposited between two Kapton (Du Pont)
polyimide foils of 1 mg/cm2constituted the positron sources. The positron lifetimes were mea-
sured as usual by determining the time interval between the detection of a 1.28 MeV photon,
emitted simultaneously with the emission of a positron (start signal) and the detection of an
0.511 MeV annihilation photon (stop signal) [3]. A time-to-pulse-height converter generates
output pulses with amplitudes proportional to the time interval between the start and stop
signals. Then the pulse height distribution of output signals, i.e. the lifetime distribution of
positrons, can directly be recorded by a multichannel analyzer. The time resolution function
of our conventional lifetime spectrometer, determined by measuring the spectrum of a 60Co
source, could well be described as a sum of three Gaussian curves with a FWHM = 390 psec
for the total curve. The lifetime spectra were analyzed by the Positronfit-Extended [12] com-
puter program for three lifetimes [13] and intensities with 8% source correction. Details of
the application of this program are discussed in reference [6¢].
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Materials. The chemicals were of analytical grade from Merck and were used
without further purification. All the liquid samples were thoroughly degassed by the freeze-
thaw method and afterwards distilled in vacuum into an ampoule containing the positron
source. During the recording of the lifetime spectra the source and the sample were kept
in this air-tight ampoule. The necessary amounts of neopentane and tetramethylsilane solvents
and of solutes added to a given volume of solvent were determined by PY technique in the same
apparatus as used for degassing the samples. All the measurements were performed at 20 °C.

Results
.

The analyses of the lifetime spectra gave the following results. The
shortest lifetimes (xq) were found around 150 psec, the medium lifetimes (r2)
around 500 psec, while the longest lifetimes (r3) for the pure solvents and mix-
tures were: n-C14 3.35 nsec, n-C6 3.94 nsec, iso-C84.11 nsec, neo-C55.17 nsec,
TMS 4.77 nsec, TMS-n-C14 3.75 nsec, re-C6-neo-Ca 4.61 nsec and C2H.Br 3.23
nsec. By the lifetime results for their solutions, C2H5Br and CCl14 proved to
be practically pure inhibitors; hence, it was unnecessary to make any correc-
tions to the intensity data due to quenching contributions. The relative Ps
yield P(e) is therefore

P(c): W 1bI0) 1]

where 13(c) is the intensity of the longest-lived component extracted from the
lifetime spectrum at an inhibitor concentration c. The J3(0) values, i.e., the o-
Ps yields measured in the pure solvents or their mixtures where: n-C1437.5%,
re-Ce 41.6%, iso-C8 44.2%, neo-C5 52.7%, TMS 55.5%, TMS-n-C14 45.6% and
n-Ce-neo-C545.3% (C2HSBr 5.2%) (uncertainties ~ ~0.7 absolute %) [13].
The values of P(c) calculated from the experimentally found f3(c) values by
Eq. 1 are presented in Fig. 1 with the inhibitor concentration (in mole/dm3)
on a logarithmic scale. Data found for C2H5Br in n-Ce-neo-C5mixtures followed
a curve almost identical with that for n-Ce; hence, they were omitted for the
sake of clarity.

The relative Ps yields from right to left correspond to increasing inhibi-
tion strengths, because it is obvious that stronger inhibitors decrease the Ps
yield at lower concentrations. Even if the curves are compared in only this
simple graphic way, the clear qualitative agreement with electron rate constant
data [7] is immediately manifested.

Parameter fitting of the relative Ps yields

A discussion of the possibilities of obtaining a theoretical expression for
the relative Ps yield P(c) as a function of electron scavenger concentration in
the framework of the spur reaction model of Ps formation has been published
elsewhere [6c]. Here it was concluded that an application of a detailed spur
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c.(M

Fig. 1. Relative p-Ps intensities as a function of inhibitor concentration in various solvents.

Symbols: g n-C14 « ra-C6 O iso-C8 X neo-C5 o TMS, a TMS—re-Cld mixture. Solid curves for

C,H5Br and dashed ones for CCl4are fit to Eq. 7 with a and a values in Table I. (The solid curve
for the TMS—ra-Cl4 mixture is omitted)

diffusion theory to the positron spur problem is not promising at present.
However, the Ps yield may be correlated to the electron spur results by use
of the reasonable assumption that the relative electron—positron ‘recombina-
tion’ in the positron spur (i.e., the Ps yield) is strongly correlated to the rela-
tive electron—ion recombination in the electron spur. The yield of a given
product G(p) of an electron reaction with a scavenger is normally described by

G(P) = Gi + GgiF(c). 2)

Here Gfi denotes the yield of “free ions’, while Ggi represents the yield of ‘gemi-
nate ion pairs’. F(c) is the scavenging function [10]. We may assume that

P(c) = (Gfi-+ Ggi- G(P)IGg = 1- F(c). 3)

Thus the meaning ofEq. 3isthat the probability of Ps formation is proportional
to the fraction of unscavenged ‘geminate electrons’. 1 — E(c), i-e., formally
our P(c), plays an important role in Schuler’s phenomenological scavenging
model specifying the distribution function of the ion-pair lifetimes [10b].
W ith regard to the explicit analytical form of F(c) and of the correspond-
ing P(c), three formulas have mainly been used in radiation chemistry. For
very dilute solutions, several authors [14, 15] have theoretically derived the
following expression:
F(c) = Kcl. 4)
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However, this formula is totally inapplicable in our case, since we use high
solute concentrations. Another scavenging function that can be theoretically
derived using a simple, competitive kinetic model [10a] is:

ac
Fle) = 1+ ac (5)
The corresponding relative Ps yield is:
P{c) : ! (5a)
1-(-ac

Schuter etal. [10], however, found that Eq. 5 did not describe their scavenging
results well enough in cyclohexane and re-hexane solvents. They proposed the
use of an empirical function

bl L.
F(c -
(€) 1+ (ff)mm ®)

The relative Ps yields corresponding to Eq. 6 would be:

Py (62)
1+ (co)l''’

The analyses of our Ps yield results showed that fairly good fits could be
obtained by use of (5a) in some solvents and (6a) in other solvents. To improve
the goodness of the fit for all solvents we therefore fitted the results with a
slightly modified empirical expression using a second adjustable parameter a
in the exponent:

P(c) = - 1 (7)

which would correspond to the following scavenging function:

Fc)= (90t (72)
1+ (tfep '

It is important to realize that we cannot expect a detailed quantitative
correlation between the measured properties of the positron and electron spurs
[5, 6]. The positron spur, being part of a ‘high linear-energy-transfer’ track, is
very probably more dense than the normally studied electron spurs. The
distribution of electron—positron distances at thermalization probably also
differs from the distribution of electron—on distances. Several other properties
of the two spurs (e.g. yields of specific ions and radicals) may be different too.
The experimentally determined Ps yield might also be influenced by the reac-
tion of Ps with the reactive species in the spur. Another point of interest is
that detailed tests of (5) or (6) seem not to have been performed in some of the
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used solvents (see below). Hence, the fact that it was necessary to use a two-
parameter formula (7) instead of the one-parameter formulas (5a) or (6a) to get
good fits, is not surprising at all.

The fitting procedure with two adjustable parameters was carried out on
a programmable table calculator (EMG 666) minimizing the RMS deviation
between the measured and calculated points. The results of the fitting procedure
are presented in Table I. The VO values for pure solvents are Holroyd’s [16]
latest data for 20 °C, while for the mixtures they are calculated values assum-
ing a linear relationship between VO0and the molar fraction, as it was found by
Holroyd and Tauchert [17] to be valid for the TMS—n-Ce and the neo-
C5—re-Ce mixtures. The last column of Table | contains the goodness of the fit
expressed as the RMS deviation between the measured and calculated points.
The data in parentheses represent the results when only the upper part of the
total inhibition curve (P(c) > 0.6) was involved in the fitting procedure. In
the cases of C2H5Br in TMS and CC14in all the three solvents investigated, the
two fitting procedures gave practically identical results.

Table |

Summary of results obtained by parameter fitting of relative o-Ps yields
measured in various liquids and liquid mixtures

vy . a
Solvent V) Inhibitor M->) a
C,H6Br 3.9+ 0.4 0.61+ 0.01 0.032
n-tetradecane 0.21 (5.2) (0.78) (0.012)
(n-C1) ocu 205+ 1 0.88+ 0.01 0.005
rc-hexane 0.00 C,HBr 53+ 05 0.57+ 0.01 0.025
(«-Co) (8.2) (0.74) (0.005)
CH5Br 6.0+0.6 0.48+ 0.01 0.018
iso-octane —0.26 (10.3) (0.62) (0.005)
(iso-C8) ccl4 46.0+ 1 0.67+ 0.01 0.006
neopentane CHBr 2.4+0.2 0.73+ 0.01 0.014
(neo-C5) —0.35
(2.8) (0.83) (0.004)
tetramethyl- C,,H=8Br 1.04+0.1 0.94+ 0.01 0.011
silane (TMS) —051 ocu 50.0+ 1 058+ 0.01 0.021
TMS + reCl4 _ 01a* C,HeBr 48+ 05 0.56+ 0.01 0.021
(XTVE = 0.49) (7.8) (0.75) (0.002)
n-C6+ neo-C5 N C,H®Br 43+ 05 0.55+0.01 0.014
X, _c6= 0.25 —0.26
(X,,_c6= 0.25) (5.5) (0.63) (0.009)

* Calculated values from the TOvalues of the pure solvent components, assuming a
linear relationship between VO and the molar fraction X
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In the case of C2H5Br, one of the reasons for the difference between the
two fitting procedures might be the high concentration of C2H5Br. At high con-
centrations the ‘solute’ molecules themselves contribute considerably to the
primary processes of radiolysis. The spur size and rate constants of the elec-
trons and the positron are probably also influenced by the solute molecules in
high concentration, in particular in the high electron mobility (large spur)
solvents: neo-C5 and TMS. Although the RMS deviations for the upper-part
fittings are better, those for the total curves are also within the accuracy of
the method. Because ofthis fact, and since the qualitative features ofthe results
are almost similar in both cases, the results are presented throughout this
paper as they were evaluated from the total inhibition curves. The upper-part
fittings might be useful in a detailed comparison with electron-spur scavenging
results, which are normally only obtained at fairly low scavenger concentration.

In Fig. 1 the solid curves for C2H.Br and the dashed curves for CCl4are
drawn using Eq. 7, with a and a values calculated from the total curve fitting
(Table I). The calculated curve for C2H5Br in the TMS—re-Cl4 mixture, which is
practically identical with the n-C6 curve, is omitted.

Discussion

General remarks. Although the correlation between the results of the
present Ps inhibition measurements and those of the electron rate constant
determinations [7] is clear by simply looking at Fig. 1, the comparison is
more convincing in a figure presenting both sets of data. Figure 2 shows posi-
tronium inhibition constants (a, left-hand scale) together with Alnlen,
Gangweh and Holroyd’s electron rate constants [7] (k, right-hand scale) as a
function of VO. The solid and dashed lines are graphic fits for C2H5Br and
CCl4data, respectively. In both cases the curves for C2H5Br exhibit a maximum
for the same solvent (i.e., for the same VO0), and both curves are very much steep-
er from the left to the maximum than from the right to the maximum. Very
convincing is also the fact that the points for the solvent mixtures, the VO
values of which were adjusted to be close to the maximum, are situated rea-
sonably well on a common curve with the pure solvents. From this point of
view, one must also consider the inaccuracy in calculating the VOvalues for the
mixtures. The CCl14 curves, on the other hand, increase with decreasing VOin
both cases.

The prediction of the spur reaction model of Ps formation proved to be
valid for this very unusual case, and this seems to be the severest test of this
model to date. As discussed above the reaction rate of the spur electrons is
only one factor affecting the process of Ps formation, and that there are several
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W lev)

Fig. 2. Ps inhibition coefficients (cr, left-hand scale) and electron rate constants (x. right-hand
scale) for reactions with C2HSBr (solid curves) and CCl4 (dashed curves) as a function of vo.
Symbols: ¥ n-CO—neo-C5 mixture, others as in Fig. 1

others which may greatly modify the very complex and complicated situation
in the spur. The good qualitative correlation between these two quantities
(i.e. a and k), however, demonstrates the important role of electron reaction
rates in Ps formation, at least in these nonpolar liquids of high electron mo-
bility.

W ith respect to the other models of Ps formation, namely the Ore
model [11] and its modified version [18] or the ‘hot-Ps’ reaction model [19],
these do not seem to be able to explain such unusual changes for the probability
of Ps formation without the use of special assumptions and practically unavail-
able and unverifiable data for any system. The main problem is that all these
models take into account positrons and Ps atoms of fairly large energies only,
while it seems that very small changes in the work function of thermalized
electrons are responsible for the great changes in electron rate constants or Ps
inhibition properties. Although the spur reaction model itself is unable to make
apriori predictions of Ps formation for every special case, its great advantage
lies in the fact that, for explanations and predictions, it can use general prin-
ciples and experiences originating from radiation chemistry.

Comparison with steady-state scavenging results. The basic idea of the
spur reaction model of Ps formation is that Ps atoms are formed as a result of
the scavenging of the spur electrons by the positrons. Thus any processes in
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which spur electrons are involved compete with Ps formation [20] and a
strong correlation must exist between scavenging and Ps inhibition experiments.
This assumption gave the theoretical basis for using the scavenging function
to fit the Ps inhibition functions and evaluate the inhibition coefficients (o).
Thus, in principle, the Ps inhibition coefficient has the same meaning as the
relative scavenging constant in Schuler’s phenomenological model for scav-
enging in hydrocarbons [10] and the numerical values of these two quantities
must be similar or at least comparable. Unfortunately, however, we have hardly
any data with which to make this comparison. Rzad and Bansal [21] measured
the relative scavenging constant for C2H5Br in iso-octane and their 5
value is very close to ours: a = 6J; 0.6 M _1. Although Infelta and Schuler’s
[22] value for CHBBr in cyclohexane (7.8 M ~r) is not directly comparable since
we have no data for this solvent, it seems to be quite reasonable because the
V Qof cyclohexane is close to that of iso-octane. The agreement of these results
is promising, but the data are insufficient to prove the mutual identity of the
two constants.

Correlation between a and k. Through the phenomenological scavenging
model, the ratio tr/fe for a given solvent should he constant and equal to the
mean lifetime of the geminate ion —electron pairs [10a]. A11en et al. [7] tested
this correlation for rate constants and relative scavenging constants measured
in cyclohexane and found it to he valid with the exception of CH3l. Our Ps
inhibition measurements, however, do not seem to support this prediction.
Although the ratios o/k for C2H5r and CCl4 in iso-octane (1.2 X 10~12 and
3.0 X 10-12 sec, respectively) are in quite reasonable agreement, the difference
is more than one order of magnitude for TMS (26 X 10-12 and 1.1 X 10~12 sec),
or other solvents. Thus the general validity of this theoretically predicted quan-
titative relation between a and K does not seem to be proved as yet and the
question requires further study.

We also tried to correlate our a values measured for a given scavenger in
different solvents to the Kk values for the same scavenger. In such a comparison
a linear relationship between a and kK could not be expected. Nevertheless, we
obtained a reasonable linear correlation for log K vs. a:

logk = aa - b, (8)

where a = 0.45 M and 0.065 M for C2H-Br and CC14, respectively, and b = 10
for both scavengers from a graphic fit. Because of the very limited number of
our data, this correlation is only tentative, and could be an exceptional case.

Correlation between a and V0. We succeeded in fitting our Ps inhibi-
tion curves by making use of Schuler’s [10] empirical scavenging function if
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0 V)

Fig. 3. a-1 as a function of V0. Solid curve for CHB5Br and dashed curve for CCl4
Symbols as in Fig. 2

only we used a new fitting parameter (a) instead of the constant value (0.5) in
the exponent of concentration. Schuler’s scavenging function was tested for
a great number of scavengers in cyclohexane [10], and the same expression
was found to be valid for fitting scavenging data measured in iso-octane by
Rzad and Bansal [21]. The VO values for these solvents, however, are very
close to each other and, as shown by Arten et al. [7] in this range of VOthe
reaction rates for quasifree electrons are also very close to each other. Thus
a common behaviour for scavengersinvestigated in solvents of this narrow range
of VOis not surprising. As a result of our fitting procedure, we also obtained a
value of nearly 0.5 for our a in iso-octane. However, in other solvents of very
different VO, a has varied between 0.5 and 1. Surprisingly this a, or more exactly
a-1, could be correlated with VOin a way qualitatively similar to that found
for the rate constants and Ps inhibition coefficients. As can be seen in Fig. 3,
a-1 as a function of VO for C2H5Br exhibits a maximum for the same VO as
was found for K or a, while for CC1l4the a-1 vs. VOcurve increase monotonously
with decreasing VO, again in a way similar to that found for K and a. This cor-
relation expresses the fact that our second fitting parameter (a) is strongly
correlated to the reaction rate constant of electrons.

We should like to point out that in spite of the limited number of data,
this correlation seems pronounced and emphasizes the decisive role of V0in the
mechanism and kinetics of electron scavenging processes. New steady-state
scavenging measurements at higher concentrations of C2H5Br and CCl4in neo-
pentane, TMS, or in other solvents of low VO, could test these, at present only
tentative, correlations, and would be of great help in a more detailed interpre-
tation of our results. The very few scavenging experiments carried out so far
on neopentane [23] indicate great differences between the scavengers in this
solvent and those in cyclohexane. However, these measurements are not direct-
ly comparable to ours, either because different scavengers were used and only
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scavenging of the free ions was investigated at very low concentrations
[23a], or because the high concentration scavenging results were treated and
interpreted on a different theoretical basis [23b].

Correlation between a and a. Because both a and a-1 showed qualita-
tively similar dependence on VOQ, it seemed obvious to look for possible inter-
relation. This search resulted in a simple linear relationship:

a-1= a'a-\-b" 9

where @' = 0.21 M and 0.015 M for C2H5Br and CCl14, respectively, and b' —
= 0.81 for both from a graphic fit (Fig 4). From Eqs (8) and (9) the interrela-
tion between k and a can be easily calculated too. The advantage of a relation
such as Eq. (9),if it proved to be valid also for other scavengers, would be the
possibility of extracting a solvent-independent quantity for characterizing the
‘scavenging or inhibition strength’ of the scavengers. For example, 1/a' = 4.8
and 67 M*“1for C2H5Br and CCl4, respectively, could express that the latter
is a stronger scavenger or Ps inhibitor than the former.

e (m-i

Fig. 4. Correlation between the two fitting parameters in Eq. 7. a-1 versus a. Symbols as
in Fig. 2

Conclusion

For the two good Ps inhibitors or electron scavengers studied by us
(C2H5Br and CC14) the inhibition coefficients in nonpolar liquids can be corre-
lated with VO, the energy level of the mobile conduction electrons in various
solvents. This correlation is similar to that found between VQand the electron
reaction rate constants for the same scavengers. These Ps inhibition measure-
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ments thus seem to be the severest test to date of the spur reaction model,
which predicts a strong correlation between the formation probability of Ps
and the electron scavenging rates in the positron spur. The analysis of the Ps
inhibition curves resulted in the use of a new empirical fitting parameter in-
stead of the constant used so far in the exponent of concentration. This new
parameter can also be correlated with the work function (V0) or with the scav-
enging rate constant of the quasifree electrons in nonpolar liquids. These and
the other special correlations discussed in this paper are, however, at present
only tentative, since the limited number of data are insufficient to prove their
general validity. In order to test them, and to improve our understanding of
the nature of matter, more experimental efforts are needed especially for
extending the steady-state scavenging measurements to liquids of low VO.
For this purpose, Ps inhibition measurements can provide useful and important
information both for radiation chemistry and for Ps chemistry.
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The kinetics of the processes spontaneously proceeding in the M-MZ+-MZz+
system by the action of the own ions has been studied. The dependence of the rates
and of the steady-state potential established at metal M on the concentration of MZ+
and M2+ and on the hydrodynamic conditions of the electrolyte solution has been
determined for a few characteristic cases.

The proceeding of spontaneous processes at the surface of a metal by the
action of its own metal ions is to be expected, when the solution in contact
with the metal contains ions with various oxidation number of the metal,
and the concentration ratio of these ions is not the equilibrium one. In this
case the system approaches the equilibrium while the following coupled elec-
trode processes at the electrode, presuming a two-step process:

1. [ ——— AMZ+ + zte

2. Mz,+ ,, -Mz+ + n,e
—h;

Fig. 1. Schematic polarization curves of the four part-processes of the electrode process (l);
jol and j 0,are the exchange currents of steps 1 and 2 of process (1), fOis the equilibrium potential
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where kg and kw, (i = 1. 2) are the rate constants of the respective reaction
steps, depending on the electrode potential.

Figure 1shows the schematic partial polarization curves of the four part-
processes involved in process (l). Solid curves represent the case, when the
concentration of M*1+ and M2+ corresponds to equilibrium values (cland c2).
W hen the concentration of the ion of charge z2is increased as compared to the
equilibrium value (c2 c¢2), the straight line kiilc2 shifts towards higher current
density values (line A"Z2). As can be seen, in this case the value of kai or cr
at whatever potential is higher than that of the other partial rates. The same is
true for the intersection of k¢2and k/;ic2 (point A), when no current passes
through the electrode from external current source, and the steady-state
potential est is established at the electrode. In the spontaneous process pro-
ceeding in this case, step 1 of process (I) will proceed mainly in the direction of
the upper, while step 2 in the direction of the lower arrow. Thus, metal M is
dissolved, and JVT2+ is reduced to M*,+.

If the concentration of the ion with charge z+is substantially increased as
compared to the equilibrium value (c1  Cj), then lines kQcland k/<clsymmet-
rically shift toward higher current densities (curves kaxl and Now the
value of kgZl or kfilcl will be higher at any potential than the other partial
rates. The same holds true for the intersection ofthe lines kiecland k/dcl (point
B). Now in the process proceeding spontaneously, step 1 of process (1) will
proceed mainly in the direction of the lower, while step 2 mainly in the direc-
tion of the upper arrow, i.e. a disproportionation of MZI+ takes place.

In the above considerations it has been neglected that thé rate of process
(I) may depend also on the diffusion of the components participating in the
reaction.

Certain problems relevant to the kinetics and the equilibrium of process
() have been discussed in an earlier publication [1]. Certain aspects of this
problem have been studied also by Molodov and Losev and their co-workers
[2, 3, 4] in their investigation of the dissolution of copper in methanolic me-
dium. They studied also process (l) in conjunction with the etching [5] and
dissolution [6, 7] of copper.

Process (I) may play an important role in the corrosion of metals [8],
in the anodic dissolution and electrolytic deposition of metals and in the oper-
ation of chemical current sources. This justifies the more detailed study of
this spontaneous process, and a fuller elucidation of its kinetic rules. This
problem will be discussed in the following.

The rate of process (l),j, if it depends only on charge transfer, is the fol-
lowing:

j= ci + kaZl— kkrc2 1)

where cxand c2 are the concentrations of ions M‘l+ and M'2+ in the solution.
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The rate of process (1), if it is influenced by both charge transfer and
diffusion, is given by the following equation [9]:

where ct and c2 are the concentrations of ions M2'+ and M2i+, respectively, in
the solution, and X-, and X2 are the ‘rate constants’ of the diffusion of M2+
and M2'",

The dependence of kai and kkj on the electrode potential e is given by
the following expressions [9]:

where Kai and kki are the values of the rate constants when e = 0, a, is the
transfer coefficient while the other symbols are the usual.
The ‘rate constant’ of diffusion in the case of a rotated disc electrode is:

X, = 0.62 D23v-ll6col12 (4)

D is the diffusion coefficient of the i-th ion, v the kinematic viscosity of the
solution, ft) the angular velocity of the disc electrode (ft) = 2nf, where f is the
speed of rotation).

Relationships (1) and (2) are valid also if no external source current passes
the electrode, i.e. ifj = 0.
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Ifj - 0, that is to say, when the system M — Mn+ — MZ2®& is not in
equilibrium, the part-reactions of process (I) proceed spontaneously in a direc-
tion so that the system approaches equilibrium (see Fig. 1). Using the relation-
ships (1) and (2), below we give for a few limit cases the dependence of the rate
ofthe spontaneous processes proceeding in this case, and ofthe electrode poten-
tial established at the electrode, on the concentration of the respective ions
and on hydrodynamic conditions. Let us assume for simplicity that the solu-
tion volume is very large, so that the composition of the solution does not

change with time.
1. Let the concentration of M4+ be much lower and the ion concentra-

tion of M2+ much higher than the equilibrium concentration, i.e.

ci cv 2 c2ard ci—0. (5)

In this case, as has been seen in the discussion of Fig. 1, step 1 of process (l)
proceeds mainly in the direction of the upper, while step 2 in the direction of
the lower arrow with the same rate, i.e. metal M is dissolved and MZ+ is

reduced to M'l+.
l.a) If the process is influenced only by the charge transfer, as follows
from Eq. (1), the rate of dissolution of metal M and of the reduction of M2+,

jsv will be
jst= kai = kktc2. (6)*

Using the relationships (3), from (6) the following expression is obtained
for the steady-state electrode potential est of metal M:

RT
In *T In c9 ?)

t — -
Vi nAl —a2lF K. [+ nX1l-«2

From relationships (7) and (6):

Jst &(I-V)KB_'C\Q’V (8

where
aizi _
+ n2(l — x)

©

* Between the rate of formation of Mz+ (j’jt) and fst since it is formed also by the
reduction of M'2 . the following correlation exists:

(6a)
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Accordingly, if og= a2= 0.5 and = n2= 1, the order of reaction of the
metal dissolution with respect to M‘2+, v= 0.5. The rate of the process and
the steady-state potential are independent of the hydrodynamic conditions.

I.b) Under the above conditions (5), let the relative numerical values of
the constants in Eq. (2) be the following:

kkl > Xi> kKar; kKW < Xz (10

This means that the process is influenced also by diffusion, and from (2),
when j = 0 and under consideration that cx” 0, the rate of ionization of the
metal M is:

Thus, measured on a rotating disc electrode, the electrode potential is
shifted with increasing speed of rotation in the negative direction.

From (11) and (12), the rate of ionization of metal M and the rate of
reduction of M?2+ to JVUL+ is:

(I-p)
jst= K¢ K (I~ — "2*1 yr (13)

where the order of reaction with respect to M2+ is:

V= o e . (14)
Zi+ (1 —<2)n2

According to (14), ifa2= 0.5 and zx= n2= 1, then the order of reaction with
respect to M2r+ is v = 2/3. When using a rotating disc electrode, the rate of
ionization of the metal will be proportional to the 1/6 power of the speed of
rotation. Relationship (13) corresponds to Eq. (7) published in the work of
Molodov, Janov and Losev [4].

l.c) Under condition (5), let the relative numerical values ofthe constants
in Eq. (2) be the following:

kki < Xr> ka2, X2< K& (15)
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Thus, from (2) forj = O:
jst = 701 =n2"2"2 (16)

The rate of the process will be determined by the limit current of the reduction
of M2+,
On the basis of (3), £st from (16) is:

RT - RT . A RT
S — In Kai H------ —in n2X2+ m——1n c2. 17)
zIX1F zIxiF zidF

Thus, measured on a rotating disc electrode, the steady-state potential of
the electrode is shifted with increasing speed of rotation in the positive direc-
tion.

The rate of ionization of the metal is given by Eq. (16). Accordingly, the
order.of reaction of the process with respect to ¢2 v= 1, and in the case of the
rotating disc electrode the steady-state rate will be proportional to the square
root of the speed of rotation.

I.d) Under condition (5), let the relative numerical values of the con-
stants in Eq. (2) be the following:

Al K1 kQ, X2~ kk2 (18)
Thus, from (2) for j = 0:

. n2 ., Kk,
jst — ziNi — n2X 2. (19)
Va4 “fti

Hence, the diffusion of M‘!+ to the electrode surface and of Mn+ from

the surface are both hindered.
The steady-state electrode potential is obtained from (19) and (3):

RT RT |, 22"2 L RT
est = n
ztF F ZXF

In c2. (20)

Therefore, in this case the steady-state potential is independent of the
hydrodynamic conditions of the system (in the case of a rotating disc electrode,
from the speed of rotation of the electrode). On the other hand, for the rate of
ionization of the metal the same is valid according to (19) as in the preceding
case l.c).

l.e) A case relatively easy to discuss is realized also if condition (5) is
fulfilled and equilibrium concentrations are rapidly set in at the electrode sur-
face. This is to be expected when the rate constants of step 1 in process (I)
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are high (large exchange current) and the ‘rate constant’ of the diffusion of
the intermediate product, X Ifisrelatively small, while for step 2 of process (I)
the following conditions are fulfilled:

X+< ka2< kkl; X2> Kkki. (21)

Under these conditions, the rate of dissolution of the metal and the rate
of reduction of M22+ is obtained from Eq. (2):

= Kva r i
Ist — gznyl Y = Rkte2—" ¢ (22)
z1 K k1 Kk1

Because of condition (21) from Eq. (22) we have:

kn
h,c2! K (23)

From (23) and (3) the steady-state potential is:

RT In I(klklk -\---B-T— In c2 (24)

’géi K'ar ZoF

It can be seen from Eq. (24) that the potential established at the electrode
surface is actually an equilibrium potential and is independent of hydrody-
namic conditions.

From (22) and (24) we have for the steady-state rate [3]:

1st — zIx 1k Va (25)
z2

where K is the equilibrium constant of process (l), which is given by the fol-
lowing expression [1]:

1Kr "2 kr2 (A (26)

Kar £

As can be seen from (25), for zx= 1 and z2= 2, the order of reaction with
respect to M22+ is 0.5, and, using a disc electrode, the rate of the process is
proportional to the square root of the speed of rotation. Determining the value
ofj'st in the case of a rotating disc electrode atf = const, as a function of c2,
or at c2= const, as a function off 112 the value of the equilibrium constant K
can he calculated [3].
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As can be seen also from inequalities (21) and (10), on increasing the speed
of rotation of the disc electrode, gradually the conditions of case |.b) are real-
ized instead of those of case l.e), and the rate of the process will depend only
slightly on the speed of rotation.

2. In the following, let us assume that the concentration of M22+ is
lower, and the concentration of M2IT much higher than the equilibrium con-
centration, i.e.

Ci> ii; c2<”c2; and c2c™ 0 (27)

In this case, as has been mentioned also at the discussion of Fig. 1, step
1 of process (I) proceeds mainly in the direction of the lower arrow, while
step 2 in the direction of the upper arrow, with the same rate. Thus, M2+
is spontaneously reduced to metal M and oxidized to M22+ Thus, the dispro-
portionation of M‘rr takes place.

2.a) Under conditions (27), the diffusion of the components participating
in the reaction is not to affect the process, and

Kt < &2Cl (28)
Then, from Eq. (1)
7st = kkiCx = kalcl (29)

jst gives in this case the rate of formation of the metal M and of M22+.
From Eq. (29) the steady-state potential [1, 2] is:

RT R
est In (30)

Ka@a- *I)+ *2n2)F k'

Accordingly, if the conditions stipulated above are fulfilled, the steady-
state potential of the electrode does not depend on the concentration of
M22+ and MZI+.

Considering (3), the value ofyst from Eqs (29) and (30) is

ist= K? ykKecr, (31)
where

(32)
(1 —«i) + X2n2

The disproportionation is according to (31) a first-order reaction with
respectto M2H 1. If disproportionation would proceed according to the so-called
chemical mechanism by the following reaction:

rmri+~  n2M + ZIMZ2+ ()
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then the order of reaction of the disproportionation reaction of MZl~ would
be z2with respect to MZI+. (In the case of a chemical mechanism the order of
reaction could not be lower than 2.) Thus, if the order of reaction obtained
experimentally for 1is 1, this proves that disproportionation proceeds by
reaction (1) [2].

2.b) Under condition (27), the diffusion of the components participating
in the reaction similarly does not influence the process, but:

ka'\C1* (33)
In this case, from (1):
jst= U!l~ hglcl Uy1l (34)

Since on the basis of (33) kaxx kai® k”c” the following expression is
obtained for the steady-state potential:

Yyt — RT In + RT In g (35)
*iF
W hen condition (31) is fulfilled, (34) and (35) give the following relation-
ship for the rate of disproportionation (i.e. the formation of metal M and
MZ2+):
M=KXunnn (36)

where v = _Accordingly, if ag= 1,z2= 2,n2= 1 and a2= 0.5, then v—
zi
= 1/2. Thus, the order of reaction with respect to MZ1I"is 1.5. If z2— 3 and
n2= 2, the order of reaction will be 2.
2.c) Under condition (27), let the relative value of constant in Eq. (2)
be the following:

kiR << X 2, kkl > X-y m< k2, kai X Icl (37)
Then from (2):
jt— z21xi ci= zX 1m (38)
k/n d— ~K, K + — K,

As shown by Eq. (38), the rate of formation of metal M and of MZ2+
depends then on hydrodynamic conditions.

It follows from (38) that in this case kkl = ka2 so that the potential
established at the electrode is given by Eq. (30), i.e. the electrode potential
is independent of the concentration of M71 and MZ2+ and of hydrodynamic
conditions.
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When Eq. (38) is valid, kkl = kOi, hence, from (38):

st — ra2-"Nici (39)
z2

As follows from Eqs (38) and (39), the order of reaction of the process
with respect to M2l+ is 1 also in this case.

2.d) In addition to condition (27) the following conditions are fulfilled:
kai A-jG 5 kki XA ka25 kk2 X2 (40)

The steady-state rate of the formation of metal M and of M2I+ is then:

«

. A n271 1333
Jt—n2ko <" o = TMa (41)
ki bkr 72

Thus, the diffusion of M2l+ to the electrode surface and that of M22+ from the
surface are hindered processes.
From (41) the steady-state potential is:

RT i
est= RT In n X1 D RT oy (42)

z2F Kai Kkt znF 7202 70F

Hence, the rate of the process is dependent on the hydrodynamic condi-
tions, while the steady-state potential is not.

On the basis of the above conclusions can be drawn from the Kkinetic
parameters on the mechanism of the reactions, and on the rate-determining
process.

Further information on the kinetics and mechanisms of the processes
proceeding by the action of the own metal ions can be obtained when using the
rotating ring-disc electrode. As is well known [10], the electroactive com-
ponent formed at the disc, which does not react there chemically or electro-
chemically, can be voltametrically determined at the ring. If the electroactive
component formed at the disc is absent in the solution, the limiting current
which can be measured at the ring [10] is:

IR= SDN ~ j (43)
zZ

where j is the current density expended at the disc for the production of the
electroactive component, Sp = nr is the surface of the disc electrode (rx=
radius ofthe disc), n is the change in charge number occurring (during the volta-
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metric determination at the ring), z is the change in charge number of the
electrode process taking place at the disc electrode, and N is the geometrical
factor of the electrode.

In cases l.a), b), c), d) and e) discussed above, the limiting current of the
oxidation of MZI+ formed at the M disc electrode to M2+ can be measured at

the ring. In this case,j in Eq. (43) is equal to /st= ——/st (see Eq. 6a), n = n2
z2
and z = zr Thus, in the case discussed, the limiting current to be measured at

the ring electrode is:

= SDN — jst (44)*

*i

From Eq. (44),«/st, the rate of dissolution of metal M, proceeding sponta-
neously under the given conditions, can be calculated from the oxidation limit-
ing current IR, easy to measure:

e zZi i
M z2 SAN

On the other hand, in cases 2.a), b), ¢) and d), when disproportionation
takes place at the disc electrode, the limiting current IRi of the reduction of
M22+ to M2+ can be measured at the ring. Now, the change in charge number
occurring at the ring is n — —n2 the change in charge number of the process
proceeding at the disc is z = n2 while jsi is to be written instead ofj. Thus:

lr, = —SDN jsi (46)

For easier survey, Table | summarizes for the cases discussed above the
IRl oxidation and the I”2reduction limiting currents to be measured at the ring
of the rotating ring-disc electrode, as well as the values of the steady-state
potentials to be measured at the M electrode.

According to the results of Molodov, Janov and Losev [3, 4], obtained
for rotating copper disc and platinum ring electrode in methanol solution con-
taining CuS04, at low speed of rotation, case l.e) discussed above is realized,
ie. is proportional to the square root of the speed of rotation, and the
steady-state potential is independent of stirring. W ith increasing speed ofrota-
tion case l.b) begins to be realized, and accordingly, changes more slowly
with the speed of rotation, in the limit case proportional to its 1/6 power,
while the steady-state potential is shifted in negative direction with increasing
speed of rotation of the electrode.

*In the analogous expression in Ref. [4], the surface of the ring electrode, Sr, is errone-
ously written instead of SO, the surface of the disc electrode.
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The rotating ring-disc electrode has in the given case the advantage
that £st, the steady-state potential of the metal electrode M and the volta-
metric limiting current of the ring electrode can be easily and accurately
measured. From the dependence of these quantities on metal ion concentration
and on the speed of rotation of the electrode, unequivocal conclusions can be
drawn on the mechanism of the process and on the rate determining step, and
in certain cases (e.g. in case l.e)) even on the equilibrium.
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The morphology of PYA hydrogels of different supramolecular structures formed
under various conditions has been studied by transmission electron microscopy. A meth-
od for the augmentation of the contrasts of supramolecular elements is described.
There is a good agreement between structural features directly observable in the electron
microscope and the physico-chemical properties of the gels as determined previously.

Introduction

The theoretical relationships connecting the structure of 3-dimensional
networks and their physico-chemical properties are based on conformational
models involving ideal networks with chains of a Gaussian distribution between
junctions ofthe network. W ith certain modifications, the equation ofthe elastic
state is valid for swollen 3-dimensional networks too [1, 2].

The structure of 3-dimensional macromolecular networks formed in
solution is usually not ideal and depends primarily on the initial concentration
of the polymer and on the degree of cross-linking.

Relative to the accepted fundamental model, the network structure may
have defects on either the macromolecular or the supermolecular level. The first
type (rings, closed and permanent loops, functional groups not reacted in
stoichiometric proportions, etc.) does not alter strongly the original spatial
distribution of segments and macromolecules. However, the second type brings
about pronounced deviations from the ideal network since it affects the net-
work elements formed by the arrangement of macromolecules on a higher
level.

It seems reasonable to expectthat deliberate alterations of the size, shape,
inner structure and spatial distribution of the supramolecular network ele-
ments may lead to substances possessing a wide variety of properties. This is
the basis of some practical applications of separation techniques. The biological
implications of this topic are obvious.

In an earlier work [3, 4, 5] poly(vinyl alcohol) hydrogels of various
structures were subjected to a systematic and complex study primarily to
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elucidate the mechanism of their formation. We have found that, although the
unreactive polymer of lower molecular weight continuously increases the con-
centration of supramolecular elements (as shown by the monotonie increase of
the modulus ofelasticity ofthe gels), it passes through asharp maximum and the
size of the elements through a minimum as a function of the additive concen-
tration. Probably the extreme values of the physical properties are not due to
size effects alone but also to changes in the shape and spatial distribution of
the elements. However, the methods generally used for the study of gel struc-
tures do not provide information on these features.

Therefore, as a complement to previous optical, mechanical and swelling
tests, we now report electron microscopic results for poly(vinyl alcohol) hydro-
gel. The method of sample preparation used in this work for soft, swollen gels
may be applied in the study of wet biological specimens too.

Experimental

Materials. Poly(vinyl alcohol), PVA, hydrogels were prepared from commercial
Rhodoviol 16/20 (Mr] =1.0x105 via alkaline hydrolysis and fractionation. The unreactive
polymeric additive was poly(vinylpyrrolidone), PYP (FLUKA K-30: Mij = 4.0 X104, and

K-90 : Mr) = 3.6 X105. PYA was cross-linked with glutaric dialdehyde (GDA) carefully
purified by distillation.

Preparation of gels. The gel membranes were prepared as described earlier [5].
Some data of the gels prepared from PVP-containing solutions are listed in Table I.

Gel preparation for electron microscopic study. Considering the possibilities avail-
able, the so-called embedding technique was used for fixing the gel structure. This involved
the exchange of the swelling fluid (water) for a monomer or a mixture of monomers which,
after polymerization, turns into a substance with properties suitable for being cut into thin
sections. It is very important that exchange for the monomer and its polymerization should
not lead to structural changes. Since the electron densities of the loose, incompact gel structure
and the embedding polymer do not differ strongly, the electron micrographs will not be rich
in detail. In order to enhance the contrasts of supramolecular structural elements, we have
devised a simple method based on the following considerations.

It is known that the colloidal stability of gold and silver sols can be substantially in-
creased by the addition of suitable macromolecules [6], owing to the interaction of macro-
molecules and sol particles. Thus, if a high dispersity metal sol is prepared in a maeromolecular
system of fixed spatial structure, its particles will be bonded to the maeromolecular matrix
in densities depending on the local concentration of macromolecules. Consequently, electron-
scattering should be weaker in low, and stronger in high segment density areas.

Based upon these suppositions, the samples were prepared in the following way. The
gels were soaked in 0.02 N silver nitrate, followed by reduction to metallic silver by the slow
addition of a 2.5 % aqueous hydrazine hydrate to the gel films. As a result, slightly yellow-
brown gel membranes were obtained, which remained transparent if the original samples were
transparent. This ‘silvering’ permits prior fixation of the structure under very mild conditions,
which reduces the sensitivity of the gels to solvent replacement.

In the gels thus prepared water was replaced by anhydrous ethanol in four steps. After
this ethanol was replaced, also in four steps, by a 1: 1 mixture of methyl methacrylate and
butyl methacrylate. The degree of gel swelling did not change significantly during these
operations. The system was polymerized at 60 °C by the addition of 1% benzoyl peroxide.

From the embedded samples, having the shape of a pyramid, sections 60—80 nm thick
were cut with a Reichert Om U2 type ultramicrotome.

The sections were placed on a microgrid specimen holder fitted with a formvar support
membrane and exposed directly in an ELMI D2 Carl Zeiss Jena type transmission electron
microscope.
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Table 1

Characteristics of the gels used

No. PVA cpyp n “weight
I 27.0 0 20 9.3
2 27.0 13.5 20 8.6
3 27.0 108.0 20 15.0
4 27.0 0 100 52.8
5 27.0 13.5 100 43.0
6 54.0 0 20 5.0
7 54.0 13.5 20 5.3
8 54.0 0 100 16.8
9 54.0 13.5 100 17.1

10 54.0 108.0 100 17.8

11* 27.0* 4.5% 20* 8.6*

¢ = concentration (g/dm3) of the polymer in the initial system
n= PVA to mole ratio
~ GDA

(lweight = degree of swelling of the sample at 25 °C in distilled water
Data marked with an asterisk refer to a system containing PYP of K-90 type

Results and discussion

M agnification by 12,000 was found to be the most suitable for the obser-
vation of the structures formed under various conditions. Figures 1to 11 show
the results of our electron microscopic studies.

The micrographs reveal that this technique of preparation with silver
produces excellent contrasts between supramolecular elements and the embed-
ding polymer. It is to be seen that the silver particles precipitated are in most
cases very small indeed, perhaps smaller than 10 nm. The black spots (cf. Figs
2,4, 9 and 10) are due to coarser grains of silver due to imperfect preparation.

It is useful to analyze these pictures by comparing the structure-deter-
mining factors (concentrations ofthe polymers present, degree of cross-linking)
with the physico-chemical properties of the resulting structures.

In agreement with experimental results reported in the literature [2],
we have shown earlier that the lower the concentration of the polymer that
forms the three-dimensional network and the higher the degree of cross-link-
ing, the more inhomogeneous the structure obtained [7]. With decreasing
degree of cross-linking, the structural differences gradually disappear. The
former statement is illustrated by samples 1 and 6 in Figs 3 and 9, and the
latter by samples 4 and 8 in Figs 1 and 6.
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Fig. 2
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Special attention should be paid to the reticular structure made up of
very small globules, as shown in Fig. 3. Among the four samples, this exhib-
ited the highest turbidity. Further we may mention that in gels of the lowest
degree of cross-linking (Figs 1 and 6) the supramolecular elements are rather
incompact, and that their size (a few hundred nm) agrees well with the results
of structural studies [8] on moderately concentrated aqueous PYA solutions.

In connection with earlier studies the evaluation of the effect of the
unreactive PYP additive upon the gel structure seems to be of special interest.
Figures 3, 4 and 5 are the electron micrographs of gels prepared from mixtures
with an initial PVA concentration of 27 g/dm3 and the same degree of cross-
linking (n = 20) but with various contents of PVP. Clearly, already at a con-
centration of 15 g/dm3 PVP (Fig. 4) the spatial arrangement of the supra-
molecular elements is significantly changed. Compared with gels without PV P,
this structure is apparently homogenized. Conversely, at a high concentration
of PYP, viz. 120 g/dm3 (Fig. 5), a very porous, incompact structure emerges.
In agreement with these data the gels with the most compact structures show
the highest modulus of elasticity. Essentially the same effect is in evidence in
the case of samples with a lower degree of cross-linking (n = 100, cf. Figs 1
and 2); however, here smaller changes in both the mechanical properties and
the structure are to be observed. Further, comparison of Fig. 1 with Fig. 2
explains our former finding that the size of the supramolecular elements
initially decreases when PVP is added.

Essentially the same statements are valid for the electron microscopic
structures of gels formed from solutions of higher PVA concentrations (Figs
6, 7 and 8).

As far as morphology is concerned, it is worth mentioning that in more
dilute and strongly cross-linked PVA systems preferably globular structures
are formed, whereas mixtures which contain more PVA and have a lower degree
of cross-linking favour bundled structures (cf. Figs 5 and 8).

Strongly cross-linked systems with high concentrations of PVA signifi-
cantly differ from those considered. The relatively homogeneous structure of
the gel obtained in the absence of PVP (Fig. 9) turns highly porous when a
small amount of PVP is added (Fig. 10). This is accompanied by the deteriora-
tion of the mechanical properties and a substantial reduction of the modulus
of gel elasticity.

Special attention is directed to the electron micrograph shown in Fig. 11,
which illustrates the efficiency of the preparation method.

This gel was made in the presence of PVP of a high molecular weight;
here the three-dimensional network did not turn into an inhomogeneous struc-
ture but, owing to the incompatibility of the unreactive polymer with the net-
work formed, the former separated and became fixed in the form of globules
or droplets within the gel as a matrix. Other studies [5] have unequivocally
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Fig. 4
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Fig. 5
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Fig. 7

Fig. 8
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Fig. 9

Fig. 10
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Fig. 11

shown that this process occurs. By the ‘silver contrasting’ method, it was thus
possible to delineate the boundary surfaces of the microphases of a polymer
solution embedded in a relatively soft gel matrix.
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The diamagnetic susceptibilities of several monosubstituted benzenes and iso-
meric monosubstituted naphthalenes were determined by the Curie method. The lower
IM values for the a-isomers are explained on the basis of differences in the conjugation
of the substituents in positions 1 and 2 with the ring. A comparison of the Van Vleck
paramagnetism of monosubstituted benzenes calculated by the method of Dorfman [19]
with that of the respective naphthalene derivatives shows that the magnetic suscepti-
bilities of the a-naphthyl derivatives are influenced largely by peri-methine steric
hindrance.

As the n electron density at all positions in the naphthalene ring is unity,
it may be expected that positions 1 and 2 in naphthalene would be attacked
equally by reagents. However, such an attack also depends on the polarizabil-
ity of these two positions. In naphthalene, position 1 has a larger polarizabil-
ity [1] (0.44) than position 2 (0.41) and hence the different positions in naph-
thalene have different conjugating abilities. The magnitude of conjugation is
represented by the contributions of the ionic structures to the resonance hy-
brid. There is considerable spectroscopic and chemical evidence to show the
extent of conjugation of a substituent.

In general, substituents produce bathochromic shifts in the positions of
the absorption bands of a compound, whose magnitude is determined by the
extent of conjugation. The shifts in the wavelength of the absorption bands of
a-substituted naphthalenes is always greater than that for isomeric ~-substi-
tuted derivatives. De Laszi16 [2] has found from the spectral studies of various
monosubstituted naphthalenes that the calculated moments of inertia are
less for the a-isomers than those for the /5-isomers. Dipole moment studies by
Nakata [3], Everard and Sutton [4], and Batsanov and Pakhonov [5]
on monosubstituted naphthalenes suggest that the moments of /5-isomers are
higher than those ofthe a-compounds. The molecular polarizabilities and Kerr
constants [6] of monosubstituted naphthalenes suggest that rotational iso-
merism exists in all these compounds and that the /5-isomers have higher Kerr
constants than the a-isomers.

While a number of studies have been made to find structure-reactivity
correlations for naphthalene derivatives, from absorption spectra, dipole
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moments, etc.,, only a very limited amount of work has been done on these
compounds regarding the effect of the position of the substituent on the
diamagnetic susceptibility. Pacautt [7] has determined the diamagnetic
susceptibilities of hydroxy, amino and acetyl derivatives of naphthalene and
observed no significant variation in the molar susceptibilities of the isomeric
compounds. However, Luferova and Syrkin [8] have concluded from similar
studies that /S-isomers show considerably greater values than the corresponding
a-isomers. This result is of some significance. It is well known that the XcH2
increments obtained from benzene and toluene, chlorobenzene and chlorotolu-
ene are less than the normal value of 11.66, which is generally found in aliphat-
ic compounds [9]. This is due to several interaction terms that are introduced
on disturbing the sixfold symmetry of the benzene ring by the replacement
of a group or an atom, and other conjugation effects. Since the self-polariza-
bilities of positions 1 and 2 in the naphthalene ring are different, the interac-
tion terms that modify the total diamagnetic susceptibility of the compound
should also be different when substitution takes place in these positions. There-
fore a systematic magnetochemical investigation of a- and /~-substituted naph-
thalenes might be of interest. Naphthalene derivatives containing the follow-
ing substituents in the a- and /3-positions were chosen for the present study:

—CH3, —Cl, —Br, —OH, —OCH3, —NH,, —NHCOCH3, —COCH3
—SH, —SCH3 and —NO,

The diamagnetic susceptibilities of the corresponding monosubstituted
benzenes were also determined with a view to compare the effect of the sub-
stitution of those groups in the benzene ring and in the naphthalene ring.

Experimental and results

The substances were purified by standard methods and the purification
was continued until they gave constant susceptibility values. The magnetic
measurements were made by the Curie retorsion method as given in a previous
publication [10].

The specific and molecular susceptibilities obtained for monosubstituted
naphthalenes are given in Table I. In Table Il the specific and molecular sus-
ceptibilities ofthe monosubstituted benzenes are listed. The standard deviation
of the specific susceptibilities are also given along with the susceptibility values.

Discussion

On comparing the magnetic data forthe a- and/3-substituted naphthalenes,
it is seen that the a-substituted compounds show a diminution in diamagnetism
relative to the corresponding /3-isomers. In interpreting the observed magnetic
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Table |

Diamagnetic susceptibilities* of monosubstituted naphthalenes

Molec.

No. Substance weight Zgxlo* *Mxio*
| Naphthalene 128.16 0.718+ 0.001 91.96
2 a-Methylnaphthalene 142.19 0.719+ 0.001 102.20
3 /3-Methylnaphthalene 142.19 0.729+ 0.002 103.60
4 a-Naphthol 144.16 0.660+0.002 95.19
5 /S-Naphthol 144.16 0.680+ 0.003 98.06
6 a-Naphthyl methyl ether 158.19 0.660+0.003 104.28
7 /"-Naphthyl methyl ether 158.19 0.690+ 0.002 109.10
8 a-Chloronaphthalene 162.61 0.634+0.002 103.00
9 /S-Chloronaphthalene 162.61 0.660+ 0.002 107.30
10 a-Bromonaphthalene 207.07 0.540+ 0.001 111.80
1 /3-Bromonaphthalene 207.07 0.570+ 0.002 118.00
12 a-Naphthylamine 143.18 0.672+ 0.002 96.23
13 /S-Naphthylamine 143.18 0.702 + 0.002 100.48
14 a-Naphthoic acid 172.17 0.604+0.002 104.00
15 /S-Naphthoic acid 17217 0.615+0.002 105.60
16 /S-Thionaphthol 160.22 0.690+ 0.002 110.50
17 a-Acetamidonaphthalene 185.22 0.607 + 0.001 112.40
18 /1-Acetamidonaphthalene 185.22 0.634+0.001 117.40
19 a-Acetylnaphthalene 170.20 0.628 + 0.001 106.80
20 /?-Acetylnaphthalene 170.20 0.647+0.002 110.00
21 Methyl-a-naphthyl sulfide 174.26 0.677 + 0.001 118.00
22 Methy]-/j-naphthyl sulfide 174.26 0.695+0.001 121.00
23 a-Nitronaphthalene 173.16 0.555+0.002 96.02

*The susceptibilities are given in this paper in CGS units. To convert them into SI
units the susceptibilities should be multiplied by 4?tx106

susceptibilities of polyatomic molecules, different interacting terms that modify
diamagnetism should be considered. This is more so in highly conjugated sys-
tems like naphthalene derivatives. Also, it is quite obvious that the contribu-
tions arising from different interactions are not strictly additive and therefore
the magnitude of the individual contributions could notbe sorted out. The prob-
lem becomes more complicated when the number of substituents in the ring
is increased. However, in the monosubstituted naphthalenes, the interaction
terms are reduced to a minimum. For a comparison between the two isomers,
the conjugation of the substituents with the naphthalene ring should be con-
sidered.
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Table 11

Diamagnetic susceptibilities* of monosubstituted benzenes

Molec.

No. Substance weight *sxlo« *MXIO«
I Toluene 92.13 0.714+ 0.003 65.78
2 Chlorobenzene 112.56 0.618+ 0.002 69.56
3 Phenol 94.11 0.651+0.002 61.27
4 Anisole 108.13 0.669+0.001 72.34
5 Aniline 93.12 0.674+0.002 62.76
6 Benzoic acid 122.12 0.579+0.002 70.71
7 Acetophenone 120.14 0.603+0.002 72.44
8 Bromobenzene 157.02 0.518+ 0.003 81.34
9 Nitrobenzene 123.11 0.499 + 0.002 61.44

*As given in Table I.

The application of dipole moment measurements as an analytical tool for
the determination of configuration is now widely recognized. The dipole mo-
ments of a- and /5-substituted naphthalenes reported by many investigators,
pertinent to our present discussion are given in Table III.

It is evident from Table Il that the moment of the /5-isomers is generally
greater than those of the «-isomers, irrespective of the nature of the substit-
uent. This may be due to the differences in conjugation of the substituents in
the two positions. This difference in the conjugation of the substituent groups
with the naphthalene ring was explained by many authors in terms of steric
inhibition of resonance due to the presence of the peri-methine group in the

Table 111

Electric moments* of a- and RB-isomers

Substituent Solvent Temperature, Moment Ref.
°c a R

—COCH3 C6H 6 30 2.89 3.08 [ii]
-Cl CéH 6 25 151 1.65 [12]
-Br caH6 20 1.58 17 [13]
—CH C6H 6 20 1.40 1.53 [14]
- no2 C6H 6 20 3.88 4.36 [15]
—nh2 c6HO 20 1.49 1.77 [15]

*The dipole moments are given in D units; to convert them into cm units these figures
should be multiplied by 0.2998 x 1030

Acta Chim. Acad. Sei. Hung. 96, 1978



SHANMUGASUNDARAM: DIAMAGNETIC STUDY 155

case of a-derivatives. Therefore, it seems reasonable to assume that the lower
XM obtained for the a-derivatives relative to the /A-compounds may be due to
this peri-methine hindrance. Also the lower susceptibility values of the a-deriv-
atives may be due to the smaller sum-total of a2values of these molecules.
A more thorough examination of the effect can be made by comparing the
observed susceptibilities with the calculated values. Since the latter cannot
be obtained easily by purely theoretical methods of evaluation, empirical and
semi-empirical methods should be employed.

Different methods of obtaining the theoretical values and their relative
advantages are discussed in detail elsewhere [16]. The XMvalues for the mono-
substituted naphthalenes were calculated by different methods and are given
in Table IV.

Table TV

Calculated and experimental diamagnetic susceptibilities
of monosubstituted naphthalenes

i Experimental
Theoretical X 10® 'EI\/IXi0®
No. Compound
Ingotd [17] Pascal [18] Dorfman [19] Yang [20] a I

| Methylnaphtha-

lene 103.5 104.95 101.53 103.83 102.20 103.60
2 Naphthol 96.30 98.00 94.23 98.33 95.19 98.06
3 Naphthyl methyl

ether 108.10 110.25 105.53 109.11 104.28 109.10
4  Chloronaphtha-

lene 106.00 109.20 105.03 106.15 103.00 107.30
5 Bromonaphtha-

lene 115.30 115.85 112.53 117.55 111.80 118.00
6 Naphthylamine 100.20 103.70 98.58 100.46 96.23  100.48
7 Naphthoic acid 105.60 104.40 101.73 106.91 104.00 105.60
8 Thionaphthol 106.70 — — 107.83 - 110.50
9 Acetamido-

naphthalene 116.30 122.35 118.08 120.92 112.40 117.40
10 Acetyl-

naphthalene 107.00 111.35 109.03 112.40 106.80 110.00
11 Methyl naphthyl

sulfide 118.50 119.71 118.00 121.00
12 Nitronaphtha-

lene 97.60 97.55 96.08 98.53 96.05 —

Table IV suggests that fairly consistent values were obtained by different

methods of evaluation. Generally, it may be seen that the experimental

values of all the ~-isomers studied agree closely with the theoretically calcu-
lated values.

Methylene increment

For the compounds studied it is possible to calculate the methylene incre-
ment from both a- and /1l-isomers (Table Y).
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Table V

Methylene increments in substituted naphthalene

CHz2 increment (%m)

a P
Cl0H8
CIOH.CH3 10.24 11.64
C10H 70H
CI0H70CH3 9.09 11.04
C10H,SH
C10H;SCH3 10.5

The replacement of a hydrogen by a CH3group in the /5-position produces
a methylene increment of 11.64, whereas in the a-isomer a methylene increment
of 10.24 results. However, the methylene increments found on passing from
—SH to —SCH3and from —CH to —OCH3for the a-position are significantly
lower. This is understandable if one takes into account the steric factors.
The a-methoxy group is sufficiently bulky to interfere with the peri-hydrogen
atom, so free rotation is inhibited, if not totally excluded.

Fig. 1

This steric overlap ofthe substituent groups in the a-position with the hyd-
rogen in position 8 strongly distorts the electron clouds and thus bring about
changes inthe Van Vleck paramagnetic term. The conjugation ofthe group with
the ring is also affected to a large extent. However, the methylene increments
for these groups in the /3-positions are also significantly lower. Though this
could not be adequately explained, it may probably be accounted for by consid-
ering the differences in the conjugation of these groups with the aromatic ring.

The conjugating abilities of different groups with the naphthalene ring
can be better understood by comparing them with those for a benzene ring.
The Van Vleck paramagnetic term in a polyatomic molecule arising due to
the constraints involved in bond formation can he approximately calculated
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by the method of Dorfman. In this method, Langevin’s diamagnetic term
(%d) f°r many atoms and groups was calculated from polarizability data for
a series of aliphatic compounds and then the paramagnetic contribution of the
groups was computed by successively extending these values to more strongly
conjugated systems. Therefore, it is clear that whereas this method should yield
very consistent values for non-conjugated systems, the values obtained for
highly conjugated systems such as those of benzene derivatives and other poly-
nuclear aromatics will only be approximately true since the bond interaction
terms introduced in the form of paramagnetic terms would vary with the dif-
ferences in the conjugating abilities of the groups- or atoms. Therefore, one
method of studying the bond interactions that are involved in the conjugated
systems is to find the apparent paramagnetic contributions of the compounds
that are calculated by subtracting from the observed molecular susceptibilities,
the diamagnetic susceptibilities (3id) obtained from polarizability data. The
diamagnetic bond constants given by Dorfman were derived mostly from
polarizability data for the aliphatic compounds where conjugation effects are
minimum and therefore these values can conveniently be used for the evalua-
tion of >ip(apparent)- The apparent paramagnetic contributions for monosubsti-
tuted benzenes and monosubstituted naphthalenes can thus be calculated and
compared.

The apparent Xp values calculated by the above method for monosubsti-
tuted benzenes and for naphthalene derivatives are given in Table VI. The
cumulative error involved in the calculation of Xd by using the bond constants
given by Dorfman is iO.5 units.

Table VI

Apparent paramagnetic contributions of various monosubstituted benzenes
and naphthalenes calculated by the method of Dorfman

Monosubstituted naphthalene Monosubstituted benzene *p Xio® for
X
No. Substituent SUSCGF;(UMI«IW ag x0.1509 Vi Ne *d+x0|l05e dgrei?lza?vees ?ﬁr;?snhé Atﬁ';fepni'
a R

| -CH3 102.20 103.60 119.13 65.78 76.98 11.20 16.93 15.53
2 -Cl1 103.00 107.30 124.63 69.56 82.48 12.92 21.63 17.33
3 -OH 95.19 98.06 116.13 61.27 73.98 12.71 20.94 17.07
4 —OCH;] 104.28 109.10 128.13 72.34 85.98 13.64 23.85 19.03
5 - nh2 96.23 100.48 116.18 62.76 74.03 11.27 19.95 15.70
6 —COOH 104.00 105.60 132.13 70.71 89.98 19.27 28.13 26.13
7 —COCHS3 106.80 110.00 136.13 72.44 93.98 21.44 29.33 26.13
8 —Br 111.80 118.00 141.70 81.34 99.43 18.09 29.90 23.70
9 - no2 96.02 130.18 61.44 88.03 26.59 34.16
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Considering the error involved in the calculation of these values, the
paramagnetic values between of monosubstituted naphthalenes and the re-
spective monosubstituted benzenes can be compared. Dorfman attributed a
paramagnetic value of 1.6 units to each CT_rC bond inthe ring system and hence
a difference of 8 units in Xp value should normally be expected upon going
from a benzene derivative to the corresponding naphthalene derivative.
However, on passing from benzene to naphthalene, the observed paramagnetic
increment is about 5 units. This apparently indicates the increased delocaliza-
tion of the n electrons in the naphthalene rings. The delocalization of the
it electrons depends strongly on the substituent. Further, the steric effect
caused by the peri-hydrogen should also be taken into account. It can be
seen from Table VI that the Xp contribution on passing from a benzene deriva-
tive to the corresponding a-naphthalene derivative varies from about 5 to
12 units, whereas it is about 4—5 units in the /?-isomers. This large difference in
Xpin the case of a-naphthalene derivatives could be accounted for only by tak-
ing into account the peri-interaction in the a-derivatives.The nuclear magnet-
ic resonance studies of Dudek [21], the dipole moment studies of Lutakii
and Kochergina [22], Richards and Walker [23] and Balasubramanian
[11] on many substituted naphthalenes showed that the steric effect due to the
peri-hydrogen affected largely the conjugation of the groups in position 1 with
the ring.

From astudy ofthe reaction rates of naphthalene derivatives, it has been
shown by Packer,Vaughan and Wong [24] that the peri C—H group ofnaph-
thalene has a slightly greater steric effect than an ori/io-methyl substituent of
a benzene derivative, since the strain in a-methyl naphthalene is measurably
greater than that in o-xylene. These observations are consistent with the pres-
ent magnetic studies.

A similar observation was also made by Dippy, Hughes and Laxton
[25] from dissociation studies of naphthoic and benzoic acids. The conjugation
existing between the carbonyl group and the benzene ring, to be fully func-
tional, demands the favoured position provided by coplanarity. If the latter is
obstructed by bulky substituents in the adjacent position, by twisting of the
carbonyl group out of the plane of the ring, the —M effect of the carboxy
group is lowered and consequently the acid becomes stronger. Therefore, the
greater the obstruction of resonance, the stronger will be the acid. Hoop and
Tedder [26] and Fisher et al. [27] also observed an increased dissociation
constant for a-naphthoic acid relative to /5-naphthoic acid. However, the
strengths of /5-naphthoic and benzoic acid are found to be closely similar. In line
with these observations, it is found in the present magnetic investigations that
the paramagnetic increment on passing from a benzene derivative to the cor-
responding /5-naphthalene derivative is about 4—5 units in all compounds and
this is again closeto what is observed on passing from benzene to naphthalene.
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Studying the effect of substituents on the ultraviolet absorption hands of
naphthalene derivatives, Oskengaendler and Gendrikov [28] have taken the
displacement of the primary band (zZIA) as a measure of the magnitude of the
peri-effect in a-substituted naphthalenes and arranged the groups in the
order of peri-effect as Br > CIl> OCH3> COOH. Considering the magnitude
of the paramagnetic increment upon going from a benzene derivative to the
corresponding a-naphthalene derivative as an index of the extent of steric
hindrance, the order of peri-effect is suggested to be Br OCH3 COOH ]> ClI
from the present magnetic study. This order closely follows the one suggested
by Oskengaendler and Gendrikov.

REFERENCES

[1] Finar,: Organic Chemistry, p. 610. Longmans Green and Co. 1955

[2] De Laszi16, H. G.: Proc. Roy. Soc. (London), 111A, 355 (1926)

[3] Nakata, N.: Bull. Chem. Soc. Japan, 10, 318 (1935)

[4] Everard, K. B., Sutton, L. E.: J. Chem. Soc. 2312 (1949)

[5] Batsanov, S. S., Pakhonov, V. T.: Yestan. Misk. Univ. Ser. Fiz. Mat. Estesven. Nauk,
No. 1, 65 (1965)

[6] Le Fevre, Sundaram, A.: J. Chem. Soc. 4756 (1962)

[7] Pacault, A.: Ann. Chim., 12, 527 (1946)

[8] Luferova, M. A., Syrkin, Ya. K.: lzv. Akad. Nauk. SSSR Ot del. Khim. Nauk 380
(1954)

[91 Angus, W. R., Hollows, P. B. Stott, G., Khanolkah, D. D., Lewellyn, G. I. W.:
Trans. Faraday Soc., 55, 890 (1959)

[10] Shanmugasundaram, V., Sabesan, R., Krishnan, S.: Z Phys. Chem. (Leipzig), 252,
209 (1973)

[11] Balasubramanian, V.: Thesis, Annamalai University 1964

[12] Hampson, G. C., Weisseberger,: J. Chem. Soc., 393 (1936)

[13] Parts,: Z. Phys. Chem., 10, 264 (1930)

[14] Higashi,: Bull. Inst. Phys. Chem. Res. (Tokyo) 12, 771 (1933)

[15] Vasil’ev, V. G., Syrkin, Ya. K.: Acta Physicochimica URSSR 14, 414 (1941)

[16] Sriraman, S., Shanmugasundaram, V., Sabesan, R.: J. Annamalai Univ. Sei., 27, 213
1969

[17] In(gold), C. K.: Structure and Mechanism in Organic Chemistry, p. 193. Cornell University
Press, Ithaca 1953

[18] Pascal, P., Pacault, A., Hoarau, J.: Compt. rend. 233, 1078 (1951)

[19] Dorfman, Y. A.: Diamagnetism and the Chemical Bond, p. 353. Edward Arnold Publish-
ers Ltd. 1965

[20] Yang, T. Y.: J. Chem. Phys., 16, 865 (1948)

[21] Dudek, G. O.: Spectrochim. Acta., 19, 691 (1963)

[22] Lutakii, A. E., Kochergina, L. A.: Zh. Fiz. Khim., 33, 320 (1959)

[23] Richards, J. H.,, Walker, S.: Tetrahedron 20, 841 (1964)

[24] Packer, J., Vaughan, J., Wong, E.: J. Am. Chem. Soc. 80, 905 (1958)

[25] Dippy, J. F. J., Hughes, S. R. C,, Laxton, J. W.: J. Chem. Soc., 1470 (1954)

[26] Hoop, G. M., Tedder, J. M.: J. Chem. Soc., 4853 (1962)

[27] Fisher, A., Mitchell, W. J., Topsom, R. D., Vaughan, J.: J. Chem. Soc., 2892 (1963)

[28] Oskengaendler, G. M., Gendrikov, E. P.: Zh. Obshch. Khim., 29, 3857 (1959)

Y. Shanmugasundaram, Annamalainagar 608101, Tamil Nadu, S. India

Acta Chim. Acad. Sei. Hung. 96, 1978






Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96 (2), pp. 161—166 (1978)

INFRARED STUDIES ON ANILS AND THEIR
COMPLEXES, 11

R. K. Upadhyay,* Rashmi R. Bansal, A. Kumar and Aran K. Bajpai
(N.R.E.C. College, Khurja-203131, India)

Received February 9, 1977
In revised form August 11, 1977

Ketoanils obtained by reacting 3-benzoylmethylglyoxal with different sub-
stituted primary aromatic amines have been characterized by infrared spectroscopy.
The effect of the nature and position of substituents on the azomethine group of anils
has been studied.

Four anils derived from p-dimethylamino-, p-diethylamino-p-bromo- and p-
iodoanilines have been used for complexation with Os(VIIl) and Au(lll), and the sites
of coordination, relative stabilities and structures of the complexes have been deduced
from the IR spectra.

Introduction

In continuation of our previous work on infrared studies of anils [1—4]
and their complexes [5—=8], the present communication reports the extensive
infrared studies of several new anil products of 3-benzoylmethylglyoxal and
aromatic primary amines and their complexes. In this paper we deal with the
influence of the nature and position of the substituent on the characteristic
azomethine (C= N) groups of anils, the influence of electron repelling ability
ofthe /wra-substituent on the complex stability, and stability orders and struc-
tural changes during complexation. Almost all the principal bands in each anil
spectrum have been characterized.

Experimental

The methods of the synthesis and analysis of anils have been reported [9]. Complexes
isolated following the method of Upadhyay and Bansa1 [10] were analyzed for their nitrogen
and metal contents at C.D.R.l. Lucknow and the results are presented in Table Il. The molar
conductance (JIM) of the complexes (Table I1) was determined with Toshniwal’s conductivity
bridge. Infrared spectra of the anils in KBr pellets were recorded on a Perkin-Elmer infracord
spectrophotometer; the frequencies with their tentative assignments [1—8, 11—14] are given
in Table I. The IR spectra of the anils and their complexes were recorded on a Beckmann 621
spectrophotometer in Nujol mull using CsF optics.

Results and discussion

The influence of the nature and position of the substituents has been
studied on the characteristic azomethine group of the anils. In order to study

* Postal address; 57, Chhatta Street, Khurja-203131, India
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the effect of the nature of the substituent, /xira-substituted anils have been
selected as this position is the most effective in establishing the characteristics
of the molecules. In para-anils the azomethine group frequencies follow the
order OCH3< N(C2H52< OH< I < Br< C6H4—R < NO, < N(CH32< ClI,
which is identical to the order of electron withdrawing nature of the sub-
stituents, except for the N(CH3)2group, which shows a higher frequency than
expected. This reveals that a weaker electron-withdrawing substituent will im-
part greater stability to the C= N bond. The effect of the position of the azo-
methine substituent has been studied on all the ternary and binary isomeric

Table 11

Formulas, analyses and molar conductances of the complexes

Analysis Molar
Formula Nitrogen (%) Metal (%) c(glnet:;:rc;?;lci(e:
Calcd. Found Calcd. Found nature)
0s0,AX14 5.87 5.71 20.13 20.00 37.27
(1:4)
0 s0 B2C14 5.54 5.44 19.01 19.20 30.51
(1:4)
0s02CCl4 2.73 2.61 18.72 18.60 28.73
(1:4)
0s02D2Cl4 2.50 2.44 17.14 17.00 27.80
(1:4)
AuCC13 221 2.13 31.13 31.00 18.25
(1:1)
AuDClIj 2.05 1.93 28.98 28.74 18.05
1:1)

sets of anils. In all the isomeric anils the azomethine group frequencies fall in
the order m <p < o, except in nitroanils, which show a reverse order on
account of the highest electron-withdrawing character of their substituted
group. These results evidently show the maximum stability of meia-anils
with CeH4—R, OH and OCHS3 substituents, whereas nitro substituents will
impart maximum stability on ortho-anils.

The infrared data (Table Il1) of the anils derived from p-dimethylamino-
p-diethylamino-, p-bromo- and p-iodoanilines (abbreviated as A, B, C and D,
respectively) and their complexes reveal considerable perturbation in most of
the frequencies of anils on complexation. Participation of the carbonyl and
azomethine groups of anils in coordination with metal ions is quite obvious
from the lowering of their frequencies on complexation. The appearance of new
bands corresponding to M—© and M—N bonds in the complex spectra is in sup-
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port of this fact. The shift for both the carbonyl and azomethine groups follows
the order M-——A > M—B > M—C > M—D (ligandwise) and Au(lll)—L >e
Os (VII1) —L (metalwise) in agreement with the M -0 and M-N bond frequency
orders or stability orders, respectively. The shift of ligand bands corresponding
to C=C (aromatic) to lower frequencies in their complexes indicates conju-

Benzenoid structure
of ligand (L)

Chmonoid structure
of ligand

R = C6H5CO

gation in the ligand upon chelation. If the doublet band appearing at 856,
834, 842 and 846 cm*“1in the ligands, respectively, is due to para-substitution,
then its change to a singlet and its shift to lower values in the respective com-
plexes may undoubtedly be attributed to the change from a benzenoide to a
quinonoide structure upon chelation. A third new hand, appearing only in the
spectra of the Au(lll) chelates in the frequency range of 314—342 cm-1,
has been assigned to the M—€Il bond.
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Table 111

Infrared frequencies of ligands and their
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856 s 830 w 838 s 834 m 830 m 826 s 842 s
762 s 720 w - 712 s - — 718 s
678 m 658 w _ 674 m 658 w 674 w 674 w

_ _ _ _ _ _ 630 w

_ _ _ _ _ _ 562 m

— — — — — — 496 w

- 494 w 480 w 490 m 470 w -

- 342 m - - 342 w - -

_ 322 m 300 s _ 318 w 282s, b

Jsh - shoulder; s = strong; m = medium; w = weak;

It is worth noting that the medium may alter the ligand frequencies but
not their frequency order. The intensity orders of the carbonyl, azomethine,
M—O and M-N bonds are the same as the orders of chelate stability.

From the above it may be inferred that each ligand is bidentate, offering
its adjacent carbonyl and azomethine groups for coordination. The benzoyl
carbonyl group, being at a more remote position, does not form a coordinate
bond with metal ions. The process of chelation and the chelate structures are
shown on p. 163.
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complexes in Nujol mull with assignments

AuCCus 0502C2Cls Ligand D AuDClg

3429 m, b — - 3405 m ,d

Z 3253 m _
3189 m, b

3101 w 3085 m 3133 m, b 3157 m

1648 m 1684 m 1688 w 1628 m

1564 m 1568 m 1584 s 1566 s

1600 m 1616 m 1620 s 1616 s

_ — — 1592 s

1504 m 1520 m 1522 m 1512 m

1218 w,b 1202 m - 1224 w

1196 w,b 1174m ,b 1190 s 1180 s

1136 m - — 1140 m

1100 m 1114 m 1122 m, b 1104 s

1068 s 1070 m 1090 m -

1016 m 1014 m 1004 m 1000 s
812 s 818 s 846 s 814 s
728 m 730 m, b 764 s 768 w
676 w — 678 m 652 w
612 in 626 m - -

- 530 m, b 570 m -
512 m

492 m 490 m 482 w 494 s, b
468 w 462 w - 462 m, b
332 m - - 314 s
296 m 282 m, b _ 290 m

d = doublet; b = broad; M — metal
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The alkaloid fraction A isolated from leaves (18 kg; air-dry) of Amsonia tabernae-
montana collected before flowering was fractioned further by partition based on the
base strength and by column chromatography: vincadine (3.45 g), epivincadine (64 mg).
(+)-6,7-dehydrovincadine (670 mg) and (+)-6,7-dehydroepivincadine (545 mg) were
obtained. The first two substances were subjected to fractional crystallization yielding
crystalline (—)-vincadine (1.8 g), (+)-vincadine (850 mg) and crystalline (+ )-epivin-
cadine (22 mg). The products were identified by physical constants, chemical reactions,
hemi-synthesis and mass spectrometry.

Furthermore, all stereoisomeric 3-hydroxymethylquebrachamine derivatives
corresponding to the 3-carbomethoxyquebrachamine derivatives were prepared and
their comparative mass spectrometric examination was carried out. The C3-epimers
could well be distinguished in these cases, too, and the results provided additional
evidence for the usefulness of mass spectrometry in the identification of stereoisomers.

Earlier, isolation of quebrachamine [1] and vincadine (3-carbomethoxy-
quebrachamine) [2] from leaves of Amsonia tabernaemontana grown in Hungary
was reported. Later, in a short communication [3] it was also published that
in the slightly alkaline alkaloid fraction isolated from the leaves all the four
possible stereoisomers of 3-carbomethoxyquebrachamine were identified;
these are (—)-vincadine (la), (-f-)-vincadine (lia) and their C3-epimers (llia
and IVa, respectively); furthermore, (-j-)-6,7-dehydrovincadine (Va) and its
Cj-epimer (Via) were isolated and their structures proved. Recently, Wenkert
et al. [4] effected the conformational analysis of these quebrachamine deriva-
tives by the use of the 13C—NMR technique.***

In view of the phytochemical, theoretical and preparative importance of
these natural indole alkaloids, details of our work not published up to now are
reported in this paper.

*** |n the present paper, the configurations of the C3 and C5 centres of asymmetry of
quebrachamine derivatives will be denoted as suggested in Ref. [4], in accordance with the
results of the conformational analysis.
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la: R=COOCH3 Ha: R=COOCH3

Ib: R=CH20H 11b: R=C» 20H Ilb: R=CH20H

IVa: R=COOCH3 Va: R=COOCH3 Via: R=COOCH3
IVb: r=ch2h Vb: R=CHZ20H VIb: R=CH 20H

Methods of isolation and results

Amsonia tabernaemontana grown at the Research Institute for Medical
Plants (Budakaldsz, Hungary) was used for our investigations. Since it had
been observed that after having cut the shoots in the spring or early summer the
fresh shoots appearing contained relatively higher amounts of alkaloids [5],
in the present work the green plant material from the third cutting was used.

The raw material (18 kg of air-dry leaves) was exhaustively extracted with
methanol as described earlier [1, 2]. The extract was purified and rutin and the
raw alkaloid mixture was isolated from it (Fig. 1).

After clarification, the main alkaloid, (-(-)-vincadifformine [6,5] (100 g),
was isolated from the raw alkaloid mixture in the form of crystalline hydro-
chloride. The other alkaloids were isolated from the mother liquor in the form
of a mixture of bases, and these were separated into two fractions by partition
utilizing differences in the base strength. Fractions A and B had contained the
weaker and the stronger bases, resp. (Fig. 2). Further on we shall deal with
fraction A only (as for fraction B, see Ref. [1]).

Previously, fraction A was subjected to chromatographic separation
on an alumina column and three sub-fractions were obtained (Ai, Ay and Aw,).
Sub-fraction Ay yielded tabersonine [1] and (-f-)-vincadifformine [6], while
lochnericine and tetrahydroalstonine [7] were isolated from sub-fraction A .
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Amsonia leaves

Extraction with methanol

Concentration

Addi'tionlof dilute Chlorophyll and
HoS04 wax
1
Cooling, crystallization — Rutin

1
Making alkaline,
extraction with benzene

Y

Crude alkaloid mixture

Fig. 1

Sub-fraction Ai containing the weakest bases yielded first only vincadine [2],
however, it was found later [3] that this consisted of vincadine and (-(-)-6,7-
dehydrovincadine isomers (Fig. 3).

The components of sub-fraction Ai were successfully separated on the
basis of the differences in their base strengths (Table 1) and their chromato-
graphic behaviour, as shown in Fig. 4.

When, similarly to the present processing procedure, first the main
alkaloid (-j-)-vincadifformine is separated from fraction A, there is no need
for separating the Ai and the other sub-fractions, and the most advisable
procedure is direct fractionation of fraction A according to Fig. 4. Of course,
in this case the components of the sub-fractions An and Am are present as

Table |
. pK*
Alkaloid (in 50% ethanol)
Vincadine 7.20
6,7-Dehydrovincadine 6.75
Epivincadine 5.20
6,7-Dehydroepivincadine 441
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Crude alkaloid mixture

1

Clarification with alumina

Ethanol + aqueous HC1

. I S (-f)-Vincadifformine
Cooling, crystallization------ hydrochloride

Making alkaline the mother
liguor, extraction with benzene

Benzene solution of
the alkaloid mixture

Separation based on differences
in base strength
(benzene-4% citric acid)

Benzene phase Citric acid phase
'weaker bases) (stronger bases]
Fraction A Fraction B

Fig. 2

Alkaloid fraction A

Chromatography on A12 3 column

Vincadine isomers and

1 Subfraction Aj 6,7-dehydrovincadine isomers
2 Subfraction Aj| t(E-l.i)-g-r;/oiR(i:re]igifformine (main alkaloid) and
3. Subfraction AnJ Liﬂ:igﬁ{ﬁ:monine and

Fig. 3
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contaminants, but can be removed relatively simply in the chromatographic
purification procedure (which is anyway necessary). (See Experimental.)

When working according to the above scheme, 18 kg of green Amsonia
leaves yielded 3.45 g of vincadine, 670 mg of (-|-)-6,7-dehydrovincadine (Va),
64 mg of epivincadine and 545 mg of (-f-)-6,7-dehydroepivincadine (Via).

The products (-)-)-6,7-dehydrovincadine (Va) and (-)-)-6,7-dehydroepi-
vincadine (Via) were obtained as chromatographically pure amorphous solids
(foamed, solidified evaporation residues). Both products were the pure dextro-
rotatory enantiomers, which could be confirmed unambiguously partly by
hemi-synthesis starting from authentic natural tabersonine (Xa) [8], partly by
their conversion in a catalytic hydrogenation process into (-f-)-vincadine (lia)
and (-(-)-epivincadme (IVa), respectively.

Vincadine isolated according to the scheme in Fig. 4 was a mixture of
the two optical antipodes (la and lia) where (—)-vincadine (la) was predomi-
nating (calculated to be about 85% of the mixture). Crystalline (—)-vincadine
(1,8 g) and (*-vincadine (850 mg) were obtained from the mixture by frac-
tional crystallization.

Similarly to the above cases, the epivincadine isolated was also a mixture
ofthe respective optical antipodes (llia and 1Va) and the laevorotatory enantio-
mer was predominating. Crystallization of the mixture yielded only (% )'epi*
vincadine in pure crystalline form (22 mg).

Alkaloid subfraction A]
|

1

Separation based on differences
in base strength
(benzene-4% citric acid)

Benzene phase Citric acid phase
(weaker bases) (stronger bases)
1
Separation based on differences Chromatography on
in base strength Alo03 column
(benzene-2% H2S04)
" 1
1. Vincadine

Benzene phase Acid phase 2  (+)-6,7-dehydro-

vincadine
(+)-6,7-dehydro L .
epivincadine Epivincadine
Fig. 4
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Chemical conversions and hemi-syntheses

A common characteristic of the natural alkaloids described above is that
the carboxylic acids formed in their acid hydrolysis can easily be decarboxy-
lated. In this way, (—)-vincadine (la) was converted into (—)-quebrachamine
(VII); (In-vincadine and ("J-epivincadine into ("J-quebrachamine; and
(+)-6,7-dehydrovincadine (Va) and (-}-)-6,7-dehydroepivincadine (Via) into
(+ )-6,7-dehydroquebrachamine (VIII), in high yields.

Va: R=H,- R'=COOCH3 VI
Via: R=COOCH3, R'=H

Rapid decarboxylation of the carboxylic acids fofmed as a result of hy-
drolysis is strongly related to the fact that in these quebrachamine derivatives
the carbomethoxy group is attached to C3. The carboxylic acid of structure
IXa can easily be protonated at the B carbon atom of the indole, with subse-
quent conversion into the /5-iminocarboxylic acid IXb; this can release carbon
dioxide in the well-known way [9] and the decarboxylated product IXc will
rearrange into the tautomeric compound, 1Xd, by proton migration.

When starting from tabersonine and vincadifformine, the hemi-synthesis
suggested first by Hoizey et al. [10] was applied in the preparation of all
3-carbomethoxyquebrachamine derivatives isolated, and this is partly of
preparative importance, partly constitutes additional evidence for the struc-
tures. Authentic [8] tabersonine (Xa) was converted into (-|-)-6,7-dehydrovin-
cadine (Va) and the C3epimer (Via); authentic [8] (—)-vincadifformine (Xb)
gave (-(-)-vmcadine (lia) and the C3 epimer (IVa); and authentic [6] (-)-)-
vincadifformine (X1) was converted into (—-)-vincadine (la) and the C3epimer
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(W a), in high yields. The products obtained from the hemi-synthesis and the
racemates prepared from them proved to be identical with the corresponding
natural Amsonia alkaloids in all respects.

The 6,7-dehydroquebrachamine derivatives can be saturated by catalytic
hydrogenation. In this way, (-f-)-6,7-dehydrovincadine (Va) was converted
into (-j-)-vincadine (lia) and (+)-6,7-dehydroepivincadme (Via) was converted
into (-j-)-epivincadine (IVa).

+ HCOOH
f VarJe.7; B= H, E=e'O0OGH3
1 Via: 16.7; R=COOCH3, R'=H
'Ha:*6.7-Rat; R=H, R'=COOCH3
Xb: 6.7saturated
IVa: -6.7-sat.; R=COOCH3, R'=H
+ HCOOH

la;, R=H, R'=COOCH3
Ilia: R=COOCH3 R'=H
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In methanol solution and in the presence of sodium methoxide, 3-carbo-
methoxyquebrachamine derivatives undergo epimerization. Particularly easily
can this be achieved with the sensitive 6,7-dehydrovincadine. The conversion
takes place also in benzene solution at room temperature in the presence of
silica gel.

The 3-carbomethoxyquebrachamine derivatives can be converted quan-
titatively by reduction with lithium aluminium hydride into the correspond-
ing 3-hydroxymethylquebrachamine derivatives. This fact is, besides its pre-
parative importance, another evidence for the structure of the natural alkaloids
isolated. In this way all the four stereoisomeric 3-hydroxymethylquebracha-
mines (lb, lib, Illb and IVh), as well as the two epimeric 3-hydroxymethyl-
6,7-dehydro-(-f-)-quebrachamines (Vb and VIb) were prepared. These deriva-
tives played a role in the conformational analysis of alkaloids of quebracha-
mine type carried out by Wenkert et al., too [4].

Mass spectrometric investigations

Mass spectrometric studies on vincadine isomers and 6,7-dehydrovin-
cadine epimers have been reported in earlier papers [2, 3]. Data of the low-
resolution and high-resolution mass spectra indicated unambiguously that
each of the vincadine isomers corresponds to 3-carbomethoxyquebrachamine
(la—1Va), while the 6,7-dehydrovincadine epimers correspond to 3-carbome-
thoxy-6,7-dehydroquebrachamine (Va and Via). The enantiomers (la and lia;
Ilia and IVa) had identical spectra, the C3 epimer pairs (la and llia; lia and
IVa; Va and Via) have mass spectra with significant differences which also
allowed making distinction between them.

The mass spectra of the products prepared by LiAIHj reduction from
vincadine isomers and 6,7-dehydrovincadine epimers confirm unambiguously
that all these compounds are 3-hydroxymethylquebrachamine derivatives
(Ib—VTb), and their mass spectrometric behaviour is very similar to that of the
analogous 3-carbomethoxy compounds. (Mass spectra of compounds Ib—VIb
are shown in Fig. 5.)

Similarly to the case of vincadine enantiomers (la and lia), the mass
spectrometric behaviour of the 3-hydroxymethylquebrachamine enantiomers
(Ib and lib) prepared from them was also found identical. In their mass spectra
an intense peak of molecular ions appears; the main fragments in the spectrum
can be deduced by assuming splitting of the 9-membered ring, similarly to the
case of quebrachamine [11] and 3-carbomethoxyquebrachamine [2] (see
Scheme 5). The splitting of the 9-membered ring involves processes a and ¢
being particularly important in the present case. Process a occurs practically
only in the H-migration version, and both molecule parts can be observed as
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Fig. 5

charged particles (m/e 130 and 182). At the same time, process c¢ occurs fre-
quently without H-migration, too, and then the charge is localized at the m/e
187 fragment comprising the indole part, while in the H-migration version the
fragment carrying the positive charge is primarily the piperidine part (m/e
126).

Mass spectra of the corresponding C3-epimer antipodes (111b and IVb) are
identical, and a significant difference exists between these and the former two
compounds (Ib and lib) in the relative abundances of several ions. The signifi-
cantly lower stability of the molecular ion is particularly striking here, the
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liomolytic Splitting ¢ (formation of the ion m/e 187) comes into prominence,
while process a (formation of the ion at m/e 182) is restricted. This property is
entirely analogous to the observed behaviour of epimers of carbomethoxy
compounds [3].

In the mass spectrum of the pair of epimers of 3-hydroxymethyl-6,7-
dehydroquebrachamine (Yb and VIb) (lower part of Fig. 5) the mass number of
the fragments containing the piperidine part is lower by 2, owing to the double
bond at C-6,7. Otherwise, the processes are the same as with the 6,7-saturated
compounds (Ib—IVb). The effect caused by the C3-epimerism is also identical:
the stability of the molecularion decreases, and the formation of m/e 180 and
130 ions is restricted in Ylb, as compared with the m/e 187 ions formed in pro-
cess ¢. (The abundance ratios ofthe m/e 180 and m/e 187 ion species differ by one
order of magnitude.)

This great change in the ratio of processes a and ¢ seems to be character-
istic of the C3-epimers, irrespective of the nature of the substituent at C3,
thus it has a diagnostic value in studying these stereoisomers. (The preparation
and mass spectrometric investigation of other C3-epimeric quebrachamine
derivatives are in progress.)

There is an interesting difference between the saturated (Ib —Yb) and
unsaturated (Vb—YIb) compounds: in the case of the 6,7-dehydro derivatives,
in the H-migration version of process c, the positive charge is often localized
in both molecule parts. (Note the significant intensity of the ion m/e 187 besides
the complementary ion m/e 124))

Experimental

M.p.’s are uncorrected. Optical rotation was measured with a Schmidt-Haensch polari-
méter, the UV and IR spectra were recorded with an Optica Milano CF 4R and a Spectromom
2000 instrument, respectively.

The mass spectra were recorded with a mass spectrometer of type AEI MS-902 (double
focussing). This instrument was used in determining the exact masses, too. The sample was
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introduced into the apparatus with a direct sampling system. The ionizing electron energy was
70 eV, the temperature of the ion source was 150 °C.

During isolation and the chemical reactions, the alkaloids were detected by means of
TLC technique. Silica gel G layer, and benzene-ethanol (98 : 2) or benzene-ethyl acetate-
methanol (40 : 40 : 20) developing solvent mixtures were used.

Isolation of alkaloids

In June, 1972, 20—30 cm green shoots, before flowering, were cut for processing;
green shoots had been cut twice previously from the same stocks. The leaves were stripped
and dried in air. A total amount of 18 kg of air-dry (8—9% moisture content) leaves was ex-
tracted in 1.2 kg portions.

The raw material was subjected to exhaustive extraction in Soxhlet extractor (Quick-
fit), and rutin, then a mixture of alkaloids was isolated from the extract in the manner de-
scribed earlier [1, 2]. The raw alkaloid mixture obtained in the form of a benzene solution was
14—16 g from each 1.2 kg portion.

The benzene solutions containing the raw alkaloid mixture were concentrated to
70—80 ml under reduced pressure, mixed with an equal amount of petroleum ether and clari-
fied on an aluminium oxide column (Brockmann II, 50 g). The column was rinsed with a mix-
ture of benzene and petroleum ether (1:1, v/v) (600 ml); thus the weakly basic alkaloids
(fraction A) could be completely eluted, together with the majority of more strongly basic
alkaloids. The clarified solution was evaporated to dryness under reduced pressure, the residue
(11—12 g from each portion) was dissolved in ethanol (25 ml), cooled to 0 °C and 1.25 N hydro-
chloric acid (100 ml) was added to it. Crystalline (+ )-vincadifformine hydrochloride separated,
which was found to be identical with an authentic sample [6] in all respects. In this way, a
total of 100 g of (+ )-vincadifformine hydrochloride was obtained from 18 kg of raw material.

The mother liquors were combined, the ethanol was evaporated at reduced pressure,
the aqueous solution was made alkaline (pH 8) and the alkaloid bases were extracted with
benzene (5 x200 ml). The total extract content of the combined benzene phases was 76 g.
The benzene solution was extracted with 4% aqueous citric acid solution (3 x200 ml), the
aqueous phases were then re-extracted with benzene (3 x200 ml) in a counter-current pro-
cedure. The combined benzene solution contained the weakly basic alkaloid fraction A (14 g),
while the more basic alkaloid fraction B (see Ref. [1]) (62 g) was in the citric acid solution.

Separation of the alkaloid fraction A

The benzene solution containing the alkaloid fraction A was concentrated to 200 ml
under reduced pressure and the alkaloid mixture (14 g) was further fractionated by non-
continuous counter-current extraction, in separatory funnels, with 1% aqueous citric acid
(5 x1000 ml) and benzene (5x200 ml). The benzene fractions Nos 1—3 contained the less
basic components (4.8 g) consisting of epivincadine, 6,7-dehydroepivincadine and tabersonine,
while in the citric acid fractions Nos 1—3 the relatively basic part was found, containing
mainly vincadine and dehydrovincadine. The citric acid phases Nos 4 and No. 5 were made
alkaline, extracted with benzene and the benzene solution was combined with the benzene
phases No. 4 and No. 5. The ‘residual’ fraction obtained in this way had a total extract content
of 3.6 g consisting of vincadine, dehydrovincadine, as well as vincadifformine, tabersonine
and tetrahydroalstonine.

Isolation of epivincadine and (-|-)-6,7-dehydroepivincadine

The benzene solution of the less basic fraction (4.8 g) was concentrated to 100 ml under
reduced pressure, then extracted with 2% sulfuric acid (25 XIOO ml). The benzene phase con-
tained then no alkaloid; the total extract content was 1.95 g.

The combined sulfuric acid solution was made alkaline to pH 8, and the alkaloids were
extracted with benzene (5 x 100 ml). After drying, the benzene solution (total extract content:
2.68 g) was concentrated to 50 mlunder reduced pressure, then purified chromatographically
on a silica gel column (60 g). The alkaloid mixture (660 mg) was eluted from the column with
benzene (400 ml); it contained only epivincadine and 6,7-dehydroepivincadine according to
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TLC. (Subsequently, 1.9 g of a mixture was eluted from the column with methanol; this con-
tained coloured contaminants and tabersonine.)

The benzene eluate containing a mixture of epivincadine and dehydroepivincadine
(660 mg) was concentrated to 100 ml under reduced pressure, then subjected to counter-
current extraction, in separatory funnels, with 2% sulfuric acid (5 X100 ml) and benzene
(5 X100 ml). In this process pure dehydroepivincadine appeared in the benzene phase; epi-
vincadine and some dehydroepivincadine were found in the sulfuric acid phase. The latter
phase was purified by repeated counter-current distribution again.

After drying, the benzene phases were evaporated to dryness under reduced pressure
and (+ )“6,7-dehydroepivincadine (545 mg) was obtained in the form of a nearly colourless
amorphous residue (solidified foam); the substance was chromatographically homogeneous
and pure, [aji? +90° (ethanol, ¢ = 0.5), pKa= 4.41 (in 50% ethanol).

UY (methanol): A”ax 226, 285 and 292 nm; loge 4.57, 3.94 and 3.91, respectively.

MS: molecular weight 338.1995; molecular formula C2IHZn 202

The substance was very well soluble in organic solvents; it became brownish on standing
in air. Attempts at crystallizing the substance have failed up to now.

The sulfuric acid solution (containing epivincadine) obtained in the counter-current
distribution was made alkaline, extracted with benzene and the benzene phase was evaporated
to dryness at reduced pressure. The evaporation residue (64 mg) was crystallized from hot
methanol (1 ml) to obtain chromatographically pure, optically inactive (+ )-epivincadine
(22 mg), m.p. 156—157 °C; no melting point depression occurred with a sample obtained
in the hemi-synthesis. pKa = 5.20 (in 50% ethanol).

The molecular weight measured by mass spectrometry was 340.2150; molecular formula
CAH2BND 2

UV (methanol): Amax 226, 285 and 292 nm; loge 4.5, 3.96 and 3.93, respectively.

The evaporation residue of the mother liquor of epivincadine was dissolved in benzene
and purified again by counter-current fractionation. The product obtained in this way (23 mg)
was chromatographically pure, amorphous epivincadine; on the basis of the optical rotation
it was a mixture of (—)-epivincadine and (+ )-epivincadine; [aJd —16° (ethanol, ¢ = 0.5).
The chromatographic behaviour, UV and IR spectra and mass spectrum of the product were
identical with those of crystalline (i)-epivincadine.

Isolation of vincadine and (-}-)-6,7-dehydrovincadine

The alkaloid fraction containing mainly vincadine and dehydrovincadine (4.7 g) was
dissolved in a mixture of benzene and petroleum ether (1 :1, v/v) and subjected to chro-
matographic separation on an alumina column (300 g, Brockmann Il). Pure vincadine (3.15 @)
was eluted with a mixture (600 ml) of benzene and petroleum ether (1 : 1), and pure dehydro-
vincadine (480 mg) was then eluted with a further 500 ml portion of the same mixture.

Furthermore, the “residual” fraction containing vincadine, dehydrovincadine, vinca-
difformine and other alkaloids (3.6 g) was subjected to chromatographic separation on another
alumina column (230 g). Pure vincadine (300 mg) was obtained with 350 ml of benzene-petro-
leum ether (1 :1), and pure dehydrovincadine (190 mg) was eluted with further 400 ml of
the eluent. (Subsequently, other alkaloids, among others, tetrahydroalstonine [7], were eluted
from this column.)

The eluate fractions containing vincadine were then combined and evaporated to dry-
ness under reduced pressure. The weight of the evaporation residue was 3.45 g; [oc]i? —65°
(ethanol, ¢ = 0.5); pKfi= 7.20 (in 50% ethanol). Fractional crystallization of the substance
[2] yielded optically inactive, crystalline (+ )_vincadine (850 mg; m.p. 126 °C, from methanol)
and crystalline (—)-vincadine (1.8 g; m.p. 76 °C, from heptane); [a]!? —92° (in ethanol).
The crystalline products were found to be identical with the earlier isolated [2] and authentic
samples prepared in hemisyntheses.

The eluates containing only dehydrovincadine were also combined and evaporated
to dryness at room temperature at reduced pressure. An almost colourless, chromatographically
pure evaporation residue (in the form of a solidified foam) (670 mg) was obtained; this was
{-j-)_6,7-dehydrovincadine, [a]?? +65° (ethanol, ¢ = 0.5), pKa= 6.75 (in 50% ethanol).

UY (MeOH): drax 226, 284 and 292 nm; log e 4.58, 3.90 and 3.86, respectively. The
molecular weight measured by mass spectrometry was 338.1991, the molecular formula being
C2IHZND 2 The substance was well soluble in organic solvents; it rapidly became brown
suffering oxidation when exposed to air, particularly to sunshine. (Among others, lochnericine
[7] was detected in the oxidation product.) Crystallization of the substance has failed up to now.
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Acid hydrolysis and decarboxylation of 3-carbomethoxyquebrachamine derivatives

179

The 3-carbomethoxyquebrachamine derivatives isolated from the leaves of Amsonia
tabernaemontana were refluxed in 1 N hydrochloric acid in nitrogen atmosphere for 1.5 hr.
to hydrolyze and decarboxylate the compounds in the manner described earlier [2]. The results
are summarized in Table II.

Starting material

(—)-Vincadine (la)

(+)-Vincadine
(i )-Epivincadine

(+)-6,7-Dehydrovincadine

(Va)
(-f-)-6,7-Dehydroepivinca-
dine (Via)

*in ethanol

Table 11

Product of hydrolysis and decarboxylation

Name

(—)-Quebrachamine
(v

(+)-Quebrachamine

(+)-6,7-Dehydro-
quebrachamine
(V1)

Yield,
%
96

100

66—70

M.p.,
°c
147

113

121

fiB™
—114°

0°

+ 125°

Preparation of stereoisomeric 3-carbomethoxyquebrachamine derivatives by hemisynthesis

Vincadine isomers were prepared from vincadifformine, and (-)-)-6.7-dehydrovincadine
and its C3-epimer were made from tabersonine in a reaction with formic acid in the presence
of formamide in the manner described earlier [2]. In each case, the product was a mixture
of the corresponding C3epimers, which could be separated on the basis of the base strength
by fractional partition. Some data of the products prepared by hemi-synthesis are given

in Table II1.

The properties of the racemates prepared from the optical antipodes obtained in
hemi-synthesis were identical with those of the natural racemates isolated.

Starting compound

Tabersonine (Xa)

(—)-Vincadifformine
(Xb)

(+)-Vincadifformine
(X1

*in ethanol
** amorphous

Table 111

Product of hemisynthesis

Name

(-|-)-6,7-Dehydrovinca-
dine (Va)

(-j-)-6,7-Dehydroepi-
vincadine (Via)

(-f-)-Vincadine (Ma)
(+ )-Epivincadine (1Va)
(—)-Vincadine (la)
(—)-Epivincadine (llia)

Yield,
%

40-45

25—30

70—80
10-15

70-80
10-15

**%

76
156

76
156

bl B *

+65°

+90°

+92°
+ 24°

—92°
—24°
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Epimerizatioii of vincadine in the presence of sodium methylate

Yincadine (1.7 g; 5 mmoles) was dissolved in anhydrous methanol (100 ml) in which
sodium metal (0.92 g) had been dissolved. The solution was refluxed for 1 hr., then evaporated
to dryness in vacuum. W ater (100 ml) was added to the residue; it was extracted with benzene
(5 xIOO ml) and the combined benzene phases were concentrated to 100 ml, and the mixture
of vincadine and the epivincadine formed were separated by counter-current extraction with
citric acid (1%, 5x400 ml) and benzene (5 x 100 ml).

Unchanged vincadine was contained in the citric acid phases; these were combined,
made alkaline and extracted with benzene. The evaporation residue of the benzene solution
was vincadine (605 mg; 1.78 mmole; 35%).

The evaporation residue of the benzene phase obtained in the counter-current fractiona-
tion was epivincadine (615 mg; 1.81 mmole; 36%). (The spectral data and physical constants
are given in the section dealing with the isolation and in Table 111.)

Epimerization of (+)-6,7-dehydrovincadine (Va) in the presence of silica gel

(+)-6,7-Dehydrovincadine (Va) (405 mg; 1.2 mmole) was dissolved in anhydrous ben-
zene (25 ml); finely ground silica gel (5 g) was added to it and the mixture was shaken at room
temperature for 3 hrs. The solution was decanted and the silica gel washed with anhydrous
methanol (3x25 ml). The evaporation residue of the combined solutions was a mixture of
alkaloids (377 mg). This was separated as described above, by fractional distribution between
benzene and citric acid solution. The evaporation residue of the benzene phase was (+ )-6,7-
dehydroepivincadine (Via) (228 mg; 0.67 mmole; 56%); this was found to be identical with
the products obtained by isolation and hemi-synthesis. (Spectral data and other values are
given in the section on isolation and in Table II1.)

Preparation of 3-hydroxymethylquebrachamine derivatives (Ib—VIb)

The method applied by us will be illustrated on the example of (—)-vincadine.

(—)-Vincadine (la) (2.38 g; 7 mmoles) was reduced with LiAIH4 (2.12 g) in anhydrous
ether solution (120 ml) refluxed for 2 hrs. The excess of the reducing agent was decomposed
by cautious addition of water while cooling, then the ethereal solution was shaken with water
(200 ml). After separation the aqueous phase was extracted with ether (3 x 100 ml), the com-
bined ethereal solutions were washed with water, dried and evaporated to dryness. The evapo-
ration residue was crystalline 3-hydroxymethyl-(—)-quebrachamine (Ib) (2.05 g; 6.57 mmoles,
94%); this was recrystallized from ethanol: m.p. 184 °C, [a]b® —154° (ethanol, c = 0.5).
The molecular weight determined by mass spectroscopy was 312.2202; molecular formula
C20H 8N 20.

UV (MeOH): Amax 226, 283 and 291 nm; log e 4.49, 3.88 and 3.85, respectively.

IR (CHClg): 3700 and 3450 cm-1 (OH and free NH); the band of non-conjugated ester
group lacking at 1730 cm-1.

The reduction of other 3-carbomethoxyquebrachamine derivatives was effected in a
similar manner. In each case, the yield calculated for the raw product was higher than 90%.
(The raw product was purified, when necessary, by clarification with alumina, in benzene
solution.) In the UV and IR spectra of all products the characteristic maxima given above
were found.

Some characteristic data of chromatographically pure 3-hydroxymethylquebrachamine
derivatives are listed in Table IV.

Saturation of 6,7-dehydroquebrachamine derivatives

When the 3-carbomethoxy and 3-hydroxymethyl derivatives of (+ )-6,7-dehydro-
quebrachamine (Va and Via: Vb and VIb) were subjected to hydrogenation in methanol
solution in the presence of Pd/C catalyst at room temperature and under atmospheric pressure,
they were converted into the corresponding stereoisomeric (-f-)-quebrachamine derivatives
(lia and 1Va; lib and IVb, respectively).
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Table IV

3-Hydroxymethylquebrachamine derivative

Starting compound M.p..

Formula °c Wd*
(—)-Vincadine (la) Ib 184 —154°
(-[ )-Vincadine (Ma) nb 184 + 154°
(—)-Epivincadine (llia) 1lb amorphous + 10°
(-f-)-Epivincadine (IVa) Vb amorphous — 10°
(-)-)-6,7-Dehydrovincadine (Va) Vb amorphous + 105°
(+ )-6,7-Dehydroepivincadine (Via) Vib amorphous + 70°

*in ethanol

The authors’ thanks are due to Mrs. M. Barta for the preparation of some of the

compounds.
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Structure and Bonding. Volume 31

Springer-Verlag, Berlin—Heidelberg—New York, 1976

This book is a new volume in the successful series “Structure and Bonding”. It contains
four studies of a review nature, dealing with various topics in structural chemistry.

The first article is “Paradoxical Violations of Koopmans’ Theorem” by K. Eerreira.
One of the most important and descriptive tools of modern theoretical chemistry is the MO
theory. The most generally used consequence of the MO theory is Koopmans’ theorem, which
means that the molecular orbital energies are assumed equal to the ionization energies. The
ionization potentials thus calculated generally correlate well with the experimental results,
but considerable differences are found at times. This brief, 23-page article discusses the
causes of such differences. As paradoxical violations of Koopmans’ theorem, the author lists
those cases where the sequence of orbital energies differs from the assigned experimental
values. In the first two chapters the causes of the contradiction are systematically discussed.
Understanding is facilitated by some extremely illustrative diagrams. The final chapter, “MO
energy level diagrams and the third revolution of the ligand field theory”, presents concrete
examples of the paradox, analyzing the causes in detail. The article is completed with 73
literature references. Its style is unusually vivid for a scientific work, and is indeed enjoyable.

C. Bonnelle writes on a special and rarely debated theme in “Band and Localized
States in Metallic Thorium, Uranium and Plutonium and in Some Compounds, Studied by
X-ray Spectroscopy”. In the introductory chapters we find the principles of X-UV spectro-
scopy. The author describes the development of the characteristic peaks of absorption and
emission spectra. The following chapter deals with the spectra of the rare earth metals. In
chapter 4 analysis of the emission and absorption spectra of U, Th, and Pu M[y and My is dis-
cussed. Energy diagrams are proposed for all three metals. The X-ray spectroscopic results
on ThO2 UO02and Pu02 are reported. Finally, a valuable comparison is given between the
X-ray spectroscopic and the photoelectron spectroscopic methods. The article is 23 pages
in length and contains 50 literature references.

The next article is “Application of the Function Approach to Bond Variations under
Pressure” by V. Gutmann and M. Mayer. It is a well-known fact that, under sufficiently high
pressure, materials crystallizing in ionic, atomic or molecular lattices are transformed into
metallic lattices. In this process their physical and chemical properties undergo change. The
authors give an account of the regularities in these changes. A brief description of the individual
changes is first given, e.g. the connections between pressure and coordination number, the
pressure—homologous series rule, the changes in the spectroscopic properties, and the pressure
—atomic distance paradox. This latter is perhaps the most important; in the following an
illustrated explanation of it is given with numerous examples (The Functional Approach).
This brief, 18-page article is easy to read, its explanations are illustrative, and no special previ-
ous study is necessary for an understanding.

The article by J. K. Burdett, “The Shapes of Main-Group Molecules; a Simple Semi-
Quantitative Molecular Orbital Approach”, deals with a very interesting theme: a possible
explanation of the equilibrium geometry of molecules. At present, various methods are known
and accepted for the explanation of the geometry of simple molecules. Examples are the
VSEPR method developed by Gillespie and Nyholm, the hybridization model, the quali-
tative explanation by W aish, in which the electron-electron repulsion is completely neglected
and the change in geometry is determined merely by the number of valency electrons, etc.
The question is definitely important, as there is no possibility for an exact, quantitative ex-
planation in university and college education. An improved variant of the Walsh diagrams
is presented. Although the method is not so simple as the VSEPR method, and naturally can-
not compete with the advantages given by the MO theory, it is nevertheless so illustrative
that it can safely be recommended for reading by all those interested in structural chemistry.
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Perhaps the only reason inhibiting its introduction in higher education is that it assumes
certain group-theory knowledge. Molecules aje classified according to the number of ligands
(AB2...AB,), and the utilizability of the theory is demonstrated on a rich collection of ex-
amples. The 38-page article is completed by 37 literature references.

J. Nagy

H. T. Kerner: Foam Control Agents

Noyes Data Corporation, Park Ridge, New Jersey, 1976 372 pages

Chemical Technology Review No. 75

This book in the series of Chemical Technology Review deals with a widely occurring
problem, the control of foaming in various industrial processes and technologies on the basis
of patents announced in the USA in the last 15 years.

The very broad subject-matter is discussed in groups formed according to the branches
of industry and the various technologies. First the detergents and cleaning agents, paper
industry, lubricants and fuels and different fields of the textile industry are examined for foam-
ing phenomena. Then problems connected with foaming in phosphoric acid production, latex
and photographic application, fermentation, and in the pharmaceutical and food industries
are discussed. In the last three chapters of the book, problems involving foaming in various
fields (polymerization, distillation, antifreezing fluids, etc.) are dealt with and chemical and
technological aspects of foam control are discussed.

It is clearly seen in this short summary that the author provides information for experts
working in widely different fields.

There are only few such summaries in the literature available, mainly theoretical
(colloid chemical) papers and books have been published on foaming and control of foaming.
The present book comprises the actual solutions of the problems which are or probably will be
introduced in the industry, thus the information provided is important primarily for experts
in the industry, but is considered to be useful for theoretical researchers, too.

The construction of the book is clear, it is well-written and contains a large number
of tables.

The book is supplemented by a “Company Index”, an “Inventor Index” and a “US
Patent Number Index”. Like the other members of the series, also here a carefully constructed,
detailed list of contents supplement is given instead of a “Subject Index”.

Special attention is called to the discussion of technical (mechanical) solutions reviewed
in the last chapter: here the patents are discussed in connection with schematic diagrams of
the apparatuses.

The book is a high-level, valuable work.

J. MORGOS

N M R: Basic Principles and Progress

Editors: P. Dieht, E. Fluck and R. Kosfeld

Volume 13. Introductory Essays. Edited by M. M. Pintar
(University of Waterloo, Canada).
Springer Verlag, Berlin, Heidelberg, New York, 1976, 154 pp.
This latest volume of the series comprises the lectures delivered at the “School on Nu-

clear Magnetic Resonance” of the Waterloo University. The authors of the individual chapters
and their topics are:
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1. A Guide to Relaxation Theory. By A. G. Redfield
2. Thermodynamics of Spin Systems in Solids. An Elementary Introduction. By
J. Jeener

3. Coherent Averaging and Double Resonance in Solids. By J. S. Waugh

4. Macroscopic Dipole Coherence Phenomena. By E. L. Hahn

5. Nuclear Spins and Non-Resonant Electromagnetic Phenomena. By G. J. Bene

6. Nuclear Spin Relaxation in Molecular Hydrogen. By F. R. McCourt

7. Longitudinal Nuclear Spin Relaxation Time Measurements in Molecular Gases.
By R. L. Armstrong

8. Spin-Lattice Relaxation in Nematic Liquid Crystals via the Modulation of the

Intramolecular Dipole Interactions by Order Fluctuations. By R. Blinc

9. NMR Studies of Molecular Tunnelling. By S. Clough

10. Effect of Molecular Tunnelling on NMR Absorption and Relaxation in Solids.
By M. M. PINTAR

11. How to Build a Fourier Transform NMR Spectrometer for Biochemical Appli-

cations. By A. G. Redfield

Publication of the topics of a course in the form of a book always presents certain
difficulties. Although each of the lecturers is a well-known expert, there are great differences
in the scientific level and manner of presentation of the individual chapters. Each chapter
surveys an independent, separate field of research, thus the material of the book does not
combine to form a consistent unit, and this fact is responsible for the high number of repetitions
in the text. Essentially, the boom offers concise information about the fields of research of
the individual lecturers. The primary aim of the series, that is treatment of the theoretical
and physical aspects of the NMR technique, was seriously borne in mind in this case; however,
this means that the book is of interest primarily for specialists, and much less useful for organic
chemists, the most important group of users of NMR spectroscopy.

Certain chapters commanding wider interest must be mentioned here separately, such
as the chapters written by A. G. Redfield (1 and 11). First, a short and very lucid picture of
the theory of relaxation is given, and the most important relaxation mechanisms and their
magnitudes expressed in frequency units are described.

Since the sensitivity of the NMR, technique is relatively low in comparison with other
analytical methods, it has not become such an essential method for biochemists than for
chemists. In his second lecture Redfield discussed the possibilities of the further development
of high-resolution NMR spectrometers, as well as the results obtainable with them, particu-
larly in the field of PMR spectroscopy. A short comparative evaluation of FTNMR and Cor-
relation Spectroscopy is also given. The main problem in biochemical PMR studies is that
the concentration of water used as solvent is usually 110 mole, while the sample is present
only in sub-millimolar concentrations. Primarily the methods of Quadrature Detection and
Optimal Filtering, Long Pulse Operation and Water Elimination FT (WEFT) can be utilized
for overcoming this practical difficulty.

The chapter by R. Brinc (8) also deals with a very interesting topic: how spin-lattice
relaxation measurement can be applied in studies of the structure of nematic liquid crystals.

NMR measurements accomplished at very low temperatures make possible the in-
vestigation of another region of molecular motion. In Chapter 9, S. Ciough discusses the relation
forms of the methyl group, such as hopping rotation and tunnelling rotation, as well as the
motion produced by their combination, and their effect on the NMR line shape.

In the hope that every inquiring researcher can find a chapter of special interest to him
in the rich material of the book, the volume is recommended to those having a concern in the
theory or practice of NMR spectroscopy.

G. Toth
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Organic Conductors and Semiconductors
Proceedings of the International Conference, Siéfok, Hungary 1976.
Edited by L. Pai1, G. Gruner, A. Janossy, J. Sélyom

Akadémiai Kiad6, Budapest and Springer-Verlag, Berlin, Heidelberg, New York 1977. 654 pages

Since superconduction at room temperature would revolutionalize energetics and
technology it is a source of more than a little chagrin that theory and practice have indicated
that the critical temperature, Tc, for superconducting metallic elements and alloys (maximum
Tcbeing around 20 K) cannot be raised much further. In view of this, the search for new types
of superconducting materials is understandable and, in spite of seemingly formidable diffi-
culties, a necessity.

W. A. Little originally suggested a mechanism according to which organic
with highly polarizable groups on the spine can be superconductors. Research following up
this line has been carried out since the early seventies initially leading to mood of over-optimism
due to erroneous measurements and interpretations.

This book contains over 50 papers delivered at the Siéfok Conference devoted to the
theoretical and experimental achievements in the field of organic conductors. Most of the
papers deal with quasi-one-dimensional charge transfer complexes and the effect of their
structure on electrical, magnetic, thermal and other physical properties. A highly typical
and mostly studied representative of these quasi-one-dimensional complex salts is TTF-TCNQ
(tetrathiofulvalene-tetracyanoquino-dimethane). In salts of this type, because of electron
transfer from the donors to the acceptors, half- or quarter-filled bands are formed making
metallic-like conduction possible. This type of conduction disappears at critical temperature
Tc due to structural changes in the stacks of donor and acceptor molecules. A substantial
number both of theoretical and of experimental papers deal with the cause and mechanism
of these metal-insulator or metal-semiconductor transitions taking place near Tc. The elim-
ination of the critical temperature would be the first ray of hope for organic superconductors.
There are papers in the book describing systems sustaining metallic-like conduction down
to the lowest temperature, namely: (hexamethyltetraselenofulvalene) (HMTSF)-TCNQ,
1-TCNQ and (SN)X the last-named becoming a superconductor at 0.3 K. The mechanism of
superconduction is three-dimensional rather than one-dimensional in polysulphur nitride; thus
proofs for a new mechanism are still awaited.

Roughly half of the papers are devoted to the theoretical problems of quasi-one-di-
mensional systems, the other half describe the results of experimental studies obtained on
systems with TCNQ acceptor together with a great variety — in some cases systematically
varied — donor molecules. Four chapters deal with theoretical aspects of quasi-one-dimensional
CT complexes: I. One-dimensional models; 1l. Quasi-one-dimensional models; Ill. Impurity
effects and disorder in one dimension; IV. Phase transition in TTF-TCNQ and related com-
pounds. The next two chapters, V and VI, contain the experimental papers dealing with the
properties of systems having TCNQ acceptor stacks; V. Experimental investigations on TTF-
TCNQ salts and its derivatives; VI. Charge transfer salts other than TTF-TCNQ and its de-
rivatives. (The explanation for the title of this chapter is that the donor molecules are other
than TTF. Only one paper reports measurements on a system containing hexacyanobenzene,
a new acceptor.) Chapter V11 is headed: Polysulphur Nitride, (SN)Xand Chapter V111 is concer-
ned with metal complexes and organic semiconductors — containing three papers on organic
semiconductors and two abstracts: the first on the structure and electrical properties of
C(NH)2H3 2Pt(CN)4Br « H20 denoted GCP, a new pseudo-onedimensional compound, the
second on the synthesis of linear chain planar metal complexes.

As follows from the papers of this volume, the hope for finding very good conductors
or high temperature superconductors among organic charge transfer complexes, similar
to those studied until now, is rather in vain because of the low free-electron density in the unit
cell of this compound as compared to that of good metals. For enhancing conduction the inter-
action of electron orbitals of donor and acceptor molecules needs to be increased. A paper
contained in this volume provides a re-analysis of Little’s suggested mechanism showing
it to be sound, thus the synthesis of new types of organic conductors and the study of their
conduction mechanism remains a challenging field in the years to come.

Both theory and experiment show the decisive role impurities play in conduction of
quasi-one-dimensional CT complexes, indicating the necessity for more complete purification
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and characterization of these materials to provide afirm basis for understanding the connection
between molecular properties, structure, charge transfer and transport — achievable only
with the coordinated and close cooperation of chemists and physicists, theorists and experi-
mentalists from both sides.

The book — with the highly apposite summarizing remarks of Professor J. Bardeen
and excellent papers — is a very high level survey of the recent theoretical and experimental
developments in the field of organic conductors. For the non-expert, the volume is a compre-
hensive guide to the subject; for those working with these compounds a very useful source
of reference. There is little doubt that Organic Conductors and Semiconductors will go a long way
towards achieving the synergetic cooperation between physicists and chemists necessary to
face the formidable research challenge opened up by organic conductors.

1. KOSA-SOMOGYI
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ACTA CHIMICA

TOM. 96-BblN. 2

PE3IOME

VccnepoBaHme paccTBopeHust Bonb(pama 1 MomnbaeHa B CUCTEME
H2504—HNOs—H 20

B. A. KWW n E. CANTAHUN

Bbina nccnegoBaHa CKOpocTb pacTBOPeHUs Bonbdpama n monubaeHa B cucteme H2S 04—
HNO3—H2. Ha oCHOBe M3MepeHHbIX CKOPOCTE pacTBOpeHWsA 6blna MOCTpoeHa KOHLUeHTpa-
LMOHHAs TpexyronbHaa guarpamma fgna o6omx mMeTannosB. Bbino o6HapyXeHo, 4TOo Koppo3us
BOoNb(pamMa 3Ha4YMTeNbHO BO3pacTaeT NOJ BAMAHWEM CUNbHOOKUCASIOWMUX NPOAYKTOB peakuuu,
obpasyllmnxcs npu pacTBopeHUn monmnbaeHa, T. e. B calyyae, Korja o6ba metanna nomew,arT B
CMeCb KMCNOT. BblNo ycTaHOBMEHO, YTO B TPeXYronbHOW fgnarpamMme NosioXKeHWe M xapakTep
MHTepBana KOHUeHTpauuii AnA CKOPOCTM pacTBOpPeHWA Bosbtpama B NpUcyTcTBUKM mMonunbaeHa,
6nunxe K monnbaeHy, 4em K Bonbhpamy. B obuwem cnydyae, CKOpOCTb KOppoO3uMu BoNbGpama
nponopuynmoHanbHa KOIM4YeCTBY OAHOBPEMEHHO PaCTBOPEHHOr0 C HUM MonubAeHa.

Ansa pacyeTa CKOpPOCTWM pacTBopeHMs 6bln paspaboTaH mMeToh ANA TOoro cny4vas, Korga oba
MeTannia MexaHu4yeckun He pasfensemMbl U UX HavyalbHble Beca MOTYT 6bITb M3MeEPEHbl NN b BMecTe
(MW + M)'). Bblna onpegeneHa OTHOCUTEeNbHAA NOTPEWHOCTb NU3MEPEHUS MCXOAHOTO Beca BONb-
ppama (MY1l) B 3aBUCMMOCTU OT OTHOCUTENIbHOW MOrPEWHOCTU U3MEPEHWIn 06LWero yaenbHOro
Beca (1 4 2).

MpumeHumoctb meTogos MMM v LUHAO/2 gnA CTPYKTYPHbIX MCCNefoBaHuii
KpeMHeopraHn4eckmx coefuHeHui, Il

N.PE®®U, T.BECMPEMMU, M. XEHUYEN n . HAAb

MpoBOAMNMNCL pacyeTbl MOMEKYNAPHOW CTPYKTYpbl CBOGOAHBIX PajMKanoB C LEeHTpaNb-
HbIM aTOMOM KpelWHWUs, napasaMeleHHbIX TPUMETUNCUNNNGEH30N0B, NMapasamMelleHHbIX CUNNUN-
6eH3010B, METUNTPUMETOKCHIAHA U HEKOTOPbIX COEAUHEHU, COAEPXALLUX CBSA3b KPELWHWNN-a30T.
Bblna uccnegoBaHa KOPpensuus MexXxAy PpasnauyHbIMW 3KCNEPUMEHTANbHbIMU PUINKO-XUMK-
YECKMMU [aHHbIMW WOHM3ALWOHHAA 3HEPTrusa, AUMNOMbHbIA MOMEHT, XUMU4Yeckue caBurun AMP
ana Cl3un SiZ) n napameTpammu, paccuMTaHbiMu ¢ nomouwyw LHAO/2 gns pasnuuHbiX KpeMHe-
OpPraHMYecKnUX COEAUHEHWIA.

KoHthopMaumoHHble uccnegoBaHms ¢ nomolbio AMP Ha 300 MITu; BpawatenbHbIii
n3omepmsM BOKpYyr cBsasein -CO—CH2

P. M. CUHI, C. K. PAO u W. M. BEPMA

Cnektp AMP (300 MTIy) N’°, U’-gunponnoHun-L-ammHonmmaa aHTpaueHMasenHoBoro
aHrmgpupja ykasblBaeT Ha pasfinyHble KOH(oOpMauuu NPONUOHWUAOBLIX Fpynn. JK30-nponuo-
HUNoBaa rpynna umeet cBo6oAHOe BpalyeHne BOKPYr cBsAzeli N—CO n CO—CH2, B To BpeMs Kak
JHAo-rpynna o6nagaet NpefgnoyYTUTENIbHbIMU KOH(pOpMauMaMu BOKPYr 3Tux cBA3ei. Yrnosas
MeTaNbHasa rpynna B KNeTKe BXoAUT B CTPYKTYpy ABC3ana ango-CO—CH2CH3, nogTBepxgas
npefnovYTUTENbHYI0O KOHboOpMauuto. HabnwogeHnsa ¢ HeKOTOPbIMU 3amelleHHbIMU N’-aueTunb-
HbIMW MPOW3BOAHBIMW HAXOAATCA B COrNacumn ¢ NPeasiodXeHHbIMU KOHDOPMaLUAMK.



|/|HFVI6VIpOBaHI/Ie o6pa30|3aH|/|ﬂ NO3NTPOHA MOJIEKY/IAPHbIMA JIOBYLLUKaMM
B HEMONAPHbIX XNAKOCTAX

B. NEBAH »n O. E. MOTFEHCEH

Bbixofgbl 0-Ps 6biny onpejdesieHbl B pPasIUYHbIX XUAKUX yrnesogopojax, TeTpaMmeTun-
CUMaHe U UX CMeCsiX B 3aBUCUMOCTU OT KOHUeHTpaunii C2H5Br n CCl4. 3T MONeKYNbl U3BECTHbI
KakK Xopolwue /NOBYW KN 31eKTPOHOB, a TaKXe OHW WHInbupywT ob6pas3oBaHue MO3NTPOHA.
Ctumynupyrwouasa mofenb peakuyum obpasosaHusa Ps npepckasbiBaeT KOPPensiyuio Mexpy Ko-
IPHULNEHTOM WHIMGUPOBAHUA M KOHCTAHTHOW CKOPOCTM XMMMWUYECKOl peaKLUW 31eKTPOHOB C
MOJMIEKY/IAPHBIMU NOBYW KaMu. [JNA 3aBUCUMOCTU KOoapdhuuneHTa MHIM6MpPoBaHUA OT PYHKLMUK
pab6oTbl 3nekKTpoHoB (V0) B pasnnyHbIX XNUAKOCTAX 06HapyXeHO BecbMa CTpaHHOe MNOBefeHWUe,
nofo6HoOe HefjaBHO HalJeHHOMY AN KOHCTAHT CKOPOCTU XMMWYECKON peakKLuun KBasnMcBo6OfHbIX
3/1EKTPOHOB C TeMU Xe MONEeKYNApPHbIMU noBywKamMun. KoapdpuumeHT nMHrubuposaHuna Kak
hyHKUMA oT VO nmeeT makcumym gnss C2HS5Br, B To BpeMsa Kak gns CC1l4 OH MOHOTOHHO yBenu-
ynBaeTca ¢ ymeHbweHnem V 0. KoshduumeHT nHrnbémnposaHua ana C2HS5Br B cmecu TeTpameTun-
cunaHa ¢ H-TeTpajeKaHOM C MOJIAPHbLIM OTHOoW eHMeM 1:1, oka3anca 60nblie, HEXeNn B TOM UK
OPYFrOM UYMCTOM KOMMOHEeHTe. HABHas KOppenAauuma MexX[y KOHCTaHTaMu CKOPOCTW 3axBaTa
3N1eKTPOHA M MHIMGMpPOBAHMEM MNO3UTPOHA MpeAcTaBnseT co6oli Hanbonee CTPOryw NpPoBeEpPKY
CyUW ecTBOBaHUSA CTUMYNMpYylOLWein Modenn peakumm o6pasoBaHus nosmTpoHa. MofguyepkuBaeTtcs
Ba)XXHOCTb MeTOAa aHHUTUASALMW MO3UTPOHA TaKXe W C TOYKMN 3pPeHUA pafuauuoHHOW XUMUN.

O CcnoHTaHHbIX npoueccax, npomsxoaAawmnx Ha MNOBEPXHOCTU MeTaslsioB, oA
B/IMSAHNEM COOCTBEHHbIX WOHOB, |

N. KN n N. ®APKAL

M3yyanacb KMHETMKA CMOHTAHHbIX NPOLLECCOB, MPOUCXOAAL UX BCcucTeMe M—Mr'+ — MZi+
noj BAWAHUEM COGCTBEHHbLIX MOHOB, B OTCYTCTBUM paBHOBecUA. [N HEKOTOPbIX XapaKTepHbIX
cny4vyaeB ycTaHOB/eHa 3aBUCUMMOCTb CKOPOCTM MPOLECCOB, a TakXe CTalMoHapHbIii noTeHumnan
MeTanna M OT KOHUEHTpauum MOHOB Mr+ unu MZI+ 1 oT TMAPOLUHAMUYECKUX YCIOBUN 3neK-
TponuTa.

3ﬂeKTp0HOMI/IKp00KOI'IVI‘-IeCKI/Ie ncenenoBaHNA MOpCbOI'IOFI/IVI FI/I,quFEI'IEVI
NOIMBNHWNIOBOIO cnnpTa

T. BAPAAWN, M. HAAb, A. KANNO un 3. BO/NIb®PAM

Mopdonorua rugporeneii MBC ¢ cynpaMofeKyNnsapHOi CTPYKTypoii, o6pasyrounuxcs B
pasnMyHbIX YycnoBusix, 6blna wuccnefjoBaHa C MNOMOLWYK TPAHCMUCCUOHHOTO 3M1EKTPOHHOTIO
MUKpoOcKona.

Bbln paspa6oTaH cnoco6 MOBbILWEHWS KOHTpAcTa CynpamosieKyNsapHbIX 31EMEHTOB.

Bblno HalijeHO xopol ee cornacue Mexay CTPYKTYPHbIMW mapaMmeTpamu, Habntopgaemsl,
MW HEMnoCcpeACTBEHHO C MOMOLLYI 3M1EKTPOHHOT0O MWKPOCKOMA, M HEKOTOPbIMWU (HU3NKO-XUMU-
YECKUMMU CBOMCTBAMM 3TUX reneii, onpefeneHHbIMN paHee.

[vamarHuTHble uccneaoBaHUsi MOHO3aMELLEHHbIX HadTaMHOB

B. WAHMYTACYHOAPAM

AvnamarHMTHbIe BOCMIPUMUYNBOCTU HEKOTOPbLIX MOHO3aMeLleHHblIX 6eH30/10B U M30MEPHbIX
MOHO3aMelleHHbIX HaPTannHOB OblIN onpefeneHbl ¢ nomouwyto meTtoga Kiopu. Bonee Huskue
Be/IMYNHbI £M ANA a-N30MepoB 06BLACHATCSA Ha OCHOBE pa3nMynii B CONPSiIXXKeHUN 3aMecTUTenei
C KONbLOM, KOrfja OHM HaxofATCA B [BYX Pas3/IMYHbIX MONOXeHNAX. CpaBHeHMe napaMarHeTus-
Ma BaH Bneka, paccumtaHHoro mertogom JopdmaHa, NS MOHO3aMelleHHbIX 6eH30/10B C napa-
MarHeTU3MOM [N COOTBETCTBYO LW MX HaTalMHOBbLIX NMPOM3BOAHbLIX YKa3blBaeT, YTO MarHUTHas
BOCMPUUMYUYNBOCTb COOTBETCTBYHOLWMNX a-HAPTUNOBbLIX MPOM3BOAHbLIX CU/IbHO 3aBUCUT OT CTepu-
YeCKMWX yCNoBWii NMepUMeTUHOBON rpynnbi.



MK wnccnegoBaHnA aHWNOB M UX Kommnekcos, |l

P. K. YIALXVAMW, P. P. BAHCAJ, A. KYMAP u A. K. BANNAU

HekoTopble KeToaHWNbl, ABAAKLWMECS NpofyKTamMu B3auMogeicTBusa 3-6eH30MIMETUN-
rMoKcansa ¢ 3amelleHHbIMU NEPBUYHbIMMN apoMaTUyeCKUMMN aMuHamn 6blin oxapaKTepu3oBaHbl
Ha ocHoBe nX MK cnekTpoB. Bbin paccMoTpeH aheKT NPUPOAbI U MONOXEHUA 3aMeCcTUTENA Ha
XapaKTepHYO rpynny aHWN0B- a30OMeTWHOBYK rpynny.

YeTblpe aHuna, Nony4vyeHHble U3 N-AUMETUNAMUHO-, N-AU3TUNAMUHO-, N-6POM- U N-NO0A-
aHWNNHOB, 6bINN UCMONb30BaHbl B 06pa3oBaHNN KOMMJIEKCOB C MOHaMM 61aropofjHblX MeTasnnos
Os(VIII) n An(ld). Ha ocHoBe MK cneKTpoOB 3TUX KOMM/EKCOB OblNn caeNnaHbl 3aKN0OYEHNSA OT-
HOCUTENbHO MeCT KOOPAMHALWNMN, UX OTHOCUTENbHOW CTAa6UNBHOCTU U CTPYKTYPbI.

COBMeCTHOE HaxoX[eHue CTEPEOM3OMEPHDbIX MHOONAIKA/IONA0B TUNa
xm6paxaM|/|Ha N n3onmpoBaHMe MX U3 JNINCTBbI Amsonia tabernaernontana

B. XALOH, M. TAMALL, M. CUIALLIW n M. KANOLW W

M3 nucTBbl (18 Kr B BO3AYLW HOCYXOM COCTOSAHMM), cO6paHHOl nepes uBeTeHnem Amsonia
tabernaernontana 6bina uM3onupoBaHa ankanougHas Gpakuua «A», U3 KOTOPOW pasgeneHuem
Ha OCHOBE OCHOBHOCTW W AaNbHeWlW MM (hpaKLMOHUPOBAHMEM C MOMOLLYI KOMNOHHOW XxpomaTo-
rpaun 6binnM N30nmMpoBaHbl BUHKaAUH (3,45 1), anuBnHkagunH (64 mr), (+ )-6,7-gerngpoBuHKa-
AVH (670 Mr) un (+)-6,7-gerngpoannBuHkagnH (545 mr). V3 AByX nNepBbliX BeLW,ECTB C NMOMOLY YO
ABYXKPaTHON (pakunoHupyloweid kKpuctannmsaumm 6blanM nonydvyeHbl Kpuctannumuyeckue (—)-
BUHKaguH (1,8 1) n (+)-BUHKaguH (850 Mr), a TaKXe KpPWUCTanaMyeckumin ()-3aNUBUHKAZUH
(22 wmr). MpoAyKTbl 6bIAN MAEHTUGUUNPOBAHbI HAa OCHOBE (U3NYECKUX MOCTOAHHbIX, XUMMW-
YeCKMX npeBpalieHnii, NONYCMHTE30B U AaHHbIMW MacC-CNeKTPOMETPUUN.

Bbinu nonyyeHbl ganee Npou3BofHble 3-kap6omeToKcMxmbpaxammnHa, Bce COOTBETCTBYIO-
LMe UM CTepeon3oMepHble NPON3BOAHbIE 3-TUAPOKCMMETUNXMbBpaxamMmnHa, a Takxe 6bI1U Npoun3-
BefleHbl CPaBHUTENbHbIE Macc-CNeKTPOMeTpuYyeckue nccnefoBaHuns. Inumepbl C3n B3ITOM cayvae
6bINN Nerko pasnuyuMmsbl.

lMony4yeHHble pesynbTaTbl CBUAETENbCTBYIOT O TOM, YTO AMarHocTMyeckasa BenuWyuHa B
Macc-CNeKTPOMEeTPUMN MOXET CAYXMWUTb NOMOLY B UAEHTUDUKALUN CTEPEON30MEPOB.
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A gas cell and an experimental method have been developed for investigating
the reactions of the mixtures of various metal oxides with carbon powder in the arc
and their effect on the results of spectrochemical analysis. According to preliminary
experiments, the reactions are influenced by water vapour, the material of auxiliary
electrodes, the composition of the powder mixture and the excitation current.

Chemical reactions in the arc can be divided into four groups [1]: high-
temperature processes of the plasma, reactions taking place in the colder zones
of the plasma, reactions on the electrode surfaces and reactions proceeding in
the material of electrodes. The following series of papers is concerned with this
latter group.

Carbon electrodes are often used as auxiliary electrodes in practical
spectrochemical analysis. For the investigation of non-conducting powders,
the sample, mixed in most cases with carbon powder, is filled into the boring
of this electrode, and arced against carbon counterlectrode. As electrode mate-
rial, carbon is very active chemically. In gas atmospheres containing oxygen
the reactions on the electrode surface pro.duce CO and C02[2, 3], and their heat
of formation is added to the electric energy of the arc thereby increasing the
temperature ofthe electrode. Our previous investigations[4]have shown that the
quality of carbon electrodes is relevant, and the reactions on the electrode sur-
face are considerably influenced by the graphitic or non-graphitic nature of the
electrode. More amorphous carbon electrodes are more reactive owing to their
inferior heat conductance which causes the electrode warm up to higher tem -
peratures during arcing. However, for structural reasons, their oxidation sets
in at lower temperatures. This type of carbon is more porous, showing higher
specific surface area in heterogeneous chemical reactions. Of course, the
temperature and the reactions of carbon electrodes are also influenced by the
mass of the electrode to be heated. In addition to thermal effects, the reac-
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tions on electrode surface are also substantially affected by oxidation and
reduction tendencies of purely electrical origin [5], depending on the polarity
of electrode.

For non-conducting materials filled into the boring of electrodes, the
chemical reactions induced by arcing and their effect on spectrochemical anal-
ysis have been studied to great extent. The role of thermochemical processes
was first realized by Leuchs [6]. The investigations of Schro11 [7 —10] have
shown that mixtures filled into the borings of electrodes may undergo oxida-
tion, reduction, decomposition, sulfide or carbide formation and halogénation.
These reactions greatly affect the volatilities of the components of the sample.
Since they also influence the results of spectrochemical analysis, their volun-
tary application may result in better analytical results and lower detection
limits. The most thorough investigations have recently been carried out by
Nickel [11 —17] and Rautschke [18 —22]. These papers deal mainly with the
reduction and carbide formation of transition metal oxides and boron(lll)
oxide. In parallel with spectrochemical analysis, the types of solid reaction
products, formed in the mixtures of oxides and carbon powder filled into the
borings of carbon electrodes, were investigated by means of X-ray diffraction
and isotopic methods. The effect of their thermal behaviour on the subsequent
volatilization of the sample and on the line intensities of the spectrum, and the
material transport toward the counterelectrode were also studied. On the basis
of the measured temperature distribution of the electrode, thermochemical
calculations were made and the formation of expected and measured reaction
products was compared.

These problems are discussed in several papers [23 —29], studying the
effect of these reactions on the results of spectrochemical analysis, mainly on
the basis of the changes in line intensities.

In order to study the reactions occurring in the material of electrodes
from another aspect, we applied gas analysis methods, developed in our earlier
investigations [30]. Using mixtures of carbon powder and metal oxides as
models, the amounts of carbon oxides formed in the reactions were measured,
and the data were correlated with the results of spectrochemical analysis. Our
aim was to study the role of the stabilities and reactivities of certain metal
oxides in these reactions, the role of the amount of carbon powder used as
diluent, and to study the effect of the quality of the carrier electrodes on the
reactions. Another aim was to determine whether the above mentioned oxida-
tion and reduction tendencies which depend on the polarity of the electrode,
and control the reactions on electrode surfaces, do have a role in reactions pro-
ceeding in the electrode.

The investigations were carried out under Ar atmosphere in order to elim-
inate further parallel reactions caused by the gas phase. The parameters
generally relevant in spectrochemical analysis, i.e. the flow rate of Ar (steady
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and streaming atmosphere), the burning time of the arc, current, the quality
and polarity of the carrier electrodes, and the composition of the mixture were
varied. The purpose of these investigations was to acquire further pieces of
information on the chemical side processes of the arc and on their role in chem-
ical emission spectral analysis.

Apparatus and experimental conditions

The experiments were carried out in the apparatus shown in Fig. 1, which enables to
perform measurements in steady and streaming gas atmosphere. The apparatus consists of
the following parts.

1. Gas cell. The cell is a quartz tube, 35 mm in height and 38 mm in internal diameter,
closed at the top and the bottom by stainless steel electrode holder assemblies by means of
rubber seals. They broaden conically towards the interior of the cell. At the tips of either cone,
in the bottom and top end of the cell, a steel gas inlet leads into the cell. The inner ends of
the tubes are slightly conical, so that the two electrodes can be fixed in them by simply press-
ing. The ends of the tubes are closed by these electrodes. The gas is introduced and removed
through perforated openings beside the conic ends. The tubes are mounted through rubber
sealings, by means of ring clamps, in the two conic end plates, and they also play the role of
electric leads. The end plates are held together by screws insulated with plexi glass. The cell
can be disassembled and the electrodes replaced by loosening these screws. The two steel tubes
can be moved in vertical direction, enabling the distance of the electrodes to be adjusted. In
appropriately sealed state, the sealing of the cell is able to keep several tenths of atmosphere
overpressure for prolonged time. Owing to the conical top and bottom ends of the cell the gas
space can be flushed perfectly with pure argon.

2. Gas inlet system. Argon gas for the experiments is taken from cylinders through
a finely adjustable reductor valve. To the reductor, a three-way cock is attached, with one
branch connected to a balloon gasometer, and one for passing the gas from either the cylinder
or the gasometer. This branch leads to another, six-way cock [31]. The role of this cock is
to lead the gas directly into the cell or, by turning the tap by 180° with a single movement,
pass it through a bubble flack filled with water. The direct path is for the introduction of dry
gas, whereas reflushing can be checked by the bubble flask. In crossed position, the six-way
cock closes one end of the cell, too. The gas is led by vacuum tubes and by simple, white
rubber tubes.

3. Gas sampling system. The upper steel tube, which also holds the counterelectrode,
is attached to another three-way cock by means of a rubber tube. One branch of the cock is
connected to a soap-film gas flow meter. The third branch leads to an evacuated gas sampling

Fig. 1. Experimental apparatus
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bottle containing appropriate reagents for gas analysis. The bottle is also used as a titration
flask [30]. In experiments under steady gas atmosphere the outlet of the cell is closed by this
three-way cock. In experiments using gas flow, capillary tubes varying in length and diameter
are inserted between the three-way cock and the gas sampling bottle in order to control the
flow rate of the gas into the evacuated bottle and thereby the flow rate in the cell, too. The
capillary is protected from solid particles, carried by the gas from the powder sample, by a
small piece of cotton wool. The flow rates produced by the various capillaries were calibrated
with this piece of cotton wool inserted.

For the investigations welding argon of 99.96 % purity was used; the purity was checked
by gas chromatography.* The gas contained 0.005 % of oxygen, also noted in the quality spec-
ification, 0.03 % of N, and minimum amounts of CO and methane. According to previous
experiences, this quality is appropriate for the investigations, and no further purification is
necessary.

The balloon gasometer was flushed several times with argon and then filled with ca.
1 1of the gas. Thereafter, the three-way cock was turned towards the cell, and it was flushed
for 4 minutes with Ar flowing from the cylinder at a rate of 600 cm3min. The rate was mea-
sured with a flowmeter connected to the outlet of the cell.

In experiments under steady atmosphere the arc was initiated after stopping the gas
flow and closing the cell. After arcing, the cell was connected to the gasometer and, by care-
fully opening the tap of the evacuated flask and the upper three-way cock, the gas content of
the cell was passed into the flask and the cell was flushed with Ar from the gasometer. The
completeness of sampling could be checked with the bubble flask at the six-way cock.

In experiments using gas flow, the gas cell was flushed in the above manner, then
switched to the gasometer. To start the gas flow controlled by the capillary the upper cocks
were opened. The arc was initiated 1 second after this operation, and burnt for 10 seconds in
most experiments. The gas flow was maintained until the sampling flask reached the atmos-
pheric pressure.

The complete flushing of the cell is ensured by the volume ratios of the cell and the
sampling flask. The cell is only 50 cm3whereas the flask is 600 cm3in volume, i.e. the cell is
flushed with more than tenfold amount of gas.

For the experiments an a.c. polarized arc, initiated at the maximum of voltage, was
produced by a SzAKAcs-type arc generator also controlled in the arc circuit [32]. Depending
on the requirements, the current of the arc was varied between 3.5 and 18 A.

The powder specimens were filled into the boring of carrier electrodes (RW 11 or EW 0,
produced by Ringsdorff Werke GmbH) of appropriate shape, and were used as the lower
electrode (either anode or cathode) of an electrode pair opposite to a counter-electrode of the
same type.

yI"%e spectra were photographed on Agfa-Gevaert 34 B 50 plates with an ISP 22 spec-
trograph, by directly illuminating the 20 /nT slit of the instrument from a distance of 30 cm.
For the calibration of the photographic plate, and to measure higher densities, a calibrated
two-step filter of 100/20 % transmission was placed in front of the slit. The plates were devel-
oped in Agfa—1 developer for 5 minutes at 20 °C. The densities were measured with an
MF-2 microphotometer, and Y=log | and | values were calculated after Px transformation and
background correction.

The experiments are based on measuring the CO and CO02 content of the gas passed
from the cell into the titrating flask. Carbon monoxide was oxidized to C02 with potassium
permanganate in the presence of silver nitrate as a catalyst, and the excess of potassium
permanganate was measured. Carbon dioxide was measured separated by absorbing it in
barium hydroxide solution and titrating the excess of alkali with hydrochloric acid [30].

The analytical and spectral data given in the tables and figures were obtained as a
mean of 5—10 parallel measurements, the number of measurements depending on the actual
scatter of data.

Preliminary experiments

No reference can be found in the literature on the measurement of gas
products formed in reactions of non-conducting materials during spectroscopic
analysis. Therefore, the first task was to determine whether the amount of

*The gas chromatographic measurements were made by Dr. J. Trompler and Dr.
E. Holl6s-Rokosinyi. The authors are much indebted for the measurements.
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carbon oxides is detectable at all, and if so, to what extent it may vary with
the parameters of spectrochemical analysis. To this end, some experiments
were carried out with a medium current of 13 A using 1 :1 mixtures of five
metal oxides (Ag20, CuO, PbO, CoO and ZnO) and a graphitic carbon powder
(type SU —601, prepared by Elektrokarbon Topolcany, Czechoslovakia).
A boring, 4 mm in depth and 2.5 mm in diameter, was drilled into the long-stud
end (length 4 mm, diameter 3.5 mm) of an RW Il carbon electrode, and this
boring was filled with the powder specimen. The filling was compacted with a
glass rod, and the top was cleared off. The counterelectrodes were RW 11 carbon
electrodes too, with long-stud ends (3.5 mm in diameter and 4 mm in length).
The experiments were performed under steady Ar atmosphere.

The role of water vapour

Already in the first experiments, a lucky accident led to the recognition
of the role of water vapour in the reactions. From the bubble flask, used to
check the flow rate of gas, water entered the cell, and thus some experiments
were carried out under water vapour atmosphere. This had increased the reac-
tion, particularly the formation of C02 Connecting the carrier electrode as
anode, 1.0 cm3, with opposite polarity 0.7 cm3of CO2were measured, whereas
in dry cell, with Ar bubbled through water, the results were 0.35 and 0.27 cm3,
respectively. Even this appeared to be too high, taking into account that a
1:1mixture of CoO and carbon contains an about sevenfold excess of C, calcu-
lated for the possible reaction, and thus only CO was expected to form. To
clarify the problem, the borings of the electrodes were filled with pure carbon
powder to ensure that in a possible reaction only the oxygen of water should
take place. Under Ar atmosphere bubbled through water, and thus saturated
with water vapour, 0.15 cm3 of C02was measured with anodic, and 0.10 cm3
with cathodic excitation. Under dry argon gas, however, no CO02 could be
measured, neither with pure carbon powder nor with CoO + C mixture. There-
fore, in the subsequent experiments dry Ar was used and only carbon monoxide
was measured.

The role of water vapour in the formation of CO was also investigated.
W ith carbon powder filled into the boring of RW 11 carbon electrode, under
dry Ar atmosphere, 0.75 cm3of CO was measured with either electrode polar-
ity. Again, this appeared to be too high, taking into account that there could
be practically no oxygen in the cell. Considering the porous surface of RW 11
carbon [3], we have concluded that adsorbed water vapour, or 02 must be con-
verted into CO in an electrode surface reaction. Therefore, the filled electrodes
were dried at 135 °C, put into the cell in hot state, and argon-flow was started
immediately. The results of these measurements are shown in Table I. In the
heading of the table “a” and “c” refer to the polarity (anode or cathode) of the
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carrier electrode during arcing. Graphite RW O electrodes with with smooth
surfaces produced 0.06 and 0.04 cm3of CO if both electrodes of the pair were
dried. The above data prove that the formation of CO is, indeed, due to mate-
rials adsorbed on the surface of electrodes. The variation of the amount of CO
also shows that carbon powder filling with high specific surface area also adsorb
reactive substances, since the drying of the filled carrier electrode decreases the
amount of CO to a greater extent than the subsequent drying of the counter-
electrode.

W e have investigated this “remainder” reaction, still present when both
electrodes are dried, as a function of current (Table Il). In the experiments
pure carbon powder was filled into RW 11 carrier electrodes. From the data ob-
tained two conclusions can be drawn. (1) The reaction is caused by the adsorbed
material, and it is essentially an electrode surface reaction. W ith increasing
current the reaction zone also increases owing to the extending glowing area.
(2) Drying at 135 °C does not remove the adsorbed substances completely.
Stronger heating, however, may lead to a “spontaneous” reaction in the mix-
tures of less stable oxides. Therefore, we decided to dry the electrodes always
at 135 °C, take the above values into account as the results of “blank” measure-

Table 1

The role of drying the electrodes. RW Il electrodes, carbon powder filling,
current 13 A; a — anodic, ¢ — cathodic excitation

CO cmE
Experimental condition
a [}
Undried electrode pair 0.74 0.75
Carrier electrode dried 0.43 0.31
Both electrodes dried 0.16 0.13

Table 11

The change of CO evolution with current, carbon powder filling;
a — anodic, ¢ — cathodic excitation

CO cm’
Current
a c

4 0.04 0.04
0.07 0.06
10 0.10 0.09
13 0.16 0.13
16 0.23 0.17
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ments. According to our considerations this surface reaction runs parallel
with, but independently of, the reactions proceeding in the material of the
electrode, i.e. it can be regarded additive to good approximation, and simply
subtracted from the results.

The role of the quality of auxiliary electrodes

On 1:1 mixtures of the five metal oxides given in the introduction with
carbon powder SU —601, we have etudied the effect of the properties of carbon
carrier electrodes (RW Il and RW 0) on the reactions of the mixtures filled
into the borings. It could be expected that these reactions also depend on the
different heat conductances of the carrier electrodes and thus on the different
extents of glowing in the arc, since RW Il is more amorphous and RW 0 is
more graphitic. For the sake of comparison, good heat conductor copper carrier
and counter-electrodes were also applied. The current of the arc Was 13 A,

burning time 10 s. The results are given in Tables Ill and 1V. On the basis of
the data the following conclusions can be drawn.
1. The greatest reaction was obtained with carbon electrode RW 11

(amorphous), for which glowing is the strongest, and the smallest reaction was
shown by good heat conductor copper electrodes.

Table 111

The role of the material of auxiliary electrodes. Various metal oxide-carbon powder
mixtures, 13 A, anodic excitation

Auxiliary CO cm3
electrode Ag.0 cuo PbO Co0 Zno
RW 11 1.84 2.75 1.23 2.15 1.76
RW 0 1.89 1.12 0.56 0.59 1.15
Cu 1.04 0.88 0.36 0.36 0.34
Table 1V

The role of the material of auxiliary electrodes. Various metal oxide—earbon powder
mixtures, 13 A, cathodic excitation

Auxiliary CO cm3
electrode
Ag,0 Cuo PbO CoO ZnO
RW 11 1.84 1.72 1.30 1.35 1.12
RW 0 1.80 1.13 0.71 0.85 1.04
Cu 0.62 0.41 0.36 0.25
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2. With carbon electrodes RW 11, the reaction is generally greater if
this electrode is used as anode, in relationship with the visually observable
fact that at the same current an RW |l anode glows more strongly than a

cathode of the same material.

3. Up to medium currents, graphitic electrode RW 0 glows more strongly
when used as cathode. This is due to crystal structure reasons [3]. Therefore,
greater reaction can usually be observed here with cathodic excitation.

4. The behaviour of copper electrodes can be interpreted in a different
way. The filling is heated now through different mechanisms depending on
the polarity of the electrode. With carbon electrodes at medium currents, the
burning spot of the arc is located partly on the rim of the carrier electrode,
but mainly on the filling itself. With copper electrodes this holds for anodic
excitation only. On the cathode, the arc burns exclusively on the rim of the
copper electrode, which can be explained in a simplified manner by the fact
that copper has lower work function (4.38 eV) than carbon (4.83 eV). The elec-
trons escape, therefore, from copper and the arc is localized on it. Accordingly,
with cathodic excitation, the material filled into the boring of copper electrodes
is heated only indirectly, through the copper carrier.

5. The results follow only partly the above series of metal oxides and
their reactivity series. This may have two reasons. The mixtures, always 1 :1
in weight ratio, contain different molar amounts of oxides and thus different
amounts of reactive oxygen. Therefore, in the further experiments mixtures
containing uniformly 3.45 %by weight of bound oxygen were studied. The other
reason is that the various oxides have different specific weights. Thus, even
when the mixtures contain the same percentage of oxygen, the practically
identical volumes of borings contain different amounts of material. We have
tried to eliminate this difficulty, with limited success only, by relating the
results to the theoretically possible complete reaction that may take place in
the given amount of material. However, the results obtained with copper
carrier electrodes, corresponding to smaller reactions, follow the sequence of
reactivity. Consequently, the strong glowing of carbon electrodes might lead
to interfering side processes, e.g. increased spilling of sample, etc.

The role of metal oxide—arbon poivder ratio

In the third series of experiments the influence of the ratio of metal
oxide and carbon powder was investigated on CoO. Auxiliary electrodes were
made of RW Il carbon, current was 13 A and burning time 10 s. Measurements
were made on mixtures of 1:1, 1:2, 1:3 and 1:5.2 ratio, corresponding to
50, 33, 25 and 16 % by weight of CoO. The results are summarized in Fig. 2.
Labels a and c on the curves refer to the use of carrier electrode as anode or
cathode. It can be seen that up to ca. 30 % by weight the formation of CO
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Fig. 2. The change of the amount of CO with the composition of CoO + Cmixture; a —anodic,
¢ — cathodic excitation

increases linearly with the reactive oxygen content of the mixture. At higher
cobalt oxide concentrations, however, the curves incline downwards. It is
worth extending the investigations to the complete 0—00 % range of metal
oxide content, since this inclination can be expected to continue. This is due
to the fact that at higher metal oxide concentrations the amount of the other
reaction partner (carbon) decreases, thereby suppressing the reaction.

The role of the current

Our next experiments aimed at studying the role of the current of the
arc in the reaction of metal oxide and carbon powder. Auxiliary electrodes were
RW Il carbon, burning time was 10 s. The experiments were performed on
CoO of medium reactivity and on CuO of higher decomposition ability. The
composition of the mixtures with carbon powder was chosen in a manner
(1 part of CoO, 5.2 parts of C, and 1 part of CuO and 4.8 parts of C, respectively)
that both mixtures contained 3.45 % by weight of bound oxygen. The curve
pairs given in Figs 3 and 4 have saturation character. As at higher currents
the material filled into the boring of the electrode glows to increasing extent,
the reation can be regarded practically complete. In the anode, which glows
to a greater extent, the reaction increases faster than in the cathode. It can
also be seen that the curves of more easily decomposed CuO have steeper
initial sections, and the amount of resulting CO is also higher than in the case
of CoO. These data indicate the different reactivities of the two metal oxides.
It can also be seen from the figures that, although the curves practically reach
their saturation values, the reaction of the materials filled into the boring of
electrode remains below 100 % even at a current of 18 A. Consequently, a part
of the specimen is inaccessible for the reaction. The experiments have also
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Fig. 3. The change of the amount of CO with current in CoO + C mixture; a — anodic,
¢ — cathodic excitation

Fig. 4. The change of the amount of CO with current in CuO + C mixture; a — anodic,
¢ — cathodic excitation

revealed that during arcing the material filled into the boring of the electrode
spills to aremarkable extent. Spilling has two reasons. On one hand, the upper
layer of the filling is looser than the bulk, which could be better compressed
by means of a glass rod. This loose upper layer is very liable to spilling. On the
other hand, after a certain extent of glowing, reactions involving gas evolution
may also take place in the bulk of filling. The gas evolved may leave the mate-
rial only upwards, thereby blowing out a part of the material above it. Taking
these phenomena into account, the method has been modified in the following
manner. Before filling in the sample, the walls of the carrier electrode were
bored through horizontally with a driller 1 mm in diameter, 3 mm below the
upper rim of the electrode, i.e. 1 mm above the bottom of the sample boring.
Through these holes, the gas evolved in the bulk of the filling may leave the
electrode sideways. These electrodes are called in the subsequent papers
“ventillating” electrodes. The upper, loose layer of the filling was simply re-
moved by turning the electrodes upside down and slightly tapping them. By this
method spilling of the specimen during arcing could be reduced, and the results
have also become more reproducible. We recommend this procedure, which has
been applied successfully in other, specific analytical tasks, too.

Acta Chim. Acad. Sei. Hung. 96,1978



[26]
[27]
[28]
[29]
[30]
[31]
[32]

SZABO, DOBOLYI-FEJERDY: CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXIII 199

REFERENCES

Szabo, Z. L.: Kémiai Kdoziem., 44, 357 (1975)

Szabeé, Z. L., Toéth, |.: Spectrochim. Acta, 27/B, 117 (1972)

Szabé, Z. L., Fejérdy, H., Buzasi, A.: Acta Chim. (Budapest), 80, 365 (1974)

Szabé, Z. L., Buzasi, A.,, Fejébdy, H.: Acta Chim. (Budapest), 79, 245 (1973)

Szabé, Z. L.: Spectrochim. Acta 29/B, 231 (1974)

Leuchs, O.: Spectrochim. Acta 4, 237 (1950)

Schroll, E.: Z anal. Chem. 198, 40 (1963)

Schroll, E.: Proc. X1IY. Coll. Spectr. Internat., Debrecen, 1967, p. 397

Schroll, R., Weninger, M.: Mikrochim. Technoanalyst. Acta (Wien) 1, 378 (1965)

Schroll, R., Heber-Schausberger, |, Janda,J., Spatzek, H.: Mikrochim. Acta (Wien),
3, 649 (1968)

Nickel, H.: Z. anal. Chem. 198, 55 (1963)

Nickel, H.: Spectrochim. Acta 21, 363 (1965)

Nickel, H.: Paper on XIII. Coll. Spectr. Internat. Ottawa, 1967

Nickel, H.: Proc. X1Y. Coll. Spectr. Internat., Debrecen, 1967, p. 467
Nickel, H.: Spectrochim. Acta 23, 323 (1968)

Nickel, H.: Z. anal. Chem. 249, 353 (1970)

Nickel, H.: Kémiai Kdziem. 39, 303 (1973)

Rautschke, R.: Proc. XIV. Coll. Spectr. Internat., Debrecen, 1967, p. 487

Rautschke, R.: Spectrochim. Acta 23, 55 (1967)

Rautschke, R.: Spectrochim. Acta 24, 125 (1969)

Rautschke, R., Renfeld, K. H.: Spectrochim. Acta 27, 211 (1972)
Rautschke, R., Dowe, Ch.: Acta Chim. (Budapest), 80, 147 (1974)
Zavorotnova, G. l.: Zh. anal. Him. 20, 671 (1965)

Gurney, |I. I, Ertank, H. J.: Analyt. Chem. 38, 1836 (1966)
Brin, J.: Spectrochim. Acta 23, 375 (1968) \
Rajic, S.: Z. anal. Chem. 246, 111 (1969)

Rajic, S.: Z. anal. Chem. 246, 181 (1969)

Boniforti, R., Ciancia, A., DiGregorio, G.: Spectrochim. Acta 27/B, 309 (1972)
Krasnoboeva, N.: GTE lectures, 1966. IV. 15.

Szabo, Z. L., Toth, |.: Acta Chim. (Budapest) 73, 363 (1972)

Szabé, Z. L., Poppl, L.: Acta Chim. (Budapest) 77, 353 (1973)

Szakacs, O.: Proc. XIV. Coll. Spectr. Internat. Debrecen 1967, p. 997

Zoltan Léaszlé Szabo, bi-loss Budapest, Muzeum krt 4/b.
Hajna Dobolyi-Fejérdy, H-1126 Budapest, Csdrsz u. 35—43.

Acta Chim. Acad. Sei. Hung. 96,1978






Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96(3), pp. 201 —208 (1978)

SOME CHEMICAL REACTIONS OF THE ELECTRODE
GAP AND THEIR ROLE IN SPECTROCHEMICAL
ANALYSIS, XXIV

BEHAVIOUR OF METAL OXIDES IN THE ARC UNDER STEADY Ar
ATMOSPHERE. ROLE OF CURRENT WITH RW Il AUXILIARY ELECTRODES

Z. L. Szabo

(Department of Inorganic and Analytical Chemistry, E6tvdés L. University, Budapest)

and
H. Dobolyi-Fejérdy

(Hungarian Optical Works, Budapest)
Received November 15, 1976

The behaviour of materials in arc was studied on the mixtures of five metal
oxides (Ag20, CuO, PbO, CoO and ZnO) with carbon powder. The amount of CO
formed during arcing and, in the case of CuO and PbO, the line intensities of the spec-
trum were measured as a function of current. At low currents, the reaction sets in
around the burning spot of the arc, causing greater reactions in cathodic excitation.
The line intensities of the spectrum are also higher with cathodic excitation. With an
increase in current the complete bulk of carrier electrode becomes glowing. With
RW 11l carrier electrodes, the temperature of the anode increases to greater extent.
At higher currents, therefore, anodic excitation leads to stronger reactions and higher
line intensities.

Our previous paper [1] was concerned with a new experimental method
for the investigation of the reactions of metal oxides and carbon powder, and
reported some of our first results. We have found that practically only CO is
formed during arcing when carbon powder is in large excess. The amount of CO
depends, among other conditions, on the current of the arc. This paper deals
with these correlations in greater detail, and also with the selection of an
appropriate model material for further investigations.

Experimental results

On the basis of the considerations given in our previous paper [1], the
experiments were performed with metal oxide—arbon powder mixtures in
which the amount of oxygen bound in the metal oxide was uniformly 3.45 %
by weight, corresponding to the 1 : 1 w/w mixture of the heaviest oxide, Ag20.
In such mixtures there is a relatively large excess of carbon, and thus the for-
mation of CO2could be practically neglected. The behaviour of five metal ox-
ides, also used in the preliminary experiments (Ag2, CuO, PbO, CoO and ZnO),
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was studied as a function of current. The measurements were carried out in
a closed gas cell, i.e. under steady Ar atmosphere, using easily heatable RW 11
carbon auxiliary electrodes (“ventillating” electrodes [1]). The burning time
of the arc was 10 s.

Ag20 + C mixture. The results are shown in Fig. 1. The production of
CO is in nearly linear relationship with the current, although in the anodic
curve there is a slight saturation character. The data obtained with the carrier
electrode as anode (curve a) and as cathode (curve c) give intersecting curves,
and above ca. 8 A the anodic values are already higher. This indicates that
at weaker currents the reaction sets in more readily in the cathode around
the burning spot of the arc on the cathode, which has, according to the litera-
ture [2], higher temperature. At stronger currents, however, the complete bulk
of the anode glows up more strongly, and this is decisive factor in the reaction.
However, even with 18 A, complete reaction (100 % mark on the figure), as cal-
culated from the initial weight of the specimen, could not be reached. In the
case of easily decomposing Ag20, much more material is missing from the bor-
ing of the electrode than the amount calculated from the volume of CO formed.
This may he due to the looseness of the material in the electrode, to the high
reaction rate, or to the high volatility of silver. In Fig. 2, the measured de-
ficiency is shown with solid line, and the deficiency calculated from the volume
of CO with broken line. Upon excitation with different polarity, the magni-

A

Fig. 1. The change of CO production with current. Ag20 + Cmixture; a —anodic, ¢ —cathod-
ic excitation

Fig. 2. The change of material consumed from the boring of the electrode with current.
Ag20 + Cmixture. Solid line: measured, broken line; calculated value; a —anodic, C— cathod-
ic excitation
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tildes of the measured values are reversed at stronger currents, where the values
obtained with cathodic excitation are always greater; the powder is obviously
more liable to spilling under cathodic excitation.

CuO + Cmixture. The CO curves are shown in Fig. 3. The runs of the
curves are very similar to those obtained with the Ag20 mixture. Although the
results scatter strongly, the saturation character of curves is again observable.
When compared with the maximum reaction calculated from the weight of
sample placed into the boring ofthe carrier electrode (100 % mark in the figure),
however, the reaction is now more complete. Since the reduction of both Ag20
and CuO produces large amounts of good heat conductor metals in the boring
of the electrode, the differences may be due to the different evaporation tem -
peratures of the metals only. The boiling point of silver is 1950 °C, whereas
that of copper is 2336 °C. The temperature of the burning spot of the arc, and
thereby the temperature of the filling, is determined by the evaporation rates
of metals formed in the reaction, and this is lower for silver, which transfers
less heat to lower, undecomposed layers. Moreover, in the case of Ag20, con-
taining twD metal atoms in the molecule, a double amount of metal is formed
at a given oxygen content, causing a stronger cooling effect. Finally, Ag2 is
less reactive although more unstable than CuO.

It can also be seen in Fig. 4 that the consumption of sample calculated
from the CO production (broken line) and measured directly (solid line) is in
better agreement in the case of CuO. Consequently, the spilling of sample is

Fig. 3. The change of CO production with current. CuO + Cmixture; a — anodic, ¢ —cathodic
excitation

Fig. 4. The change of material consumed from the boring of the electrode with current.
CuO + Cmixture. Solid line: measured, broken line: calculated value; a — anodic, ¢ — cathodic
excitation
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less, leaving more material in the boring for the reaction. Therefore, CuO
appears to be a better model for further studies than Ag20, due to its fairly
high reactivity, but relatively lower susceptibility to spilling.

PbO + C mixture. As shown in Fig. 5, the CO curves are similar to the
previous ones. The spilling of the sample is, however, even stronger. If the
amounts of CO are related to the weight of sample in the boring of the electrode,
the reactions obtained with anodic excitation agree surprisingly well with those
of CuO, and for lower currents the values are even slightly higher. On the
other hand, the data obtained with cathodic excitation are always higher than
those of CuO.

With CuO and PbO mixtures, spectra were also taken in parallel with
gas analytical measurements. The intensities of atom line Cu 282.4 nm (I1Cui)
are shown in Fig. 6, while those of Pb 324.0 nm (I1Pbi)in Fig. 7. Since, according
to previous investigations [3], the intensity of the atom line of the main com-
ponent in a sample is characteristic of the evaporation of the sample, it is
worth comparing these curves with the run of CO production. The intensities

Fig. 5. The change of CO production with current. PbO + Cmixture; a —anodic, ¢ — cathodic
excitation

Fig. 6. The change of the intensity of atom line Cu 282.4 nm with current; a — anodic,
¢ — cathodic excitation
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obtained with anodic and cathodic excitation increase, of course, with current,
i.e. with the electric energy used in excitation. Like CO curves, the intensity
plots intersect one another, and at higher currents the anodic values are higher.
It can he stated, therefore, that the evaporation of sample and the excitation
of spectrum lines as well as the chemical reactions taking place in the boring
of the electrode are governed by the same parameters, the energetical condi-
tions of the arc, and these processes occur in parallel.

The data which define the character of spectra and pertain to the mean
temperature of the plasm [4] were derived from ion line Cu 237.0 nm and
atom line Cu 282.4 nm in the case of copper (zZJYQun Fig. 8), and from ion
line Pb 262.8 nm and atom line Pb 324.0 nmin the case of lead (AYFUn
Fig. 9). The change of these values with current is slight, and can be observed

Fig. 7. The change of the intensity of atom line Pb 324.0 nm with current; a — anodic,
¢ — cathodic excitation

Fig. 8. The change of spectrum character (zlYQu2370/Cu2824) with current; a — anodic,
¢ — cathodic excitation

A

Fig. 9. The change of spectrum character (z)Ypb 22.s/Pb 324.0) with current; a — anodic,
¢ — cathodic excitation
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mainly below 7 A. This indicates again that at higher currents the effect of
side processes is counterbalanced in tendency by the higher electric energy [5].

CoO + C mixtures. The CO curves (Fig. 10) show already more substan-
tial differences. Although at higher currents the data obtained with the carrier
electrode as anode are in fairly good agreement with those of CuO, at lower
currents a well measurable “delay” can be observed in CO production. On the
other hand, the CO volumes obtained with cathodic excitation are always below
those of CuO. CoO is much more stable than the metal oxides discussed above,
and thus its reaction in electrodes of lower temperature is significantly weaker.
W ith anodic excitation, relatively low electrode temperatures may occur at
weaker currents only, whereas with cathodic excitation they may occur in the
complete range of current applied. The loss of material in the boring of elec-
trode during arcing is relatively low, too.

ZnO + C mixture. The curves are shown in Fig. 11. The reaction curves
of this compound, which is more stable than the previous oxides, are flatter
than any of the previous curves. The extent of reaction in relation to sample
weight is significantly lower. However, the spilling of sample is remarkable
again, due probably to the low specific weight of ZnO and the looseness of
filling.

Fig. 10. The change of CO production with current. CoO + C mixture; a —anodic, ¢ —cathod-
ic excitation

Fig. 11. The change of CO production with current. ZnO + Cmixture; a —anodic, C—cathod-
ic excitation
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The character and, of course, the direction of the change of CO produc-
tion with current is the same for the five metal oxides. In many cases, at high
current intensities, even the magnitudes of experimental data are the same.
W ith such a large excess of carbon, the heat conduction properties of carbon
powder mixtures are evidently determined by the carbon component and the
carrier electrode of the same material, and these effects are only modified by
the physical and chemical properties of the various metal oxides. Thus, in mix-
tures containing different metal oxides in a large excess of carbon powder, the
reaction zones in which the reduction of metal oxides takes place are roughy
the same at strong currents. However, the lower colder boundary of the reac-
tion zone, away from the arc, obviously varies with the sample. Carbon powder
has, consequently, a buffer effect, and this is one of the reasons for its appli-
cation as additive in the investigation of non-conducting materials. During
arcing, however, the polarity of carrier electrode has an important role, since
the electrodes may have different temperatures depending on polarity [6].
With RW Il carbon, the temperature of anode is higher already at relatively
low currents, and thus the reaction of materials filled into its boring is greater
than in a cathode of the same material. It can be stated, therefore, that in the
reactions of metal oxides, substantial differences can be expected at low and
medium currents only. At higher electric energies, particularly in the case of
anodic excitation, the complete bulk of sample filled into the boring ofan RW I1
carbon carrier electrode glows up to such an extent that there may be no differ-
ence between the behaviour of various metal oxides. (The reaction heats
evolved are, of course, different for the various materials.) Therefore, our further
investigations with RW Il auxiliary electrodes were carried out generally with
a current of 7 A.

The reactivities of the five metal oxides decrease in the sequence given in
Table I. However, this sequence was not reflected by the reaction curves, even
if the reactions were evaluated as percentage of the maximum reaction pos-

Table 1

Comparison of the metal oxide mixtures studied

Composition of mixture

Molecular Weight of 100%

fr'\:gllieon weight of sample reaction

Part by weight of metal metal oxide g CO cm8
oxide

1Ag20 + 10C 0.05 231.8 0.0331 1.60

1Cu0 + 48C 0.03 79.5 0.0251 1.22

1PbO + 11C 0.05 223.2 0.0348 1.68

1CoO + 52C 0.03 74.9 0.0264 1.26

1ZnO + 47C 0.03 81.4 0.0256 1.24
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sible in the given sample instead of comparing simply the volumes of CO pro-
duced. The reasons for the weaker reaction of Ag20 have already been dis-
cussed. The behaviour of PbO mixture was, however, also odd, producing
slightly stronger reaction than the more reactive CuO. Therefore, by using the
table, further comparisons were made. We have studied the possibility of
complete, 100 % reaction calculated on the basis of sample weight. In the
case of CuO, CoO and ZnO this corresponds to 1.24 cm3in average, whereas
for Ag20 and PbO to 1.64 cm3 of CO in average, in accord with the average
weights of sample able to fill the boring of electrode (0.0257 g and 0.0339 g,
respectively). Consequently, of the mixture containing uniformly 3.45 % by
weight of bound oxygen, there is a larger amount of reactive oxygen in the
boring of the electrode for Ag20 and PbO than for the former three oxides.
Also, by expressing the compositions of the mixtures as the mole fractions of
metal oxides, it could be discovered that these values were lower for CuO,
CoO and ZnO. Owing to the nearly identical molecular weights, 3.45 % by
weight of bound oxygen corresponds here to a mole fraction of 0.03, whereas
for Ag20 and PbO of higher molecular weights this fraction is 0.05, i.e. in the
latter case there is more metal oxide in the mixture even when expressed as
mole fraction. Considering the data pertaining to various CoO + C mixtures
discussed in our previous paper [1], we feel probable that the reaction of PbO
mixture is, among other reasons, stronger for the above reason. Consequently,
it can be expected in principle that the behaviour of various metal oxides
could be compared most reasonably by using mixtures which contain identical
mole fractions of metal oxides, and by filling so much sample into the boring
of electrode that the carrier electrode always contains the same weights of
bound oxygen. Since this is quite difficult to achieve in practice, we will be
satisfied in the following research with comparing the behaviour of mixtures
of various metal oxides containing the same mole fraction of metal oxides.

REFERENCES

[1] Szabs, Z. L., Dobolyi-Fejérdy, H.: Acta Chim. Acad. Sei. Hung. 96, 189 (1978)

[2] Zatesszkij, A. M.: The Electric Arc, Mszaki Konyvkiad6, Budapest, 1968

[3] Szabe, Z. L., Téth, |.: Spectrochim. Acta 27/B, 107 (1972)

[4] Laqua, K.: Spectrochim. Acta 4, 446 (1952)

[5] Szabe, Z. L.: Papers presented on the “XI1I. Hungarian Emission Spectroscopy Confer-
ence” Aggtelek, 1969; p. 203

[6] Poppl, L., Szabs, Z. L.: Acta Chim. (Budapest) 79, 27 (1973)

Zoltdn Laszl6 Szabo El-loss Budapest, MUzeum krt 4/b.
Hajna Dobolyi-Fejérdy H-1126 Budapest, Csdrsz u. 35—43.

Acta Chim. Acad. Sei. Hung. 96,1978



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 96(3), pp. 209—216 (1978)

QUANTITATIVE DETERMINATION OF THE Pb AND Cu
CONTENT OF HIGH PURITY GALLIUM RY SPARK
SOURCE MASS SPECTROGRAPHY USING Hg INTERNAL
STANDARD

J. KURTHY

(ALUTERV-FKI, Research, Engineering and Prime Contracting Centre
of the Hungarian Aluminium Corporation, Budapest)

Received December 22, 1976

The aim of the present work was to develop an experimental technique to
compare different high purity gallium samples and to reveal the relative changes in
their impurity content. The applied evaluation method is based on a single exposure
and on a properly chosen internal standard that possesses a useful isotopic distribu-
tion to calibrate the photographic plate. As internal standard, Hg proved to be useful
for the quantitative determination of Pb and Cuin 99.9997 % Ga. The required amount
of Hg in the samples added as a dilute alloy, is about 0.3—1.0 atomic ppm.

Considering the possible errors of the spark ion source technique, and closeness
of the concentration range to the detection level, the precision attained is satisfactory.
The method is to be extended to other elements in the future.

Introduction

After silicon and germanium, gallium is considered as the most impor-
tant element in semiconductor technology. Therefore, the requirements on its
preparation, refining and investigation are continuously increasing. Among
the analytical methods those are preferred by which a number of impurities
can be detected simultaneously in sub-ppm concentrations. In this respect
spark source mass spectrography is considered as one of the most useful multi-
element methods.

Ga has been analyzed by this method for about fiveteen years but only
a few publications have appeared during this period. The analysis of Ga involves
special difficulties related to

— sample preparation;

— ion source arrangement;

— considerable fluctuation of the ion current;

— lack of standards.

Quantitative analysis — practical considerations

According to the technique generally used in practice [1, 2] Ga is placed
in the source as a self-supporting electrode between cooled clamps. In some
experiments the sample is held in a graphite crucible facing a graphite elec-
trode [3]. Recently an electrohydrodynamic ion source was designed in order
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to avoid the instability of the spark source, however, the precision of the results
did not improve [4].

Gallium analysis is performed by applying a double focusing mass spec-
trometer with a photographic detector. The advantages of this are the high
sensitivity, the high resolution power and the integration of the fluctuating ion
current. The technique of graded exposure* and the evaluation based on the
visual comparison of the “just visible” lines are widely used [5].

Quantitative analysis can be accomplished only by making use of suitable
standards. Ga standards, however, are not available, probably due to the diffi-
culties of their production.

The impurities are inhomogeneously distributed in Ga samples as

— most of the impurities have low solubilities in Ga [6];

— in slow crystallization processes, the liquid phase is enriched in chem-
ical elements characterized by kO -c 1, where kO is the equilibrium
distribution coefficient [7, 8];

— on oxidation of the sample, the oxide phase is enriched in certain
elements (e.g. Pb, Zn, Al, Cu) [8].

The inhomogeneity can be left out of consideration if proper care is
taken during the preparation of the high purity sample. However, the inhomo-
geneity becomes more important when doped samples or standards of large
volume are handled.

The analysis can be accomplished most precisely on the basis of the inter-
nal standard principle. Thus the total amount of charge reaching a single line
on the plate for the unknown impurity species (Qx) should be compared with
that amount the charge of which produces the reference line simultaneously on
the plate (Qsta). Qx and Qsid are calculated from the characteristic;, or emulsion
response curve [9]. The matrix element itself can be the reference. According
to our experience, weaker matrix lines (multiply charged and polyatomic Ga
lines) should not be used as internal standards because of the difficulty of
keeping the at a constant values. The amount of such particles depends
on the plasma conditions defined by the gap between the electrodes. For the
maintenance of the sparkling the electrode position is to be altered frequently,
however.

Experimental

In the Central Research Institute for Physics of the Hungarian Academy
of Sciences the gallium is analyzed using an MS 702/R mass spectrometer
(AEIl). The method employed [10] is in many aspects similar to that of
Fitzner’s [2]. The standard deviation of the results calculated from a series

* According to the terminology of the SSMS literature [9]: “Exposure will refer to the
total charge to which the plate has been subjected in a single exposure.”
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of 10 parallel measurements has been reviewed [10]. The plates were evaluated
by a visual method and a microdensitometer. In both cases the considerable
deviation of 200 —300 % was found. Repeated investigations using a single
exposure gave a markedly smaller scattering in the absorbance values.

The conclusions to be drawn are as follows:

1. As the impurity levels are probably the same or nearly the same in
high purity Ga, graded exposures are not necessary. The analysis can be per-
formed by means of the “single-exposure analysis technique” proposed by
Chastagneh [11]. Repetition of the suitable exposure with as many parallel
samples as possible is advisable.

2. A proper polyisotopic internal standard is to be chosen, by which the
plotting of the characteristic curve is possible. For this purpose, mercury
proved to be the most suitable element as

— the natural abundances of Hg isotopes, covering more then two orders
of magnitude, make possible to complete the emulsion calibration curve over
a very large dynamic range;

— Hg can be introduced into the sample as a dilute Ga/Hg alloy;

— a reliable titrimetric method is known for the determination of the
Hg content above 1 ppm in Ga [12].

The quantity of the internal standards has to be adjusted to the expected
concentration of the investigated impurities. In this case some isotopes of the
internal standard and at least one isotope of the impurity will appear with
suitable densities for measurement after an adequately chosen exposure.

The Hg concentration required for the determination of Pb and Cu in
Ga was estimated and checked in the following way:

An alloy of 99.97 % Ga and 0.024 % Hg was chosen as sample A; two
others were made by diluting A (samples R and C), thus their impurity content
covered three orders of magnitude. The Ga applied in the dilution contained
3 ppm of total impurities, out of this Cu was 0.2 ppm, Hg and Pb were not
detectable. Weighing was performed with an accuracy of 0.1 mg, the melt was
mixed thoroughly with an ultrasonic shaker.

Mass spectra were taken with two series of graded exposure from all the
samples. The parallels were made with a new pair of electrode on a new plate
at every turn.

All the visible lines of the Hg isotopes were measured with a microden-
sitometer, making use of the peak heights of the recorded lines in per cent
transmission. As is well known, the shape of a line depends on many variables.
The peak height is influenced not only by the quantity and quality of the
striking ions, by the plate developing process and the photometer technique,
but also by the characteristics of the instrument and by the exposition as well.
Therefore, a relatively better accuracy is expected when comparing the peak
heights within a single exposure.
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The evaluation was performed by a graphical method. The characteristic
curve was plotted, using the W or Seidel transformation* suggested by
Cornides [13], against the logarithm of the isotopic abundances of the Hg iso-
topes, instead of the logarithm of exposure, as was done in most former cases.
The emulsion response curves obtained by the above method show a long linear
section of W = —1.0... +0.6 (i.e. 20 —90 % transmission). This statement
is based on our experience obtained with different polyisotopic elements
(Sn, Pb, Ba; in some other matrices [14].

Results and discussion

The characteristic curves for different exposures of samples A, B and C
are illustrated in Figs 1—4 (symbols A/l, A/2 refer to parallel measurements).
The direct lines are generally parallel to each other, i.e. they have the same
slope. Those exposures were utilizable on which the lines of both impurities
(Pb and Cu) appeared with a suitable density.

Making use of a chosen direct line — extrapolating it in the direction of
weak blackenings if necessary —the relative concentration of the investigated
impurity isotope can be calculated by means of the known Hg content (in

*W = Ig (/T — 1), where T istransmission. This method was originally suggested for
emission spectroscopy but is well adapted to mass spectrography.
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Fig. 3. Characteristic curves for samples B/l and B/2
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Fig. 4. Characteristic curves for samples C/l and C/2

Abscissa: isotopic abundances of Hg ( %)*
Ordinate: transformed density (W)

*Mass Ne i %
196 0.153
198 10.06
199 16.92
200 23.13
201 13.19
202 29.71
204 6.80 (disturbed by 204Pb)

atomic ppm). It is obvious that the concentration data obtained are relative
if the relative sensitivity factors (RSF) referred to Hg are unknown.

We performed the quantitative analysis of Pb and Cu by the method
outlined above. The results are summarized in Table I. The results were checked
as the Pb and Cu contents of sample A had been determined by inverse polaro-
graphy (stripping technique) [15], while those of samples B and C had been
calculated on the basis of the dilutions.

Measurable impurity isotope lines were obtained with exposures 1 nC,
10 nC and 100 nC for samples A, B and high purity C, respectively. Two or
three Pb isotope lines were found suitable for the evaluation, while weaker
Cu isotope lines were not visible.

From Figs 1—4 it is seen that a lower concentration of the internal
standard would have been more advantageous. The characteristic curves
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Table |
Pb and Cu contents of high purity gallium samples (ppm)

Pb Cu
Sample
1 2 3 4 5 6

All 3.00 1.65 2.25 2.25 3.70 0.65
Al2 3.00 3.00 3.15 2.25 3.70 0.45
B/l 0.30 0.50 0.45 0.45 0.60
ci 0.035 0.05 0.04 0.23 0.03
Cl2 0.035 0.04 0.04 0.23 0.04

Columns 1, 5: expected values

Columns 2, 3, 4: measured values calculated from the Pb 206, 207, 208 isotope lines,
respectively

Column 6: measured values calculated from the Cu 63 isotope lines.

could have been drawn from lines of more reliable weaker blackenings even at
longer exposures if sample A had contained ca 30 atomic ppm Hg (instead of
84 atomic ppm Hg).

It is apparent from Table | that the agreement between results of parallel
measurements is satisfactory especially if several well measurable isotope lines
are applied. The ratio of the mean concentrations for A : B : C corresponds
generally to the ratio calculated from the dilution.

The difference between the measured and expected concentration is
probably positive and significant in the case of Pb. The correction factor for
Cu amounts to about 6. This observation is in accordance with the finding of
Fitzner [2] related to the different sensitivities of Cu and Pb in Ga matrices.
Nevertheless enough statistical data are available for the determination of the
RSF values.

The author wishes to thank Dr. I. Cohnides and Dr. I. Opauszky for valuable dis-
cussions, I. Nyari, J. Frecska and Mrs. Ch. Barany for help in the preparative work.
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The members of the series (CH3),,Si(NCO)4_n and (CH3nSi(NCS)4_,, were pre-
pared, their ultraviolet spectra recorded and the observed bands assigned. Quantum-
chemical calculations were carried out in order to find an explanation for the largely
differing spectra of the compounds containing Si—NCS and Si—NCO groups, re-
spectively.

Introduction

The structure of isocyanates and isothiocyanates may be explained in the
simplest way be the existence of two n bonds having four electrons and three
centers. In the case of silicon derivatives the vacant d-orbital of the silicon
atom contributes to the bond, giving a possibility for extending the conjuga-
tion (Fig. 1). In the course of our investigations (CH3),Si(NCO)4_,, and
(CH3NSi(NCS)4 n (where n = 0, 1, 2, 3) were prepared and the ultraviolet
spectra of these compounds were recorded.

Quantumchemical calculations were also carried out with the aim to get
an explanation for the rather different spectra of the Si—NCS and Si—NCO
compounds, respectively.

The effect of the d-orbitals of the silicon atom was studied too.

Fig. 1. The role of d-orbital in the Si—N —C—S system
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Preparation of the compounds

The preparation of the isothiocyanate derivatives were performed as
suggested by Voronkov [1] from the appropriate methylchlorosilane and
ammonium thiocyanate under stirring in boiling benzene. The mono- and difunc-
tional compounds are liquids, the three- and tetrafunctional ones are solids at
room temperature.

The series (CH3nSi(NCO)4 n was prepared as described by Anderson
[2], from silver eyanate and the chlorosilane of appropriate functionality. The
reaction was carried out in a heterogeneous medium under stirring in the
boiling solvent. As it has been mentioned, benzene was used as solvent, in all
cases but at the preparation of trimethyl-isocyanatosilane where the sol-
vent was isopropylbenzene. Each member of this series is liquid at room tem-
perature. The purity of the products was determined by the argentometric
titration according to Eaborn [3], and by the comparison of the measured
molar refractions and the calculated ones. In the latter case we applied the
increments given by Voger [4]. For the solid derivatives the molar refraction
was determined by extrapolation from cyclohexane solution.

In each case the measured and calculated molar refractions were in good
agreement.

Ultraviolet spectroscopy

Ultraviolet spectra were recorded by Spektromom 201 using n-hexane as
a solvent. Concentrations were in the range of 10~2—10_4 mole/dm3 The cell
length was 1.0 and 0.2 cm, respectively. The spectra are presented in Figs 2,
3 and 4.

It can be seen, that the spectra of the compounds containing NCS and
NCO groups differ significantly. Isothiocyanates show a maximum of medium
intensity at 246 —252 nm and an intensive band at 200 nm.

The maxima ofisocyanates could be recorded in the far ultraviolet region,
so merely the ascending part of the first band could be observed.

Cradock et al. [5] assigned the first band as a n — n* transition.

In our opinion the band in question is of n —n* type. This is supported
by its relatively low intensity.

To verify our assumption the ultraviolet spectrum of trimethylisothio-
cyanatosilane was measured in dioxane too. It is known that the n —n*
transitions show a hypsochrome shift when a polar solvent is used. Figure 5
demonstrates that in dioxane there is really a shift of 7 nm in comparison
with the spectrum in cyclohexane.

We could not perform the measurements in methanol due to the rapid
decomposition of trimethyl-isothiocyanatosilane in the mentioned solvent.
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Fig. 2. Ultraviolet spectra of isothiocyanatosilanes in re-hexane

Fig. 3. Ultraviolet spectra of tert-butylisothiocyanate and trimethylisothiocyanatosilane in
n-hexane
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Fig. 4. Ultraviolet spectra of tert-butylisocyanate and trimethylisocyanatosilane
in ra-hexane

Fig. 5. Ultraviolet spectra of trimethylisothiocyanatosilane in n-hexane and dioxane

W ith increasing number of NCS groups in the (CH3)nSi(NCS)4_n series
the position of the n — n* transition does not change, its intensity, however,
increases. This fact indicates, that each NCS group responsible for the men-
tioned hand seems to he independent from each other. An eventual conjugation
can occur through the d-orbitals of the silicon atom. The bands reflecting the
structure mentioned above may appear at shorter wave length with low intensity.
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The effect of the silicon atom is demonstrated by the hypsochromic shift
of 6 nm in the n — n* band ofthe (CH33SINCS derivative as compared to that
of (CH3)3CNCS. Simultaneously the second n —n* band is shifted in batho-
chromic direction, the absolute intensity of the latter band could not be mea-
sured (Fig. 3).

Quantumchemical calculations

We tried to explain by quantumchemical calculations why the ultra-
violet spectra of isocyanates and isothiocyanates differ so considerably.
We used the PPP-method [6] in our calculations and assumed that the two n
systems were independent from each other. This way the electron transitions
for each n systems of (CH3)3SINCO and (CH33SINCS were calculated. The
required parameters were taken from the tables of Hinze [8], using the
Mataga —N ishimoto relation [7].

The values of valence state ionization energy and the values of electron-
affinity were interpolated for the hybridization given by the experimental geom-
etry [9]. The appropriate parameters for silicon were taken from the publica-
tion of Levison and Perkins [10].

Resonance integrals were calculated by applying the relation of Wofs-
berg and Helmhotz [11] (the proportionality factor kK was 0.5 for the Si—N
bond and 0.8 for all the other bonds). Table | contains the starting parameters.

Table 1

Starting parameters

c N N 6 o S S Si
Ip 11.19 14.12 31.69 17.70 33.16 12.70 23.72 1.10
ypp 11.09 12.16 18.10 15.23 17.92 9.94 12.20 3.76

Resonance integrals

-3.887 C-0 = -3.617
-3.805 C-S = -3.498

Si-N = -1.13 N-C
Si-N = -1.09 N-C

The calculated and measured electron transitions and oscillator strengths are
summarized in Table Il. The oscillator strengths were calculated from the
measured spectrum by the relation E = 41 700/, where E is the molar extinc-
tion coefficient, and f is the oscillator strength.
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Table 11

Calculated and measured electron transitions

Calculated Measured
JE [eV] f JE [eV] f
(CH3%i—N —C—0 7.699 0.156
(CH33si—N —C—0 7.795 0.302
(CH33Si—N —C —S 6.617 0.190

. 6.199 0.071
(CH33Si—N —C—S 6.940 0.372

Although these results must be treated critically, because of the men-
tioned approximations, they demonstrate the tendency, that the electron
transition of isocyanates appears at much shorter wave lengths than that of
isothiocyanates.

According to our results the first 1 — n* transition is caused by the exci-
tation of n system in which the nitrogen and sulphur atom participate with 2
and 1 electrons, respectively.

In the future we intend to widen our investigations on silyl isocyanates
and isothiocyanates using all-valence electron methods, i.e. CNDO/S [12], and
LCYO-MO [13].
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SOLID-STATE POLYMERIZATION OF MONOALKYL ITACONATES
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(Research Institute for the Plastic Industry Budapest)
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Solid-state direct and post-polymerizations of four /?-monoalkyl itaconates
(butyl, octyl, lauryl and cetyl) were studied. The phase diagrams of the monomer/poly-
mer systems of butyl and octyl itaconate were determined. Polymerization was shown
to take place at a high rate in the high-elastic state of the polymer plastified by the
liguid monomer. On the basis of the highest, identity period measured by X-ray dif-
fractometry of the monomers, the crystal unit cells of the monomers studied were
found similar. The solid-state heterogeneous reactivity of molecules in lattices of the
same type decreases with increasing size of the molecule.

Investigations of the relations between the crystal structure of a mono-
mer and the characteristics of its solid-state polymerization are encumbered by
the fact that various crystal structures can usually be realized with different
molecular structures. Very few works have been published on the solid state
polymerization behaviour of different polymorphous forms of the same mono-
meric molecule (e.g. [2, 3]). Comparison of the behaviour of polymorphous
modifications is particularly difficult since the polymer produced during the
reaction interacts with the monomeric phase, and may transform the poly-
morphous modifications into each other.

The effects of the physical structure can be studied more readily by the
investigation of .homologous series. It is known of alkyl compounds that
increasing chain length results in definite structural characteristics without
any essential influence on the electron distribution ofthe functional groups [4, 5].

The present paper aims at an approximation ofthe effects ofthe structure
on the solid-state polymerization characteristics by using monoalkyl itaconates.
The relatively less considered mono-itaconates have been selected instead of
the better-known diesters [6—10], since the hydrogen bond between the free
carboxyl groups presumably fixes the functional groups of the two adjacent
molecules thus the orienting effects of the ester chains certainly prevail.
/3-Butyl, /3-octyl, /3-lauryl, and /3-cetyl itaconates were used. Polymerizations
of the former two in the liquid phase were recently reported [11].

* Present address: Hanoi, Vietnam, Dem. Rep.
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Experimental

Syntheses

Syntheses of yS-monobutyl itaconate (MBI) and /1-monooctyl itaconate (MOI) were
described in a previous paper [11].

The syntheses of /S-monolauryl itaconate (MLI) and /3monocetyl itaconate were the
same; 0.5 mole of the alcohol and 0.6 mole of itaconic anhydride were heated to 67 °C (the
melting point of the anhydride) on a water bath. Then 1 g of anhydrous ZnCI2 dissolved in
10 ml of acetone was added. The mixture was heated at 95—98 °C for 4 —5 hrs. After the addi-
tion of 200 ml of light gasoline, the mixture was boiled for 10—15 min then filtered. The
filtrate was cooled to room temperature when in 24 hrs the crude product precipitated. After
recrystallization from benzene the yields of MLI (m.p. 74—76°C) and of MCI (m.p. 83—84 °C)
were cca. 60 %. 4

Polymerization

Polymerizations were initiated by a eoCo y-radiation source of 500 Cu. The samples
were sealed into 6 mm diam. glass ampoules in oxygen free argon atmosphere. Polymerizations
were carried out in the water-bath of an ultrathermostat. In post-polymerizations, samples
were irradiated at room temperature.

The conversion was determined by precipitation using gravimetric methods. Samples
containing the polymer were dissolved in a 10 % solution of benzoquinone in tetrahydrofuran.
MBI and MOI were precipitated by light gasoline; for MLI and MCI methanol and acetone
was used, respectively.

Determination of the polymer—monomer phase diagrams

The phase diagrams were determined by polarization microscopy, DTA and X-ray
diffractometry. The thermomechanical behaviour of the samples was determined by consis-
tometry. These methods are described in detail in [12].

The melting enthalpies of the monomers were measured by a DSC equipment (Perkin—
Elmer) calibrated by In standard.

Results

Polymer-monomer phase diagrams

The phase diagram of poly-MBIl and MBI is illustrated in Fig. 1. The
diagram is similar to that of acenaphthylene—polyacenapthylene and N-vinyl-
carbazole—poly-N-vinylcarbazole reported previously [12]. The system of
minimum melting point contains 34 % of monomer and 66 % of polymer with
a glass transition temperature of 20 °C and a melting point of 36 °C. The poly-
mer side of the phase diagram cannot be described by the fundamental equa-
tion of the plastification of polymer [13]; it is rather similar to the dissolution
curves of eutectics. Its X-ray diffractogram shows a relatively sharp reflection
at 13.6 A. The average particle measure calculated from the line broadening
is cca. 80 A. The virtual degree of polymerization calculated from the melting
point depression of monomer crystals with AHm = 23.13 kj/mole is 9.

The phase diagram of poly-MOI is presented in Fig. 2. The phase condi-
tions are identical to those shown in Fig. 1, although the variance in the mea-
sured values is higher. The composition with minimal melting point (Mftr) is in
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Fig. 1. Phase diagram of the polymer-monomer system of /3monobutyl itaconate. a = Step

on the DTA base line; » = starting of the DTA peak (decrease in the light flux); X = DTA

peak (light flux becomes zero); O = Tg; O = Tf (plots obtained by consistometer). A = iso-

tropic liquid; B = polymer plastified by its monomer in glassy state; C = liquid + crystalline

monomer; D = crystalline monomer + plastified polymer in highly elastic state; E = crystal-
line monomer + plastified polymer in glassy state

Fig. 2. Phase diagram of the polymer-monomer system of /?-monooctyl itaconate. Marks
and symbols are the same as in Fig. 1
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the range of a monomer content of 36 to 40 % with a glass transition tempera-
ture of 35°C and a melting point of 46 °C. The polymer side of the phase
diagram can be well approximated by the equation of plastification. The virtual
degree of polymerization is 5, using AH = 32.43 kj/mole for the melting heat
of the monomer.

Polymerizations

D ata for insource polymerization of MBI at 20, 25, 30 and 35 °C are shown
in Fig. 3. Below 20 °C no detectable polymerization could be observed.

The accelerating kinetic curves for 25, 30 and 35 °C can be devided into
two stages. The linear section of the first one gives an activation energy of
122 kj/mole, while for the linear section of the second one 75 kj/mole was cal-
culated (see Fig. 4). The conversion limit is nearly 100 %. The initial rates for
the kinetic curves were linear as a function of the first power of the dose rate
(see Fig. 5). Figure 6 shows the insource polymerization of MBI in the presence
of dimethyl oxalate. MBI forms an eutectic mixture with DMO of 0.32
MBI(DMO) (mole/mole) content having the melting point of 29 °C. The ac-
celerating type kinetic curves turned linear in the eutectic mixture. Changes in
the intrinsic viscosity against conversion are illustrated in Fig. 7. Viscosity
decreases tending to a limiting value with increasing conversion. It increases
with the polymerization temperature regardless of the dose rate. Figure 8 shows
the kinetic curves for the post-polymerization of MBI at 25, 30 and 35 °C using
14.4 Mrad as a total dose of pre-irradiation at 20 °C. The conversion versus
time curves for the polymerizations at 25 and 30 °C coincide up to 15 hours,
when the polymerization at 30 °C gets accelerated. The molecular weight is
practically independent of the conversion and the temperature, although the
variance is high (see Fig. 7).

Fig. 3. Insource polymerization of MBI at a dose rate of 2.12 « 104 rad/h O = 20 °C,
+ = 25°C, X = 30°C, O = 35°C and at 30 °C with a dose rate of 1.43 « 104 (a) and
1.05 « 104 (v) rad/h
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Fig. 4. The temperature dependence of the rate of polymerization in Arrhenius representation.
m = MBI first linear part, O = MBI second linear part, O = MOI linear part

t (h)

Fig. 6. Insource polymerization of MBI in the presence of dimethyl oxalate additive at 20 °C
and at a dose rate of 1.5 «105 rad/h, A= 0, X = 0.2, « = 0.32 (eutectic) mole/mole
dimethyl oxalate
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—
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Fig. 7. Intrinsic viscosity of poly-MBI plotted against the conversion of insource polymeri-

zation at a dose rate of 2.12 « 104rad/h (O = 25°C, X = 30°C, « = 35°C, at 30 °C with

a dose rate of 1.43 « 104{0) and 1.05 « 104 (m) rad/h, and of post-polymerization irradiated
by a total dose of 14.4 Mrad, polymerized at a = 25°C, + = 30°C, v= 35°C

Fig. 8. Post-polymerization of MBI pre-irradiated by 144 Mrad at 20°C. O = 25 °C,
X =30°C, « =35°C

Kinetic curves for the insource polymerizations of MOI are presented in
Fig. 9. Kinetic curves of two systems containing different amounts of dimethyl
oxalate (DMO) are also included in the Figure (63 mole- % of DMO in MOI
forms an eutectic, the m.p. being 43 °C).

The kinetic curves start with an induction period; then a linear rate of
polymerization can be observed. Below 35 °C practically no polymerization
was observed. The activation energy calculated from the linear stages of the
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t 1h)

Fig. 9. Insource polymerization of MOI at a dose rate of 2.12 « 10J rad/h O = 35°C, X =

= 40°C, + = 45°C,« = 50°C, at 50 °C with a dose rate of 1.43 « 104(v) and 1.05 « 104 (a)

rad/h, 0 = with 64 mole- % of dimethyl oxalate additive (eutectic) at 35°C, Q = with
30 mole- % of additives at 35 °C

curves is 109 kj/mole (see Fig. 4). The rate of the insource polymerization is
proportional to the first power of the dose rate (Fig. 5).

In Fig. 10 the intrinsic viscosity is plotted against the conversion of
insource polymerization. The nature of the curves is identical with that ob-
tained for MBI. Kinetic curves for the post-polymerization of MOI are presented
in Fig. 11. The kinetic character of the processes is not accelerating. The molec-
ular weight is independent of the conversion and temperature (see Fig. 10).

Kinetic curves of insource polymerization and post-polymerization of
MLI and MCI are shown in Figs 12 and 14. The corresponding intrinsic vis-
cosity functions are illustrated in Figs 13 and 15. The intrinsic viscosities of

25 50 75 100
$.%

Fig. 10. Intrinsic viscosity of poly-MOI plotted against the conversion of insource polymeri-
zation at a dose rate of 2.12 <104 rad/h. O = 40°C, X = 45°C, 9 = 50 °C, at 50 °C with
a dose rate of 1.43 m104 (O) and 1.05 « 104 (W) rad/h, and of post-polymerization irradiated
at 20 °C by a total dose of 14.4 Mrad, polymerized at a = 40 °C, + = 45°C, v = 50°C
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Fig. 11. Post-polymerization of MOI pre-irradiated by a total dose Of 14.4 Mrad at 20 °C,
polymerized at Q = 40°C, X '= 45°C, # = 50°C

Fig. 12. Insource and post-polymerization of MLI. O = insource polymerization by a dose
rate of 2.12 « 10Jrad/h at 65 °C, post-polymerization after pre-irradiation at 20 °C by a total
dose of 11.55 Mrad, at 0 = 60°C, X = 65°C, + = 70°C

Fig. 13. Intrinsic viscosity of poly-MLI plotted against the conversion of insource polymeri-
zation by a dose rate of 2.12 « 104 rad/h at 65 °C
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Fig. 14. Insource and post-polymerization of MCI. O = insource polymerization by a dose
rate of 2.12 « 104rad/h at 70 °C, post-polymerization after pre-irradiation at 20 °C by a total
dose of 115 Mrad, at X = 68°C, + = 73°C, J) = 78°C

25 50 75 100
$,%

Fig. 15. Intrinsic viscosity of poly-MCI plotted against the conversion of insource polymeri-
zation by a dose rate of 2.12 « 104 rad/h

poly-MLI and -MCI obtained by post-polymerization at different temperatures
were measured as 0.12 + 0.02 gdm-3, Characteristics of the kinetic curves
and dependence of the molecular weight on the Conversion are similar to those
of the former two monomers.

Discussion

All the four monomers were classified by our previous system as having
accelerating kinetic character. Additives enhance the rates of solid-state poly-
merizations. In post-polymerization, however, the kinetic character is getting
retardant as the chain length of the monomeric molecules increases. In the
insource polymerization, the molecular weight is higher .during the initial
conversion, then tends to a limiting value that depends on the temperature;
while in post-polymerization it is independent of both the temperature and
conversion.

Using powder records of X-ray diffractometry, the length of the crystal
periods and, assuming extended chains, the size of the molecules were deter-
mined for the four monomers. These data are collected in Table I. The original
diffractograms in schematic representation are shown in Fig. 16.
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Table 1

Cell dimensions, molecular lengths and tilt angles of monoalkyl itaconates

Compound (Ij_i$nnlgt:t:\1 m?)f A g\ ,Z\ o/t deg?‘ees
MBI 25.7 5.64 7.14 18.7 0.779 50.5
MOl 35.7 5.67 7.54 25.9 0.786 48.8
(' 45.7 10.39 7.87 33.3 0.727 48.6
MCI 55.7 5.56 7.57 39.9 0.715 47.2

MClI
1 !, . 11 1111 11111 1111111,
1 MLl
e N S £ 1 VU e
MOI
till 1091 111
MBI

T L P T ra S U I A Y ST TTTY L LIS S
0 5 10 15 20 20 25 30 35 40

Fig. 16. X-ray diffractograms of monoalkyl itaconate crystals in schematic
representation

It can be seen that the unit cell dimensions correspond to the monoclinic
cell of substituted parraffins. The average spacing of the extended chain mole-
cules is the same in all the four cases. The longest cell periods are proportional
to the lengths of the monomeric molecules, but are higher than these. It means
that there are two molecules in the asymmetric units bridged by hydrogen
bonds and that the tilt angles of the coupled molecules (a) to the plane of the
layers where they are arranged are just the same and decrease only slightly
as the chain length increases. Therefore, it can be assumed that the topochem-
ical behaviour of the monoalkyl itaconates should also he the same.

For MBI and MOI, close relations were observed between the kinetic
character and the polymer—monomer phase diagram. Below the glass transition
temperature of a polymer plastified by its monomer in a composition of MJT,
insource polymerization does not take place at a measurable rate. The initial
topotactic reaction should, therefore, be regarded heterogeneous [14]. In the
viscoelastic range, the polymerization has high activation energy which is
commensurable with, or higher than, the estimated [15] heat of sublimation
(107 and 123 kj/mole, respectively). Above the melting point the polymeriza-
tion rate is high. Thus the rapid polymerization is not brought about by the
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reaction occurring in the solid state. It is reasonable, therefore, that the molec-
ular weight of the polymer formed in the so-called solid state is commensur-
able with that obtained in the liquid phase [11]. The molecular weight of a
polymer formed in the real topotactic processes dominating in the first stage
of the polymerization should be higher than in the liquid or in the highly
elastic state, as the intrinsic viscosity of the polymer rapidly decreases with
increasing conversion and temperature.

The effect of increasing the chain length of the monomeric molecules
cannot be interpreted unequivocally for the insource polymerization. In the
post-polymerization, rates reduced to the same temperature are decreasing by
increasing the chain length of the monomers. Obviously, it is not quite a good
basis for comparison, since the phase conditions cannot be reduced to the same
temperature. It can still be concluded that the increasing length of the mono-
meric molecules with identical structural conditions is less favorable for the
non-homogeneous phase solid-state polymerization. This may be explained by
the greater distance between functional groups as the tilt angle of the molecules
to their sheet plane decreases, as well as by the higher binding energy by which
the molecules are fixed to their sites as the length of the chain substituent is
increased.
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INVESTIGATIONS IN THE FIELD OF SOLID-STATE
POLYMERIZATIONS, XXXVI [1]

POLYMERIZATIONS OF N-HEXADECYL ACRYLAMIDE
AND N-HEXADECYL METHACRYLAMIDE IN THE PRESENCE
OF THEIR SATURATED ANALOGUES

F. Cser, K. Nyitrai, Y. Dévényi and Gy. Hardy

(Research Institute for the Plastics Industry, Budapest)
Received August 25, 1976

It has been established that the solid-state polymerization of N-hexadecyl acryl-
amide and N-hexadecyl methacrylamide has accelerating kinetic character. They form
isomorphous systems with their saturated analogues (N-hexadecyl propionamide and
N-hexadecyl isobutyramide, respectively) which is proved by their phase diagrams
and structure analyses. According to X-ray diffractometric investigations, the polymer
of N-hexadecyl acrylamide remains in the lattice of the monomer, and the system
undergoes a phase transition even at low conversions. The structure of this new phase
is preserved in the course of the polymerization in spite of the fact that the structure
of the polypier is different. This case is a new evidence for forced isomorphism. In the
polymerization of N-hexadecyl methacrylamide, the polymeric product causes a phase
transition at low conversions. The polymer becomes isomorphous with the monomer
by dissolving the unreacted monomer into its own hexagonal phase. Polymerization
takes place then in this loose-packed system.

Several studies have been devoted in our laboratories to the solid-state
polymerizations of vinyl esters and ethers containing long-chain aliphatic
[2—7] or cholesteryl [8—10] groups. It has been pointed out that these mono-
mers are particularly capable of solid-state polymerization since their mole-
cules are arranged in nodular and laminar structures within the crystal lattice.
It follows from the latter that the vinyl groups are located in the same plane,
which is a favourable pre-arrangement for solid-state polymerization. This
pattern is also found in N-hexadecyl acrylamide and N-hexadexyl methacryl-
amide to be discussed in the present paper, but the acid amide group may give
rise to some differences, owing to the presence of hydrogen bonds. These may,
e.g. completely hinder longitudinal motion in contrast with the case of vinyl
esters and ethers. Hydrogen bonds may interconnect the molecules at the vinyl
plane influencing the structure of the polymer formed. These expected effects
have been studied in the present work.

Experimental

N-Hexadecy] acrylamide (HAA) and N-hexadecyl methacrylamide (HMA) were pre-
pared from cetylamine with acrylic and methacrylic chloride, respectively, according to
Jordan et al. [11]. N-Hexadecyl propionamide (HPA) and N-hexadecyl isobutyramide (HIBA)
were synthetized from cetylamine with propionic chloride and isobutyric chloride, respectively.
The data of the materials prepared in this way are collected in Table I.
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Table |

Properties of the substances used
CHJCH215-NH CO -R

Analysis
Symbol R Mm.p., °C Calculated Found
C H N C H N

HAA " oS=o0oXx 48 77.40 12.52 4.75 77.51 12.41 4.82
HMA -C=CH2 52 79.60 12.93 4.52 79.72 12.87 4.38

CH3
HPA - CH2- cH3 45 76.82 13.14 4.73 76.74 13.21 4.92
HIBA -CH-CH3 66 77.30 13.28 4.49 77.45 13.44 4.32

CH3

Polymerizations

Polymerizations of the monomers were initiated by the 500-Cu 60Co y radiation source
of our Institute. The samples were sealed into 6 mm i.d. ampoules after expulsion of the oxygen
by an argon stream. Conversion was determined by precipitation using gravimetric method.
Polymer samples were dissolved in a 1 % solution of benzoquinone in chloroform and precipi-
tated by methanol.

Phase diagrams were recorded by means of a polarizing microscope using a method
described previously [12]. X-ray diffraction measurements were carried out with a Philips
wide-angle powder diffractograph at a scanning rate of I°/min in the range of 3 to 49° for 20.

Results

Phase diagrams of monomer/inert material systems

Figure 1 shows the phase diagram ofthe binary system N-hexadecyl acryl-
amide (HAA) and N-hexadecyl propionamide (HPA). The melting point curve

Fig. 1. Phase diagram of the system N-hexadecyl acrylamide (Mt)-N-hexadecyl propion-
amide (M2)
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starts at that of HAA at 48 °C and, after passing through a very flat mini-
mum at about 40 °C, reaches the melting point of HPA at 45 °C. The course
of the freezing point curve is similar, showing its minimum at 30 °C.

In Fig. 2 X-ray diffractograms for some compositions of HAA/HPA are
presented schematically. Intesitiesof the reflexions are illustrated by the lengths
of straight lines located at the place of the peak. For each composition, the
height of the strongest reflexion is taken as unity, thus all other intesities cor-
respond to its proportion. It can be seen that the characteristic reflexions of
HAA are changed even at a molar ratio of 0.9 : 0.1 for HAA/HAP, indicating
the appearance of a new phase. This phase can be detected up to the molar
ratio 0.5 : 0.5, while the reflexion angles vary continuously. With HPA con-
tents higher than 0.5 : 0.5, the reflexions of HPA are observed at angles varying
monotonously with the composition. Comparing Figs 1 and 2 it can be estab-
lished that HAA and HPA form partially miscible solid solutions. At high
HPA contents, the structure of the solid solution corresponds to that of HPA
itself, whereas at high HAA contents, the structure of the solid solution differs
from that of pure HAA. The two phases, i.e. HAA containing HPA, and HPA

HAA HPA
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Fig. 2. X-ray diffractogram of N-hexadecyl acrylamide (Mx-N-hexadecyl propionamide
(M2 mixtures
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containing HAA, are not present simultaneously at ambient temperature;
always the solid solution characteristic of the component of higher proportion
can be detected. The liquidus and solidus curves decrease for both solid solu-
tions by increasing the amount of the second component, and intersect at the
composition where the structures of the solid solutions interchange.

The phase diagram of the system N-hexadecyl methacrylamide (HMA)
and N-hexadecyl isobutyramide (HIBA) is illustrated in Fig 3. The shape of
the solidus curve is convex from the melting point of HMA at 51 °C up to that
of HIBA at 65 °C, and it shows a wide shallow maximum between HIBA con-
tents of 0.6 to 0.9. In Fig. 4 schematic X-ray diffractograms are presented for
several compositions of the HMA/HIBA system. The reflexions of HMA con-
tinuously approach to those of HIBA. For an interpretation of Figs 3 and 4 it
can be stated that HMA and HIBA form a solid solution in spite of the slight
differences in their structures. The structure of the solid solution depends on
the composition and it corresponds to a transition structure between those of
the pure components.

Polymerizations

Figure 5 shows the kinetic curves of solid-state in source polymerizations
of HAA at 20 °C, in the presence of various amounts of HPA. It can he readily
observed that both the polymerization rate and the conversion limit decrease
as the concentration of the inert material increases. A physical hindrance of
chain propagation of this kind was formerly observed in the binary system
of cholesteryl propionate [8].

Kinetic curves of solid-state in source polymerizations of HMA in the
presence of various amounts of HIBA are presented in Fig. 6. The inert mate-
rial both changes the kinetic character and increases the initial rate of poly-

M 0.2 0.4 0.6 08 M 10

Fig. 3. Phase diagram of the system N-hexadecyl methacrylamide (Mj)—N-hexadecyl isobutyr-
amide (M2
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Fig. 4. X-ray diffractogram of N-hexadecyl methacrylamide (Mj)—N-hexadecyl isohutyramide
(M2 mixtures

100 200 300 400
th

Fig. 5. Kinetic curves of solid-state polymerizations of N-hexadecyl acrylamide at a dose
rate of 1.4 « 105r/h at 20 °C; O = without additive; X = with 20 mole- % of HPA; « = with
50 mole- % of HPA; A = with 70 mole- % of HPA

merization. In this case the isomorphous diluent presumably alters the structure
of the solid phase so that the polymer product can also be isomorphous with
the originally isomorphous system consisting of the monomer and inert
material.
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100 200 300 100 500 600
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Fig. 6. Kinetic curves of solid-state polymerizations of N-hexadecyl methacrylamide at a dose
rate of 1.4 «105r/h at 20°C; O = without additive; O = with 20 mole- % of HIBA;
0O = with 50 mole- % of HIBA; 0 = with 70 mole- % of HIBA

Interactions between the polymer and the monomer

Figure 7 shows the schematic diffractograms of HAA samples taken at
various conversions. It can he established that the structure of the monomer
changes considerably even at a low conversion. In the presence of the polymer
the diffractograms remain characteristic of a crystalline material up to a con-
version of 90 %, but the intensities of the reflexions are decreasing. In fact, the
locations and relative intensities of the individual reflexions are changing with
increasing conversion. The diffractogram of the precipitated pure polymer dif-
fers from that of the system of 90 % conversion suggesting a known hexagonal
arrangement of the side chains [13]. The polymer/monomer system of 90 %
conversion is hexagonal as well, but the reflexion corresponding to the attach-
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Fig. 7. Schematic illustrations of X-ray diffractograms of polymerizing HAA samples at
different conversions
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Fig. 8. Schematic illustrations of X-ray diffractograms of polymerizing HMS samples at
different conversions

ment of the chains is shifted towards the lower angles (higher distances). This
shift can also be observed in the course of the conversion.

In Fig. 8 X-ray diffractograms are schematically illustrated as a function
of the HMA conversion. It can be stated that intensities of the crystalline
reflexions decrease rapidly as compared with those of the original monomer.
Even at a conversion of 7.5 %, the diffractogram indicates the formation of a
new phase with crystalline orientation which latter becomes however, reduced
with the progress of conversion. At conversions above 15 %, the diffraction
pattern of the polymer is predominating. The polymer is characterized by a
hexagonal structure and the monomer is transformed into that structure by
the appearance of a relatively low amount of polymer.

Discussion of the phase conditions

For an interpretation of the above experimental results, it should be
considered that an ideal solid solution of organic molecules is quite rare.
According to Kitaigorodskii [14], a solid solution can be expected when the
molecular sizes of the components assure that their overlapping volume takes
at least 90 % of the total volume, their crystalline structures are identical and
none of the components has a group that could hinder setting into the molec-
ular lattice of the other. Vinyl monomers generally do not form solid solutions
with their saturated analogues. Ideal eutectics was obtained for the system
acenaphthylene-acenaphthene [15]. The systems N-vinylphthalimide-N-ethyl-
phthalimide [16] and N-vinylcarbazole-N-ethylcarbazole [17] form eutectics,
too. Partial miscibility was found for the solid solutions of the monoallyl-mono-
propyl esters of norbornene-2,3-dicarboxylic acid [18] and cholesteryl meth-
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acrylate—eholesteryl isobutyrate [10]. A partially miscible liquid crystalline
solution was observed in the system cholesteryl acrylate-cholesteryl pro-
pionate [8].

Capability of isomorphism increases with the chain length of the sub-
stituent bonded to the vinyl group. It isimpaired, however, by the fact that the
vinyl group is planar, while its saturated analogue is non-planar. Kitaigo-
RODSKII [14] made a theoretical study of the crystal structure of paraffins and
found that the arrangement of the subcells of a long carbon chain related to
the crystal lattice is determined by the attachment of the end-groups. This
may explain the significance of the vinyl-to-alkyl change in the attachment of
the layers in the crystal lattice. The difference observed between HAA and
HMA in the present work may be attributed to the higher space requirement
of the methyl group of the substituent in HMA (which is not entirely planar)
as compared with that of the acryl group; the supplementary hydrogen atoms
do not destruct the close packing of the lattice. Furthermore, it does not appear
casual that no solid solution is formed in the lattice of HAA; instead, the
system HAA/HPA of high HAA content creates anew structure, while HPA is
able to dissolve HAA in its lattice with a higher space requirement.

A study of the polymerization of the monomers as a function of the con-
version has shown that HAA undergoes a phase transition at a low conversion
under the influence of the polymer remaining in the lattice. In the course of
further polymerization, the polymer preserves the structure of this phase in
spite of the fact that its own structure is different. This is an additional piece
of evidence for forced isomorphism described previously [8]. The polymeriza-
tion characteristics of mixed films of vinyl stearate—ethyl stearate studied by
PutermAN et al. [19] can be explained similarly.

Phase transitions in HMA systems occur at lower conversions. The poly-
mer becomes isomorphous with the monomer in such a way that the polymer
dissolves the unreacted monomer in its hexagonal phase. Such a hexagonal
phase is formed in smectic substances as well, characterized by chains perpendic-
ular to the plane of the chain ends; the direction of the C—C—C planes within
the chains is, however, statistical. Polymerization takes place in this loose-
packed system. This pattern is related to the feature of the solid-state reaction.
The reaction rate increases as the new phase has formed resulting in an ac-
celerating kinetic character. In the presence of the isomorphous inert material
the modifying effect of the polymer does not prevail, since the initial crystal
structure differs from that of the pure monomer even if this difference is slight.

The highest periods of the monomeric crystals are 24.9 A for HAA and
21.51 A for HMA; those for the systems containing polymers are 31.2 and
31.1 A, respectively. The estimated length of extended chain molecules is
27.5 A. It means that the molecules are tilted to their sheet in monomeric
crystals, but form sheets with perpendicular molecular chains in the presence
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of polymer. Such a transformation of molecular orientation was not observed
in monomers having no hydrogen bridges within the sheets. In all cases when
forced isomorphism between a monomer and polymer was detected, the poly-
mer was preserved by the lattice geometry of monomeric crystals. In the pres-

ent

cases this relation is reversed, which can be explained by hydrogen bonding

forces coupling the molecules to each other within the sheets and preventing
the formation of a separate polymeric phase.
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Our previous studies have shown that the surface excess free energy of platinum,
palladium, rhodium, ruthenium and iridium catalysts depends primarily on the nature
of the catalyst, but it also varies with the method of preparation.

This work aims at investigating how the surface excess free energy of palladium
and platinum catalysts varies upon alloying. The effect of alloying was studied on
Pd Ir and Pt-Au systems.

By extending the investigations to the measurement of hydrogen content, sur-
face area and activity, we have found that the excess surface free energy remains
essentially unchanged within the detection limit while the components of the alloy
form a homogeneous solution and have similar physicochemical properties (e.g. lattice
parameters) which enable the atoms of the alloying metal to replace easily those of
the host metal in the lattice points.

Detectable changes occur in the excess free energy upon alloying only in those
cases when new phases appear (Pt with an Au content of 10—15 atom %).

Introduction

According to the most generally accepted view, catalysts can be regarded
as substances in a non-equilibrium state with excess free energy. The most
important components of this excess free energy are, according to Roginskii
[1], the phase defects, chemical and structural defects and the high dispersity.

In certain cases, there is a linear correlation between the excess surface
free energy and other properties (e.g. catalytic activity) of the catalysts [2].

The excess free energy can be determined on the basis of several physico-
chemical properties of solids. Our measurements are based on an improved
variant of the method of Hiuttig and Hermann [3] and Roginskii [1]. Accord-
ingly, the excess free energy (AF) of noble metal catalysts is determined
from the potential difference, E, of the active substance and the metal in equi-
librium state, with respect to the ions of the given metal [4], by means of
the equation

AF = 23060 n E (cal/mol)

where n is the valence number of the metal ion in solution.
One of the basic features of the method developed in our laboratory is
that, before the measurement, the catalyst is polarized galvanostatically to a
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potential at which the catalyst can be regarded as practically free of gases.
Otherwise, the oxygen or hydrogen gas on the surface of the catalyst interferes
with the determination of the potential Me/Me"

The excess free energy calculated from the electrochemical potential is
characteristic of the surface of the catalyst, and thus it represents the excess
free energy referred to unit surface area, an important property in catalysis.

We found [4] that the surface excess free energy of platinum, palladium,
rhodium, ruthenium and iridium catalysts is a function primarily of the nature
of the catalyst, but it can also be influenced by the method of preparation over
a wide range. For a given metal, the higher the value of AF, the higher the
catalytic activity obtained.

As an extension of this work, we have now studied how the changes
occurring upon the alloying of the catalysts can be detected via the measure-
ment of the surface excess free energy. The effect of alloying was studied on the
Pd—r and Pt—Au systems.

In addition to the measurement of AF, the sorption of hydrogen was also
investigated by galvanostatic and potentiodynamic methods, furthermore, the
surface area and the catalytic activity were measured in liquid-phase hydro-
genation reactions. On the basis of these measurements, we attempt to esti-
mate the role of the components of AF in the surface excess free energy.

Experimental

1. Experimental methods

a) The determination of surface excess free energy

The surface excess free energies of palladium —ridium catalysts were mea-
sured in the following way. Thirteen to 50 mg samples of the catalyst were po-
larized to ca. 500 mV in 1N HC1. The resulting degassed catalyst was transferred
under liquid into the measuring electrode chamber of the apparatus described
in our previous publication [4], containing a solution with a concentration of
1M for HC1 and 10~3M for H2PdCl4. The flask was shaken to make the catalyst
grains impact against a smooth platinum sheet electrode. The reference elec-
trode was Ag/AgCI/HCI (1 ill) system. The two electrode chambers communi-
cated through ground joints. The measurements were carried out at 25 °C.

W ith this method, a possible source of error is that the catalyst may
re-adsorb gases when transferred from the polarizing apparatus into the
measuring chamber, or adsorb gases from the electrolyte fed into the latter.
Therefore, an apparatus was developed (Fig. 1), which can be applied for both
galvanostatic polarization and the measurement of AF. During the measure-
ment, the electrolyte and the catalyst can be flushed with oxygen-free argon
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Fig. 1. Apparatus for the measurement of free energy. A — measuring electrode, B — auxi-
iary electrode, C —reference electrode, D —inlet and outlet of Ar gas, E —inlet of oxygen-free
electrolyte, F — electrolyte drain

and between the two measurements the electrolyte can be replaced under an
inert gas atmosphere.

The design of the measuring electrode is as follows. A ground piston
moves in a sheath closed on the end with a sintered glass filter. The piston ends
in a platinum sheet. The catalyst can be placed between the platinum sheet and
the filter, and it is pressed against the latter by the piston. The polarizing
auxiliary electrode is a smooth platinum sheet, and the reference electrode is
Ag/AgCl immersed into 1 N HC1. The electrolyte can be stirred by argon gas
or with a magnetic stirrer.

This apparatus was used to study Pt-Au catalyst systems.

b) Galvanostatic and potentiodynamic studies

The galvanostatic investigations of the catalysts containing palladium
and the potentiodynamic measurements on all catalysts were performed in the
three-electrode chamber described in our previous paper [4]. In this cell the
measuring and polarizing electrodes are smooth platinum sheets, and the refer-
ence electrode is a platinized platinum hydrogen electrode. From the space
of the reference electrode a Luggin capillary leads down to the catalysts.

The galvanostatic investigations of Pd-containing catalysts were per-
formed at room temperature with 10 mg samples of catalystin 1 N sulfuric acid.
Current intensity was 2 mA. The catalyst samples were first saturated with
hydrogen by cathodic polarization, and then the anodic curves were taken.
In plotting the curves, the approximate value of the resistance polarization
was also taken into account. The section of the curves below 50 mV was deter-
mined by extrapolation. In the evaluation of the charging curves, according
to the approximation given in our previous paper [5], the amount of hydrogen
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desorbed between 0 and 90 mV was regarded as dissolved, and that desorbed
in the range of 90 —300 mV as adsorbed. From the amount of adsorbed hydro-
gen, the surface area was calculated by the usual approximations [6], and it
was also evaluated from the specific capacitance obtained from the double-
layer sections of the curves [7]. (Since no data have been found in the literature
on the specific capacitance of the alloys, the values pertaining to platinum
were used in all cases.)

The galvanostatic curves of Pt—Au catalysts were measured in the appa-
ratus shown in Fig. 1. The measurements were carried out at 25 °C with 20 —30
mg of catalystin 1 N HC1, at acurrent intensity of 1 mA. The amount of sorbed
hydrogen was determined from the 0—300 mV section of the curves, whereas
the surface area from the double-layer section.

In the potentiodynamic measurements 1 N sulfuric acid or 1 IV hydro-
chloric acid was used as electrolyte. The measurements were carried out at room
temperature between 50 and 300 mV with 1—10 mg of catalyst, using an AMEL
551/SU type potentiostat. To determine the potentials belonging to each of
the maxima, the rate of the potential change was decreased until the peaks
did not shift any more [5, 8].

c) Activity measurements

The apparentactivities ofthe catalysts wereinvestigated in liquid phase hy-
drogenation reactions at 20 °Cunder 1 atm, using nitrobenzene, eugenol and ac-
etophenone as reactants. One hundred mg catalyst and 10 ml 90 %ethanol were
charged into a 50 m1 flask, and the reaction mixture was saturated with hydro-
gen undershaking. Thereafter,2 ml of a 90 % alcohol solution containing 2 mmol
of eugenol or acetophenone or 2/3 mmol of nitrobenzene, respectively, were
injected into the system, and the consumption of hydrogen was measured.

Activity was defined as the amount of hydrogen (ml) consumed from
the gas phase by 1 g catalyst in 1 min.

2. The preparation of catalysts

a) Pd catalysts containing 0, 0.5, 2.5 and 4 atom % of Ir

The pH of 30 ml of a 10 wt. % H2PdCl4 solution was adjusted to 9 —10
with 30 wt. % NaOH solution. The precipitated oxide was boiled, and imme-
diately hydrogenated under atmospheric pressure and shaking until the hy-
drogen uptake ceased. The catalyst was washed with hot distilled water, and
dried at room temperature in a vacuum desiccator to constant weight.

The iridium containing catalysts were prepared in a simdar manner,
except that in the starting H2PdCl4solution (NH42rCl6 was dissolved in a-
mounts corresponding to 0.5, 2.5 and 4 atom % of iridium content.
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b) Pt-Au catalysts containing 0,5, 10, 15 and 20 atom %ofAu were pre-
pared by sodium borohydride reduction; 120 ml of a solution of 4.5 g Na2PtC16
and an appropriate amount of HAuCl4and 300 ml 15 wt. % solution of NaBH4
were dropped simultaneously, at 20 —25 °C, into 150 ml of distilled water,
in a manner always ensuring an excess of sodium borohydride. Thereafter, the
reaction mixture was heated to boiling and then filtered. The catalysts were
washed with 200 ml of 0.1 N hydrochloric acid and distilled water, and finally
dried at 25 °C in vacuum.

Results

The effect of alloying was investigated on platinum catalysts containing
gold and palladium catalysts containing iridium. These systems were selected
on the basis of the following considerations. In the electrochemical measure-
ment of the surface excess free energy, it must be taken into account that
the potential of alloy catalysts is determined by the less noble component, but
the alloying metal, in parallel with alloy formation, makes the standard poten-
tial of the less noble metal more positive. To be able to neglect the dissolution
of the nobler component, the difference between the two standard potentials
must be sufficiently large. These considerations have led to choosing iridium
and gold for alloying palladium and platinum, respectively. (The corresponding
metal/metal chloride complex standard potentials are as follows:

E°Pd = 0.64 ¥
£Ept = 0.76 ¥
E\r=0.86 V
Kn = i-00 V)

The Pd—r system is homogeneous above 1500 °C, and separates into
systems rich in palladium oriridium below this temperature. The heterogeneous
range rapidly increases with a decrease in temperature: already at 700 °C only
3 atom %ofiridium is dissolved in palladium [9]. According to the investiga-
tions of Khomchenko et al. [10], pertaining to electrolytically precipitated
Pd—r black, the system becomes heterogeneous only above 15 atom % of Ir.
This might be due to the fact that at low temperatures the equilibrium state
cannot be reached owing to slow diffusion. The concentrations of the Pt—r
alloys chosen in our measurements were to ensure homogeneous alloys. There-
fore, palladium was alloyed only with very small amounts of iridium (0.5, 2.5
and 4 atom %), suited for the investigation ofthe relative importance of chem-
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ical defects according to the classification of Roginskii in the surface excess
free energy.

Platinum and gold crystallize in the same system, and there is only a
slight difference in their lattice parameters. Nevertheless, they are miscible
to only arestricted extent due to some differences in their electronic structures.
At room temperature, the equilibrium composition of the phase rich in pla-
tinum is, theoretically, almost 100 % platinum, which, however, cannot be
reached in practice due to slow diffusion [11]. W ith this system, the concentra-
tions of the alloys applied (5, 10, 15 and 20 atom % of Au) certainly reached
the heterogeneous region, thereby it is possible to study not only the role of
chemical defects but also that of phase defects occurring in the presence of the
new phase.

For the calculation of the AF values of alloy catalysts it is also necessary
to know, as a reference value for the potential of the catalyst, the standard
potential of the metal-metal complex ion system of a given concentration,
being at thermodynamic equilibrium in the alloy. In the case of Pd-Ir alloy
this was calculated (for Pd) by assuming the presence of an ideal solution.
In the case of Pt-Au alloys, the potential of Pt was calculated from the approx-
imate equation given by Borelius [11]:

—F = 950*41 - x) + 7700 [x3(1 - x)2+ xlI - *)3] +
+ 2900*(1 - x)*+ T[xIn* + (1 - x)In (1 - x)]

where F is the free energy change of alloying referred to 1 g atom of the
alloy;
[px=i = 0 and Fx=o = °J;
x and (1 —x) are the mole fractions of gold and platinum;
T is the temperature; and
R is the universal gas constant.

(a) The galvanostatic curves of Pd catalysts containing 0, 0.5, 2.5 and
4 atoms %of Ir were determined in 1 N sulfuric acid (Fig. 2). The sections
corresponding to the processes which occur during anodic polarization, i.e. cor-
responding to hydrogen ionization, double layer charge inversion and oxygen
adsorption are well distinguishable on the curves. In the range between 0 and
300 mV, the curve of palladium is more complex than those of other platinum
metals owing to the large amounts of dissolved hydrogen. Below 100 mV
a long, nearly horizontal section appears, which corrsponds essentially to the
oxidation of dissolved hydrogen. The next, lower step can be attributed, accord-
ing to the approximation mentioned above, to the ionization of the adsorbed
amounts of hydrogen.
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The potential of the first step of the curves decreases gradually upon
alloying. For the catalyst containing 4 atom % iridium, the decrease reaches
about 15 mV.

The hydrogen content and the surface area calculated from the galvano-
static curves are given in Table I. It can be seen that the amount of adsorbed
hydrogen and the surface area calculated therefrom do not vary with the Ir
content, whereas the dissolved and total amounts of hydrogen decrease.

Table |

Specific hydrogen content and surface area of palladium—ridium catalysts

Iridium content Hydrogen content (ml/g) Surface area
(atom %) Total Dissolved Adsorbed (m/g)
0 71.3 57.0 14.3 56.1
0.5 70.2 55.7 14.5 56.1
2.5 65.2 51.0 14.2 54.8
4.0 53.5 38.7 14.7 57.0

Upon the introduction of 4 atom % Ir, the apparent activities for the
liquid phase hydrogenation of eugenol and nitrobenzene decrease only by
5—10 %with respectto that of pure palladium (84 and 79 ml H2/min g catalyst).

The surface excess free energy of the catalysts remains practically un-
changed upon alloying with Ir, being invariably in the range of 2.3 —2.5 kcal/mol.

Fig. 2. Galvanostatic curves of Pd-Ir catalysts (1 N H2S04, 10 mg catalyst, room temperature,
i=2 mA); a — pure Pd, b — 05 at. % Ir, c — 25 at. % Ir, d — 4 at. % Ir
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The width of this range is the same as the probable scatter of the experimental
results (+ 0.1 kcal/mol).

According to X-ray diffraction measurements, the catalysts are homo-
geneous, and a new phase rich in iridium cannot be detected.

(b) The hydrogen content of platinum catalysts containing 0, 5, 10, 15
and 20 atom % gold was determined by galvanostatic and thermodesorption
methods. The hydrogen content determined electrochemically (Fig. 3, curve b)
decreases linearly between 0 and 10 atom %, increases in the range of 10 —15
atom %, and then decreases again.

The surface areas calculated from the double layer capacitance on the
basis of the galvanostatic curves also change abruptly, after a steady section,
between 10 and 15 atom % (Fig. 3, curve c).

The hydrogen content referred to 1 m2 of surface area determined by
electrochemical methods (Table I1) decreases by about 20 % upon the intro-
duction of 20 % gold, i.e. the specific hydrogen sorption ability of the catalyst
decreases.

Aula%g

Fig. 3. The most important characteristics of Pt-Au catalysts as a function of composition.

a and a’ —activities in the hydrogenation of eugenol and nitrobenzene, b — hydrogen content

determined electrochemically, ¢ — surface area determined electrochemically, d — surface
excess free energy
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Table 11

Hydrogen content and surface area of Au-containing Pt catalysts

Hydrogen content Surface area
(awAmu%) From thermo- From electrochem. measurement Electrochem.
desorption measurement

H/g) (rolls) (ml/m*) (m*/g)

14 3.42 0.140 243

- 3.22 0.122 26.3

10 0.9 3.01 0.126 23.9

15 13 3.95 0.114 34.8

20 0.7 3.45 0.110 31.3

The slight change in the potential dependence of hydrogen sorption is
A
easy to observe on the-"? vs. E curves obtained by differentiation of the gal-

vanostatic curves. The differential galvanostatic curves of the catalysts con-
taining 0 and 5 %Au are shown in Fig. 4. (Owing to the different experimen-
tal conditions they are not identical to the potentiodynamic i vs. E curves.)
It can be seen that with the introduction of gold (5 atom %), weakly bound
hydrogen is desorbed at a potential by about 15 mV lower than in the case
of pure platinum. The peak position of strongly bound hydrogen removed
above 200 mV cannot lie determined accurately enough due to the stepwise
measurement of the galvanostatic curves. With samples of higher gold con-
tent, the first peak is already not shifted, and thus the corresponding curves
are not reproduced here.

Fig. 4. Differential galvanostatic curves of Pt-Au catalysts (1 N HC1, 25 mg catalyst, 25 °C);
a — pure Pt, b — 5 at. % Au
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Potentiodynamic studies permit more detailed and accurate results to
be obtained concerning the hydrogen adsorbed on the catalysts. The potentio-
dynamic curves of platinum catalysts containing gold exhibit two maxima
due to hydrogen in all the cases, like those of pure platinum [12], but the spac-
ing of maxima decreases with increasing gold content (Fig. 5). This is in agree-
ment with the results ofBreiter [13], according to which, if platinum is alloyed
with increasing amounts of gold, only one, broad peak can be found above
40 % gold content.

The amount and nature of adsorbed hydrogen were also investigated by
thermodesorption methods, in addition to electrochemical measurements.
W ith an increase in gold content from 0 to 20 atom %, the termodesorption of
hydrogen takes place at temperatures lower by about 100 °C. The decrease in
the peak temperature corresponds to decreasing metal-hydrogen bond
strengths. The amount of sorbed hydrogen as a function of the composition
varies in a similar way as observed in the electrochemical measurements.

The structures of the catalysts were investigated by X-ray diffraction
methods. The presence of a phase rich in gold could not be detected in any of
the samples, only the two most intense peaks of platinum were broadened
towards the value characteristic of gold. The asymmetric broadening of the
two peaks of Pt and the invariance of the positions of the maxima can be
attributed to the fact that upon the introduction of gold the amount of phases
rich in platinum and containing gold in various amounts increases inside the
grains at the expense of the pure platinum phase.

The apparent activities of the catalysts in the hydrogenation of eugenol
and nitrobenzene (Fig. 3, curves a and a’) change quite similarly in the entire

E [mVj
Fig. 5. Potentiodynamic curves of Pt-Au catalysts in 1 N sulfuric acid. Rate of potential

change 200 mV/min; a — 0 at. % Au (17 mg), 6 — 10 at. % Au (17 mg), c — 20 at. % Au
(15 mg)
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concentration range studied. With both reactants, the probable maximum lies
between 10 and 15 atom %.

The surface excess free energy (Fig. 3, curve d) was found to be constant
between Au contents of 0 and 10 atom %, increasing only in the range of
10 —15 atom % of Au by about 70 per cents. This increase occurs in the range
where the other catalytic properties also show remarkable changes.

Discussion

The results obtained on the effect of alloying on the hydrogen content,
surface area, activity and surface excess free energy of palladium—ridium and
platinum—gold systems can be interpreted as follows.

(@) Pd-Ir catalysts

The lattice parameters of Pd and Ir are nearly identical (3.88 and
3.89 A), making substitution in the crystal lattice possible, particularly in the
alloys studied, containing 0 to 4 atom % of Ir. The structural homogeneity
of the bulk of alloys is also proved by X-ray diffraction measurements, which
failed to show the presence of phases rich in iridium. However, the bulk and
surface compositions of alloy catalyst grains may he considerably different.
According to the segregation theory [15], the component with a lower heat of
sublimation is enriched on the surface of homogeneous alloys. In the Pd—r
system, Pd has the lower heat of sublimation [16], and thus it can be expected
to undergo enrichment in the surface layers. Therefore, the introduction of 4
atom % Ir may cause only minor changes in the surface characteristics as
compared with palladium.

Accordingly, the surface excess free energy (AF) of the alloys was found
to remain practically unchanged upon the introduction of iridium.

The invariance of AF leads to only insignificant changes in the catalytic
activity (5—10 %), in agreement with our previous observations [4].

According to our electrochemical measurements, the effect of iridium is
manifested primarily in a decrease of the metal-hydrogen bond strength
(qualitative change) and in a slight decrease in the dissolved and total amounts
of sorbed hydrogen (quantitative change). The amount of adsorbed hydrogen
and the surface area were found to be independent of the iridium content.

The decrease in the amount and bond strength of dissolved hydrogen
can he interpreted by assuming that iridium enters the lattice of palladium,
i.e. an alloy is formed. The galvanostatic investigations of Khomchenko
et al. [10] on Pd-Ir catalysts have led to similar conclusions. Accordingly, the
introduction of iridium changes primarily the bulk structure of the catalyst:
alloy formation involves changes in the qualitative and quantitative param -
eters of the dissolution of hydrogen. In contrast, the surface characteristics
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of the catalyst (amount of adsorbed hydrogen, surface area, activity and surface
excess free energy) remain essentially unchanged.

(b) Pt-An catalysts

In the alloys of platinum formed with gold substantial differences can
be expected to occur between the surface and hulk properties of the grains.
In this system the heat of sublimation of the alloying metal, gold, is much
lower than that of the host metal [15]. Therefore, one can expect gold, or a
phase rich in gold, to be enriched on the surface and in the nearby layers. Thus
the surface of the alloy will probably separate into phases rich in platinum
and gold. This surface inhomogeneity was detected by Breiter [17] in an
electrochemical study of the surface composition of Pt-Au alloys.

Concerning the bulk structure of alloys, we have found by X-ray mea-
surements that gold is built gradually into the lattice of platinum, as shown
by the asymmetric broadening of the Pt maxima. The characteristic maximum
of gold could not be detected in any of the alloys, but the X -ray diffractograms
of the samples containing 15 and 20 atom % gold were already identical,
suggesting that gold in a quantity above 15 atom % does not enter the phase
rich in platinum, forming instead a new phase rich in gold which is amorphous
in X-ray diffraction. A similar conclusion can be found in the literature [14]
on electrolytically deposited Pt—Au black.

At low concentrations, when the alloy is homogeneous, alloying with gold
causes only slight changes in the catalytic properties of platinum. More signif-
icant changes can be expected to occur in the concentration range in
which the alloy is already heterogeneous, and contains a second phase rich
in gold.

As shown by Fig. 3, there is an abrupt change in the surface area, hydro-
gen content, surface excess free energy and catalytic activity when the average
gold content increases from 10 to 15 atom %. According to the above consid-
erations, this is the range where the formation of a heterogeneous alloy begins
on the surface.

The surface excess free energy increases by about 70 %in the above range,
and the constancy of AF in the range above 15 atom % indicates that the
character of the surface is essentially invariant with respect to the introduction
of further amounts of gold. Sachtirer et al. [18, 19] obtained similar results
by measuring the electronic work function and the adsorption ratio H2Xe.

The change in surface area can also be associated with the surface homo-
geneity or inhomogeneity of the alloy. The surface area is practically constant
in the homogeneous range, it increases by about 25 —30 % with the appearance
of the second phase, and slightly decreases above a gold content of 15 atom %.
The increase in surface area is presumably due to the ability of the new phase,
similarly to supports, to readily disperse platinum. (The decrease above 15
atom % might be attributed to the fact that in the calculation of surface area
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from the charging curves the specific capacity of platinum was used, and the
error thereby introduced increases with increasing gold content.)

The variation of the hydrogen content of catalyst samples is essentially
similar in tendency to that of the surface area. The amount of hydrogen sorbed
on unit area shows a decreasing trend upon alloying. (Owing to the relatively
great scatter of the ratio of the two quantities, no further conclusions can be
drawn.) Gold decreases not only the amount but also the bonding energy of
hydrogen. This is indicated by the shifts of the maxima in both the differential
galvanostatic curves and the thermodesorption curves towards lower potentials
and temperatures, respectively, upon alloying.

According to the potentiodynamic investigations, not only the metal
hydrogens bond energy decreases with increasing gold content, but the two types
of hydrogens also become less separated. Consequently, the surface area of the
catalyst, at least with regard to hydrogen sorption, becomes energetically
more homogeneous.

The apparent activities of the catalyst samples were similar in the hydro-
genation of double bonds (eugenol) and nitro groups (nitrobenzene), and ex-
hibited maxima between 10 and 15 atom % gold, i.e. in the range where the
second phase occurs. The increase in activity between 0 and 10 atom % can
be attributed presumably to a loosening effect of introduced gold on the pla-
tinum-hydrogen bond. The decrease in activity at higher concentrations can
be associated with an enrichment of the inactive phase, rich in gold on the
surface.

It appears from the above results that phase defects and changes in dis-
persity (surface area), two of the parameters considered by Roginskii as mak-
ing the most important contribution to the surface excess free energy, need
not he taken into account in the range between 0 and 10 atom % gold. Under
the same conditions of preparation, the effect of structural defects is probably
similar. The fact that the change in composition (chemical defects) is not
accompanied by changes in the excess free surface energy can be attributed to
the physicochemical similarity of the two components. The increase of AF in
the range of 10 —15 atom % gold can be ascribed equally to phase defects
(formation of a new phase) and to increasing dispersity.

Conclusions

Our conclusions concerning the effect of alloying on the surface excess
free energy of platinum—gold and palladium—idium systems are as follows.
1. In the concentration range where the two components form a sub-
stitution alloy (0—4 atom %for Ir/Pd and 0—10 atom % for Au/Pt), the sur-
face excess free energy is constant within the experimental error. Accordingly,
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in such cases the role of “chemical defects” is negligible. (The introduction of
increasing amounts of iridium, leads probably to its incorporation primarily
into the bulk phase and Au may be enriched on the surface.)

2. In the range where the alloy becomes heterogeneous upon increasing
the amount of one of the components (10 —15 atom % for Au/Pt), the surface
excess free energy of the catalyst, together with the other characteristics
investigated, undergoes substantial changes. Since in this case the surface area
also increases, the change in AF can also be attributed to an increase in dis-
persity and the formation of a new phase.
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The preparation and characterization of the complex of biuret with Pd(ll),
Pt(1l), Pt(1V) and Rh(IIl) is described. Probable structures for the complexes are
proposed on the basis of chemical analyses, magnetic susceptibility, electronic and
infrared spectral data. The mode of co-ordination and force constants for M—© and M-ClI
bonds are discussed. In every complex the ligand behaves as an oxygen donor. The order
for KM_0 and KM_Q is Pt(Il1) > Pd(Il) and Pt(lY) > Rh(Ill) for square planar and
octahedral complexes respectively.

Introduction

The industrial application of platinum and Pt group metal catalysts is
wellknown [1—6]. They play an importantrolenotonlyinthe fertilizer industry
but also in many chemical manufacturing processes. The salient features of
the modern trend of research on the aforesaid problems are the quick and
precise analysis of the metal with some new organic ligands and their activity
in relation to their electronic structure.

The versatility of biuret (BT) as a co-ordinating ligand is well recognized
[7 —11]. An extensive infrared study has been made on the most common
nitrogen and oxygenbonded complexes. Recently, numerous papers dealing with
the square planar and octahedral complexes of platinum metals have been
published. The electronic energy levels of the complexes vary according to the
oxidation state and nature of the ligand [12 —17].

Moss [18] discussed the activity of heterogeneous platinum metal cata-
lysts in terms of electronic configuration (dn configuration). To circumvent
the difficulty of describing the electronic structure of the surface itself, the
electronic properties of the bulk have been assumed to be a fair approximation
in an attempt to establish a correlation with the catalytic activity.

Keeping this in view we have made an effort to determine the stereo-
chemical properties and crystallochemical characteristics of these metal biuret
complexes. In the present study we report the preparation and properties of
the Pd(Il), Pt(ll), Pt(lY) and Rh(lll) complexes of biuret. Probable struc-
tures have been proposed which are consistent with spectral and magnetic
susceptibility data and results of chemical analysis.

* Address all correspondence to this author.
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Compound

Pt(C2HEN D 2CI2
Pt(C2H 5N D 22CH4
Pd(C2HEN JCI2
Pd(C2H BN 2CI2
[Rh(CHEN 2CI32

Colour

Orange
Yellow
Yellow
Orange red
Yellow

~3

135
155
164
160
150

ealed.

52.84
35.92
27.75
37.85
32.96

Metal (%)

obsd.

52.60
35.60
27.62
37.68
32.80

Table |

Carbon (%)

ealed.

6.05
8.83
12.52
8.57
7.68

Experimental

(i) Pd(BT)f-12 Palladium(ll) chloride and biuret in a 1:2 mole ratio were stirred
together in a mixture of ethanol and water and concentrated on a water hath. A yellow product
was obtained and recrystallized from alcohol and acetone and dried in vacuum; yield 60 %.

(i) Pd(BT)CI2 An aqueous solution of palladium(ll) chloride and biuret in a 1:1
mole ratio was concentrated on a water bath. The reaction mixture yielded an orange-red
compound. The complex was washed with acetone and dried in vacuum; yield 70 %.

(iii) PI(BT)CI2 was obtained from sodium tetrachloroplatinate(ll) and biuretin water-
ethanol mixture after concentrating. Recrystallization from ethanol yielded a crystalline orange
complex in 50 % yield.

Table 11

Magnetic susceptibility and electronic spectra of the complexes

Xjf X10®

Complexes (C.G.5.units  Position of the bands Assignment L;ga"?;ﬁ]gilfs
at 297 K)
PYBT)CI2 -130.2 19600 cm-1
23000 cm-1
29120 ¢m -1 42
Pd(BT)2CI2 -85.6 21000 cm-1 l__l - lj
24000 cm-1 Bty -
Pd(BT)CI2 -103.5 20160 cm-1 4 -~ 4
24200 cm“1 4 - Alg
31800 cm* 1 LcT) - M
Pt(BT)2Cl4 -88.32 25000 cm*1
20500 cm*1 4y -y 10 Dg = 22650 cm "1
16200 cm-1* o4 F4= 65cm-1
B = 755cm-1
[Rh(BT)CI3]2 - 96.34 24380 cm* 1 -y 10 Dg = 20880 cm*1
19050 cm-1 qy - 4 F4= 550 cm-1
B=700cm'l
15400 cm*“ 1*

=
'
=

* Calculated band position
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Nitrogen (%) Hydrogen (%) Chlorine (%)
obsd. ealed. obsd. ealed. obsd. ealed. obsd.
6.32 11.38 11.40 1.35 151 18.97 18.72
8.72 15.46 15.20 1.84 1.90 26.14 25.96
12.38 21.90 22.00 2.60 2.58 18.50 18.62
8.62 15.00 14.78 1.78 1.30 25.35 24.96
7.72 13.43 13.21 1.60 1.71 34.08 33.82
(iv) Pt(BTJ2ZZ. An aqueous solution of chloroplatinic acid and biuret in a mole

ratio of 1:2 was refluxed on a water bath; on concentration the reaction mixture gave a
yellow mass. The complex was washed with ethanol and finally with acetone; yield 60 %.

(v) [Rh(BT)CI3]2was prepared from RhCI3.3H2 and biuret in a mole ratio of 1 : 1,
in an ethanol-water mixture and recrystallized from ethanol; yield 70 %.

The elemental analyses are given in Table I.

Physical measurements

Magnetic susceptibility measurements, TJV, visible and IR spectral studies on solid
complexes were made as described earlier [30]. The experimental results are given in Tables 11
and I11.

Table 111

Infrared spectra of biuret and its complexes

Assignment Biuret Pt(BT)Cla Pt(BT)aCl4 Pd(BT)CI2 Pd(BT),Cl, [Rh(BT)CI,],
Asym(NH2)-bonded 3410 (vs) 3410 (bs) 3405 (bs) 3405 (bs) 3410 (bs) 3405 (bs)
Sym(NI112)-bonded 3260 (bs) 3280 (bw) 3375(m) 3255 (w)
3015 (w) 3200 (bw) 3200 (bw) 3200 (bw) 3170 (w)

Asym(C= 0) 1720 (ms) 1690 (sh) 1680 (bw) 1725 (sh)
Sym(C=0) 1670 (vs) 1670 (w) 1680 (ms) 1680 (bs) 1680 (bs)
1650 (sh) 1650 (sh) 1650 (m) 1650 (sh)

(UINH2sym deformation 1615(m) 1615 (m) 1615(m) 1615 (w) 1600 (bw) 1600 (bw)
(NH2asym deformation 1676 (s) 1575 (ms) 1575 (w) 1575 (m)

1555 (w) 1555 (sh) 1540 (sh)  1555(sh)
Amide 11 band 1490 (w) 1540 (w) 1495 (m) 1500 (m)
(C-N) 1420 (s) 1410 (s) 1410 (s) 1420 (sh) 1420 (w) 1410 (ms)
1410 (s) 1350 (ms) 1350 (ms)
Amide 111 band 1325 (vs) 1320 (s) 1325 (s) 1325 (s) 1325 (sh)
1250 (m)
(INH2) rocking 1130 (ms) 1130 (s) 1130 (ms) 1130 (s) 1125(m) 1130 (ms)
1090 (m)
(C—N) stretching 1075 (s) 1080 (s) 1075 (s) 1075 (s) 1080 (m) 1080 (m)
975 (vw)
945 (w) 950 (w) 940 (w) 950 (w) 950 (w)
out-of-plane C=0 775 (ms) 800 (sh)
deformation 760 (bw) 765 (bs) 760 (bs) 755 (w) 765 (s)
Skeletal out-of-plane 756 (ms)
out-of-plane (NH?2) 713 (ms) 710 (s) 710 (s) 710 (s) 725 (m) 710 (s)
wagging 675 (w) 670 (w) 670 (w) 705 (s)
Skeletal vibration 612 (ms) 605 (sh) 610 (s) 610 (sh) 610 (m)

596 (ms) 580 (w) 590 (s) 595 (s)

s: strong, bs: broad strong, m: medium, ms: medium strong, vs: very strong, w: weak,
vw: very weak, sh: shoulder, bw: broad weak
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Results and discussion

The synthesis of all metal complexes was essentially the same, involving
the heating and stirring of stoichiometric amounts of the appropriate ligand
and metal salt in a suitable solvent such as ethanol-water. All the metal che-
lates of this study are soluble in ethanol and water. The molar conductance
(AM at 25 °C I X10~3 M concetration) shows that these complexes are non-
electrolytes except the Rh(l1l) complex, which behaves as a 1 : 1 electrolyte.

All the complexes are diamagnetic. This suggests that the metal ions are
in the singlet ground state xAlg, which indicates a square planar geometry
of the field around Pt(ll) and Pd(ll), and an octahedral geometry around
Pt(1Y) and Rh(Ill). These geometries are in accordance with the known pref-
erences of Pd, Pt and Rh in their various oxidation states [19].

Electronic spectra

The band assignments of square planar complexes are based on the
d-molecular orbital level ordering of blg (X2 —Y 2 = b2y(xy) = eg(xy, yz) >
>- a,,(z2. The ground state for low spin d8 system is xAlg (alg2 e,4 b2g4).
The ligand field excited states are 3A2g, 1A29(blg — b2g); 3Eg, 1IEg(blg ->-eg) and
Jig, 2hig(hlg”™ alg). Therefore, one should expect three spin-allowed and
three spin-forbidden bands. The three bands are observed at 29120, 23000
and 19600 cm-1 in the electronic spectra of the Pt(11) complex. The first spin-
allowed d-d transition 'A " *- XA1?in the amine complexes has been reported
to be about 18000 cm-1 higher in energy than in the halide complex [13, 20].
The corresponding transition in the present Pt(1l) complex has been observed
at 19600 cm-1. According to the Jorgensen [21], the band at 23000 cm-1
may be tentatively assigned to the 1R ,g w< 1AKJ transition. The other band
observed at 29120 cm-1 is due to the transition 1lEg 1Alg. The absorption
spectra of Pd BT2CI2 and Pd BT CI2 show a spin-allowed d-d transition
(IAX < xAlg) band at 21000 and 20160 cm-1 in agreement with reported
spectra of Pd(ll) complexes [22]. The weak bands at 24000 and 24200 cm-1
are due to 1Blu <- 1Alg. The hand at 31800 cm-1 in Pd BT Cl2is probably
due to a metal-Hgand transition. The spectral properties and diamagnetic
character of the palladium complexes confirm the square planar stereochem-
istry around the Pd(Il) ions. The ground state of the d6Pt(1Y) and Rh(III)
is XAlg. The ligand field transition egtlg — tig gives 3Tlg, 3T2g and ]T,g and XT2g
as excited states in increasing order of energy. The electronic spectra of Pt(1V)
and Rh(IlIl) complexes show absorption bands at 25000 and 20500, and 24380
and 19050 cm-1, respectively. The bands at 20500 cm-1 in Pt(IV) and 19050
cm-1in Rh(lIl) complexes are due to d-d transitions assigned to the singlet
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triplet transition [21, 23, 24] 3T2y 1Alg. The assignment of the 24380 cm-1
band in the Rh(IlIl) complex is uncertain. However, the theory of Tanabe
and Sugano [25] implies that it is the band with the lowest wavenumber
which should be assigned to the 1Tlg *Alg transition. The first transition
band of sTlg »= aAlg is calculated and found to be appear at 16200 cm-1 in
Pt(IV) and at 15400 cm-1 in Rh(lll) complexes. The relevant ligand field
parameters 10 Dq and R are calculated and found to be 22650 and 755 cm-1
in the Pt(IV) complex, and 22880 and 700 cm-1 in the Rh(llIl) complex,
respectively. These values are in good agreement with other reported values
for octahedral Pt(l1Y) and Rh(lll) complexes.

Infrared spectra

Biuret co-ordinates either through two or one oxygen atom ofthe —C= 0
group or through two or one nitrogen atom of the —NH2 group, depending
on the acidity [7, 9]. The infrared absorption frequencies of the ligand and
complexes with their tentative assignment are given in Table I1l. The r(NH)
bands of biuret appearing in the 3500 —3200 cm-1 region [7, 8] are not signif-
icantly shifted or deformed by co-ordination. Co-ordination to the metal
through nitrogen should cause splitting of these bands and decrease their
intensities. Since this is not the case, bonding through the oxygen of the
—C=0 group can be inferred. The carbonyl group gives rise to two bands
for the asymmetric and symmetric stretching frequencies [26, 27] at 1720
cm-1 and 1670 cm-1. The asymmetric stretching frequency of free biuret is
shifted in the complexes and the change observed for the i(C= 0) band suggests
co-ordination through the oxygen. The C—N stretching frequency at 1420 cm -1
in biuret also shifts to higher frequencies in the complexes, corresponding
to an increase in the double bond character due to oxygen co-ordination to the
metal.

The far infrared spectra of the complexes (Table 1Y) show the presence
of additional bands due to M—0 and M—€I stretching frequencies. These assign-
ments are made according to Nakamoto. In the Rh(IlIl) complexes a strong
hand at 325 cm -1 and a week band at 290 cm-1 appeared, which may be due
to a dimeric complex. Watton [29] observed a similar pattern for the dimeric
complex of Rh(Ill) with 2,5-dithiohexane with a chloride-bridged structure.

A more quantitative comparison may be made between the force con-
stant and stability order (the stability constant increases with increasing atomic
number). If we arrange the metals in the order of r(M—0) and r(M-CI), and
KM_o and KM_cu we have Pt(lIl1) = Pd(Il) and Pt(IV) =>» Rh(lIl) in the case
of square planar and octahedral complexes, respectively. Thus the force con-
stants of the M—0 and M-CI bonds obey the stability order.
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Square planar complexes Octahedral complexes

pt(ii) Pd(ii) Pt(IV) Rh(l11)
iM-0 (cm 1) 460 440 450 425
KM-0 (105{1¥ne/cm) 1.85 1.67 1.81 1.53
rM-CI (cm-1J) 350 315 340 305
KMCL (105 dyne/em) 2.102 1.597 2.0 1.58

The essential features of the bridged structure of the Rh(Ill) complex
can be derived from (a) the chemical evidence given above (b) the maintenance
of co-ordination number 6 for Rh(lIl), (c) the known bidentate character of
biuret in relatively strong acid and (d) the molar conductivity corresponding
to 1:1 electrolytes. The presence of a Rh-Cl band in the IR spectra support
the bis structure. On the basis of this evidence, structure (I) is proposed for
the Rh(Ill) complex.

H2N Nib
\ cl Cl /
c - 0 a 0o——c¢
/ \V N \
HN Rh  Rh NR
\ / h\ / ]\ /
C—--0 dlo-——c¢
a a
/ \
h2n nh2
Fig. 1
Table TV

Far infrared spectra of the complexes

Biuret Pt(BT)CI2 Pt{BT)Q Pd(BT)CI2 Pd(BT)2012 [Rh(BT)CL,],
525 (sh) 540 (w) 525 (w) 525 (ms) 520 (w) 580 (w)
520 (w) 540 (w)
478 (ms) 485 (w) 520 (vw)
460 (w) 450 (w) 475 (s) 480 (w) 490 (w)
445 (ms) 430 (w) 440 (w) 445 (w) 450 (w)
428 (sh) 410 (sh) 410 (sh) 410 (sh) 425 (w)
395 (sh) 355 (sh) 360 (w)
365 (w) 360 (sh) 325 (s)
305 (sh) 350 (w) 340 (w) 315 (w) 310 (w) 305 (w)
298 (w) 315 (w) 280 (w) 270 (w) 290 (w)
288 (s) 275 (w)
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Conclusions

1. In ail cases co-ordination occurs through the oxygen of the carbonyl

group.

2. The Pd(ll) and Pt(ll) complexes have square planar geometries
around the central metal ions, while the Rh(Il1l) and Pt(I1V) complexes show
an octahedral arrangement.

We wish to thank Dr. B. J. Ansari for recording the infrared spectra of the compounds.
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Boc-Ala-Val-Ser-Gli*"C"Bul-lle-GIn-Phe-OMe, the protected N-terminal hepta-
peptide fragment of bovine parathyroid hormone has been synthesized by the conven-
tional solution technique. This peptide serves as intermediate in the synthesis of larger
N-terminal fragments containing methionine residues, whose oxidation is supposed
to be responsible for the cessation of the biological activity.

In the course of the isolation, structure elucidation and investigation of
structure—activity relationships of polypeptide hormones it could he observed
that some of them are sensitive to oxidation. In most cases this chemical
change is accompanied by a marked decrease, or even by a total loss, of biolog-
ical activity. Adrenocorticotropic hormone, for instance, is practically inacti-
vated by treatment -with hydrogen peroxide [1, 2], and the oxidation product
of a-melanotropin also exhibits a melanocyte-stimulating potency which is
significantly decreased compared with that of the parent hormone [3, 4, 5].
Moreover, it could be established that in both cases a single methionine residue
was responsible for this sensitivity; mild oxidation converted the thioether
group into the S-oxide derivative, which, in turn, could be reduced again to
the methionine residue by incubation with mercapto compounds, with regene-
ration of the biological activity.

Like the hypophyseal hormones mentioned above, parathyroid hormon
(parathormon, PTH), the proteohormone of the parathyroid gland is also sen-
sitive to oxidation. Rasmussen [6], as well as Rasmussen and Craig [7] were
the first who observed the biological inactivation of the hormone on treatment
with hydrogen peroxide, and reactivation after incubation with cysteine.
Rasmussen and Craig [8], and somewhat later Tashjian et al. [9] could
establish that in the case of the parathyroid hormone again the reversible oxi-
dation of the methionine residues was responsible for the disappearance of the
biological activity. As the bovine hormone used in these experiments contains
two methionine residues, it could not be decided with certainty whether both
of them played a role in the inactivation process. Since, however, there is only

*To whom correspondence should be addressed.
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one methionine residue in porcine parathyroid hormone in position 8 from the
N-term:inus, and this compound also loses its biological activity on oxidation,
it is very likely that in the bovine and human hormone, both containing two
methionine residues in positions 8 and 18, the oxidation of the first one contri-
butes to the inactivation to a greater extent.

Like in the cases of the adrenocorticotropic and melanotropic hormones,
the methionine residues of the parathyroid hormone can be substituted by
amino acids possessing side chains of similar properties, without altering signif-
icantly the biological potency [10]. It is therefore obvious that the thioether
grouping of methionine does not play any functional role in eliciting the
hormonal activity. The fact that its oxidation greatly influences the biological
activity can be explained by the effects exerted by the sulfoxide group on the
conformation of the hormone molecule, or its binding to the receptor.

For eliciting the biological activity of the parathyroid hormone, the
N-terminal 1—34 or 1—29 fragments of the whole molecule, consisting of 84
amino acids, are sufficient [11]. As the methionine residues are located in this
part of the sequence, the inactivating effect of their oxidation can be studied
in these N-terminal fragments (Fig. 1). Although smaller peptides are biologi-
cally inactive, conformational changes in consequence of oxidative modifica-
tions can be expected in even shorter N-terminal sequences. For this purpose
the N-terminal dodecapeptide of bovine parathyroid hormone has been select-
ed, which contains the methionine residue in position 8, whose oxidation
plays a key role in the inactivation of the hormone. Preparation of the S-oxide
derivative and comparison of its properties with those of the parent peptide
allows the investigation of the possible effect of oxidation on the conformation
of this hormone fragment. As the first part of this programme, in this paper
details of the synthesis of the protected N-terminal heptapeptide are described.

1 8
Human H2N-Ser-Val-Ser-Glu-lle-GIn-Phe-Met-His-
Bovine H2N-Ala-Val-Ser-Glu-lle-GIn-Phe-Met-His-
Porcine H2N-Ser-Val-Ser-Glu-lle-GIn-Leu-Met-His-
18
Human -Asn-Leu-Gly-Lys-His-Leu-Asn-Ser-Met-Glu-
Bovine -Asn-Leu-Gly-Lys-His-Leu-Ser-Ser-Met-Glu-
Porcine  -Asn-Leu-Gly-Lys-His-Leu-Ser-Ser-Leu-Glu-

Human -Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-Gln-

Bovine -Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-Gln-

Porcine  -Arg-Val-Glu-Trp-Leu-Arg-Lys-Lys-Leu-GlIn-
34

Human -Asp-Val-His-Asn-Phe-COOH

Bovine -Asp-Val-His-Asn-Phe-COOH

Porcine -Asp-Val-His-Asn-Phe-COOH

Fig. 1. Primary structure of the biologically active V-Uyminai tetratriacontapeptide of the
parathyroid hormones
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The synthetic steps leading to the heptapeptide derivative are shown in
Fig. 2. The conventional solution technique and a combination of the stepwise
and fragment condensation methods have been used.*

Benzyloxycarbonyl-glutaminyl-phenylalanine methyl ester (1), prepared
from benzyloxycarbonyl-glutamine p-nitrophenyl ester and phenylalanine
methyl ester, was hydrogenolyzed in methanol in the presence of palladium-
charcoal catalyst and an equimolar amount of hydrochloric acid. The dipep-
tide ester (I1) was acylated with benzyloxycarbonyl-isoleucine 2,4,5-trichloro-
phenyl ester [12] to give the Z-llc-GIn-Phe-OMe tripeptide ester (I11), which
could be crystallized from acetic acid. On catalytic hydrogenolysisin the pres-
ence of hydrochloric acid the crystalline H-lle-GIn-Phe-OMe tripeptide ester
hydrochloride (IV) was obtained, which, in turn, was coupled with benzyloxy-
carbonyl-glutamic acid y-f-butyl-a-pentachlorophenyl ester [13]. The resulting
protected tetrapeptide ester (Y) was also crystalline; it gave on catalytic hydro-
genolysis the pure H-&1n(04Bu)-1le-Cln-Pbe-OMe tetrapeptide (VI) in quan-
titative yield.

To synthesize the N-terminal tripeptide, first Z-Val-Ser-OMe dipeptide
ester (VIIl) was prepared by the dicyclohexylcarbodiimide procedure. The pro-
tected ester was hydrogenolysed in methanolic hydrochloric acid to the crystal-
line valyl-serine methyl ester hydrochloride (VIII), and this compound was
coupled with t-butyloxycarbonyl-alanine with the aid of dicyclohexylcarbodi-
imide. As neither extraction procedures, nor crystallization experiments were
effective in purification of this material, column chromatography on silica gel

Aia Val Ser Glu lle Gin Phe
Z---ONP  H---—--—---- OMe
Z - ] OMe
Z - OH H----- OMe Z - OTCP H---mmm 7 E— OMe
- OMe
Vil z n
Z—--—-0PCP H-—mmmmm- OMe
Vil LO'BU v
-------------------------- oM
1X Z LO'Bu v
e e e OMe
X LO'Bu vi
-------------------------------- OMe
BOC Xi LO ‘Bu

Fig. 2. Scheme for the synthesis of the protected N-terminal heptapep tide of bovine para
thyroid hormone

* Abbreviations are used according to the recommendations of the IUPAC-IUB Come
mission on Biochemical Nomenclature, Symbols for Amino Acid Derivatives and Peptides
J. Biol. Chem., 247, 977 (1972).
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was applied to obtain a homogeneous product. Finally, the resulting protected
tripeptide methyl ester (IX) was converted into the crystalline hydrazide (X).

Coupling of these two compounds to the BOC-Ala-Val-Ser-GIt"CFBu)-
lle-GIn-Phe-OMe heptapeptide (XI) was effected by the azide method, without
isolating the intermediary azide. The resulting protected heptapeptide ester
proved to be highly insoluble in a number of organic solvents; this could be
expected on the basis of the amino acid composition. Amino acid analysis after
total hydrolysis of the pure substance gave correct values.

Experimental

M.p.’s were determined on a Biichi apparatus (Switzerland) and are uncorrected.

R f values refer to thin-layer chromatography on Kieselgel G, Merck, plates; detection
with ninhydrin and chlorine-tolidine reagents. The following solvent systems were used
(volumes):

1. Ethyl acetate—pyridine-acetic acid—water 30 :20 :6:11
2. Ethyl acetate-pyridine-acetic acid-water 60 :20 :6:11
3. Ethyl acetate-pyridine-acetic acid-water 120 :20 :6:11
4. Ethyl acetate—pyridine-acetic acid—water 240 :20 :6:11
5. Chloroform—methanol 9:1
6. Ethyl acetate-cyclohexane 1:1

Benzyloxycarbonyl-glutaminyl-phenylalanine methyl ester (I)

To a chilled solution of 2.15 g (10 mmoles) phenylalanine methyl ester hydrochloride
in 30 ml dimethylformamide 1.45 ml (10 mmoles) triethylamine was added, followed by the
addition of 4.01 g (10 mmoles) benzyloxycarbonyl-glutamine p-nitrophenyl ester to the stirred
solution. The reaction mixture was kept at room temperature for 3days, evaporated in vacuum,
the residue dissolved in ethyl acetate and washed successively with dilute hydrochloric acid
and water, then several times with aqueous triethylamine solution to remove p-nitrophenol.
After a final washing with water, the ethyl acetate solution was dried over sodium sulfate,
evaporated and treated with anhydrous ether to give a solid substance. Recrystallization from
60% aqueous ethanol yielded 2.94 g (67%) of dipeptide ester, m.p. 179—181 °C (lit. [14]
m.p. 194-196 °C).

C2BH2M0 6N 3 (441.47). Caled. C 62.57, H 6.16, N 9.52. Found C 62.56, H 6.80, N 9.55 %

Glutaminyl-phenylalanine methyl ester hydrochloride ()

A suspension of benzyloxycarbonyl-glutaminyl-phenylalanine methyl ester (1) (2.20 g;
5 mmoles) in 50 ml methanol containing 0.84 ml (5 mmoles) of 6 N HC1 was hydrogenated
in the presence of 0.40 g Pd-charcoal catalyst for 1 hr. The catalyst was removed by filtration
and the solution was evaporated to dryness.

The substance was homogeneous (Rj? 0.28), and did not contain any starting material.
It was used for the next coupling without purification.

Benzyloxycarbonyl-isoleucyl-glutaminyl-phenylalanine methyl ester (111)

The solution of glutaminyl-phenylalanine methyl ester hydrochloride (~5 mmoles,
as described above) in 20 ml dimethylformamide was chilled to 0 °C, and under stirring 1.45 ml
(10 mmoles) triethylamine, then, after 5 min 2.20 g (5 mmoles) benzyloxycarbonyl-isoleucine
2,4,5-trichlorophenyl ester were added. Stirring was continued for 2 hrs at 0 °C, and the reac-
tion mixture was kept at room temperature overnight. The precipitated substance was filtered
off and washed with water; it weighed after drying 1.66 g.

From the evaporated filtrate an additional 0.90 g of substance could be obtained;
the combined materials were crystallized from acetic acid to give 2.07 g (75 %) of the pure
tripeptide ester, m.p. 234—236 °C.

C2H330,N 4 (554.63). Calcd. C62.80; H 6.91; N 10.10. Found C62.68; H 7.21; N 10.10 %.
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Isoleucyl-glutaminyl-phenylalanine methyl ester hydrochloride (1V)

The protected tripeptide ester (111) (1.10 g; 2 mmoles) was suspended in a mixture of
10 ml acetic acid and 10 ml anhydrous methanol containing 73 mg (2 mmoles) hydrochloric
acid, and hydrogenated in the presence of 200 mg Pd-charcoal catalyst for 2 hrs. After removal
of the catalyst, the solution was evaporated to dryness, giving the tripeptide ester in quanti-
tative yield.

R}? 0.28. Analysis after crystallization from methanol-water (1 : 1) mixture gave
N 12.15 %, calculated for C2IH330 5N4CL (457.02), N 12.26 %.

Benzyloxycarbonnl-(y-i-butyl)glutamyl-isoleucyl-glutaminyl-phenylalanine
methyl ester (V)

To a chilled and stirred solution of isoleucyl-glutaminyl-phenylalanine methyl ester
hydrochloride (0.92 g; 2 mmoles) in 6 ml dimethylformamide 0.29 ml (2 mmoles) triethylamine
was added, followed after 5 min by the addition of 1.06 g (2 mmoles) of benzyloxyrbonyl-
glutamic-acid-y-t-butyl-a-pentachlorophenyl ester. The reaction mixture was kept for 1 day
at room temperature, evaporated under reduced pressure, the residue powdered under anhy-
drous ether and collected on a funnel. The product was crystallized from ethanol-water (3 : 1)
mixture, yielding 0.90 g (61%) protected tetrapeptide ester, m.p. 228—232 °C. R)? 0.84.

QjsHssOjoNj (739.84). Calcd. C 61.69, H 7.22, N 9.46. Found C 61.85, H 7.68, N 9.32 %.

y-f-Butyl-glutamyl-isoleucyl-glutaminyl-phenylalanine methyl ester (V1)

The protected tetrapeptide methyl ester (V) (800 mg) was suspended in 20 ml anhydrous
methanol and hydrogenated in the presence of 120 mg Pd-charcoal catalyst for 3 hrs. Dissolu-
tion of the peptide indicated the completion of the reaction. The catalyst was filtered of and
the solvent evaporated. The residue was homogeneous to thin-layer chromatography, Rj? 0.60.
This substance was used for the synthesis of the heptatpeptide without purification.

Benzyloxycarbonyl-valyl-serine methyl ester (VII)

To a stirred solution of 155 g (0.1 mole) serine methyl ester hydrochloride in 200 ml
dimethylformamide, chilled to 0 °C, slowly 14.5 ml (0.1 mole) triethylamine was added. After
the addition of benzyloxycarbonyl-valine (25.1 g; 0.1 mole) and dicyclohexylcarbodiimide
(20.6 g; 0.1 mole) the stirring was continued for 2 hrs at 0 °C, then the reaction mixture was
kept in a refrigerator overnight. Dicyclohexylurea was removed by suction, washed on the
filter with a few ml of dimethylformamide, and the combined filtrates were evaporated in
vacuum (bath temperature 40 °C). The residue was taken up in a mixture of ethyl acetate
and water, the organic layer was washed with dilute hydrochloric acid, water, saturated sodium
bicarbonate solution and again with water, dried over sodium sulfate and evaporated. The
crystalline residue was dissolved in hot ethyl acetate, and to this solution petroleum ether was
added until turbidity appeared. After standing at room temperature for a few hours crystal-
lization was completed by keeping the mixture in a refrigerator overnight. The crystals were
filtered off and dried to yield 26.0 g (76 %) of the dipeptide ester, m.p. 164 —166 °C (lit. m.p.
165-166 °C [15]).

CIM2406N2 (352.38). Calcd. C 57.94, H 6.87, N 7.95. Found C 58.05, H 7.01, N 7.78 %.

Valyl-serine methyl ester hydrochloride (V1I11)

Benzyloxycarbonyl-valyl-serine methyl ester (VII) (1.76 g; 5 mmoles) was suspended in
40 ml methanol, and to this suspension 0.84 ml (5 mmoles) of 6N HC1 solution was added.
Hydrogenation was performed in the presence of 0.22 g Pd-charcoal catalyst; the substance
went into solution in about 4 hrs. After removal of the catalyst the solvent was evaporated
in vacuum to obtain a crystalline substance (1.21 g; 95 %), m.p. 178—180 °C. The m.p. did
not change on recrystallization from ethanol—ether.

CH 104N2C1 (254.71). Calcd. C42.43, H 7.52, N 11.00. Found C42.40, H 7.71, N 10.89 %.
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i-Butyloxycarbonyl-alanyl-valyl-serine methyl ester (1X)

Valyl-serine methyl ester hydrochloride (VI1II) (1.52 g; 6 mmoles) was dissolved in 16 ml
dichloromethane, chilled to 0 °C, and to the stirred solution triethylamine (0.88 ml; 6 mmoles)
was added. After 10 min t-butyloxycarbonylalanine (1.14 g; 6 mmoles) and dicyclohexyl-
carbodiimide (1.26 g; 6 mmoles) were added and the mixture was kept in a refrigerator for
2 days. Dicyclohexylurea was filtered off, washed with a few ml of dichloromethane, and the
combined solutions were evaporated. The residue was dissolved in 5 ml dimethylformamide
and applied onto a column (15X 1000 mm) filled with silica gel. Elution was performed with
a 1:1 mixture of ethyl acetate and cyclohexane. The fractions containing the pure material
were collected and evaporated to obtain 1.9 g (82 %) of the tripeptide ester, m.p. 171 —173 °C;
RE& = 0.21.

Cx,H310,N 3(389.44). Calcd. C52.43, H 8.02, N 10.79. Found C 52.42, H 8.27, N 10.67 %.

i-Butyloxycarbonyl-alanyl-valyl-serine hydrazide (X)

To asolution of the protected tripeptide ester (1X) (1.17 g; 3 mmoles) in 12 ml anhydrous
methanol 0.75 ml (15 mmoles) of hydrazine hydrate was added, and the solution was allowed
to stand at room temperature overnight. The separated hydrazide was filtered off, washed on
the filter with methanol several times, and dried in desiccator over sulfuric acid. Recrystalli-
zation from ethanol-water (1 : 1) mixture gave 0.97 g (82 %) of the pure hydrazide, m.p.
228-229 °C.

On thin-layer chromatography (Solvent 6) the substance remained in the start, and no
spot with lip 0.21 (ester) was observed.

C16H 310 6N5 (389.45). Calcd. N 17.99; hydrazide-N 7.19. Found N 17.73; hydrazide-N
[16] 7.27%.

f-Butyloxycarbony-alanyl-valyl-seryl-(y-t-butyl)glutamyl-isoleucyl-glutaminyl-
phenylalanine methyl ester (XI)

t-Butyloxycarbonyl-alanyl-valyl-serine hydrazide (390 mg; 1 mmole) was suspended in
4 ml dimethylformamide, and the suspension was chilled to —20 °C. Under vigorous stirring
a pre-cooled solution of 110 mg (3 mmoles) hydrogen chloride in 1.3 ml anhydrous tetrahydro-
furan was added dropwise. In about 10 min a clear solution was obtained, to which 0.16 ml
(1.2 mmoles) isoamylnitrite was added, maintaining the temperature at —10 °C for 10 min.
The resulting azide solution was poured, with stirring, into a mixture of 605 mg (1 mmole)
of y-t-butyl-glutamyl-isoleucyl-glutaminyl-phenylalanine methyl ester (VI) and 0.44 ml
(3 mmoles) of triethylamine in 3 ml dimethylformamide at —I0 °C. Stirring was continued
at the same temperature for 1 hr, then the reaction mixture was kept in a refrigerator over-
night. Solvents were removed in vacuum, the residue triturated with water, filtered and
washed with water to yield 920 mg of the crude heptapeptide ester.

For purification this substance was boiled with 3 ml anhydrous methanol, chilled and
filtered, to obtain 710 mg (73 %) of the protected heptapeptide ester, R'F 0.28. The substance
had m.p. above 240 °C.

C46H 740 14N8 (963.12).

Amino acid analysis after total hydrolysis in 6N HC1 in an evacuated tube at 105 °C
for 24 hrs gave the following results: Ala 0.96, Val 1.02, Ser 1.00, Glu 2.00, Ile 0.96, Phe 1.05.
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The mass spectra of ten sulfur diimides are reported and discussed. The molec-
ular ions of diaryl sulfur diimides undergo cyclization and, by loss of the ortho sub-
stituent from the phenyl ring, yield benzothiadiazole type even-electron ions. Diphenyl
sulfur diimide also ejects sulfur, presumably from the diazathiirane valence-isomer of
the molecular ion. Large skeletal rearrangement fragments are prevalent in the spectra,
as substantiated by metastable peak analysis, high resolution mass measurement and
substituent labeling. Cyclic sulfur diimides 1X and X fragment by loss of CH2N and
(CH22N. A strong tendency of aromatization by dehydrogenation is noticed for X.

In view of our general interest in sulfur-nitrogen compounds [2], and in
particular in sulfur diimides [1], we investigated the fragmentation of ten
representatives of this class under electron impact. Eight of the compounds
bear aromatic substituents, two are cyclic.

R R
Compound U
| H
" 2-Me
hi 2-,Et
v ,4-Me
\Y Y-OMe
Vi 4-OMe X
Vil 4-NO2
VIl 4-0

Cumulated double bonds involving sulfur differ markedly from the cor-
responding carbon analogs [3]. It was of interest to determine how this is re-
flected in electron impact processes. There is no previous published report on
the mass spectra of sulfur diimides. Generally, few reports are available on

* Alexander von Humboldt Senior Awardee, 1973 —74, on leave from St. John’s
University, New York.
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thiocumulenes. Brown et al. uncovered [4] interesting rearrangements in
arylsulphinylamines (Ar—N = S=0), which fragment by loss of CO and SO.

The mass spectrum of diphenyl sulfur diimide (R = H) is reproduced in
Fig. 1. Most interestingly and quite unexpectedly,ion m/e213(M —1) is the
base peak. The appropriate metastable ion for the loss of a hydrogen atom from
the molecular ion is observed. The uncommon stability of the (M —1)+ species
can be accounted for by a resonance-stabilized cyclic structure. This process
occurs in all other sulfur diimides with aromatic substituents (I—=V111), leading
to (M —1)+ ions of varying abundance.

Cyclization reactions of this type leading to five and/or six membered
rings, involving loss of an aromatic ori/io-hydrogen or the ort/io-substituent,
have been observed for other classes of organic compounds [5—6]. A close
analogy is described by Grutzmacher [7] in the arylamidine series.

Further break-down of the M —1 ion in the aromatic sulfur diimides,
supported by the appropriate metastable peak for I, IV and VIII, occurs by
three paths, two of which involve skeletal rearrangement: ejection of 1.
(CH)4CN)2, 2. Benzothiadiazole, and 3. SH (S.p. 278). The elemental composi-
tion of ion a has been verified by accurate mass determination for I as CeHS5S.
A rearrangement analogous to 1 has been observed [4] in arylsulfinylanilines.

An interesting alternative decomposition path of the molecuar ion of
diphenyl sulfur diimide (1) involves the loss ofsulfur (S.p. 279). The analogous
process —Iloss of carbon —is, ofcourse, absent in the mass spectra of carbodiim-
ides [8]. The N—S—N bond angle in sulfur diimides has been measured by
X-ray diffraction [9] as 120°, and calculated by SCF MO-calculation [10] as
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135 —140°. It is convenient, therefore, to depict the loss of sulfur to occur via
a valence-isomerized cyclic molecular ion (M’) and to visualize the product
ion as azobenzene. For comparison, the spectrum of azobenzene was recorded
under identical conditions and the coincidental sequence 182 — 105 77 51
was found.

Substituents on the aromatic rings have a marked influence on the frag-
mentation. Especially strong “ortfto-effects’4 are observed, as illustrated by
the spectrum of the bis-ortho-tolyl derivative Il. (Fig. 2.). Besides the M-H
species, which is overshadowed by the M—€H3 ion at m/e 227 (loss of the more
stable methylradical preferred), the main process is cyclization of the molecular
ion with participation ofone ofthe ortho methyl groups, with subsequentfragmen-
tation leading either to m/e 135 or m/e 107. Further breakdown of ion m/e 135,
depicted as benzoisothiazole, involves ejection of CS to m/e 91 or of HCN
to m/e 108. Benzoisothiazole was synthesized for comparison and its mass
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I, M-, m/e 214
m/e 182
—H-,.
m/e 105
x
—0,H
C«H5 * CaH3s
m/e 77 m/e 51

spectrum, recorded under identical conditions, showed the same fragments
and the same mestastable ions for the loss of CS and HCN. lon m/e 107
(o-toluidine) fragments by the sequence 107 106— 79. (S.p. 280) In order
to investigate this point closer, substituent labeling was employed and bis-ortho-
diethyl derivative 11l was synthesized. At 12 eV, the expected shifts were
indeed observed (107 to 121, 135 to 149). However, at 70 eV, ion m/e 149 is
supplanted by m/e 150, which is accompanied by an abundant peak at m/e 136.
The spectrum is dominated by the familiar benzothiadiazolium ion m/e 241,
derived by loss of an ethyl radical from the molecular ion. (S.p. 281)

It was now interesting to examine, what effect will be brought about
by shifting the methyl group from the ortho to the para position. As shown in
Fig. 3, (S.p. 285)ion m/e 135 is absent in the mass spectrum of the 6is-para-tolyl
derivative IV, a clear indication that the o-Me group is essential for the process
leading to benzoisothiazole. Strong M-H and M-CH3 peaks are apparent in
the spectrum of IV (Fig. 3), and an intense metastable ion is present for the
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111, m/e 270 m/e 136
CH3 (H;,

m,n” 270 m/e 150

nh2 NH,
—CH,'
Et OH2
CH3 me 121 mle 106
m/e 149

Acta Chim. Acad. Sei. Hung. 96,1978



282 LENGYEL et al.: ELECTRON IMPACT INDUCED FRAGMENTATION

Table 1

Normalized 70 eV mass spectra of compounds I, VII, IX, X
and model compound XP

Bis [o0-ethylphenyl] sulfur diimide (1I7)

28(17), 29(4), 30(1), 31(1), 32(10), 33(1), 34(1), 37(1), 38(2), 39(12), 40(2), 41(7), 42(3), 43(3),
44(3), 45(4), 50(4), 51(10), 52(6), 53(5), 54(1), 55(2), 59(2), 61(2), 62(3), 63(10), 64(5), 65(12),
66(3), 67(2), 69(2), 70(1), 75(2), 76(4), 77(22), 78(8), 79(8), 80(3), 81(2), 89(13), 90(12), 91(50),
92(10), 93(5), 94(3), 102(5), 103(8), 104(12), 105(7), 106(60), 107(5), 108(2), 109(11), 116(6),
117(30), 118(59), 119(20), 120(8), 121(56), 122(6), 123(2), 130(2), 134(3), 135(9), 136(51), 137(5),
138(3), 148(10), 149(18), 150(80), 151(11), 152(7), 167(2), 205(2), 237(2), 240(5), 241(100),
242(20), 243(6), 255(5), 256(2), 269(10), 270(26), 271(9), 272(7), 273(1).

Bis[p-nitrophenyl] sulfur diimide (VII)

28(1), 29(1), 30(12), 32(8), 37(2), 38(4), 39(17), 40(2), 41(2), 42(2), 44(3), 45(41), 46(3), 47(2),
48(1), 50(10), 51(9), 52(9), 53(2), 57(1), 58(2), 59(2), 60(1), 61(2), 62(5), 63(21), 64(12), 65(9),
66(4), 69(6), 70(2), 71(1), 73(3), 74(2), 75(5). 76(9), 77(3), 78(16), 79(2), 80(6), 82(2), 83(9),
84(2), 85(1), 88(2), 89(2), 90(12), 91(2), 92(8), 94(2), 95(4). 96(3), 103(4), 108(4), 109(8), 110(12),
111(2), 112(2), 120(2), 121(2), 122(10), 123(2), 134(2), 135(2), 136(2), 137(1), 138(16), 139(2),
140(2), 149(3), 150(2), 152(1), 153(1), 154(1), 166(1), 167(2), 168(11), 169(2), 179(2), 180(2),
184(3), 210(4), 211(19), 212(20), 213(4), 214(1), 229(2), 257(2), 258(100), 259(21), 260(8), 261(1),
276(2), 288(79), 289(15), 290(6), 291(1), 303(10), 304(24), 305(5), 306(2).

3,4-Dihydro-5H-1,2,6-thiadiazine (IX)

28(37), 29(3), 30(9), 32(9), 33(2), 34(1), 38(1), 40(2), 41(9), 42(35), 43(14), 44(6), 45(3), 46(22),
47(9), 48(3), 52(1), 54(1), 56(2), 57(1), 58(1), 59(4), 60(16), 61(4), 62(1), 73(8), 74(32), 75(3),
76(2), 86(2), 101(1), 102(100), 103(6), 104(6), 105(1).

3,4-Dihydro-1,2,5-thiadiazole (X)

28(68), 29(2), 30(2), 31(4), 32(57), 33(11), 34(4), 38(5), 39(6), 40(4), 42(3), 44(5), 46(22), 50(7),
51((3)), 52(12), 53(3), 58(12), 59(81), 60(65), 61(16), 62(3), 70(4), 86(100), 87(10), 88(24), 89(2),
90(3).

Benzo [c]isothiazole (XI)

28(2). 37(1), 38(1), 39(2), 44(1), 45(9), 50(2), 51(2), 52(1), 54(2), 58(1), 62(1), 63(3), 64(2), 69(3),
75(1), 76(1), 77(2), 78(1), 81(1), 82(2), 84(1), 90(2), 91(7), 92(1), 93(1), 105(3), 107(1), 108(9),
109(1), 134(6), 135(100), 136(8), 137(4).

aData presented as m/e-values followed by ion abundances in parentheses

227 “m91 transition S.p. (283). The latter suggests that the M-CH 3ion (m/e 227)
liasthebenzothiadiazolium structure for the para derivative IV too. This means
that ejection of the methyl group from the para position is accompanied by loss
of identity of the carbon atoms. Such a randomization of carbon atoms in
substituted aromatics was first proved by Rinenart et al. [11] in 1968.

The predominant primary fragmentation process in o-anisyl derivative
V isthe ejection ofanOMe group, leading to ion m/e 243 (S.p. 286). The latter un-
dergoes an interesting even-to-odd electron ion transition by loss ofthe remaining
methyl group to give ion m/e 228, the elemental composition of which has been
verified as CI2H8N20S. Through — conjugation in the product ion may be the
driving force.
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m/e 65 m/e 91

Alternatively, the loss of both methyl groups from the molecular ion in
consecutive steps leads to ion m/e 244. The unusual second loss of Me is ren-
dered energetically favorable by the stable ortho-quinoid structure formed.
Fission of the N —S bond yields ions m/e 106 and 138, elimination of CO from
either leading to m/e 78 and 110, respectively. The process m/e 121 - 120 -* 93
is similar to the one described by Brown et al. [4] in the fragmentation of
o-anisylsulfinylamine.

The feis-para-anisyl derivative VI exhibits a basically similar spectrum

"A-O-CH3

VI, M™m/e 274

* _CHf

Y

m/e 259

* -CH3

mle 244
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butthe relative abundances of ions are substantially different (Fig. 5). There are
veryintense M—H and M —CH3ions while the M—OCH3peak is weaker and the
m/e 244 (M —2CH3J) ion has only about 8 % rel. intensity. A main part of the
ion current, is carried by the following sequences: 153 138 -» 110 and
123 - 108 - 80.

The origin of m/e 123 is not clear, there is no metastable evidence for
its formation.

m/e 110 m/e 138

mle 123 m/e 108 m/e 80

Bis-para-nitrophenyl sulfur diimide VII shows a complex and in some
aspects unique spectrum. Besides the expected M—H and M —NOaions, there
is an abundant m/e 212 peak. A priori, this could originate from the molecular
ion by loss of the two N 02 groups or by loss of NO2 and NS. Exact mass
measurementrevealed that m/e 212 is homogeneous, CI2HgN2S, thus (M —2N 02).
For both steps, the appropriate metastable peak is present (S.p. 288).

9
<Ha=N =S
m/e 110
1X,,m/e JQ2 m/e 56
(C3HeN)
-43I10N-
Y
CH2—CHr -CH-r=CH2
§ NS®

) N42 mle 74 m/e 46
m/e
(CHN) (C2H4NS)
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According to metastable evidence, a second stepwise path also operates
in the genesis of the M—N 02 (m/e 258) ion: loss of oxygen followed by loss
of NO.

The spectrum of 4,4’-dichlorodiphenyl sulfur diimide (VIIl) shows the
same fragmentation pattern as the other compounds discussed previously.
All major processes except M “m(M —H) are supported by the appropriate
metastable transition (Fig. 6).

3,4-Dihydro-5H-1,2,6-thiadiazine, cyclic sulfur diimide 1X [1], fragments
by entirely different paths. Exact mass measurement was a necessity in this
case, as multiple elemental compositions are possible for all majorions. (S.p. 287)

The highlight of the mass spectrum of 3,4-dihydro-1,2,5-thiadiazole (X)
is the strong tendency to aromatize: the molecular ion ejects 2 H atoms to
give ion m/e 86, which in turn loses HCN yielding ion m/e 59. The other paths
observed are similar to six-ring compound IX.

~It
| | ~THA'-> ch?2= n=s
mle 46 Nt s~ N m/e 60
X, m/e 88
—2H
7]
OH
HC——CH « _ X
1 1 — 1= » /I \
W P s
m/e 86 m/e 59

Experimental

A. Synthesis of compounds

The aromatic sulfur diimides have been prepared by treating the corresponding N-sul-
finyl anilines with the appropriate base [12]. The liquid products were purified by column
chromatography (Silica Merck 0.063 —0.20), elution with benzene/hexane 1:1 and distillation
(c./,, Table II).

3,4-Dihydro-5H-1,2,6-thiadiazine (I1X) and 3,4-dihydro-1,2,5-thiadiazole (X) have been
synthesized by reaction of 1,3-diamino-propane and ethylene diamine, respectively, with bis-p-
toluene sulfonyl sulfur diimide [13];

IX, b.p. 28°/6—8, X, b.p. 18 °C/6- 8.

Benzo-1,2,5-thiadiazole, m.p. 44 °C (H20/EtOH), was prepared by treating o-phenylene
diamine with SOC12 [14]. For the preparation of 4,5-benzoisothiazole the method of Davis
and White [15] was used, starting with o-toluidine and SoCI2 The product was purified by
hydrolysis of the by-product, N-sulfinyl o-toluidine, with dilute HC1, steam distillation, extrac-
tion of the distillate with dilute H2504, water and NaHCO03 solution, drying with Na2S04 and
distillation, b.p. 60 °C/0.4. The product contains some (-=10 %) chloro-benzisothiazole.
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Table Il

Compound R Base/solvent b(.gl.pl(rgp)m(r)tt;ze[rl\/;]d)l m.p. (r;%)()gsgﬂ\ﬁ?/(m'p'
| H KOtBu/benzene 98/0.1(126/0.5)
h 2-CH3 KOtBu/benzene 100/0.01(141/0.1)a)
hi 2-CH5 KOtBu/benzene
v 4-CH3 KOtBu/benzene 48.5 (hexane) (48)
\Y% 2-OCH3 KOtBu/benzene 89 (hexane) (89)
Vi 4-OCH3 NaOEt/isopropyl

ether 47 (hexane) (47)
Vil 4-NO, KOtBu/DMF 186 (benzene (P. E.)

(187-189)

VI 4-Cl KOtBu/THF 60 (hexane) (61)

8Decomposed on distillation,
DMF dimethylformamide, PE petroleum ether b.p. 60—90 °C,
THF tetrahydrofuran.

B. Mass spectra

The conventional (low resolution) mass spectra were recorded on an A.E.l. MS9 mass
spectrometer at 70 eV and 50—100 /iA, ion source temperature between 40 and 100°. Samples
IX and X were introduced via the reservoir at room temperature, the others using the solid
probe. High resolution measurements were performed on a CEC 21 —110 B mass spectrometer.
The photoplate was processed automatically in conjunction with an IBM 1800 computer.
The bar graph spectra were plotted on a Benson XY -plotter using a Fortran program written
for the TR 440 computer.
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BENZAZOLES, IX*

REACTION OF 2-MERCAPTO- AND 2-MERCAPTOALKYLBENZIMIDAZOLES
WITH EPIHALOHYDRINS OR DIHALOGENOPROPANOLS AFFORDING
SULFUR HETEROATOM-CONTAINING TRICYCLES

K. Hideg, O. H. Hankovszky, M. Gajdacs and F. Aradi

(Central Laboratory of Chemistry, University of Pécs, Hungary)

Received March 1, 1976; in revised form June 28, 1977

Benzimidazole-2-thiol, 2-mercaptomethyl-, 2(a-mercaptoethyl)-, 2-(/?-mercapto-
ethyl)benzimidazole can be converted with epichlorohydrin or with dihalogenopropa-
nols (2,3-dihalogeno-l-propanols or 1,3-dihalogeno-2-propanols), in alkaline medium,
into tricycles: 3,4-dihydro-3-hydroxy-277-[1, 3]thiazino[3,2-a]lbenzimidazole (1); 4,5-di-
hydro-4-hydroxy-ILf,31/-[l,4]thiazepino[4,3-a]lbenzimidazoles (3a—h) and 1,2,5,6- tet-
rahydro-5-hydroxy-4H-[l,5]thiazocino[5,4-a]benzimidazole (3c). The O-sulfonyl deriv-
atives of 1 may enter elimination or substitution reactions with nucleophilic reagents.

The reactions of 3,4-dihydro-3-azido-2H-[l,3]thiazino[3,2-a]benzimidazole (10d)
with asymmetric acetylenes into 1,2,3-triazole derivatives have been investigated.

Benzimidazole-2-thiol was converted with epibromohydrin in a mixture
of N,N-dimethylacetamide and 2-butanone into a thiazine derivative (1) [1].

We effected this reaction in a simpler way, in an alkaline medium in
ethanol, with epichlorohydrin at room temperature. When carrying out the
reaction instead of halohydrin with 2,3-dihalogeno-l-propanols or 1,3-dihalo-
geno-2-propanols, similarly the formation of products having cyclic thiazine
structure, but not cyclic thiazolidine structure, was experienced. From this
we concluded that in all reactions a non-isolable epoxide had formed.

*Part VIII: 0. H. Hankovszky, K. Hideg: Acta Chim. Acad. Sei. Hung., 63, 447
(1970).
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4a

4b

4c

ch3

CHjCHj

CH2CH2CH3

CH(CH3?2

137 138

176-178

123-124

118-119

152-153

O-Acyl compounds of 1 and 3a—c

F |

(Mol wt) ¢
clh h 202 58.05
(248.30) 58.28
C,H,,1N,0,S .HC1 50.62
(284.76) 50.60
clh Un 2% 59.52
(262.33) 59.51
60.85
(276.36) 60.93
c¥h 22 60.85
(276.36) 60.60

4.87
4.97
4.60
4.40

5.38
5.30

5.84
6.09

5.84
6.04

Table |

Analysis, %

N

ealed./found

11.28
11.39

9.83
10.08

10.68
10.91

10.14
10.24

10.14
10.02

Cl

12.45
12.21

12.91
12.85
11.26
10.95

12.22
12.17

11.60
11.78

11.60
11.93

IR, cm-1
(Nujol)

1725 (CO)

2800-2400 (NH)
1700 (CO)

1725 (CO)

1725 (CO)

1725 (CO)

NMR (ppm, <5TMS=0 ppm)

2.04 (s, 3H, CH3); 3.30 (d, 2H,
SCH2); 4.11 (d, 2H, NCH2);
552 (q, 1H, CH); 7.1-7.8
(compl. 4H, Ar= CH) (CDC13

1.06 (t, 3H, CH3); 2.3 (m, 2H,
COCH2); 3.29 (d, 2H, SCH2);
4.21 (d, 2H, NCH2;5.5(m.IH,
CH); 7.0-7.8 (compl. 4H,
Ar=CH) (CDC13

0.9 (t, 3H, CH2; 1.6 (m, 2H,
CH2); 2.3 (t, 2H, CH2); 3.32
(d, 2H, SCH2); 4.15 (d, 2H,
NCH2); 5.54 (m, 1H, CH); 7.1-
—7.8 (compl. 4H, Ar=CH)
(cbciy

1.06 (d, 3H, CH3); 1.17 (d, 3H,
CH3J); 2.52 (m, 1H, COCH);
3.32 (d, 2H, SCH2); 4.15 (d,
2H, NCH2); 5.52 (m, 1H, CH);
7.1—7.8 (compl. 4H, Ar=CH)
(CDCI3)

X1 ‘S310ZvZN34 e 1 93AIH



8/6T '96 BUNH 189S 'peOY "WIYD BV

4e

4f

49

4h

4i

4j

4k

6a

C(CH3)3

(CH2)2COOCH3

cH5

2-C1-C6H4

2-CF3—C6H4

3,4,5-(0CH3)3-
~CeH2

-CH=CH -
-c 6H6

CH3

197-198

147-148

165-166

168-169

173-175

186-188

162-164

161-162

CiaH18N 20 25
(290.39)

cIsh 16n 20 4s
(320.37)

c, h 14n 20 2s
(310.38)

C17H 13CIN20 25
(344.82)

CjgH i3F3N 20 25
(378.38)

C20H 20N 206
(400.45)

Ci9H eN20 25
(336.42)

~sHuUNjOjS
(262.33)

62.04
62.02

56.24
56.34

65.79

65.93

59.22
60.08

57.14
57.02

59.99
60.17

67.84
67.51

59.52
59.61

6.25
6.34

5.03
5.12

4.57
4.49

3.80
4.01

3.46
3.77

5.03
5.05

4.80
5.02

5.38
6.01

9.65
10.03

8.74
8.82

9.03
8.93

8.12
7.99

7.41
7.66

6.99
6.68

8.33
8.25

10.68
10.48

10.29
10.47

11.04
11.00

10.01
10.19

10.33

10.45

9.29
9.39

8.48
8.61

9.52
9.30

12.22
12.43

1715 (CO)

1710 (CO)

1730 (CO)

1730 (CO)

1725 (CO)

1720 (CO)

1720 (CO)
1630 (C= Cconj.)

1740 (CO)

1.14 (s, 9H,3CH3); 3.36 (d, 2H,
SCH2); 4.24 (d, 2H, NCH2);
5.56 (m, 1H, CH); 7.1-7.8
(compl. 4H, Ar=CH) (CDC13)

2.62 (s, 4H, CH2CH2); 3.38 (d,
2H, SCH2); 3.62 (s, 3H, CH3);
4.22 (d, 2H, NCH2); 5.62 (m,
1H, CH); 7.2-7.8 (compl. 4H,
Ar= CH) (CDC13)

3.42 (d, 2H, SCH2); 4.27 (d, 2H,
NCH2); 5.8 (m, 1H, CH);7.0-
8.1 (compl. 9H, Ar= CH) (CDC13

3.50 (d, 2H, SCH2); 4.35 (d, 2H,
NCH?2); 5.85 (m, 1H, CH); 7.2-
—38.0 (compl. sH, Ar= CH)
(CDClj)

3.52 (d, 2H, SCH2); 4.38 (d, 2H,
NCH?2); 5.85 (m, 1H, CH); 7.1-
—7.9 (compl. sH, Ar= CH)
(CDCl3)

3.48 (d, 2H, SCH2); 3.8 (s, 3H,
OCH?3); 3.88 (9, 6H, 20CH3);
4.35 (d, 2H, NCH2); 5.85 (m,
1H, CH); 7.2-7.8 (compl. s H,
Ar=CH) (CDClg)

3.45 (d, 2H, SCH2); 4.3 (d, 2H,
NCH2); 5.75 (m, 1H, CH); 6.44
(d, 1H, CH=CH, J 16.8 Hz);
7.2-7.55 (compl. 9H, Ar= CH);
7.79 (d, 1H, CH=CH, J 16.8
Hz) (CDCl3)

1.95 (s, 3H, CH3); 3.0 (m, 2H,
SCH2); 4.0 (s, 2H, CCH:S);
4.35 (d, 2H, NCH2);4.8- 5.3
(m, 1H, CH); 7.2—7.8 (compl.
4H, Ar=CH) (CDCIj)

’le 18 934lH

X1 's370zvzN3g
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No.

6b

6c

CH3s

CH3

Formula
M.p.,°C (Mol. wt.)
217-219 CisHuN20 25

HC1 (298.79)
133-135 clsh bn2o2s
(276.35)
136-140 CuaHIeN202S
(276.35)

52.26
52.41

60.85
61.16

60.85
60.97

Table I cont.

Analysis, o
H N Cl

ealed./found

5.06 9.37 11.87
501 9.63 11.65

5.83 10.14
5.49 10.03 -

5.83 10.14
5.69 10.45

10.73
10.43

11.60
11.94

11.60
11.41

IR, cm-1
(Nujol)

1745 (CO)

1740 (CO)

NMR (ppm,<5TMS=0 ppm)

1.08 (s, 3H, CH3); 3.2- 3.6 (m,
2H, SCH2); 4.4 (d, 2H, CH2S);
4.8-5.1 (d, 2H, NCH2); 5.2-
—55 (m, 1H, CH); 7.68 (s, 4H,
Ar=CH) (D20)

1.85 (dd, 3H, CH3); 2.1 (s, 3H,
COCHs); 3.06 (m, 2H, SCH2);
4.2- 51 (m, 4H, NCH2CH,
CHCH3); 7.1 - 8.0 (compl. 4H,
Ar=CH) (CDC13

2.1 (9, 3H, CH3); 2.3-2.8 (m,
2H, SCH2; 2.8- 3.1 (m, 2H,
CH2- CH2S); 3.2- 3.6 (m, 2H,
CH2CH?2S); 4.66 (d, 2H, NCH2);
5.1- 5.6 (m, 1H, CH); 7.2- 7.9
(compl. 4H, Ar= CH) (CDC13

86¢

1e 18 934IH
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HIDEG et al.: BENZAZOLES, IX 299

The epoxide ring undergoes cleavage under the effect of the imidazole
NH at the least substituted carbon atom.

The reaction of 2-mercaptoalkylbenzimidazoles [2, 3] with |,2-epoxy-3-
halogenopropane, 2,3-dihalogeno-l-propanols or I,3-dihalogeno-2-propanols
took place also on the terminal carbon atoms. This is proved by the NMR
spectra: the proton of the hydroxyl group appears as a doublet (and not as
a triplet) in the NMR spectrum of the solution of the product (3a—<c) in
DMSO-dG

The hydroxyl group of the tricyclic compounds can be acylated to 4»
6a c¢ and sulfonated to 5, 7a ¢ (Tables I and I1).

The sulfonic esters of type 5 are converted by an elimination reaction
in aqueous ethanolic medium containing an alkali hydroxide, or with alkoxide."”
(NaOEt, KORu() in anhydrous media, into products of the type 8a and 8b.

Compound 8a was formed in a fair yield (75 %) when the sulfonic ester
(e.g. 5d) was heated in pyridine while the formation of 8b was detected in less

than 5—8 % only. This reaction takes place through an isolable intermediate:
the pyridinium salt (9). On the effect of the highly nucleophilic sodium ben-
zoate in dimethylformamide, the sulfonic ester undergoes elimination and

Acta Chim. Acad. Set. Hung. 96, 1978
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ba

5b

5c

5d

Ta

TI))

7c

CHs

CsHs

4-BrCesHa

4-CHs3CsHa

CH3

CH3

CHs

dn,,

173-174

148-150

166-167

189-191

175—195J

202—204d

230—233d

Table 11

O-Sulfonyl compounds of I and 3a—c

Formula
(Mol. wt.)

AlIHi2N20 352
(284.36)

ABHi4ND 352
(346.43)

cisH13BrN20 3S2
(425.33)

AL7A16720372
(360.45)

C12H 1N 20352
(298.38)

Ci3HiBN2) 352
(312.41)

Ci3H iBN2) 352
(312.41)

46.46
46.48

55.47
55.28

45.18
44.96

56.65
56.68

48.31
48.21

49.98
50.02

49.98
50.15

Analysis, %

H N
caled./found
4.25 9.85
4.19 9.92
4.07 8.09
4.25 7.84
3.08 6.59
3.23 6.29
4.47 7.77
4.57 7.76
4.73 9.38
4.54 9.42
5.16 8.97
4.93 9.12
5.16 8.97
5.25 8.73

22.55
2231

18.51
18.69

15.08
15.28

17.79
17.88

21.49
21.67

20.53
20.50

20.53
20.39

NMR (ppm, <5TMS=0 ppm)

3.3 (s, 3H, CH3); 3.95 (m, 2H, SCH2); 4.75-5.0
(m, 2H, NCH2; 6.0 (m, 1H, CH); 7.72 (s, 4H,
Ar= CH) (TFA)

3.30 (d, 2H, SCH2); 4.19 (d, 2H, NCH2); 5.36
(m, 1H, CH); 7.1- 8.1 (compl. 9H, Ar= CH)
(CDClg)

3.38 (d, 2H, SCH2); 4.28 (d, 2H, NCH2); 5.4 (m,
1H, CH); 7.3 (s, 4H, Ar= CH); 7.72 (s, 4H,
Ar= CH) (CDC13)

2.5 (s, 3H, CH3); 3.35 (d, 2H, SCH2); 4.25 (d, 2H
NCH2; 5.2-5.45 (m, 1H, CH); 7.15-7.9
(compl. sH, Ar= CH) (CDC13

3.0 (s, 3H, S02CH3J; 3.1 (d, 2H, SCH2); 4.08 (s,
2H, = CCH:2S); 4.55 (d, 2H, NCH2); 4.9- 5.3
(m, 1H, CH); 7.2-7.9 (compl. 4H, Ar= CH)
(CDC13

1.99 (dd, 3H, CH3; 2.9 (s,3H,S02CH3);2.7-3.2,
(m, 2H, SCH2); 4.0- 5.5 (m, 4H, NCH2CH,
CACHS3); 7.2-8.0 (compl. 4H, Ar=CH)
(CDClg)

3.1 (s, 3H, S02CH3; 2.3- 3.6 (M, sH,
CH2CH2SCH2); 4.8 (d, 2H); 5.0- 5.4 (m, 1H,
CH); 7.2- 7.9 (compl. 4H, Ar= CH) (CDC13

e 1@ 934dlH
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substitution. In the course of elimination 8b is formed highly regioselectively

(only 10 % of 8a is obtained).
The esters 5 react readily with other nucleophilic reagents affording the

corresponding substituted products (10).

n
10a SH
b SPh
SC'N

Xu

The azido group of 10d is reduced by sodium borohydride in 2-propanol to
primary amine (11a). This primary amine can be converted with aldehydes,
through the formation of Schiff bases into secondary amines, with acid chlo-
rides or acid anhydrides into acid amides, whereas with 2-methyl-2-thiopseudo-

urea sulfate into a guanidine derivative.

R
Ma H

b 4-C!CeHsCH:
e CHsCO

d C«HsCH=CHCO
R e C(=NH)NH:

We investigated also the products 12, 13 obtained in dipolar cycloaddition
reactions of compound 10d with various asymmetrically substituted acetylenes

(Table I11).

12 (4-R)
13 (5-R)

It was found that, in accordance with experiences of HtriSGEN et al. [4, 5],
in the examples chosen only the acetylene substituted with the strongly elec-
tron-attracting acetyl group exhibited regiospecificity. W ith acetylenes substi-
tuted by other groups, even by bulky substituents, both isomers were formed,
similarly to the formation of 14a and 14b in the reaction between phenylace-

tylene and benzylazide [6].

Acta Chim. Acad. Sei. Hung. 96, 1978
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12a

13a

12b

13b

13c

12d

13d

13e

12f

cH6

CHN(CH3?2

C(OH)(CH3)2

C(NH2(CH3)?2

C(NH2)(C2H6)?2

COCH3

Mp., °c

240-241

178-180

163-165

237-238

226-227

185-186

193-195

163-167

184-185

155-158

219-220

Yield,
%

27

43

49

33

81

14

47

11

27

95

Formula
(Mol. wt.)

(333.42)

Ci6H i8N 6S
(314.42)

C15H IN60S
(315.40)

C16H 1N6S
(314.42)

clh?2n,s
(342.47)

C14H IN50S
(299.35)

Table 111
2,3-Dihydro-3-(1,2,3-triazin-I-yl)-[1,3]thiazino-4H-[3,2-a]benzimidazoles (12 —13)

64.84
64.89

64.84
64.79

57.30
57.37

57.30
57.28

57.12
57.00

57.12
57.09

57.30
57.44

57.30
57.40

59.62
59.15

59.62
59.24

56.17
56.06

Analysis, %
H N
ealed./found

454 21.00
425 20.87
454 21.00
434 2132

5.77 26.73

530 26.77

5.77 26.73

5.96 26.85

543 22.20

5.09 22.15

543 22.20

540 22.48

5.77 26.73

549 26.56

577 26.73

5.95 26.96

6.48 24.54

6.46 24.66

6.48 24.54

6.29 2431

438 23.39
448 23.29

9.62
9.73

9.62
9.42

10.20
10.26

10.20
10.32

10.16
10.32

10.16
10.26

10.20
10.36

10.20
10.26

9.36
9.49

10.71
10.95

NMR (ppm, <5TVIS=0 ppm
(F?ﬁbwsom ppm)

3.98 (d, 2H, SCH2; 4.8- 5.1 (m, 2H, NCH2);
5.5-5.9 (m, 1H, CH); 7.1-8.0 (compl.9H,
Ar=CH); 8.84 (s, 1H, N(CH=))

3.0-5.5 (m, 5H, CH2ZCHCH2); 7.2-7.8 (compl.
9H, Ar= CH); 7.84 (s, 1H, N(CH =))

2.14 (s, 6H, 2CH3); 3.9 (d, 2H, SCH2); 4.85 (m,
2H, NCH2); 5.7 (m, 1H, CH);7.1- 7.8 (compl.
4H, Ar= CH); 8.18 (s, 1H, N(CH =)

2.16 (s, 6H, 2CH3); 3.62 (d, 2H, SCH2); 4.73 (d,
2H, NCH2); 5.4- 58 (m, 1H, CH); 7.1- 7.7
(compl. 4H, Ar= CH); 7.74 (s, 1H, N(CH=))

1.46 (s, 6H, 2CHJ3); 3.95 (d, 2H, SCH2); 4.8
(d, 2H, NCH2); 5.7 (m, 1H, CH); 7.1- 7.7
(compl. 4H, Ar=CH); 8.13 (s, 1H, N(CH=))

1.60 (s, 6H, 2CH?J3); 3.9 (d, 2H, SCH2); 4.8
(d, 2H, NCH2); 5.65 (m, 1H, CH); 7.1-7.7
(compl. 4H, Ar=CH); 7.7 (s, 1H, N(CH=))

1.4 (s, 6H, 2CH?J); 3.85 (d, 2H, SCH2); 4.8
(d, 2H, NCH2); 5.62 (m, 1H, CH); 7.1- 7.7
(compl. 4H, Ar= CH); 8.36 (s, 1H, N(CH=))

1.4 (s, 6H, 2CH?J3); 3.87 (d, 2H, SCH2); 4.85
(d, 2H,NCH2); 5.62 (m, 1H, CH); 7.1-7.7
(compl. 4H, Ar= CH); 8.15 (s, 1H, N(CH=))

0.69 (t, 6H, 2CHJ3); 1.6 (q, 4H, C(CH22; 3.82
(d, 2H, SCH2); 4.8 (dd, 2H, NCH2; 5.65 (m,
1H, CH); 7.1- 7.7 (compl. 4H, Ar= CH);

8.12 (s, 1H, N(CH=))

0.70 (t, 6H, 2CH3); 1.62 (q, 4H, C(CH22); 3.9
(d, 2H, SCH2); 4.85 (m, 2H, NCH2); 5.65 (m,
1H, CH); 7.1- 7.7 (compl. 4H, Ar= CH);

7.62 (s, 1H, N(CH=))

2.45 (s, 3H, CH3); 3.98 (d, 2H, SCH2; 4.7- 5.1
(m, 2H, NCH2; 5.6-6.0 (m, 1H, CH); 7.1-
7.7 (compl. 4H, Ar= CH); 9.0 (s, 1H, N(CH=))

¢0¢g

le 18 93dIH
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14a (4-Ph)

o b (5-Ph)

In the NMR spectra of 14a and 14b (in DMSO-d6) the sign of the triazole proton
is at MCH = 8.0 and <55CH = 8.7 ppm, respectively.

An investigation of the NMR spectra of compounds 12—13 has shown
that the regularity MCH < O5CH is valid also in this case.

Experimental

M.p.’s were determined with a Biichi instrument of type SMP—20 and are uncorrected.
IR spectra were recorded in a Specord 71 (Zeiss) spectrophotometer. NMR spectra were ob-
tained with a Perkin —Elmer R —12 instrument, using TMS as internal standard.

4,5-Dihydro-4-hydroxy-Ifl,3H-[1,4] thiazepino[4,3-a] benzimidazole (3a)
Method A

Sodium hydroxide (0.4 mole; 16.0 g) dissolved in water (about 40 ml) was added, with
stirring, to a suspension of 2-mercaptomethylbenzimidazole (0.4 mole; 65.6 g) in ethanol
(400 ml); the solid dissolved in the alkaline medium. Epichlorohydrin (0.4 mole; 37.0 g) was
dropwise added with stirring, to the solution which was kept below 40 °C. Precpitation of a
white crystalline solid started shortly. After allowing the mixture to stand for 3 hrs, it was
filtered, and the crystals were washed with water to remove the inorganic salt, then with etha-
nol and ether, and dried to obtain 61.7 g (70 %) of the product, m.p. 231 —233 °C (recrystallized
from pyridine).

CuHIN20S (220.29). Calcd. C 59.97; H 5.49; N 12.72; S 14.55. Found C 60.34; H 5.47;
N 12.76; S 14.20 %.

IR (Nujol) rmax = 3120 - 3070 (OH) cm4 .

W -NMR (DMSO-d6): <5= 3.03 (m, 2H, SCH2); 3.6-4.1 (m, 1H, CH); 4.37 (m, 2H,
NCH2; 4.58 (d, 2H, SCH2C=); 55 (d, 1H, OH,J = 4 Hz); 7.1-7.8 (compl., 4H, Ar = CH)
ppm

The following compounds were also prepared in the way specified above.

3,4-Dihydro-3-hydroxy-2if-[l,3]thiaziuo[3,2-a]benzimidazole (1)

3,4-Dihydro-3-hydroxy-2H-[l,3]thiazino[3,2-a]benzimidazole (1): Yield 70 %, m.p.
214-215 °C (ht. m.p. [1] 214-215 °C).
CIOH 10N20S (206.26). Calcd. C 58.23; H 4.89; N 13.58; S 15.54. Found C 58.33; H 5.21;
N13 42- 4 1522 %
" IR (Nujol) rmax = 3200 - 2800 (OH) cm4 .
HI-NMR (DMSO-d6f): O= 3.3 (m, 2H, SCH2; 4.20 (m, 2H, NCH2; 4.3-4.8 (m, 1H,
CH); 5.77 (d, 1H, OH,J = 4 Hz); 7.1- 7.6 (compl., 4H, Ar = CH) ppm.

4.5- Dihydro-I-methyl-4-hydroxy-IIT,3H-[1,4]thiazepino[4,3-a] benzimidazole (3b)*:

4.5- Dihydro-lI-methyl-4-hydroxy-IH,3H-[1, 4]thiazepino[4,3-a]benzimidazole (3b):*
Yield 55 %, m.p. 235—238 °C (from pyridine).

CIH 14N20S (234.32). Calcd. C 61.51; H 6.02; N 11.96; S 13.68. Found C 61.72; H 5.68;
N 11.84; S 13.45 %.

* Isomers are possible because of chirality of the 1- and 4-carbon atoms. Existence of

diastereomers are supported by two dublets for the hydroxyl proton at $4.98 and 5.68 ppm
(for both isomers J = 4 Hz).
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IR (Nujol) rmax = 3400 — 2800 (OH) cm *
1H-NMR (DMSO-d6): 8= 1.68 (d, 3H, CH3); 2.4- 2.7 (m, 2H, SCH2); 3.3-4.7 (m, 2H,
CH, CH); 44 (m, 2H, NCH?2); 498 d, 568 d (LU, OH); 7.1-7.8 (compl., 4H, Ar = CH) ppm.

1.2.5.6- Tetrahydro-5-hydroxy-4H-[l,5]thiazocino[5,4-a] benzimidazole (3c):

1.2.5.6- Tctrahydro-5-hydroxy-4W-[l,5] thiazocino [5,4-aJbenzimidazole (3c): Yield 57 %
m.p. 276—277 °C (from pyridine).

CI2H 4N20S (234.32). Calcd. C 61.51; H 6.02; N 11.96; S 13.68. Found C 61.88; H 5.78;
N 11.77; S 13.48 %.

IR (Nujol) vmax = 3120 - 3070 (OH) cm"1

W -NMR (DMSO-d6): 0=2.2-2.5 (m, 2H, SCH2; 2.8-3.4 (m, 4H, SCH2CH2);
3.9-4.4 (m, 1H, CH); 4.5 (d, 2H, NCH2; 5.4 (d, 1H, OH); 7.1-7.8 (compl., 4H Ar = CH)
ppm.

Method B

Under the same reaction conditions as those applied in method A, two equivalents of
potassium hydroxide were used instead of one equivalent, and dihalogenopropanol instead of
epichlorohydrine. The reaction products obtained were identical in every respect with the cor-
responding products afforded by method A.

The yields were as follows: 1 72 % from [,3-dibromo-2-propanol; 3a 62 % from 1,2-di-
bromo-3-propanol; 3b 50 % from I-chloro-3-bromo-2-propanol, 3c 68 % from 2,3-dibromo-I-
propanol.

The O-acyl and O-sulfonyl derivatives of 1 and 3a—c were prepared by the usual routes
and are listed in Tables I —II.

Reaction of sulfonates of type 5 with some nucleophilic agents*
(a) With ethanolic sodium hydroxide

A solution of 2,3-dihydro-3-(p-toluenesulfonyloxy-2//-[ 1,3]thiazino[3,2-a]lbenzimidazole
(5d) (0.04 mole; 14.4 g) in ethanol (150 ml) was refluxed for 3 hrs, with stirring, with an
aqueous solution (of about 5 ml) of sodium hydroxide (0.1 mole; 4 g). The solution was then
evaporated, the residue diluted with water (100 ml) and extracted with chloroform (3X 30 ml).
The chloroform phase was washed with water (2x30 ml), dried over sodium sulfate and evap-
orated in vacuum. The solid residue was crystallized from ethanol. The product was a mix-
ture of the isomers 2/1¥|T,3]thiazino[3,2-a]beiizimidazole (8a) and 4//-fl,3Jthiazino|3,2-a]
benzimidazole (8b)**. Yield 6.7 g (89 %), m.p. 136—137 °C.

Mass spectrum: m/e = 188 (M").

Ci,,H8\N2S (188.25). Calcd. C 63.80; H 4.28; N 14.88; S 17.03. Found C 63.75; H 4.10;
N 15.14; S 16.41 %.

IR (KBr) rmax = 1660 (C=C isolated) cm-1.

‘H-NMR (CDC13): 6 = 3.65 (q, 2H, SCH2), 7.10 (d, NCH=); 4.80 (q, 2H, NCH2); 6.20
(d, SCH=); 7.2—7.8 (compl., 4H, Ar=CH) ppm.

(b) With sodium ethoxide

Sodium ethoxide (0.02 mole; 1.36 g) was added to a solution of 5d (0.01 mole; 3.6 Q)
in anhydrous ethanol and the mixture was boiled for 6 hrs, then processed as under (a).
The product was a 1 : 1 mixture of the isomers 8a and 8b. Yield 1.5 g (80 %), m.p. 135—139 °C.

(c) With potassium t-butoxide

On boiling 5d (0.01 mole; 3.6 g) with potassium i-butoxide (0.02 mole; 2.06 g) in t-buta-
nol for 6 hrs, and processing the system as under (a), a 1: 1 mixture of isomers 8a and 8b
was obtained. Yield 1.6 g (85 %), m.p. 136—139 °C.

* Reaction of the sulfonates 6a—c will be published in subsequent papers of this series.
** |In gas chromatography the two isomers appear in a ratio of about 1: 1. (GLC con-
ditions were: 3 % SE—30 column on Q 100—200 mesh; column temperature 200 °C; detected
by flame ionization; N2 carrier gas, 80 ml/min 29psi; Packard 7300 Gas Chromatograph.)

Acta Chim. Acad. Sei. Hung. 96, 1978



HIDEG et al.: BENZAZOLES, IX 305

(dj) With pyridine (5 hours)

The tosylate (5d) (0.01 mole; 3.6 g) was boiled in pyridine (15 ml) for 5 hrs, then the
excess of pyridine was evaporated in vacuum and the residue crystallized from ethanol. The
product was 3,4-dihydro-3-(l-pyridyl-)2H-[l,3]thiazino[3,2-a]benzimidazolium tosylate (9).
The yield was almost quantitative, m.p. 187 —188 °C.

C2H 2IN30 352(439.56). Calcd. C60.12; H 4.81; N. 9.56; S 14.59. Found C60.51; H. 4.77;
N 9.59; S 13.94 %

X-NMR (D2): 0= 2.02 (s,3H, CH3); 4.0-4.3 (m, 2H, SCH2; 4.5-5.2 (m, 3H,
NCHjCH); 6.8—8.9 (compl., 13H, Ar= CH) ppm.

On treating the ethanolic solution of 9 with ethanol saturated with hydrochloric acid,
3,4-dihydro-3-(I-pyridyl)-2//-[1,3]thiazino[3,2-a]benzimidazolium chloride, m.p. 218—220 °C
precipitated from the solution on cooling.

CIBHISCINSS (340.28). Caled. N 12.35; Cl 20.84; S 9.42. Found N 11.95; Cl 20.54;
S 9.17 %.

X-NMR (D2): O= 4.45 (d, 2H, SCH2); 5.2- 5.6 (m, 3H, NCH2CH); 7.5-7.9 (compl.,
4H, Ar=CH); 8.0—9.2 (compl., 5H, Py=CH) ppm.

(d2 With pyridine (50 hours)

The tosylate (5d) (0.01 mole) was boiled for 50 hrs in pyridine (15 ml). The solvent was
evaporated and the residue extracted with chloroform; the chloroform phase was dried over
sodium sulphate and the solvent evaporated. The residual oil was crystallized from ethanol
to yield 1.4 g (75 %) of the product: 2H-[l,3]thiazino[3,2-a]benzimidazole (8a), m.p. 143 —
145 °C. According to gas chromatographic analysis and the NMR spectrum, the product was
homogeneous consisting of the pure enamine isomer 8a.

In repeated experiments, analysis of the crude product by GLC or NMR sometimes
showed the presence of 8b in less than 5—38 %.

The reaction was also carried with other sulfonates (5a, b, c) leading to 8a which also
contained a little (< 12 %) 8b (detected by NMR).

CI0H8N2S (188.25). Calcd. C 63.80; H 4.28; N 14.88; S 17.03. Found C 63.76; H 4.12;
N 14.93; S 17.26 %.

IR (Nujol) rmax 1660 (s) (NCH=CH) cm 'L

X1-NMR (CDC13): 6= 3.65 (q, 2H, SCH2); 5.6 (q, 1H, CH2C A=, JCHCH 6 Hz); 7.1
(d, 1H, NCH=,Jch-ch 9 HZz); 7.2—7.8 (compl., 4H, Ar= CH) ppm.

(e) With sodium benzoate

The mesylate (5a) (0.01 mole; 2.84 g) was heated in dimethylformamide (20 ml) with
sodium benzoate (0.11 mole; 1.6 g) for 4 hrs at 100 °C, and the solvent was then evaporated.
The residue was diluted with water (30 ml), extracted with chloroform (3X10 ml), the chloro-
form phase dried and evaporated in vacuum. The residual pale yellow oil was dissolved in
some ether (about 10 ml) and kept in arefrigerator. The precipitated white crystalline product
was 4H-[1,3]thiazino[3,2-a]lbenzimidazole (8b) (0.75 g; 40%), m.p. 129—131 °C. After the
elapse of a few hours further amounts separated from the mother liquor (0.20 g; 10 %). On the
basis of the NMR spectrum this material was a 1 : 4 mixture of 8a and 8b.

Analysis of pure 8b: C10H8N2S (188.25). Calcd. C 63.80; H 4.28; N 14.88; S 17.03. Found
C 63.76; H 4.32; N 14.82; S 17.17 %

X-NMR (CDC13): O= 4.72 (g, 2H, NCH2); 6.04 (q, 1H, CH2C A=, JhZxh- 4 Hz);
6.14 (d, 1H, SCH=, JcH-CH Hz); 7.1 —7.8 (compl., 4H, Ar= CH) ppm.

The mother liquor was evaporated to half of its original volume, and the residue allowed
to stand for 2 days in a refrigerator. The resulting white crystalline substance was filtered off.
On the basis of the IR and NMR spectra it proved to be 3-benzoyloxy-2,3-dihydro-2ff-[l,3]-
thiuzino|3,2-a]benzimidazole (4g9) (1.0 g; 34%), m.p. 165—167 °C.

The reaction carried out from 5d gave essentially the same results in respect of both the
ratios and yiels of the products.

No 8a s x8b isomerisation was observed when the pure isomer (8a or 8b) was heated
in several solvents (pyridine, EtOH, aqueous EtOH, or CHC13) for 24 hrs.

(f) With sodium hydrogen sulfide

A suspension of the mesylate (5a) (0.01 mole; 2.84 g) in methanol (50 ml) was boiled
for a day with sodium hydrogen sulfide hydrate (9H20) (0.02 mole; 4.36 g). The yellow solution
was evaporated in vacuum and the residue was crystallized from ethanol. The product was
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3-mercapto-2,3-dihydro-2//-[1,3] thiazino[3,2-a] benzimidazole (10a). Yield 1.5 g (68 %), m.p.
196-198 °C (d.).
C10H 10N2S2 (222.33). Calcd. N 12.60; S 28.85. Found N 12.32; S 28.35 %

(g) With thiophenol

To a suspension of the henzenesulfonate (5b) (0.01 mole; 3.46 g) in anhydrous ethanol
(50 ml), sodium ethoxide (0.015 mole; 1.02 g) and thiophenol (0.015 mole; 1.65 g) were added.
After boiling for 34 hrs, the reaction mixture was evaporated to dryness and the residue extract-
ed with chloroform (3X30 ml). The oily residue of the chloroform solution was dissolved in
ethanol saturated with hydrochloric acid, and diluted with ether. On cooling the mixture, the
monohydrochloride of the product: 3,4-dihydro-3-(phenylthio)-2//-[l,3]thiazino[3,2-a]lhenz-
imidazole (10b) crystallized in a few days. Yield 2.26 g (76 %), m.p. 105—107 °C.

C16H 14N2S2 .HC1 (334.89). Calcd. C 57.38; H 4.67; N 8.36; S 19.14; Cl 10.58. Found
C 57.25; H 4.67; N 8.21; S 19.04; Cl 10.62 %.

IH-NMR (CD30D): $= 3.04-4.2 (m, 5H, CH2CHCH2); 6.8-7.6 (Compl., 9H, Ar=CH)
ppm.

(h) With sodium thiocyanate

To a suspension of the tosylate (5d) (0.05 mole; 18.2 g) in ethanol (150 ml), an aqueous
solution (30 ml) of sodium thiocyanate (0.075 mole; 6.07 g) was added, and the mixture was
boiled for 60 hrs, then evaporated to dryness in vacuum and the residue extracted with chloro-
form (3X60 ml). The chloroform phase was dried, evaporated to dryness in vacuum and the
residue crystallized from ethanol. The product was 3,4-dihydro-3-thiocyanato-2H-[l,3]thia-
zino[3,2-a]benzimidazole (10c), a white crystalline substance. Yield 9.9 g (80 %), m.p. 132 —
138 °C

'c,,H,N,S. (247.35). Calcd. C53.41; H 3.67; N 16.99; S 25.93 %. Found C 53.67; H 3.92;
N 16.95; S 25.88 %.

IR (Nujol) rmax = 2175 (SCN) cm-1.

H-NMR [(CD32CO : CD30D, 1:1]: 0= 3.66 (d, 2H, SCH2; 4.62 (d, 2H, NCH2);
4.7—5.2 (m, 1H, CH); 7.0 —7.8 (compl., 4H, Ar= CH) ppm.

On acidifying the ethanolic solution of the base to pH 3 with ethanol saturated with
hydrochloric acid and diluting it with ether until crystallization started, the hydrochloride of
the product precipitated, m.p. 173—176 °C (d.).

CnHWN3S2.HC1 (283.81). Calcd. C 46.55; H 3.55; N 14.81; S 22.60; Cl 12.49. Found
C 46.58; H 3.48; N 15.05; S 22.25; Cl 12.20 %.

(i) With sodium azide

A suspension of the tosylate (5d) (0.05 mole; 18.2 g) in dimethylformamide (50 ml) was
boiled for 70 hrs with an aqueous solution (8 ml) of sodium azide (0.1 mole; 6.5 g) under a
stream of nitrogen gas. The solution was evaporated, the residue dissolved in some ethanol
(10 ml), diluted with ether and allowed to crystallize in arefrigerator. The precipitated product
was 3,4-dihydro-3-azido-2/f-[1,3]thiazino[3,2-a] benzimidazole (10d) (7.0 g; 60 %), m.p.
123 —127 °C.

C,,h n6S (231.28). Calcd. C 51.93; H 3.92; N 30.28; S 13.86. Found C 52.12; H 4.13;
N 29.92; S 14.15 %.

IR (Nujol) vmax = 2110 (N3) cm"1

Hf-NMR (CDC13): $= 32—4.6 (m, 5H, CH2CHCH2; 7.1-7.9 (compl., 4H, Ar= CH)

m.

PP The acetone solution of base 10d was acidified to pH 3 with ethanol saturated with
hydrochloric acid and it was diluted with ether until crystallization started. The precipitated
white crystals were filtered off, washed with acetone and dried to afford the hydrochloride of
the product, m.p. 207 —208 °C (d.).

CIOHINSBS.HC1 (267.74). Calcd. C 44.86; H 3.76; N 26.16; S 11.98; Cl 13.24. Found
C 44.66; H 3.64; N 25.92; S 12.08; Cl 13.40 %.

IR (Nujol) rmax*= 2090 (N3) cm -1

Reduction of the azido compound 10dj

The azido compound (10d) (0.1 mole; 23.13 g) was suspended in isopropanol (200 ml),
sodium borohydride (12 g) was added, and the mixture boiled for 30 hrs. After evaporating
the solvent in vacuum, the residue was diluted with water to decompose the complex, then
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extracted with chloroform (3X10 ml). The extract was dried over anhydrous sodium sulfate
and evaporated. The residue was crystallized from a mixture of ethanol and ether. The pre-
cipitated white crystalline product was 3,4-dihydro-3-aiuino-2/f-| 1,3]thiazino[3,2-a] benzimida-
zole (11a) (154 g; 75 %), m.p. 115-118 °C.

C10H UN3S (205.28). Calcd. C 58.51; H 5.40; N 20.47; S 15.62. Found C 58.32; H 5.13;
N 2042- 4 1533 %

> IR (Nujol) vmax = 3360, 3320 (WH,) cm"L1

4H-NMR (CDC13): 8= 1.8 (s, 2H, NH2); 3.07 (d, 2H, SCH2); 3.5- 4.3 (m, 3H, NCH2CH);
7.0—7.8 (compl., 4H, Ar=CH) ppm.

The base (11a) was dissolved in methanol saturated with hydrochloric acid and diluted
with ether until crystallization started. The white crystalline product was filtered off, washed
with ether and dried to obtain the dihydrochloride of 11a, m.p. 235 —238 °C (d.).

C10HNn N3S .2HC1 (278.21). Calcd. C 43.17; H 4.71; N 15.10; S 11.53; ClI 25.49. Found
C 43.15; H 4.00; N 15.09; S 11.43; ClI 25.54 %.

IR (Nujol) pmax = 3400-2600 (NH3) cm’1

Reactions of the amino compound 1la

(a) p-Chlorobenzaldehyde

A solution of the amino compound (11a) (0.02 mole; 4.1 g) and ofp-chlorobenzaldehyde
(0.02 mole; 2.81 g) in toluene (100 ml) was boiled for 3 hrs in the presence of catalytic amounts
(2 drops) of boron trifluoride etherate, in an apparatus equipped with a Dean—Stark trap.
During this period the theoretical amount of water (0.36 ml; 0.02 mole) accumulated in the
water separator. The solution was concentrated to one quarter of its initial volume, and cooled.
The precipitated crystals were filtered off, washed with ether until free of toluene, and dried.
The product was 3,4-dihydro-3-[(4’-chlorobenzylidene)-amino]-21/—{l,3]thiazino[3,2-a]lbenz-
imidaziole (5.2 g; 80 %), m.p. 174—176 °C.

CIM 14CIN3S (327.84). Calcd. C 68.28; H 4.30; N 12.82; Cl 10.82 %. Found C 61.98;
H 4.02; N 12.66; Cl 10.51 %

IR (Nujol) rmax = 1625, 1575 (N=CH conj.).

»H-NMR (DMSO-d,,): 6 = 345 (m, 2H, SCH2; 4.1-4.6 (m, 3H, NCH2CH); 7.1-8.0
(compl., 8H, Ar= CH); 8.74 (s, 1H, N=CH) ppm.

The Schiff base obtained as described above (0.02 mole; 6.6 g) was dissolved in ethanol
(30 ml) and boiled for 3 hrs. with sodium borohydride (1 g). After decomposing the complex
with water (15 ml), the mixture was extracted with chloroform, dried and evaporated. The
residue was crystallized from a mixture of ethanol and ether. The product was 3,4-dihydro-3-
[(4’-chlorobenzyl)amino]-2//-[1,3]thiazino[3,2-a]benzimidazole (lib) in almost theoretical
yield, m.p. 150—152 °C.

CIM 16CIN3S (329.86). Calcd. C 61.90; H 4.89; N 12.74; S 9.72; Cl 10.75. Found C 62.13;
H 4.88; N 12.78; S 9.60; Cl 10.61 %.

IR (Nujol) vmax = 3300 (NH) cm*“1

41-NMR (CDC13: %= 3.0-3.7 (m, 3H, SCH2CH); 3.84 (s, 2H, NCH2); 4.02 (d, 2H,
NCH2); 7.1-7.4 (compl., 8H, Ar= CH); 7.45-7.8 (m, 1H, NH) ppm.

The acetone solution of the base (lib) was acidified with methanol saturated with hydro-
chloric acid, it was then diluted with some ether, the precipitated white crystalline salt filtered
off, washed with ether and dried. The dihydrochloride thus obtained had m.p. 218 —220 °C (d.).

CI™ 16CIN3S .2HC1 (402.77). Calcd. C 50.70; H 4.50; N 10.43; S 7.96; Cl 26.41. Found
C 51.06; H 4.60; N 10.07; S 7.60; Cl 26.5;0 %.

IR (Nujol) rmax = 3100—2200 (NH2 cm-1.

(b) With acetic anhydride

The amino compound (11a) (0.05 mole; 10.25 g) was dissolved in hot pyridine (40 ml),
acetic anhydride (7 ml) was added and the mixture was allowed to stand for 3 hrs. The solution
was poured into ice (about 300 g). The precipitated white crystals were filtered off, washed
with ethanol and ether, then dried. The product was 3,4-dihydro-3-acetami<lo-2f/-[l,3]-
thiazino[3,2-a]lbenzimidazole (11c) (11.2 g; 90%), m.p. 179—181 °C. On recrystallizing the
crude product from ethanol its m.p. did not change.

CI2H 13N 30S (247.32). Calcd. C58.28; H 5.30; N 16.99; S 12.96. Found C 58.11; H 5.60;
N 16.80; S 13.06 %.
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IR (Nujol) rmax = 3430-3080 (NH), 1665, 1560 (CONH) cm-1

41-NMR (DMSO-de): 6= 198 (s, 3H, CH3); 3.3-4.8 (m, 5H, CH2CHCH2); 7.1-7.7
(compl., Ar=CH); 85 (d, 1H, NH) ppm.

The acetone solution of the base was acidified to pH 3 with ethanol saturated with hydro-
chloric acid and diluted with ether until crystallization started. The white crystals were fil-
tered off, washed with ether and dried to obtain the monohydrochloride of 11c, m.p. above
245 °C.

CIH 13N30S .HC1 (283.78). Calcd. C 50.79; H 4.97; N 14.81; S 11.30; Cl 12.49. Found
C 51.13; H 4.21; N 14.44; S 11.09; ClI 12.23 %.

IR (Nujol) rmax = 3220-3020 (NH), 1605, 1540 (CONH) cm 'L

(c) With cinnamoyl chloride

The amino compound (11a) (0.01 mole; 2.05 g) was dissolved in pyridine (20 ml) and
allowed to stand with cinnamoyl chloride (0.011 mole; 1.83 g) for 3 hrs at room temperature,
then poured into crushed ice (about 100 g). The resulting white crystalline substance was
filtered off, washed with water, ethanol and ether, then recrystallized from ethanol. The prod-
uct was 3,4-dihydro-3-(cinnamoylamino)-2/f-[l,3]thiazino[3,2-a]lbenzimidazole (lid) (2.7 g;
80 %), m.p. 214-216 °C.

ClaH,,N 30S (335.43). Calcd. C 68.03; H 5.11; N 12.53; S 9.56. Found C 67.87; H 5.06;
N 12.78; S 9.17 %. R

IH-NMR (DMSO-df): O= 35 (m, 2H, SCH2; 4.2-4.4 (m, 2H, NCH2; 4.5-5.0
(m, 1H, CH); 6.76 (d, 1H, CH=CH, J 16 Hz); 7.1-7.8 (compl., 10H, CH= CH, Ar= CH);
8.6 —8.8 (m, 1H, NH) ppm.

(d) With 2-methyl-2-thiopseudourea sulfate

The amino compound (11a) (0.02 mole; 4.1 g) and S-methyl-isothiocarbamide sulfate
(0.01 mole; 2.78 g) were heated in aqueous ethanol (30 ml, 70 %) in a flask equipped with a
reflux condenser and gas outlet tube for 10 hrs. When the evolution of methyl mercaptan
ceased, the solution was evaporated in vacuum, then the residue was diluted with ethanol and
crystallized. The white crystalline substance was filtered off and washed with ether. The product
was 3,4-dihydro-3-guanyl-2//-[1,3]thiazino[3,2-a]lbenzimidazole (lie) (4.3 g; 72 %), m.p.
230—231 °C. On recrystallizing the crude product from aqueous ethanol its m.p. did not
change.

CiiHI3NG6S .1/2H 2S0,, (296.36). Calcd. C 44.58; H 4.76; N 23.63; S 16.23. Found C 44.30;
H 4.35; N 23.24; S 16.15 %.

+
IR (Nujol) rmax = 3300—3000 (NH2), 1690, 1630 (guanidine).
W -NMR (D2): 6 = 3.62 (d, 2H, SCH2); 4.25 (d, 2H, NCH2; 5.1-5.4 (m, 1H, CH);
7.2—7.7 (compl., 4H, Ar= CH) ppm.

Reaction of the azido compound (10d) with acetylene derivatives

Genera] procedure for the preparation of triazole derivatives:

A solution of the azido compound (I0d) (0.01 mole) and of the acetylene derivative
(0.02 mole) in toluene (30 ml) was refluxed for 36 hrs. After evaporating the toluene in vacuum,
the residue was subjected to fractional crystallization from ethanol.

The compounds prepared by this method are listed in Table I11.

*
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the preparative work, to Mrs. M. Ott, A. Halasz and L. Lovas for their valuable participa-
tion in the microanalyses, and to Dr. L. Kecskés (Gas Chromatographic Laboratory) for the gas
chromatographic investigations. Thanks are due to the Chemical Works of Gedeon Richter
Ltd. for the financial support of these researches.
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ONE-STEP SYNTHESIS OF 2, 3, 4-TRIACETYL-
LEYOGLUCOSAN FROM 1, 2, 3, 4-TETRAACETYL-6-
TRITYL-/?-D-GLUCOPYRANOSE BY MEANS TITANIUM
TETRACHLORIDE*

(PRELIMINARY COMMUNICATION)
E. Zara-Kaczan and Gy. Deak

(Research Institute of Experimental Medicine, Hungarian Academy of Sciences Budapest)

Recevied December 8, 1977

It iswell known [1] that removal ofthe trityl group, used in carbohydrate
chemistry for the selective protection of primary hydroxyl groups, can be
achieved in acetic acid solution with hydrogen bromide.

In an attempt of effecting cleavage of the ether linkage of 1,2,3,4-
tetraacetyl-6-trityl-jd-D-glucose (1) with titanium tetrachloride, we expected
to obtain 1,2,3,4-tetraacetyl-/?-D-glucose, or its titanium complex (2); cycliza-
tion of the latter to 2,3,4-triacetyllevoglucosan (6) seemed improbable, as
earlier investigations [2] have shown that titanium tetrachloride, in contrast
with tin tetrachloride effecting cyclization, rather causes cleavage of the
anhydro ring.

When carrying out the reaction under preparative conditions, it has
been found that refluxing of 1 in chloroform solution with the stoichiometric
amounts of titanium tetrachloride and ethanol (molar ratio 1:1:1) for 1 hr,
gives pure triacetyllevoglucosane (6) in a yield of 50—70%. When the reac-
tion is carried out with titanium tetrachloride in the absence of ethanol, the
quantity of 2,3,4-triacetylglucosyl chloride (4), always present as a by-product,
increases. The quantity of the by-product is considerably increased, when
pure tetraacetylglucose is used as the starting compound for the cyclization.
In this case 6 and 4 were present after 300 min in nearly identical quantities
in the solution; the chlorine content of the latter product was 10% (calcd.
for triacetylglucosyl chloride: 10.91%). In view of the yields, it is by all means
more advantageous to start from the 6-trityl derivative.

In consideration of the fact that by the combination of the hydrogen
bromide and tin tetrachloride methods triacetyllevoglucosan can only be
prepared in a yield as low as 33%, the procedure used in our experiments is
of preparative importance. Moreover, it has been found that the reaction is
also suitable for the synthesis of tribenzoyllevoglucosan.

‘Presented at the 173rd National Meeting (Friedel-Crafts Centennial Symposium) of
the American Chemical Society, New Orleans, Louisiana, March 23 (1977).
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By lowering the temperature to 25 °C and the concentration of the reac-
tants to 1/10, the reaction could be slowed down. It has been established that
under these conditions too, dctritylation proceeds very rapidly, and after
2 min 2 is the sole product that can be detected in the solution. The cycliza-
tion was then followed by TLC, by measurement of the change in optical
rotation and on the basis of the IR spectra of the reaction mixture and the
complexes precipitated by the addition of petroleum ether to the chloroform
solution. On the basis of the composition and IR spectra, the so-called initial
complex is the alkoxytitanium trichloride derivative of the detritylated
tetraacetylglucose (2), the aqueous decomposition of which yields 1,2,3,4-
tetraacetyl-jS-D-glucopyranose. Noteworthy in the spectrum is the band at
1580 cm-1, whose intensity gradually increases in the spectra of the complexes
isolated with the progress of the reaction. On the basis of data reported in the
literature for other Lewis acids [3] and according to our own experiments,
this hand can be assigned to the trityl cation formed in an equilibrium reaction
from trityl chloride and 2.

In the course of the ring closure acetoxytitanium trichloride is liberated,
which, being also a Lewis acid, may form a coordinative bond with one of the
carbonyl oxygens (7), but can also react with trityl chloride (8). As acetoxy-
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titanium trichloride is a stronger Lewis acid than the starting compound 2
of alkoxytitanium trichloride type, the reaction of the former with trityl
chloride is the preferred one, and this is indicated by the increase in intensity
of the band at 1580 cm-1.

As it has been stated previously, the formation of 4 is inevitable in the
course of the reaction. We suggest that the by-product results from the reac-
tion of acetoxytitanium trichloride, set free during ring closure, with the
starting material 2, still present. Starting from the trityl derivative, i.e. in
the presence of trityl chloride, the amount of the “active” acetoxytitanium
trichloride decreases (since one part of it is present as the anion 8 in the solu-
tion) and therefore the occurrence of the side reaction is decreased. The favour-
able effect of alcohol addition may be similarly interpreted: in this case, the
actual reagent will be ethoxytitanium trichloride; acetoxyethoxytitanium
dichloride is liberated during ring closure, and this has lesser chlorinating
effect.
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I. Inczédy: Analytical Application of complex Equilibria

Akadémiai Kiad6, Budapest, 1976, 415 pp.

The rapid development in the chemistry of coordination compounds during the last
few decades has brought about significant changes in analytical chemistry. Unfortunately
there is, however, a considerable lag between the appearance of fundamental relationships
in the scientific literature and their general use in the common analytical praxis. The main
aim of the author of the present book has been “to guide and aid the analytical chemist work-
ing in industrial and research laboratories in solving everyday problems, and by working
through typical problems to show how rapid exploratory calculations may be performed with
a slide rule. ..”

The book consists of four chapters. In Chapter 1. after a short repetition of the elements
of complex chemistry the author deals in details with the various equilibria (complex-forma-
tion, acid-base, redox), with factors affecting and energy changes involved in complex forma-
tion reactions. A far too short subchapter gives some insight into the kinetics of the reactions
of complexes.

Chapter 2. is an excellent compilation of the most widely used methods (potentiometric,
spectrophotometric, polarographic, extraction and ion-exchange) for the determination of
protonation constants, the stability constants of both mononuclear and polynuclear com-
plexes.

Chapter 3. discusses the analytical applications of the various types of homogeneous
and heterogeneous equilibria described in the previous chapters. The analytical applications
include gravimetric analysis, acid-base, precipitation, complexometric and redox titrations,
polarography, spectrophotometry, liquid-liquid extraction, ion-exchange separations and
electrophoresis.

At the end of the chapters mentioned so far a large number worked examples are given.
These help to comprehend the material described, and facilitate the solution of practical

roblems.

P Tables of equilibrium constants (protonation, complex formation, precipitate formation,
redox, extraction and ion-exchange) are compiled in Chapter 4. Finally 880 references refer
to the most important publications.

The approach of the author to the various topics of analytical chemistry (acid-base,
complexation, precipitation and redox reactions) is uniform and is based on the author’s
sound knowledge in coordination chemistry.

The book can be highly recommended to everybody interested and active in analytical
chemistry. Both industrial and research chemists will find it a useful guide. Further it is a
valuable book both to teach and to comprehend analytical chemistry. For this reason univer-
sity and college teachers, undergraduate and research students should have it on their shelves.

E. KOROS
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Topics in Current Chemistry (Fortschritte der chemischen Forschung). Vol. 64.
Inorganic Biochemistry

Springer-Verlag, Berlin, Heidelberg, New York, 1976. pp. 225

The 64. volume of Topics in Current Chemistry includes three monographies, each
discusses some aspects of bioinorganic chemistry.

The first monography (112 pages with 559 references) is entitled “Molecular Mechanisms
on Carbonate, Phosphate and Silica Deposition in the Living Cell” and written by E. T.
Degens. The monography starts with the illustration on three examples the interaction of
metal ions with organic compounds, which isimportant to understand how metal ions influence
the structural organization of biochemical molecules and the functional processes operating
in the genetic and metabolic apparatus. Then the author shows how epitaxis can be related
to biocatalysis and points to the fact that organic matrices can act as morphological catalysts
in the deposition of minerals. A short chapter is devoted to mineral equilibria (carbonate,
phosphate and silica), then two enzyme systems — carbonic anhydrase and alkaline phospha-
tase — which have important roles in biomineralizations are discussed. The following chapter
is on calcium transport and regulation. In the consecutive chapters the mechanisms of the
deposition of carbonate, phosphate and silica are described in great details. Although the origin,
nature and function of mineralized tissues are only tentatively known the author tries to co-
ordinate the often contradictory results on mineral deposition processes. Also the author deals
rather minutely with the organic matrices which serve as templates in the nucléation and ori-
ented growth of biominerals, and with the evolution of biocarbonates, biophosphates and silica,
respectively. Ample number of references close the monography.

“Water in Biological Systems” is the title of the second monography (67 pages with
303 references) and is written by W. A. P. Luck. The purpose of the author of this article
has been “to give a review on the present status of water research and on the first attempts
to apply this to biological problems”. The role of water in biological systems includes among
others the stabilisation of higher structural organizations and the large free energy changes
associated with the formation of water in a variety of chemical reactions. The first chapter
deals with the structure of water and with its most important physical properties (density,
specific heat, heat of melting, heat of vaporisation, surface tension and association structure).
The next chapter is devoted to the structure of aqueous solutions, and this includes electrolyte
solutions, non-electrolyte solutions with hydrophilic and hydrophobic solutes, respectively,
and mixed aqueous systems hydrophilic—hydrophobic. Also a short description on entropy
driven processes is given. The third chapter deals with the biological systems: lipids, poly-
saccharides, nucleic acids, peptides and protein, and the ion effects on the hydration of the
three latters, and also with water in biological tissues. In the last chapter the author gives a
short review on the strong effects of D2 on biological systems, and both the most important
biochemical and biological observations are summarized.

The third monography (36 pages with 192 references) written by D. D. Perrin and
entitled “Inorganic Medicinal Chemistry” deals with “the impact of pharmaceuticals on the
mineral composition of cells and tissues, the use of metal containing agents in therapeutics,
and the external control of the concentrations of essential and toxic metal ions in the living
organisms”. After a brief introduction and a short chapter on the topical applications of in-
organic compounds the author deals rather extensively with the uptake of inorganic species
(Na+, K+, Li+, Ca2+, halide ions, phosphate, trace metal ions and contrast media). The metal-
organic complexes (arsenicals, antimonials, mercurials and the chelates, and organic com-
pounds of some other metals) are described together with their mode of action in biosystems.
A separate chapter is devoted to chelation therapy and this includes the most important and
more widely used ligands, dimercaptopropanol, EDTA, D-penicillamine and desferrioxamine.
The following chapters consider the antibacterial, antiviral, anticancer and antifungal action
of the chelating agents. Also the antibacterial and anticancer activity of some inert metal
complexes isdescribed. In the last chapter the author deals briefly with a large variety of topics
which include: applications based on selective binding, examples where chelation and activ-
ity may be unrelated, some untoward effect of chelating agents, macrocyclic ligands, and
silicones.

The three monographies clearly show that there is an upsurge in the interest of the
inorganic aspects of biochemistry, biology and medicine. This volume can be highly recommend-
ed to chemists (active in the field of inorganic chemistry and coordination chemistry) to bio-
chemists and to biologists who are interested on molecular level in events occurring in the
living systems.

E. KOROS

Acta Chim. Acad. Sei. 96, Hung. 1978



RECENSIONES 317

P. Deslongchamps: Stereoelectronic Control in the Cleavage of Tetrahedral
Intermediates in the Hydrolysis of Esters and Amides, Tetrahedron Report No 3.

Pergamon Press Oxford, New York (1976) pp. 1—28

The author presents a new stereoelectronic theory for the cleavage of the tetrahedral
intermediate in the hydrolysis of ester and amides. In this new theory specific cleavage of
a carbon—exygen or a carbon-nitrogen bond in any conformer is allowed only if the other
two hetero atoms (oxygen or nitrogen) each have an orbital oriented “antiperiplanar” to the
leaving O-alkyl or N-alkyl groups. In other words, the precise conformation of the intermediate
hemi-orthoester or hemi-orthoamide controls the nature of the hydrolysis products. The ejec-
tion of the leaving group is achieved with the assistance of a lone pair orbital properly aligned
(antiperiplanar) on each of the two remaining heteroatoms.

The new theory originated in the author’s earlier (1971—1974) studies on the oxidation
of acetals to esters with ozone. First, the reaction is described, then the principle of stereo-
electronic control, which provides and explanation for the formation of products in the osono-
lysis of acetales, is disclosed.

The main headings of the review are as follows: Stereoelectronic control in the cleavage
of hemi-orthoesters; Hydrolysis of cyclic orthoesters; Concurrent istope oxygen exchange
and hydrolysis of esters; Stereoelectronic control in the cleavage of hemi-orthoamides; Hydro-
lysis of N,N-dialkylated imidate salts; Stereoelectronic control and pH of the reaction medium;
Conclusion.

Deslongchamps’s review is interesting, concise and well arranged. However, it would
have been useful to discuss briefly the quantumchemical basis of the principle of stereoelectron-
ic control. It is felt that the theory of stereoelectronic control — just like other theories —
is of value only if it provides a possibility for generalization and for making predictions. The
author exercises true self criticism when writing: “The results that we have described on the
hydrolysis of orthoesters and imidate salts constitute enough experimental evidence to take
the stereoelectronic theory seriously. However, we believe that more experiments are still
necessary to establish it completely”. “This principle of conformation change can become a
crucial point when the stereoelectronic theory is applied to the mechanism of hydrolysis by
enzymes. For instance, it could lead to the prediction that conformation changes are necessary
for the stereoelectronic assistance of hydrolysis by enzymes.”

It should he noted that reviews of similarly high standard have recently become avail-
able in the form of “Tetrahedron Reports”.

A. Messmer

Metal lons in Biological Systems, Yol. 6., Sigel, H. (ed.)

Marcel Dekker, Inc. New York and Basel, 1976. X1l -j- 453 pp.

Volume 6. of Metal ions in biological systems comprises six monographies.

The first monography written by J. F. Chiebouski and J. E. Coleman is on “Zinc
and its role in enzymes”. After a brief survey on the physiological role of zinc, the zinc metallo-
enzymes are characterized. This is followed by a chapter in which the most important methods
used for the investigation of the role of zinc in catalysis are described. These include ligand
and metal substitutions, respectively, absorption spectra, circular dichroism and magnetic
circular dichroism, ESR and NMR spectroscopies. The next chapter is on the structure and
function of well-characterized zinc metalloenzymes (peptidases, alkaline phosphatases, car-
bonic anhydrase, superoxide disumtase, alcohol dehydrogenases, aldolases, aspartate trans-
carbamylase, transcarboxylase, DNA polymerase 1).

This monography clearly demonstrated that zinc metalloenzymes are highly important
in living organism, since they catalyze metabolically important reactions including hydrolysis,
hydration, oxidation-reduction and group-transfer. Zinc may also function by maintaining
the required conformation of a protein or by participating in the binding of effector molecules
to allosteric enzymes, and finally zinc is required for the function of the nucleotidyl transferase
enzymes basic to DNA replication and transcription.

385 references are listed.

The second review written by W. R. Biggs and J. H. Swinehart is on “Vanadium in
selected biological systems”. This is a fascinating topic since there are organisms (mostly ascidi-
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aus) which are speculator accumulators for vanadium (the concentration factor is over 106)-
In the introductory chapter the authors give information on the levels of vanadium in non-
biological and biological environments, and on the equilibria of vanadium (V) species in
aqueous solution. Then they list plants and animals which concentrate vanadium. These are
some mushrooms, ascidians and holothurians. The final chapter is on the chemistry of vana-
dium in selected plants and animals. Although the uptake and transport mechanisms have
not yet been revealed in details the monography summarizes the most important and in some
respects conflicting suppositions. The monography is focussed on the vanadium-ascidian prob-
lem and the final conclusion is that “nearly seven decades of work on the problem of vanadium
in biological systems has not resulted in the elucidation of its role”.

147 references are given.

The third review written by P. W. Schneider is on a highly important biochemical
and biological topic “The chemistry of nitrogen fixation”. The author limits his discussion
to the chemical aspects of the process, and emphasizes on the characteristics of the enzyme
systems responsible for the reduction of nitrogen, their interactions with N2and other molecules
which influence the rate of fixation. First the catalyst, nitrogenase, is characterized its purifica-
tion and properties are described and the results of physico-chemical investigations on the
Fe—Mo- and Fe-proteins given. Then the reaction itself (N2 >mNHSY) is dealt with in detail:
the requirement for activity (metals, pH optima, reductants, ATP), the subtrates, versatility
and specificity of the catalyst. The final chapter is a survey of the suggestions on the mechanism
of nitrogen fixation. At present not too much is known about the actual chemical pathway
by which dinitrogen is activated and reduced by nitrogenaze, and about the chemical nature
and location of the active site. There is, however, some hope that a biological approach to
nitrogen fixation will cast further light to the mechanism of biological nitrogen fixation.
A list of 286 references close the review.

The forth review written by D. W. Darnall and E. R. Birnbaum is entitled “The
metal ion acceleration of the activation of trypsinogen to trypsin”. Trypsin catalyses the activa-
tion of a number of zymogens, however only the trypsinogen to trypsin conversion is acceler-
ated by metal ions. In their review first the authors characterize both trypsinogen and trypsin,
and then deal with the nature of the conversion of trypsinogen to trypsin. They discuss the
products of conversion and the effects of calcium ion binding: stabilization of trypsin, activa-
tion of trypsinogen. The role of the metal ion in accelerating the activation of trypsinogen is
regarded as a complex formation between metal ions and at least two aspartate carboxyl
groups on the N-terminal hexapeptide of trypsinogen. The last chapter deals with the use of
lanthanide ions as probes in biological systems especially for probing the calcium ion binding
sites. Lanthanide ion binding to trypsin and trypsinogen is also discussed. 87 references are
listed.

The fifth review written by K. S. Rajan, R. \Y. Colburn and J. M. Davis is entitled
“Metal chelates in the storage and transport of neurotransmitters”. In the introduction the
authors outline the role of magnesium in monoamine uptake and that of calcium in monoamine
release, and give information on metal ion levels of synaptic vesicles and several areas of
brain. Then they discuss the metal-amine coordination (the amines are those which function
as neurotransmitters), chelate formation, complex stability. It is followed by the description
of the so called coordination hypothesis, which serves as a model for the explanation of the
binding storage, and transport of neurotransmitters. Finally they examine the published data
on the structure-activity relationships of a number of biogenic amines from the point of view
of metal chelation.

A list of 45 references are given.

The final review “The role of divalent metals in the contraction of muscle fibers” is
written by F. N. Briggs and R. J. Golaro. The first part of the article deals with some bio-
electrochemical problems connected to muscle contraction: e.g. effect of metals on membrane
potentials, calcium current, voltage-calcium-tension relation. Then the authors discuss the
interaction between divalent cations and the fundamental components of the contractile
machine (myosin, actin, tropomyson, troponin) the sarcoplasmic concentrations of free calcium
and magnesium, and the role of these ions in the cross-bridge cycle. The last chapter informs
us how calcium is taken up by the sarcoplasmic reticulum (mechanism of the uptake and cal-
cium transport, rate of uptake, calcium binding site).

347 references are listed.

Volume 6 of this excellent series of books on the role of metal ions in biological systems
provides the reader with a wealth of information on the molecular basis of enzyme actions,
metal accumulation, biosynthesis, conduction of nerve impulses and muscle contraction.

E. Kérés
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Recent Results in Chemistry (A kémia Gjabb eredményei). Vol. 29.

Akadémiai Kiadé, Budapest, 1976, 292 pp.

Volume 29 of the series comprises two monographies. The first monography is written
by L. Csanyi and entitled: “Induced reactions in chemical analysis”. In the first chapter of
the monography, after a brief historical introduction, the author discusses the types of induced
reactions (complex reactions, induced chain reactions, mutual induction etc.) and the relation-
ship between induced reactions and catalysis. The second chapter deals with the role of induced
reactions in volumetric analysis. Large number of examples draw the attention of the readers
to the importance of induced reaction in analytical chemistry. Separate sub-chapters give
information on induced reactions bring about with SO7-, SO5, H 02, As(lV)-radicals, with
Cr(V), Cr(TV), TI(11) and with the informediate of the oxidation of SCN-, and those of the
reduction of MnOy Induced oxidation with molecular oxygen are also mentioned. This is
followed by making known of analytical methods based on chemical induction. These include
the determination of chlorate, perchlorate, chromate, tellurium (IV), manganese (I1), cerium
(111), plutonium (1V), and peroxosulphuric acid. Some examples are given how photochemically
induced reactions can be utilized in quantitative analysis. Briefly mentioned are the test
reaction based on chemical induction, and the catalytic polarographic waves. 201 references
close the monography.

The second monography is written by I. Krausz and entitled: “Recent problems of
titrations in non-aqueous media”.

The main aim of the author has been to give survey on the analytical chemistry in non-
agueous solutions excluding such topics as reactions in solid phases and in melts, and extrac-
tion.

After a short induction the author deals with some problems concerning non-aqueous
solvent, laying emphasis on the classification and the composition of the solvents. This is
followed by the discussion of the activity of solutions, their characteristic function, and the
extension of the pH concept to non-aqueous media. A separate chapter deals with the condi-
tions of non-aqueous titrations, acid-base equilibria, the method of Bbuckenstein and
KoLTHOFF, and that of 1zmailov. Acid-base titrations in aprotic solvents, in solvent mixtures,
and further redox titrations in various solvents (glacial acetic acid, acetonitril, dimethyl form-
amide, dimethyl sulfoxid etc.) are discussed. The last chapter deals with some problems of
the solvation. 144 references are given.

Both monographies can be recommended to those who intend to widen their knowledge
in analytical chemistry. Both analytical chemists in industrial and research laboratories will
find useful informations in this volume for their practical and scientific activity. In addition
both monographies can be valuable supplementary texts for university undergraduates and
research students.

E. KOROS

M. Hargittai and |. Hargittai: The Molecular Geometries of Coordination
Compounds in the Vapour Phase

Akadémiai Kiad6, Budapest, 1977, 277 pages

There was a tremendeous development in the last two decades in field of structural
investigations. Methods which provide structural data for molecules in the gaseous phase are
of particular importance since no perturbation by intermolecular forces occurs. This book is
an excellent critical treatment of molecular geometric studies of compounds in the gas phase.

The monograph consists of eight main chapters. 1. Chapter “General Concepts” gives
a brief and lucid outline of the experimental methods, their limitations are clearly pointed
out and the problems of concept of molecular geometry are treated. The considerations regard-
ing the definition of coordination compounds seem a little bit awkward and superfluous.

The next seven chapters (Addition Compounds; Electron-deficient Molecules; Halogen
Bridging Complexes; Salts of Oxycids; Polymeric Oxides; Hydrogen-bonded Complexes;
Transition Metal Complexes) give a survey of the investigations. Apparently the classification
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caused some problems to the Authors. The arrangement of the vast experimental material is
logical and advantageous, although sometimes the same compounds could have been treated
in different chapters.

The text is followed by a list of references (nearly 700 papers are cited, the literature is
covered till 1974), by author and formula indexes. Date are summarized in 55 tables; the 76
figures are illustrative.

This book is an up-dated version of the monograph published in 1974 in Hungarian.
The reviewer believes that the publisher made a good service to the chemists interested in the
field of structural chemistry making available it in English.

M. T. Beck
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ERRATUM

Acta Chim. Acad. Sei, Hung. 93, 43 (1977): in General method of syntheses after first
line read: “10 ml of 2% solution of hydroxylamine hydrochloride was added and the mixture
was heated on a water”



ACTA CHIMICA

TOM 96-BblN. 3

PE3KOME

HekoTopble XUMWYecKuMe peakuMn B 3MeKTPOAHOM LWenM U ux posb
B CrekTtpoxmmuyeckom aHanmse, XXIII

MoBeaeHNEe OKWC/OB MeTANIOB B Ayre. JOKCMEpUMEHTaNbHas YCTPaHOBKa,
METOZ W MpeABapuUTENbHbIE OMbIThl

3. 1. CABO n X. JOBONNHE-®ENEPAN

Ona uccnepoBaHuii 6biny paspaboTaHbl 3KCNepUMeHTaNbHbIN MeTof M rasoBasi suelika
OCHOBHOW LeNbl nccnefoBaHUn 66110 M3yyeHne peaKUuii cmeceli pasHblX OKMUCNOB MeTannoB C
YrofibHbIM MOPOLIKOM B AYyre W BAWSIHWE peaKLUii Ha pe3ynbTaTbl CNEeKTPaNbHOro aHanusa. Ha
OCHOBEe MpeABapuUTE/bHbIX WCCNEJ0BAHUI BbIAICHMOCH, YTO BOAAHOW nap, maTepuan Bcrnomora-
TeNbHbIX 31eKTPOAOB, COCTAB MOPOLIKOBOW CMECU U cuna ToKa WrpawT ponb B NPOTEKal L X
peakuusx.

HekoTopble XUMWYeCKMe peakuMn B 3MeKTPOAHON LUenM U UX Posb
B CMEKTPOXMMUYECKOM aHanse, XXIV

MpoBeaeHNe OKUCNOB METAINIOB B Ayre C HemnofABMXKHOW aTMocdepoid
aproHa. Ponb cuibl TOKa B cny4vae BCnomoratefbHbIX 3/1ekTpogos RW I

3. 1. CABO u X. JOEONVHE-®EVNEPAN

Bbino nccnepoBaHo nosejeHWe cMeceld MopowkKa yrns ¢ NATbO pPasAWYHbIMU OKKUCIAMU
meTannos (Ag20, CuO, PbO, CoO 1 ZnO). B 3aBUCMMOCTMN OT CU/bI TOKA ObISI0 ONpPefeneHo Koiu-
yectBo CO, obpasytowerocsa noj BausaHneMm ayru, a B cnydyae CuO n PbO n n3MeHeHne MHTeH-
CUBHOCTW CNeKTpanbHblX NUHUIA. Mpu He6oNbWMUX CuNax ToKa peakuma HavymHaeTcs B6AU3U
nnaMeHu Ayru, nostoMmy 60/1ee CUNbHYIO peaKLUIO nonyvyaetcs nNpu Bo3byxpgeHuu, obpasua B
KayecTBe KaToja; B 3TOM C/y4yae U UHTEHCUBHOCTb CMeKTPasbHbIX NNHUIA TaKXe oKasblBalTCH
6onee MHTeHCMBHbIMU. C NOBbIWEHNEM CUIbI TOKa BCA Macca 3/1eKTpoja-nocuTenss HakansieTcs.
TemnepaTypa anektpoga-Hocutena RWII, npucoeAnHEeHHOro Kak aHof, NOBbIWAeTCA 3Ha4u-
TenbHee. [103TOMY NPW NOBbIWEHHbIX CUNAX TOKa UMEHHO MpPKU aHOAHOM BO36YXAeHUN obpasya
3HauNTeNbHee peakKUWW U CNeKTpbl 60/1ee MHTEHCUBHBI.

KOoNMYecTBEHHbIW aHanM3 cogepxxaHuss Pb u Cu B ranivm BbICOKOWA
UMCTOTbI C MOMOLLbI Macc-CNeKporpaduy ¢ MCKPOBLIM MCTOUHUKOM,
NCMO/b3ys PTYTHbIA BHYTPEHHWI cTaHAapT

N. KIOPTHU

Llenb HacTosiweid paboTbl 3aknto4vanacb B pa3paboTKe 3IKCMepMMeHTanbHOW TeXHUKK
cpaBHeHMA o6pa3yoB ranauns ¢ pasIMyHOl BbICOKOW YMCTOTON M 06HAPYXEeHNS OTHOCUTENbHbIX
N3MEHEHU B cofepXaHUN npuMeceil. MeTos onpefeneHUss OCHOBaH Ha E€AMHCTBEHHOI 3Kcno-
3UN, a TakXe Ha NpPaBUNbHO BbIGPAaHHOM BHYTpPeHHeM 3Ta/fioHe, o6najallWnUM Takum pacnpege-
NeHneM U30TONOB, KOTOPbIA No3BonaeT kKanubpauunto hoTonnacTUHOK. B KayecTBe Takoro BHYT-
peHHero craHjaprta NS KONMYeCcTBEHHOro onpegeneHus Pb n Cu B 99,9996% -om Ga Hanbonee
yfaobHel okasanacb KTyTb. lNpegnaraemoe KonuyecTBo Hg, usmepsiemoe B ob6pasie B KauyecT-
Be pasbaBnstolero cnnaea, coctasnsfer okono 0,1—0,3 aTOMHbIX M. f.



MpuHMMas BO BHMMaHWe MOTPELIHOCTU TECHUKWU C WCKPOBbIM WMOHHBIM WCTOYHUKOM, a
TaKXe To, YTo 06/1acTb M3MEPSIEMbIX KOHLLEHTpaLuii HaXxoAnMTCcs 6/1IM3KO K YPOBHIO AeTeKTUpoBa-
HUS, QOCTUTHYTas TOYHOCTb SIBASIETCA BMOMIHE YAOBNETBOPUTENbHOW. B 6yayuiem metod 6yaeT
pacnpocTpaHeH M Ha ApYyrue 3NeMeHThI.

Y® CcrneKTpPOCKOMUYecKoe uccrefoBaHe M3oUMaHaTHbIX U
n30LUMaHaTHbIX MPON3BOAHbLIX CUIAHOB

T. BECOPEMW, N. HAOb n WU. BAPTA

Bblnn NpuroTtoBaeHbl YneHbl cepun (CH3),, Si (NCO)4_,, n (CH3),, Si (NCS)4_,,, CHATbI UX
Y ® cnekTpbl M aCCUTHUPOBAHbI MONOCHI MOrnawWweHns. Bblnn NpoBefeHbl KBAHTOBO-XUMMUYECKME
pacyeTbl C Lefbl0 MHTepnpeTauMn CUNbHbIX pasiMynii B cnekTpax CoefgMHEHWU, copepxalymnx
rpynnbl Si—NCS n Si—NCO.

VccnegoBaHua B obnactu TBepaodasHoi nonmmepusaunn, XXXV

TeepaothaszHas NoMMepru3aLus MOHOANIKWU NTaKOHATOB
K. HUTPAW, H. N. HFYEH, ®. YEP, 3. TAKAY n Ab. XAPOWU

Bbina uccnegosaHa npsiMas v nocT-noavmepusayunsa yetoipex B -MOHOANKNANTAKOHATOB
(6yTwnn, OKTUN, Nnaypun u LeTuUn) B TBepAoi (ase. BbiNu onpefeneHbl guarpamMmMbl COCTOSAHUI
MOHOMEP-NONUMEP AN BYTUN- U OKTUNUTAKOHATOB. BbiNO ycTaHOBMAEHO, YTO MoAMMepuUsaymns
NpoTeKaeT ¢ 60NbLIOA CKOPOCTbIO B XWUAKO(PA3HOM BbIXOKO3N1aCTUYHOM Nonmmepe, nnactupuum-
pOBaHHOM MOHOMepPOM. Ha 0CHOBe camMoro 60MbLIOr0 Nepuoda WAEHTUYHOCTU, USMEPSIEMOTO Ha
peHTreHoagntGpakTorpaMMme MoHOoMepa, 6bl/I0 YCTAHOB/IEHO, YTO 3/IeMEHTapHble SYeliKu Kpuc-
TannoB M3y4yaeMblX MOHOMEPOB NOAOGHbI. PeaKLMOHHAs CNOCOGHOCTbL reTeporeHHol TBepaodas-
HOW nNonumepusayuyM MOMeKYn, HAXOAALWMUXCA B pelleTKax O4MHAKOBOr0 TUNa, yMeHbLlaeTcs ¢
yBe/fIMYeHNEeM pa3MepoB MONEKY.

VccnegoBaHua B obnactu TBepgodazHo nonmmepusaummn, XXXVI

Monumepusauma N-rekcageumnakpunammga n N-rekcageuunvetrakpunammia
B MPUCYTCTBUM HACbILLEHHbIX aHa/I0roB

®. YEP, K. HUTPAW, B. AEBEHW u Ab. XAPAWN

Bbino yctaHoBneHo, 4to N-rekcageunmnakpunammg (FAA) n N-rekcageunmerakpunnammg
(TMA) nonumepusytoTcs B TBEPAON (hase COrnacHo KMHETUYECKO KPUBO C YCKOPEeHUEM. ITu
MOHOMepbl 06pa3yl0T C UX HacbllWeHHbIMM aHanoramu (N-rekcageunnnponvoHamumg n amug N-
rekcajgeynnn3oMacnsaHon KUcNoTbl) NU3MOPPHYIO CUCTEMY, KOTOpPYl XxapakTepusoBanu ee daso-
BbIMUW AnMarpaMMamMum 1M CTPYKTYPHbIMW napameTpamu, MosyYeHHbIMU M3 HUX. Ha OoCHOBe peHT-
reHoAn M pPaKLMOHHBIX UccnefoaBHuii, B cnyvyae TAA 6biN0 3aK/IIOYEHO, YTO MOJIMMeEP OCTaeTcs B
peweTKe MOHOMepa Mnocne TOro, Kak cuctema npetepnesaeT pas3oBble MpeBpalleHnUsa yxe npu
He60NblW MX KOHBepCUAX. B xofe nonumepusaymm noimmep coxpaHsieT HOBYH obpasyloLywcsa
ha30BYyl CTPYKTYpy, HECMOTPSA Ha TO, YTO OHa OT/INYAETCS OT ero CO6CTBEHHON CTPYKTYypbl. 3TO
ABNeHWe npejcTaBnsdetT co6oii HOBOe [OKAa3aTeNbCTBO MPUHYXAEHHOW wn3somopdhuun. B cnyuae
TMA ¢a3oBble NpeBpaLleHNs, NPOUCXOAALWME NPU HEBONbLWNX KOHBEPCUAX, NPUBOAAT K CTPYK-
Type cucTeMbl, NOA06HON CTPYKType nonmmepa, Tak YTO MOHOMep CTAHOBUTCA W3OMOP(PHLIM C
nofMmMepoM 3a CYeT pacTBOPeHWS B pelleTKe NofmMmepa C yNnakoBKOW B BUAe rekcaroHalbHblX
60KOBbIX Lienoyek. Monmmepusaumsa, nNo cyuecTBy, NpoTeKaeT B 3TON pa3pbIX/NeHHOW cucTeme.



BnnaHne cnnaBneHna Ha I/I36bITO‘-IHyIO NOBEPXHOCTHYHO CBOﬁO,ﬂ,HyIO
JHEPIMK0 KaTasin3atopoB Wu3 6r|aropo,qu|x METa/1/10B

T. MANINIAT, E. MONAHCKWN un . NETPO

Ha ocHOBe 60/1ee paHHUX MCCNef0BaHMN 6bIN0 YCTAHOBEHO, YTO M36bITOYHAS MOBEPXHOCT-
Has cBo6oAHAsA 3HEepPruMsA KaTanm3aTopoB W3 NAaTUHbI, Nannagus, poagusa, pyTeHUa U Upuansa, B
nepBytl oyepedb, AIBNAETCA PYHKLUMEA NPUPOAbI BelecTBa, HO M3MEHSAETCA U B 3aBUCUMOCTM OT
cnocob6a NpUroToB/AeHWSA KaTanusaTopa.

B HacTosAuweli paboTe 6bI/10 UcCNefjoBaHO, KakKMM 06pa3oM B/MSET CNaB/ieHWe Ha U36bl-
TOYHYI0O MOBEPXHOCTHY CBOGOAHYIO 3HEPTUIO KaTann3aTopoB U3 nannafua u nnatuHbl. BnusHue
cnnaBneHnsa 6bino mccneposaHo B cuctemax Pd—Ir m Pt—Au.

JononHAs nccnefoBaHWsa U3MEpPeHUSIMUW COAepXXaHWA BOAOPOAA, MOBEPXHOCTU M aKTUB-
HOCTK, 6blINI0 YyCTAaHOBNEHO, YTO A0 TeX MOP MOKa KOMMOHEHTbl faldT FOMOTeHHbli pacTBop B
cnnaBe U UX PU3NKO-XMMMUYECKUE CBOMCTBA (Hanp., NOCTOAHHAA peleTKN) NOAOGHbI, T. e. aTOMBbI
cnnaBa mMeTanna MoryT 6biTb 1erK0 3aMeHWMbl aTOMaMy OCHOBHOFO MeTafnsa B y3rax peleTkwu,
M36bITOYHAA MOBEPXHOCTHAsA CBOGOAHANA 3HEPTUS He U3MEHSAETCS 3aMeTHO.

NInwb Torga MoXeT 6biTb 06HAPYXXeHO W3MeHeHWe CBOGOAHOW 3aHepruu nopj BAUSHUEM
cnnaBneHUs, Korga noasnsercs Hosas asa (B nnatuHe ¢ 10 —15 atom.%-bIM cogepXaHuem Au).

VccnegoBaHme CTepeOXMMMM KOMMJIEKCOB M/IAaTUHOBBLIX METasoB
C KapbamuIMOYeBMHOM

M. C. CPUBACTABA u 6. K. BAHEPWE

OnucbiBaeTcs NONy4YeHWe U xapakTepucTmka KOMNAeKcoB Kapb6amumnmoueBuHbl ¢ Pd(11),
Pt(Il), Pt(1V) n Rh(Ill). Ha 0OCHOBe XMMWYECKOT0 aHaNM3a, U3MEPEHNH MarHUTHOW BOCNPUMU-
YMBOCTU N AaHHbIX 3/IEKTPOHHBLIX U MK cneKTpoB npefnarat0Tcs BO3MOXHbIe CTPYKTYpPbl KOMM-
nekcoB. O6cyxpgarwTca cnocob KOOPAMHUPOBAHUS U CUNOBble MOCTOSSHHble CcBSA3eit M—O u
M—C1. B KaX[oM KOMMNAeKce NUraHfj BedeT ce6a KakK KMCNOPOAHbIA foHOP. MOPAAOK BENNYUH
KM-0 n Km-ci: Pt(ll) > Pd(Il) u Pt(1V) > Rh(Ill) gna kpagpaTHO-NNaHapHbIX U OKTa3agpu-
YeCKNX KOMMNIEKCOB, COOTBETCTBEHHO.

CUHTE3 3alLMLLEHHbIX iV-KOHLIEBbIX rFenTanenTWaoB MapaTUPOWAHOrOo
ropmMoHa ckoTa

X. W. BAPTA n K. MEASUXPALCKN

Boe—Ala—Val—Ser—OIlu(OtBu)—Ile—Gin—Phe—OMe—3aunuieHHblA N -KOHLEBOW
rentTanenTUAHbI parMeHT NnapaTUPOUAHOTO FOPMOHA CKOTa Gbl/1 CUHTE3MPOBAH 06bIYHON TEXHU-
Koli B pacTBope. JTOT NenTuj npeacTtaBnsieT co6oli NPoOMeXyTOUYHbIi NPOAYKT B cCUHTe3e 6onee
60NMbWMNX N-KOHLEBbLIX (hPArMEHTOB, COAEPXall X METUOHUHOBbIE OCTaTKW, OKUC/IEHNE KOTOPbIX,
KaK nofaraeTcs, ABNSETCSA NPUYNHONK 06pbIBa GUONOTMYECKON aKTUBHOCTHK.

Xumnsa cepHbix aummngos, VIl

dparmeHTaUmMs CEPHbIX AMMMMWAOB, UHULMUPOBAHHAS e/IEKTPOHHON
6omMb6apAMPOBKOIA

W. NEHAbLEN, I'. KPECE, M. BEPIFEP, B. KOCBAH un X. WA®EP

MpnBOAATCA U 06CYXAATCA MacC-CNeKTPbl 10 CepHbIX AUMMULOB. M ONIEKYNSAPHbBIE UOHbI
AVNapUNbHbBIX CEPHbIX AMMMUHOB NOABEPralTCsA LMKAN3ALUYN, Tepast OpTO-3aMecTUTeNb B DeHUNb-
HOM KOfNible U 06pa3ys MOHbl 6eH30TMA30/1bHOTO TUMA C YeTHbIM YMC/IOM 3/1eKTPOHOB. AudeHnn-
CepHbIN AMMMUNG TaKXe BblfensieT cepy, BepOsiTHO, U3 4MA30TUMPAHOBOI0 BafeHTHOr0 M3oMepa
MOMEeKYNSIPHOTO MOHA. B cnekTpax AOMWHUPYET 60MbLW e OCKONKW CKeMeTHbIX Neperpynnmpo-



BOK, KaK 3aTo HalifjleHO N3 aHanusa MmetacabuibHbIX NMKOB, Macc-u3MepeHnii BbICOKOTo pa3peLleHuns
N nccnefoBaHUii ¢ MeYeHbIMU 3aMecTUTeNAMU. Liuknnyeckme cepHble auumugbl I1X n X dpar-
MeHTUpytoTca ¢ notepeii CH2N un (CH22N. B cnydyae coefuHeHns X 6blna HalijeHa cunbHas
TEHJEHLUNA K apoMaTun3aumnmn 3a cHeT AernpmpoBaHmns.

BeH3azonbl, 1X

MonyyeHne CepocofepXallinx TPULMKINYECKUX COEAMHEHUI 3a CUET peakLum
2-MepKanTo- UK 2-MepKanTo-anKu6eH314a3010p C 3NUraornapuHamu
VCU AMUranoreHnponaHonamm

K XWAEF, 0. X. XAHKOBCKUW, M. TALAY n ®. APALU

BeH3umunpaason-2-tuon, 2-mepkKantomeTun-, 2-(a-mMmepkantoaTun)-, 20(/3-mepkanToaTun)-
6eH3MMMNa300bl C NMOMOLWbIO ANUXAOPTUAPUHA WM AUTanoreHoBbiX nNponaHonos (2,3-gurano-
reH-l-nponaHonbl wunu 1,3-AuranoreH-2-nponaHonbl) B Lie/04HON cpefjle npeBpawalTcs B
Tpuuuknel: 3,4-gurugpo-3-rmapokcmn-2//-[1,3|tnasmHo[3,2-al6eHsnmumgason (/), 4,5-gurugpo
-4-rugpokcn-1H,3H-[ 1,4]tnasennHo[4,3-a] 6ensumugaszon (3a—8) u 1,2,5,6-TeTparugpo-5-
rugpokcu-49-[1,5] TnasounHo[5,4-a] 6eHsumumgason (3c). O-CepHble NMPOM3BOAHbLIE COEAUHEHUS
1mMoryT npeTepneBaTb 3AMMUHALKUIO U/MNN BCTyNaTbh B peakLnm 3aMeLleHNs € HYKNeohUNbHbBIMU
peareHTamu.

Bbinn wuccnegoBaHbl peakuun 3,4-gurmuppo-3-asmpo-24-[1,3] TuasmHo[3,2-al-6eH3u-
mupgasona (70d) ¢ acMMMeTPUYHbIMWU aueTUneHamu, nNpusBojAllMe K o06pasoBaHW0 MPOU3BOA-
HbIX 1,2,3-Tpuasona.
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PRODUCT FORMATION IN THE PHOTOLYSIS OF
n-BUTYRALDEHYDE

S. Forgeteg, T. Bérces and S. Dobé

(Reaction Kinetics Research Group of the Hungarian Academy of Sciences, Szeged)
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Experimental technique and preliminary results of a detailed study of the
photolysis of n-butyraldehyde at 313 nm wavelength are described. Twenty photolysis
products were identified in the vapour phase and in isooctane. Product quantum vyields
at 298 K and 3X10-10 mol photon cm-2 s-1 light intensity are given, and the major
routes of product formation discussed. Seven photochemical primary processes were
established to occur both in the vapour phase and in solution.

Subsequent to the early paper by Leighton et al. [1], the work carried
out in the laboratory of F. E. B1acet elucidated most of the basic mechanistic
features ofthe vapour phase photolysis of n-butyraldehyde [2, 3]. It was shown
that propane, propylene, n-hexane and carbon monoxide were formed in a chain
reaction; ethylene and acetaldehyde were assumed to he primary products,
and hydrogen and methane were also detected. A kinetic study of the formation
of the major reaction products supplied rate constants and Arrhenius param-
eters for some of the important free radical reactions [4].

Photolysis carried out in the presence of iodine vapour [5] has revealed
that four primary processes occur; approximate values for the primary quan-
tum vyields could be determined.

Compared with the vapour phase results, very little is known about the
photochemistry of u-butyraldéhyde in solution. Cyclobutanol — a primary
photochemical product — was detected by Coyle [6] and measured relative
to acetaldehyde in benzene solution. Lemaire and co-workers studied the pho-
tolysis in n-heptane by observing the disappearance of the carbonyl group by
a spectrophotometric method [7]. The major reaction was assumed to be triplet
photoreduction. It has been concluded that photolysis is of non-chain character,
and Norrish type Il decomposition is of negligible importance.

The photolysis of several aldehydes, among them that of n-butyraldehyde,
was studied by Birank et al. [8] in solvents by Chemically Induced Dynamic
Nuclear Polarization (CIDNP). Triplet photoreduction was found to be an
efficient way of product formation and energy wastage for the systems studied.

The information available on the primary and secondary processes of
the vapour phase photolysis of n-butyraldehyde [9] is based on the identifi-
cation and measurement of simple hydrocarbons and permanent gases formed

1 Acta Chim. Acad. Sei. Hung. 96, 1978



322 FORGETEG et al.. PRODUCT FORMATION IN THE PHOTOLYSIS

in the reaction. Apart from acetaldehyde, no other oxygen-containing organic
reaction product has been detected.

Regarding photolysis in solution, no detailed study of product formation
has been attempted so far, thus neither the primary nor the secondary processes
can he regarded as established. In this paper we report the analytical results
of the study of product formation in the photolysis of n-butyraldehyde at
313 nm in the vapour phase and in isooctane at room temperature, at one
aldehyde concentration and light intensity. A systematic study of the quantum
yields of product formation at various aldehyde concentrations, light intensi-
ties and temperatures is in progress; the experimental results together with a
detailed kinetic analysis ofthe primary and secondary processes will be report-
ed in forthcoming papers [17, 18].

Experimental
Materials

n-Butyraldehyde was obtained from FLUKA AG and was purified by precipitation
with sodium hydrogen sulfite. The recovered aldehyde was dried and further purified by
5-fold distillation in vacuum. The purified sample contained about 0.5 % isobutyraldéhyde.

The isooctane solvent, obtained from FLUKA AG and purified by distillation on a
high performance column, contained only saturated C8and some C7hydrocarbons as impurities.

Identification by gas chromatography and mass spectrometry was performed by
comparison with retention times and mass spectra of authentic samples from the following
sources. 1-Butanol was obtained from REANAL, cyclobutanol and 4-heptanol were prepared
from the appropriate ketones by reduction with lithium aluminium hydride. 4-Heptanone and
5-hydroxy-4-octanone (butyroin) were synthesized by standard methods [10]. Dibutyril was
obtained as a byproduct of the butyroin synthesis. 2-Ethyl-1-pentanal was prepared by aldol
condensation of n-valeraldehyde and acetaldehyde and subsequent hydrogenation [11J.

Preparation of the samples to be photolyzed

The vapour phase samples were prepared by direct expansion of the aldehyde vapour
into the evacuated reaction cell.

Isooctane solvent containing isopentane (an internal standard) of known concentration
(about 0.005 mol dm -3) was thoroughly degassed via repeated freeze-thaw cycles. The solution
of n-butyraldehyde was prepared in a vacuum line. The concentration of n-butyraldehyde was
determined by chromatography.

Irradiation and light intensity measurements

Irradiation was carried out in cylindrical quartz cells equipped with greaseless Teflon
valves and with plane-parallel ULTRASIL windows on both ends. The internal diameters of the
cells used in the vapour phase experiments was 36 mm, while the optical path length was 25
and 50 mm. Irradiation of solution was carried out in a cuvette of 22 mm i.d. and 10 mm
length. The cell temperature was kept constant by means of a thermostating jacket.

The irradiation line, installed on an optical bench, is outlined in Fig. 1. The light source
was an OSRAM 200 W super pressure mercury lamp mounted in a metal house. ULTRASIL
quartz lenses LI9 L2and L3as well as diaphragms and D2served to obtain a nearly parallel
but slightly convergent beam. A third diaphragm D3 cut the cross-section of the beam to the
size adequate to fill almost completely the irradiation cell C. Irradiation could be started or
interrupted by moving shutter S.
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A band in the 313 nm region was isolated using a combination ofa 4 mm thick (SCHOTT
UG 11) glass and three solution filters: (i) a NiS04—CoS04 filter of 25 mm optical depth (64 g
NiS04.6H2 + 10 g CoS04,6H2 + 100 cm3H); (ii) a potassium chromate filter of 25 mm
optical depth (5x 10~4mol dm*“3 K2Cr04); (iii) a potassium biphthalatefilter of 10 mm optical
depth (0.0245 mol dm-3 KHCgH40 4). The filtered light had a width of 3 nm at the half height
of band.

Light intensities were measured by means of a PRESSLER DGL 490a vacuum photo-
cell (P4). In order to reduce the light intensity, a fluorescent screen (Q) was placed between
C and Pj. This was similar to Parker’s quantum counter [12]. The whole quantum counter
system was calibrated against a ferrioxalate actinometer [13]. The calibration was shown to
be linear in the light intensity range used by us for irradiation (2X 10-11—3X 10-9 mol photon
cm" 2s“1).

Mach attention was paid to maintain constant light intensity during irradiation. There-
fore, a power supply unit was developed for the mercury arc which regulated the lamp current
to maintain the filtered light intensity constant at a pre-set value. This was accomplished by a
feedback system, the sensing element of which was photocell P2(type DGL 490a) placed behind
the beam splitter PL. With this controlling system the long range drift of the intensity of the
exciting light was kept within +2 %. The short range stability was better than the accuracy
of the readings, corresponding to about + 0.2 % of the intensity.

Identification of the products and quantitative analyses of the irradiation samples

Taking into consideration the different character and large number of the products to
be analyzed, a pre-separation of the irradiated sample was carried out and various analytical
methods were used.

The reaction cell containing the irradiated sample was attached to a vacuum line. The
whole content of the cell (vapour or solution) was led through a trap cooled to liquid air tem-
perature where the condensable compounds were trapped, while the non-condensable products
were collected at the end of the line by a TOEPLER pump and their volume was measured in
a gas burette. The condensable compounds were transferred to a small tube attached to the
bottom of the trap, and the tube was sealed off. In handling irradiated vapour samples, this
attached small tube was filled prior to the whole procedure with a known amount of deaerated
isooctane containing isopentane and cyclohexanone as internal standards (of known concentra-
tion).

) W ith the exception of the determination of the CO content of the gas fraction — which
was measured by the classical gas analysis method of Blacet, McDonald and Leighton
[14] —the products were analyzed by gas chromatography. Nitrogen carrier gas was used and
flame ionization detection was applied, except for hydrogen measurements. Peak areas were
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measured against that of an internal standard (either isopentane or cyclohexanone) or against
the peak area of a product the amount of which in the sample was already known from another
analyses. Altogether six column were required for quantitative and qualitative analysis:

(i) 2.5 m Molecular Sieve 5A, stainless steel tube of 6 mm i.d. at 343 K (for H2);

(if) 1.8 m Alumina, stainless steel tube of 6 mm i.d. at 373 K (for gaseous hydrocarbons);

(iii) 3.0 m Porapak QS deactivated with 0.5 % Apiezon L, stainless tube of2.5 mm i.d. at
443 K (for hydrocarbons and aldehydes);

(iv) 30 m SCOT column with Carbowax 20M stationary phase, 0.25 mm i.d. at 383 K
(oxygen containing compounds);

(v) 3.6 m 20 % Carbowax 20M column, stainless steel tube of 2.5 mm i.d. at 403 K (for
butyroin);

(vi) 1.6 m 15 % Carbowax 20M terephthalic acid terminated, stainless steel tube of
6 mm i.d. at 403 K (for preparative work).

The hydrocarbons were identified by comparing their retention times with those of the
corresponding pure substances. Identification of the oxygen-containing compounds was carried
out by mass spectrometry, by comparing their spectra with those of authentic samples. Samples
subjected to mass spectrometric analysis were concentrated by preparative gas chromatography.
Mass spectra were taken on a FINNIGAN 1015 SL instrument. The columns used to separate
the components before the mass spectrometer were identical with those used in routine quanti-
tative analyses.

Different procedures for handling after irradiation and for analysis had to be applied
in the case of formaldehyde and glyoxal. These compounds were extracted from the irradiated
vapour or solution samples under air-free conditions by shaking with 3 cm3 degassed water:
chloroform was added in order to diminish the solubility of formaldehyde and glyoxal in
isooctane. Unreacted n-butyraldehyde was removed by shaking the aqueous extracts with
1.5 cm3chloroform. Formaldehyde was determined by the procedure of Bricker and Johnson
[15]. Analysis of glyoxal was carried out by the 2.4-dinitrophenilhydrazine method [16];
extraction with 3X1 cm3benzene was made before the spectrophotometric measurement.

Results and discussion

Measurements were made at room temperature, 313 nm wavelength,
3X10~10 mol photon cm-2 s—1 light intensity and at 5.4X10-3 mol dm-3
and 1.1 X I0—=2mol dm -3 n-butyraldehyde concentrations in the vapour phase
and in isooctane. The quantum yields of product formation are given in Tables |
and Il where each figure is the average of 2 or 3 determinations.

Altogether 20 products were identified. The formation of a higher molec-
ular weight polymeric compound (or compounds) was detected by observing
small drops or solid particles on the wall of the cuvette in which several exper-
iments had been carried out. Indirect evidence for polymer formation is
obtained from the comparison of the quantum vyields of the products given in
Tables | and Il with the quantum vyields of n-butyraldehyde consumption.
The reproducibility of the yield of aldehyde consumption was poor in the
vapour phase experiments, indicating that the surface may play a part in
polymer formation; the quantum yield obtained was around 1.8 + 0.6. A value
of 0.9 + 0.2 could be determined for aldehyde consumption in isooctane
solution. These figures should be compared with 0.80 £+ 0.01 and 0.68 + 0.03,
i.e. the yields of aldehyde consumption in the vapour phase and in isooctane,
respectively, accounted for by the products indicated in the tables.
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The products of n-butyraldehyde photolysis are formed with very differ-
ent efficiencies, the quantum vyields varying over four orders of magnitudes.
In order to be able to measure the minor products with sufficient accuracy, the
conversion had to be increased up to about 15 % Therefore, the knowledge
of the possible dependence of the quantum yields on conversion was required.
In Tables I and 11, the product quantum vyields are given at various extents

Table |
Quantum, yields of product formation in the vapour phase photolysis of n-butyraldehyde

at A= 313nm, 10= 3.1X10-10 mol photon cm~2s-1, [C3H7CHO]0 =
= 5.4X.10~3 mol dm~3 T = 298 K

ANC onversion

Product 2.8% 6.7% 1 H.4% 18.0%
cny, 0.17 0.16 0.17 0.17
CH3CIIO 0.17 0.16 0.16 0.16
cyclo-C4H 7OH 0.025 0.025 0.026 0.026
Co 0.51 0.56 0.55 0.55
C3H8 0.34 0.32 0.35 0.33
C3HG 0.018 0.020 0.017 0.019
CeH 4 0.09 0.11 0.09 0.10
C3H,COCH, 0.005 0.008 0.007 0.007
C3HCOCOC3H 7 0.00004 0.00005
C3HTCH(C2HHCHO 0.002 0.003 0.003 0.002
H2 0.011 0.011 0.012 0.012
CH2 0.023 0.022 0.021 0.020
(CHO)2 0.001 0.001 0.001 0.002
CH4 0.0003 0.0005 0.0003 0.0005
CHe6 0.0002 0.0002 0.0002 0.0003
n-C4H 10 0.002 0.0007 0.0008 0.0006
n-CoH1R2 0.0001 0.0001 0.0004 0.0005
n-C4H OH 0.013 0.014 0.016 0.016
CH,CH(OH)C3H7 0.014 0.010 0.015 0.012

ofreaction from 3 to 18 % conversion. (The conversions indicated were obtained
from the yields of the reaction products.) W ith the exception of n-pentane for-
mation in the vapour phase, the products are seen to be formed with an effi-
ciency independent of conversion. The determination of the quantum vyields
for the major hydrocarbon products C2H4 and C3H8 were extended down to
0.2 % conversion with the same results as indicated in the tables.
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Table 11

Quantum vyields of product formation in the photolysis of n-butyraldehyde in isooctane
at X— 313 nm, 10 = 3.4xt0 ~10mol photon cm-2s-1, [C3H7CHO]0 =
11X . Ne~2mol dm~3 T = 298 K

Conversion

Product

C2H,

CH3CHO

cyclo-C4H TOH

CO

C3H8

C3H6

ceH U
C3H7COC3H7
C3HT7COCOC3H 7
C3H7CH(CH5CHO
H2

CHD

CH4

cH6

ra-C4H 90OH
C3H,CH(OH)CH 7
C3HTCH(OH)COC3H7

2.9% 6.5%

0.14 0.12
0.13 0.12
0.025
0.49
0.43
0.008
0.003
0.003
0.001
traces
0.001
0.004
0.0003
0.0004
0.06
0.02
0.01

0.46
0.44
0.008
0.006

13.2%

0.11
0.12
0.03
0.41
0.39
0.006
0.004
0.006
0.001
traces
0.001

0.0004
0.0006
0.08
0.02
0.01

Primary photochemical processes

16.5%

0.13
0.13
0.02
0.39
0.43
0.008
0.003
0.003
0.001
traces
0.001

0.0004
0.0008
0.04
0.01
0.01

The average values of the product quantum vyields obtained in the vapour
phase and in isooctane solution are summarized in Table Ill. It may be seen
from the table that the products formed in photolysis in the vapour phase
and in isooctane are essentially the same and the distribution of the products
is similar too. Seven primary processes have to be assumed to explain the

experimental results:

C3H7CHO - C3H7+ CHO
C3HT7CHO - C3H8+ CO
C3HT7CHO - C2H4+ CH3CHO
C3H7CHO -“mcyclobutanol
C3H7CHO - CH3+ CH2CH2CHO
C3HT7CHO - C2H5+ CHZ2CIIO
C3H7CHO + C3HT7CHO -
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Table 111

Quantum yields of product formation (average values) in the photolysis of
n-butyraldehyde in the vapour phase and isooctane at 313 nm and
room temperature

Products Vapour phase Isooctane
CH4 L 0.17 0.12
CH3CHO 0.16 0.12
07010-0311,011 0.026 0.025
CO 0.55 0.44
C3H8 0.34 0.42
C3H6 0.019 0.008
C6H 14 0.10 0.003
C3H-COC3H7 0.007 0.004
C3HT7COCOC3H- 0.00005 0.001
CHTCH(C2H5CHO 0.003 trace
H2 0.012 0.001
ch2 0.021 0.004
(CHO)2 0.001
CH4 0.0004 0.0004
C2H6 0.0002 0.0006
n-C4H 10 0.0007
n-C5H 12 0.0001-0.0005
n-C4H0H 0.02 0.06
C3H,CH(OH)C3H7 0.02 0.02
CHTCH(OH)COC3H7 0.01

Reaction 1, the decomposition of n-butyraldehyde into n-propyl and

formyl radicals, is a major primary photochemical process both in the vapour
phase and in isooctane as indicated by the formation of various combination
and disproportionation products of C3H7 and CHO radicals (see below). The
occurrence of type | decomposition in vapour phase photolysis was thoroughly
established by Blacet and Calvert [3, 5], however, there is hardly any evi-
dence available so far for process | in solution. Since any radical-sensitized
decomposition of the aldehyde may give most (but not all) of the products
formed in the secondary reactions initiated by type | decomposition, a detailed
study of product formation is being carried out at various aldehyde concentra-
tions, light intensities and temperatures in the vapour phase and in solution
in order to determine the primary quantum yields for reaction | [17, 18].
Reaction I’cannot be proved on the basis of our results, however, experi-
ments carried out by Blacet and Calvert in the presence of iodine [5] have
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provided convincing evidence for the occurrence of this reaction in the vapour
phase. The process was found to be of minor importance at 313 nm where
a primary quantum yield of 0.02 was obtained.

Reaction Il isthe well-known Norrish type Il decomposition character-
istic of the photolyses of carbonyl compounds with y-hydrogen atoms. The
quantum vyields for ethylene and acetaldehyde formation were found to be
equal both in the vapour phase and in isooctane as expected for this type of
process. Norrish type Il decomposition was shown to occur via a 1,4-biradical
intermediate [19].

Reaction 11’ is a primary process analogous to type Il decomposition;
both occur via the same 1,4-biradical formed in intramolecular y-hydrogen
transfer. Cyclobutanol has been detected as a photolysis product of n-butyral-
dehyde in benzene solution by Coyle [6], however it has not been observed
so far in the vapour phase.

Reaction between an excited state of a carbonyl compound and a ground
state hydrogen donor molecule yielding photoreduction products was shown
[8, 20] to play an important role in the photochemistry of aliphatic aldehydes
at higher concentrations in solution. Lemaire and co-workers [7] demonstrated
the occurrence of photoreduction in the photolysis of n-butyraldehyde in
n-heptane, although the reaction products were not identified. The n-butanol,
4-heptanol and 5-hydroxy-4-octanone (butyroin) detected in this work prove
that process 1Y —the reaction between an excited and a ground state re-butyr-
aldehyde molecule — does occur both in the vapour phase and in solution.

The quantum vyield of reaction 1Y is expected to increase with increasing
aldehyde concentration. Thus the higher quantum vyield of n-butanol and
4-heptanol formation found in isooctane may be accounted for by the higher
n-butyraldehyde concentration used in our solution experiments. (It is to be
pointed out, however, that excited aldehyde molecules may react with the
solvent in a reaction analogous to process 1V.) On this basis one may conclude
that the increased efficiency of reaction IV in isooctane is responsible for the
lower quantum vyield of the type Il decomposition in solvent compared with
that in the vapour phase.

Two more primary processes have to be assumed on the basis of our
experimental results, in which alkyl radicals are split off from the propyl
group of d-butyraldehyde. Reaction Il was shown to occur in vapour phase
photolysis by Bracet and Calvert [3, 5], while reaction 111’ has not been
assumed so far. The analytical and kinetic evidences supporting primary pro-
cesses 111 and I11’° will be given below.

Primary processes Il and 11’ produce stable products being character-
istic of these reactions, however, radicals are formed in primary reactions I,
I, 111° and IV, which are followed by secondary photochemical processes.
The elucidation of the mechanism of the secondary processes and the determi-
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nation of the primary quantum yields will be possible only on the basis of
a kinetic treatment of experimental results obtained at various aldehyde
concentrations, light intensities and temperatures [17, 18]. In the rest of this
paper we intend to outline the major routes of product formation, to point
out some characteristic differences between free radical reactions in the vapour
phase and in isooctane, and to reveal certain data which support the primary
processes assumed.

Reactions of n-propyl and formyl radicals

The main radical source in the photolysis of n-butyraldehyde at low alde-
hyde concentrations is primary reaction I, in which n-propyl and formyl
radicals are formed. Two formyl radicals may react in three different ways
forming carbon monoxide, hydrogen, formaldehyde and glyoxal. It is expected,
however, that most formyl radicals disproportionate with propyl radicals
forming CO and CH8.

Almost half of the secondary products identified are formed in various
combination and abstraction reactions of the n-propyl radical. It is to be
taken into account, however, that in addition to reaction I, n-propyl radicals
may be formed in reaction chains initiated by the abstraction of the formyl
hydrogen of n-butyraldehyde by a free radical, and subsequent decomposition
of the butyryl radical into C3H7 and CO.

Apart from the small amount of C3H8 directly formed in reaction 1’
propane is produced in hydrogen abstraction and disproportionation reactions
of n-C3H, radicals. Self-disproportionation and combination of n-propyl radi-
cals are responsible for the formation of propylene and n-hexane, respectively.
The disproportionation to combination ratio calculated from the propylene
and n-hexane quantum yields measured in the vapour phase is zI(n-C3H7,
n-C3H7 = 0.19 £ 0.01. This is close to the literature value [21], indicating
that self-disproportionation of n-propyl radicals is the only significant source
of propylene in the vapour phase. On the other hand the ratio of the quantum
yields of propylene and n-hexane in isooctane is more than an order of magni-
tude higher, suggesting the occurrence of some other major source of propylene
in the liquid phase. The most probable reaction is the cross-disproportionation
reaction between n-propyl and isooctyl radicals.

One observes a very significant difference in the quantum vyields of
n-hexane formation in the two phases which clearly demonstrates that the
propyl radical concentration is much lower in isooctane than in the vapour
phase. The low propyl radical concentration in isooctane may be caused by
the reaction of these radicals with the solvent.
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Reactions of the butyryl radicals

Butyryl radicals are formed in the primary process IV and mainly in
the reaction chain. In addition to the decomposition into C3H7 and CO, the
butyryl radicals enter various combination reactions (dibutyryl, 4-heptanone
and butyroin formation). Taking into account the cross-, and self-combination
products of n-propyl and butyryl radicals, one can calculate the cross-combi-
nation ratio [C3H7COC3H 7]/[C6HM]12 [C3H 7TCOCOC3H 7]1/2 Values of 3.1 and
2.3 are obtained for the vapour phase and forisooctane, respectively. The cross
combination ratio for alkyl radicals has been shown to be close to the value
of 2 [21, 22], however, very little is known of these ratios for other radicals.
In spite of the considerable error limits that may be estimated for our values
given above, the cross-combination ratio for the n-propyl and butyryl radical
pairs seems definitely higher than 2.

The efficiency of recombination of butyryl radicals, like that of n-propyl
radicals, is very different in the vapour phase and in isooctane. The quantum
yield of dibutyryl formation was found to be considerably higher in isooctane
than in the vapour phase (as opposed to that found for n-hexane), which indi-
cates higher butyryl concentration in isooctane compared with the vapour
phase.

Formation and reaction of the CH3CH2CHCHO radical

The identification of 2-ethyl-pentanal-I, formed by the combination of

CH3CH2CHCHO and C3H 7 radicals, shows that beside formyl hydrogens the
hydrogen atoms in the a-position to the carbonyl group may also be abstracted.
The low quantum vyield of 2-ethyl-pentanal-1 formation in isooctane is a con-
sequence of the low concentration of propyl radicals.

Reactions of the 1-hydroxy-l-butyl radical

The n-butanol, 4-heptanol and 5-hydroxy-4-octanone (butyroin) are
undoubtedly hydrogen abstraction and combination products of 1-hydroxy-
I-butyl radicals. This radical is formed in primary process IV, via hydrogen
atom abstraction by an excited aldehyde molecule from a ground state alde-
hyde molecule (and to some extent from isooctane in the solution experiments).
Other possibilities of the formation of 1-hydroxy-l-butyl radicals may be con-
sidered, thus hydrogen atom transfer from a formyl radical to the carbonyl
oxygen of n-butyraldehyde, or the hydrogen atom abstraction reactions of the
1,4-biradical intermediate of primary processes Il and I1’. While the first
possibility is not compatible with the detailed kinetic analysis of the results
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obtained at various aldehyde concentrations in isooctane [18], the latter pos-
sibility may be ruled out on the basis of the results of deuterium labelling
experiments [17].

Reactions of CH3 and C2H5 radicals

Finally, the evidence supporting the assumption of the minor primary
processes Il and I11° have to be considered. The formation of low molecular
weight hydrocarbon products indicates the presence of simple alkyl free radi-
cals such as CH3 and C2H5.

Methane is obviously formed in reactions of methyl radicals originating
from primary process Ill. The possibility of methyl radical production (with
a commensurable rate) by secondary photolysis or radical sensitized decompo-
sition of acetaldehyde may be rejected as the methane yield was found to be
independent of conversion.

Ethane may either be formed in reactions of the ethyl radicals originating
from primary process 111’ or by combination of methyl radicals. On the other
hand the re-butane identified is undoubtedly the result of combination of
C3H7and CH3radicals. (The contribution of ethyl recombination to n-butane
formation cannot be significant since the concentration of C3H 7 radicals is
seen from the corresponding product yields to be several orders of magnitude
higher than that of the C2H5radicals.) If ethane is a recombination product
of methyl radicals then the cross-combination ratio for the methyl-n-propyl
radical pair should be close to the value of 2 established for alkyl radicals
[21, 22]. The ratio [C4H 10]/[C2He] V2 [C6H 1412 calculated from the product
quantum vyields obtained in the vapour phase is 0.15 + 0.04, one order of
magnitude lower than the literature value. This means that an ethyl radical
source, i.e. reaction I, 11’, has to be assumed to account for the experimental
yield of ethane.

re-Pentane is expected to be formed as a result of combination of C3H7
and C2H5radicals. However, the definite dependence ofthe re-pentane quantum
yield on the conversion indicates that there is a significant contribution to
re-ChH 12 formation by secondary reactions with the participation of reaction
products. We suggest that these secondary reactions are the addition of re-pro-
pyl radicals to ethylene and subsequent hydrogen abstraction by the re-pentyl
radicals.

Strong support for the suggestion that re-propyl radicals play a part in
the formation of re-C4H 10 and re-C3H 12is provided by the fact that in isooctane,
where the propyl radical concentration is low, these products are not detected.

*

The authors are indebted to Dr. |. Szitagyi for the mass spectrometric analyses and to
Dr. A. Nacsa for help in the syntheses of compounds used for identification.
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INTERACTIONS IN THE LIQUID STATE
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The molecular interactions in the binary systems (I) re-butanol-ethyleneglycol
(303.15 K), (IlI) n-butanol-isoamyl alcohol (303.15 K) were studied by ultrasound
velocity measurements. Adiabatic compressibility, intermolecular free length, molar
volume and available volume variations with the composition have been determined.
The results are discussed in the light of molecular interactions.

Introduction

Attempts have been made by several workers [1 —5] to study the behav-
iour of binary liquid mixtures by measuring ultrasound velocity and calculat-
ing related parameters. The variation of velocity and adiabatic compressibility
isnot always linear. The non-linearity may be explained on the basis of molec-
ular dimensions and forces acting between the molecules. Bhimsenachar
et al. [6] have calculated the excess free length and correlated it with the
strength of interaction.

In the present paper we have calculated the adiabatic compressibility,
intermolecular free length, molar volume and available volume from velocity
and density data for the systems (1) n-butanol-ethyleneglycol (IlI) n-butanol-
isoamyl alcohol. Sound velocity, density and compressibility variations are
shown graphically.

Theory and calculations

Jacobson [7] has introduced the concept of intermolecular free length
in order to explain the ultrasound velocity in pure liquids and liquid mixtures.
The intermolecular free length Lj, is the distance covered by a sound wave
between the surfaces of the neighbouring molecules and is given by the
equation

LfF=KYf
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where K is a temperature dependent constant. Adiabatic compressibility was
calculated from B = v~2g~u, Va, the available volume has been computed
using the relation

where V is the molar volume, v is the ultrasound velocity and pa= 1600m/s.
Molar volume V has been evaluated from the equation

y _ XIMI+X2M2 ' 1
XA £ X 2 Q

where and X 2 are the mole fractions of the two components, and M2
are the molecular weights of the respective components, and q is the density
of the mixture.

Experimental

All the chemicals used were of BDH Analar grade and were further purified by standard
methods described by Weissberger [8]. Solutions of different compositions were prepared
by mixing appropriate volumes of liquids in cleaned and dry flasks and were left to stand for
some time to attain equilibrium. Care has been taken to minimize losses due to evaporation of
components during mixing. Solutions were transferred to the ultrasonic cell for velocity
measurements. The instrument and method of velocity measurements have been described
before [9]. The frequency used was 5 MHz and the temperature was maintained at 303.15 K.
Densities were measured in pyrex pyknometers and compared well with literature values. The
probable error in velocity was 0.2 % and the accuracy of density was 1in 104

Results and discussion

Figure 1 shows the density, ultrasonic velocity and compressibility of
n-butanol-ethyleneglycol mixtures as a function of the mole fraction of
n-butanol. Figure 2 gives the density, ultrasonic velocity and compressibility
of the n-butanol—soamyl alcohol system. The density decreases with increasing
mole fraction of n-butanol in both the cases but the mode of decrease is differ-
ent in the two systems. The velocity curve is concave upwards in both cases.
In the n-butanol—soamyl alcohol system, there is some increase in velocity
at higher concentrations of n-butanol. On the basis of the mode of sound
propagation given by Eyring et al. [10], an increased free length in solution
due to the process of mixing results in the lowering of sound velocity, which
gives the velocity vs. mole fraction plot a concave upward shape. Our results
are in conformity with this fact. As expected, the compressibility increases
with increasing mole fraction of n-butanol in both cases. The free length,
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Fig. 2

molar volume and available volume for the two systems is presented in Tables |
and Il. The free length increases with increasing mole fraction of n-butanol.
This increase is less in n-butanol—soamyl alcohol. The molar volume and
available volume increase with mole fraction for the former but decrease with
mole fraction in the latter system. The liquids used are polar and associating
in nature. The dissociating effect of the second liquid on n-butanol should result
in the decrease of free length and hence compressibility. However, because
of the decrease in cohesive energy due to the interaction between the compo-
nents of the mixture, the overall effect is that of increase in free length and
compressibility as has been observed here.
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Table 1

n-Butanol-ethyleneglycol, Temperature 303.15 K

Mole fraction Free length Molar Available

No. of (A7) volume volume

n-butanol (ml/mol) (ml/mol)

| 0.0000 0.3650 56.10 1.58

2 0.2274 0.4271 63.83 7.94

3 0.4396 0.5008 71.50 13.50

4 0.6397 0.5426 78.73 17.87

5 0.8252 0.5585 85.73 19.72

6 1.0000 0.5751 92.39 21.65
Table 11

n-Butanol-isoamyl alcohol, temperature 303.15 K

Mole fraction Free length Molar volume Available

e n-butanol (") (ml/mot) (\xlllummoel)
I 0.0000 0.5689 107.40 25.24
2 0.2291 0.5720 104.20 24.61
3 0.4422 0.5735 100.80 24.02
4 0.6408 0.5738 97.66 23.32
5 0.8263 0.5744 94.45 22.44
6 1.0000 0.5751 92.39 21.65
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Revised empirical correlations are given between geometric and vibrational
parameters of a series of simple sulfone molecules. Force constant calculations and the
averaging of the S= 0 stretching frequencies are commented upon.

Introduction

Empirical correlations between geometric and vibrational parameters of
relatively simple sulfone molecules have been established for a number of years
and used extensively, see e.g. [1—3]. At the time of establishing the relation-
ships [1] involving bond lengths and stretching frequencies, relatively few
S= 0 bond lengths were available and they were considered in most cases to
he less accurate than the corresponding frequencies. The same could be said
for bond angles O= S= 0. Because of the usefulness of the empirical relation-
ships between the geometric and vibrational data, and since up-to-date and
consistent geometric data have recently become available for a relatively
large series of simple sulfone molecules (see Table 1), we decided that a revision
of the empirical relationships was timely. This investigation is described here
and supplemented with some comments on the force constant calculations
and on the averaging of the S= 0 stretching frequencies.

Geometric data

Vapour-phase geometric data only were used in establishing the revised
relationships in order to achieve greater consistency. The vapour-phase data
are usually more accurate than those from crystal-phase X-ray diffraction
determinations, and they are also more well-defined since the molecule in the
vapour phase can be considered unperturbed by intermolecular interactions
which may well take place in the crystal phase. Electron diffraction studies
have been performed for all but one ((CH22502) molecules listed in Table 1

*0On leave from The University of Trondheim.
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Table 1

Bond distances, bond angles, symmetric and antisymmetric stretching and
bending frequencies of S02 groups in sulfone molecules

I e =
so2f2 1.398(2)d 125.1(2)e 1269 1502 544*
S02C12 1.405(4)g 123.5(10)g 1182 1414 560h
SO0FBr [1.407]' [123.7]j 1205 1437 564k
S02FC1 [1.408]" 123.7(10)m 1228 1455 480*
ch3oso2f 1.4103)" 124.4(7)" 1235 1465°
ch3so2f 1.41113)0 123.1(15)® 1223 1415 531"
CsH5S02CL 1.418(12)P 122.5(36)P 1186 1377 5724
CH30S02CL 1.420(4)r 122.2(15)r 1192 1404  588s
(CH3)2NS02CL 1.422(4)* 122.7(23)* 1182 1395 572"
CH3S02CL 1.425@3)v 120.8(8)V * 1173 1378 533w
502 1.432(2)z 119.3(10)x 1151 1362 518y
(CH3)2N'S02N(CH3)2 1.433(10)aa [120.2]kb 1150 1335 526
(CH3)2502 1.436(3)cc 119.7(1 1) 1165 1343 510
(CeH6)2502 1.439(12)ee [119.3]b 1149 1305 580ff
(CH2)2502 1.439(6)qy 121.4(5)9 1159 1309 446hh
(CH2= CH)2502 1.440(4)" [119.2]kb 1124 1320 550ij
(CH2)4502 1.45(1)kk 114.6(30)kk 1147 1301 5671

aUnless indicated otherwise, / was calculated from the electron diffraction ra value
according to the good approximation rR= ra+ /" ra, where | is the mean amplitude of vibra-
tion; b Unless indicated otherwise, determined in the electron diffraction analysis; c Unless
indicated otherwise, liquid-phase infrared data; d Ref. [4]; e Calculated from the electron dif-
fraction bond distance [4] and the 0 ...0 distance determined by microwave spectroscopy [5];
(Raman, Ref. [6]; 8 Ref. [7]; hRef. [8]; 'Assumed [9]; 1Calculated from the assumed
r(S=0) and the O...O distance determined from the microwave spectrum [9]; kRaman,
Ref. [10]; 1Assumed [11]; m Calculated from the assumed r(S=0) and the O...0 distance
determined from the microwave spectrum [11]; n Ref. [12]; o Ref. [13]; o Ref. [14]; o Ref.
[15]; PRef. [16]; 4 Ref. [17]; r Ref. [18]; s Ref. [19]; ‘ Ref. [20]; “ Solution, Ref. [21]; v Ref.
[22]; wRef. [23]; 2 Ref. [24]; x Microwave spectroscopy, Ref. [25]; ¥ Gaseous phase, Ref. [26];
aa Ref. [27]; NeCalculated from rg(S=0) and an assumed value of 2.484 A for the O...O
distance; ccRef. [28]; dd Ref. [29] ee Ref. [30]; ,fRef. [31]; 68 Microwave spectroscopy,
r,, parameters, Ref. [32]; hI>Raman, Ref. [33]; » Ref. [34]; L Ref. [35]; kk Ref. [36]; "Ref. [37].

and in most cases they originated from the same laboratory. In some cases
microwave spectroscopic data were also utilized in the analysis (CH3SO02F,
CH30S02F, (CH32S02), or could he used for later testing (CH3S02C1, S0 2C12).*
The results from both electron diffraction [4] and microwave spectroscopic [5]

* References for the microwave spectroscopic studies: CH3SO,,F, Ref. [38]; CH30S02F,
Ref. [12]; (CH3)2S02 Refs. [38], [39]; CH3S02Cl, Ref. [40]; S02C12"Ref. [41].
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analyses were available for SO22 For reasons discussed later in more detail,
the values for the S= O distance and O... O distance were taken from the
electron diffraction and microwave studies, respectively, and the O=S=0
bend angle was thus calculated. Although the physical meaning of the inter-
nuclear distance parameters determined by the two techniques is different,
the sulfone molecules under consideration are relatively rigid systems and
accordingly the electron diffraction and microwave spectroscopic distance
parameters are thought to be little different as a consequence of intramolecular
motion. In any case the S= 0 distances listed in Table | are consistent in this
respect, while the 0 = S=0 bond angles have no strictly defined physical
meaning even if they come from only electron diffraction data. But again,
this indeterminacy is of no great importance here, partly because of the
mentioned relative rigidity,* and partly because of the large uncertainties
with which these angles were determined from the electron diffraction data.
Some of the 0 = S=0 angles are especially ill-determined, since it is usually
very difficult to determine reliably and accurately the O... O distance from
electron diffraction. The difficulty is caused by the strong correlations among
the nonbond distances around the sulfur atom and their mean amplitudes of
vibration. On the other hand, the microwave spectra, although usually inade-
quate for a complete structure determination of the sulfone molecule, provide
highly accurate information on r(0. ..0). All of them are, in fact, in the vicin-
ity of 2.48 A. It is then comforting that most 0 = S= 0 bond angles, and
accordingly 0... O distances, determined from electron diffraction data only,
although more uncertain, are consistent with the microwave results. Some
bond angles could not be determined in the electron diffraction analyses at all.
For such molecules, viz. (CH2= CH)2502, (C6H52S02 CH30S02C1, the 0...0
distance can be assumed as the average value of the accurately determined
0... 0 distances, and accordingly the 0 = S=0 bond angles can be calculated.
They are also shown in Table | though these parameters were not then used
in establishing the correlations. Three electron diffraction analyses reported
0. ..0 distances far below the 2.48 A value. Of these, the calculations based
on molecular intensities were repeated for (CH32NSO2N(CH3)2 with assumed
values for r(0. ..0), among them 2.48 A. It was shown [43] that the experi-
mental distributions could be approximated about as well as when r(0 ... 0)
refined to 2.42 A [27]. Significantly, the other parameters showed no appre-
ciable changes as compared with those reported [27]. The bond angle for this
compound was not included into the present calculations, neither was that of
(CH24s02as it was seen to be unrealistically low.

* Calculated K = ((Ax)2+ (/)y)2/2 r correction terms may give some idea about the
effects of the perpendicular vibrations. We quote here some data for SOC12 [42] at 323 K
K(S=0) = 0.0014 A, K(S- Cl) = 0.0004 A, X(C1...0)= 0.0002 A, and K(Cl...Cl) =
= 0.0001 A.
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Vibrational frequencies

The symmetric and antisymmetric stretching S=0 and bending S02
frequencies used in our calculations are listed in Table I. They are similar to
those used by Gitrespie and Robinson [1]. They refer to liquid-phase infrared
measurements unless otherwise stated. Although we would have preferred
vapour-phase data, they are too scarce. It is difficult to predict the changes
in frequencies corresponding to the transition from the vapour phase to the
pure liquid or a dissolved state. It has been noted (see e.g. [2]) that the stretch-
ing frequencies in liquids are often displaced to lower frequencies and the
bending frequencies to higher frequencies as compared with the vapour-phase
data. Infrared gaseous and liquid data are quoted below from a study by
Spotiti €t al. [29] showing that no trend can be established indeed with cer-
tainty, at least for the stretching frequencies

Liquid P

Gae (conijqelalsed) Difference

CH3S02F vas(S=0), cm-1 1451 1443 8

rs(S=0), cm-1 1225 1233 -8

<5(S02), cm*“ 1 534 543 -10

CH3502C1 1404 1386 18
1192 1185 7

543 548 -5

CH3S02CH3 1355 1343 12

1162 1165 -3

496 510 -14

The changes are relatively small, and significantly, the data originate from
concurrent experiments. Referring to the dimethyl sulfone data, the above
values are confronted below with some which refer to solid-state infrared and
solution Raman spectroscopy [46]:

Infrared Raman
vas(S= 0)>cm 1 1307 1289
rs(S=0), cm-1 1143 1138
<5(S02), cm-1 504 502
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A final example, for gas-liquid comparison with considerable differences
(infrared [35]) for divinyl sulfone

Gas Liquid Difference
Jas(s= ) cm 1 1352 1310 —42
vs(S=0), cm-1 1150 1124 -26

Thus we may conclude that the next step for a future refinement of the rela-
tionships between geometric and vibrational parameters may necessitate a
consistent set of vapour-phase vibrational spectroscopic data.

The S= 0 stretching force constants

Even if all vibrational frequencies are known for a molecule, approxima-
tions have to be introduced, as a rule, to determine a force field. The valence
force constants are therefore, to a certain extent, dependent on the approxi-
mations used. For several of the molecules discussed here, not even a complete
set of experimental frequencies is available. Accordingly, further simplifica-
tions were necessary. The S02 group was looked upon as a separate entity,
for which the well-known expressions for a bent XY2 model were used (cf.
Cyvin’s book [47]).

The G matrix elements for bent XY 2 are as follows

GlLAD) = 2/jxcos2A + fiy
AN = - Y2 sin 2A
G2Al = 4/ixsin2A + 2fiy
G(BY) = 2/jxsin2A + fjy
where fix = I/nixi fly = l/wiy, m is the atomic mass, and 2A is the bond

angle Y - X -Y .
The force constants are then

FI(A) =fr+ frr
FJAJ = ][2ftx
FzA.) =f,

F{BJ =/r-/rr.
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If the interaction force constant is put equal to zero, F*Aj) and FZAL can
be found by means of the G matrix and the experimental frequencies for sym-
metric S= 0 stretching and for 0 = S= O bending. F*B”" is found from the
antisymmetric S= 0 stretching frequency:

F(BI)
G(Bi)
Finally,

Ir=T [FYA) +1i,[BD]-

The above outlined approach was used to obtain the results given in Column (1)
of Table II.

Table 11

Calculated stretching force constants f [S=0)

Approximations (I)a  Approximations (2)b

Molecule /r(S=0) Ir(S=0)
mdyn A 1 mdyn A- 1
S0F2 12.081 12.202
S02C12 10.540 10.680
SOFBr 10.927¢ 11.068e
S02FC1 11.329¢ 11.421e
ch3oso?2f 11.574
ch3o02F 10.942 11.063
Cel15502CI 10.281 10.432
CH3S02C1 10.520 10.683
(CH3NS02c1 10.380 10.530
CH3502C1 10.175 10.305
s02 9.856 9.980
(CH32N SON(CH3)2 9.654c 9.782e
(CH32502 9.850 9.967
(CeHB2502 9.393c 9.560e
(CH22502 9.608 9.690
(CH2=CH)202 9.228¢c 9.376e
(CH24502 9.349c 9.507e

aApproximations: (i) G-matrix elements corresponding to kinematic coupling between
the SO02group and the rest of the molecule are ignored; (ii) All force constants for interaction
between the S02group and the rest of the molecule are equal to zero; (iii) The force constant
for the S02 group stretching-bending interaction _FIXA1) = 0.

b Approximations: Same as (i), (ii), (iii), and (iv) Gn(At) connected with kinematic
coupling between symmetric S=0 stretching and 0=S = 0 bending is ignored.

¢ Bond angles used in these calculations were partly based on assumptions (cf. Table I).
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Another, still rougher approximation might he to ignore G"Aj) in
addition to putting FA*A” = 0. The condition G*Aj) = 0 means that kine-
matic coupling between symmetric S= 0 stretching and 0==S =0 bending is
ignored. Then one gets

F XA G1(KA )

and

ft=j[ F AAD + F(B1]

with the new F"Aj).
This method gave the values listed in Column (2) of Table II.
Comparison of the data in Columns (1) and (2) of Table Il shows that
/r(S=0) is increased by an amount between 0.08 and 0.17 mdyn A-1
(1 mdyn A-1 = 102N m-1) when GIAX is ignored. The removal of the G-ma-

S02ClI2 ch3so2f C6H5S02ClI

0 0
0

CHj OSOjCl  (CH3)2NS02CI CH3S02CI so02

10

0
0 0

(CH3)2502 (C6HS)2s02 (CH2)2s02

@

-202

IF, (mdyn/ A] F.,(mdyn/A)

Fig. 1. F*Aj) as a function of FIXA,) from the approximation where the S02 group was

looked upon as a separate entity. For [(CH32N]2S02and (CH22S02also F2 A1) is shown as a

function of F1XAj). The vertical mark shows the Ft(Aj) value chosen at FIAA1 = 0 (and the
corresponding F2(At) values for the two molecules mentioned)
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trix elements corresponding to kinematic coupling between the SO, group and
the rest of the molecule would also be expected to give similar effects.

A vibrational analysis of one complete molecule, S02C12 also showed that
force constants connected with the rest of the molecule influence the frequen-
cies assigned to S= O stretching. When all non-diagonal valence force constants
except/mr were kept equal to zero, a value offr= 10.33 mdyn A-1 was found
(the triatomic model value was 10.54 mdyn A-1). With another set of force
constants [45] found a value of 10.52 mdyn A-1. If molecules R’RS02 are
considered, R’ and R give different contributions, of course, both for the
removed G-matrix elements and force constants. But the results obtained for
S02C12 should give an indication of the effects.

Finally, we examine the effect caused by ignoring the force constant for
the SO, group stretching-bending interaction (F*A” = 0). Fig. 1 shows the
ellipses for F1(A1l) as a function of F12(A1). A change in F1XAX of £0.10
mdyn A“1in the vicinity of F1IXAj) = 0 results in a change of 0.10 to 0.15
mdyn A“1lin F1(A!)). When fris expressed as/r= 1 [F*"AJ + F(B1], and
F(BX is constant, the change in fris half as much as the change in F"Aj).

On averaging the S= 0 stretching frequencies

Gillespie and Robinson [1] used the average value ofthe antisymmetric
and symmetric stretching frequencies in determining various correlation rela-
tionships, e.g. r(S=0) vs. r(S=0). Szmant [3] argued, however, that certain
phenomena should caution us to do so, e.g., the two kinds of stretching fre-
quencies are influenced to different extent by changes in the substituents on
the sulfone group. Accordingly, it was decided to examine the correlation of
the antisymmetric and symmetric stretching frequencies and the influence of
averaging them.

Consider the S= 0 group as a diatomic X —Y molecule. For this model
G = /ux + [/ly and the force constant F —fr. For a given force constant the
vibrational frequency may be found from

A= Gxy mF, A= 4mr2x2r2 Vin cm-1, or
A= (IX + [<y)ir (1)

T he/rvalues found for the XY, group can be used to find vibrational frequen-
cies for X —Y groups with the same force constants.
By ignoring G12(Aj) for XY 2 fris found to be

fr=j[F YAD)+ F(B)] == v o 2
LGiiAJ  G(Bj
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Using this expression offr, and the G matrix elements and inserting all these
into equation (1), we obtain

lor the sulfone group we have /ny 2[Jxif X = Sand Y = O. If this is used
in Eq. (4), we have

Yas

If for the XY2model G12(Aj) is put equal to zero, then

From —2 (As + Aas), and (1), and ignoring/rr
(*, + nas) = friex + f2y) — Axy »

For the frequencies:

»XY = (6)

VXY (?)

The vvalues computed by the expression (1) using the/rvalues in Column (1)
of Table Il are given in Column (1) of Table I1l. Column (2) of Table Ill gives
the corresponding frequencies from the frvalues in Column (2) of Table II.

Acta Chim. Acad. Sei. Hung. 96, 1978



346 BRUNVOLL, HARGITTAI: CORRELATION OF GEOMETRIC AND VIBRATIONAL PARAMETERS

The same results were obtained by means of expression (5). The data of
Column (3), Table Il1l, were obtained according to expression (6). Finally,

the average values, — (vs + ras) are listed in Column (4), Table III.

The difference between corresponding values in Columns (1) and (2) of
Table Il are between 5 and 11 cm-1. The frequencies found by means of the
average X values (expression (6)), given in Column (3) of Table IIl are all
smaller than or equal to the frequencies of Column (2) of the same Table.
The average frequencies, Column (4), Table III, all should be smaller than the
corresponding values of Column (3) according to equation (7). At the same time
most of them are larger than the corresponding values of Column (1). Excep-
tions are S02F2 and CH3S02F (1 cm-1 lower), and (CH22S02 (3 cm-1 lower).

Table 111

Calculated averages of the stretching frequencies

Molecule v(5=0)

(cm')

(Na (2)b 3)c (4)d
soF2 1387 1394 1390 1386
S02C12 1295 1304 1303 1298
SO02FBr 1319 1327 1326 1321
S02FC1 1343 1348 1346 1342
ch3so2f 1357 1355 1350
ch3so2f 1320 1327 1322 1319
C6H5S02CL 1279 1289 1285 1282
CH30s02C1 1294 1304 1302 1298
(CH3N SO0 1286 1295 1293 1289
CH3s021 1273 1281 1280 1276
s02 1253 1261 1261 1257
(CH32NSO2N(CHJ3)2 1240 1248 1246 1243
(CH32502 1252 1260 1257 1254
(C6HH2502 1223 1234 1229 1227
(CH2202 1237 1242 1236 1234
(CH2= CH)2502 1212 1221 1221 1217
(CH24s02 1220 1230 1226 1224

a Corresponding to expression (1) and using the/rvalues in Column (1) of Table II.
b Corresponding to expression (1) and using the/rvalues in Column (2) of Table I1.
c Corresponding to expression (6).

d Average values, — (vs + vas).
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No values deviate more than 5 cm-1 from the corresponding frequencies of
Column (1). Thus the simple approach of taking the average frequency does
not give a much different result from the method of looking upon the S02
group as a separate entity (cf. the approximations described in the section on
the S=0 stretching force constants and listed as (i), (ii) and (iii) in Table II),
and computing the frequencies from the corresponding stretching force con-
stants (cf. eq. (1) of this section). The frequencies found from the average values
of the A’s are within 6 cm-1 from the results obtained by means of the S= 0O
stretching force constants when in addition of the above approximations,
G1XAi) was also ignored (cf. the section on the S=0 force constants and (iv)
under Table II).

Correlation relationships

A standard least-squares procedure [48] was used to establish the corre-
lation relationships among the geometric and vibrational parameters. The geo-
metric data were used with weights inversely proportional with the standard
deviations parenthesized in Table I. The vibrational data were given equal
weights.

The coefficients determined are listed in Table IV for 10 relationships,
second degree, linear and logarithmic in each case. They are believed to he
useful within the rather narrow intervals covered by the data. The linear relation-
ships are certainly preferred for extrapolation rather than the second degree
expressions. Unfortunately, the parameter r(S=0) of S02C12 was seen not to
be consistent with the other data and thus sulfuril chloride was not considered
in establishing the relationships listed in Table IV (except that between the
symmetric and antisymmetric frequencies). Inversely, 1.420 A can be predicted
for rg(S=0) in S02C12* Since the value of r(S=0) was estimated for S02FC1
in its microwave spectroscopic study by Hoirt and Gerry [11] it was interest-
ing to observe that the present correlation relationship provides firm support
for their estimate.** On the other hand, 1.413 A can be estimated for rg(S= 0)
of SO2FBr on the basis of the stretching frequency vs. bond length relation-
ship. The data on (CH22502were also left out of our final calculations. Their
poorer agreement with the relationships for the other parameters may be con-
nected with different bonding peculiarities in this rather strained system.

The relationships established are given in Table IV and shown in Figs
2 —7. Some comments follow below.

* Comparing the earlier [49] and further refined [7] values of rg (S=0), it is suspected
that this parameter was strongly influenced by the empirical background used. A reinvestiga-
tion is warranted in any cage. .

** The value of 1.408 A was estimated as to be between 1.405 A as given for S02F2in the
microwave paper [5] and 1.409 A as given for S02C12in the earlier electron diffraction paper
[49]. By fortunate coincidence, the value of 1.408 A is still between the electron diffraction
value of 1.398 A for S02F2(Table 1) and the one (1.420 A) estimated now for S02CI2
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Table TV

The constants AO, Ar and A2fory = A0+ Amx + AX2found by
the least-squares method. 2A is the 0=S=0 bond angle, R the S= O bond length

y X A0 A A2 Standard
' deviation
2A R -3040.52 4632.13 -1693.57 0.56
2A R 358.373 - 166.525 0.61
Ig 2A Ig R 2.37969 -1.92899 0.62a
%5 R 79031.6 - 106631 36487.8 9.8
fs R 5404.21 -2962.62 12.5
Ig fs Ig R 3.61213 -3.50857 11.9a
R 42738.9 -53962.3 17500.0 14.0
R 7426.24 -4241.64 14.5
Ig fas Ilg R 3.80090 -4.29674 14.2a
fs 3888.88 -4.48191 0.00182282 11.2
fs fas 375.297 0.583985 13.0
Ig fs Ig fas 0.947270 0.676814 13.1a
2A -10.8438 0.193229 -0.000797861 0.0079
vas
2A 1.06171 -0.00172407 0.0083
vas
1g(2A) 0.442553 -0.245630 0.00833
o R 1369.14 -1854.11 631.889 0.132
/> R 95.1364 -59.5477 0.193
1gn Ig R 6.88854 -69.1779 0.131a
i R 1200.76 -1615.04 547.123 0.158
n R 97.1161 -60.8273 0.196
1g/? Ig R 2.25034 -8.01743 0.1763
R 74537.8 -99527.7 33763.6 8.4
yd R 6464.12 -3639.05 11.3
Ig rd Ig R 3.71703 -3.97072 10.4a
Q R 64356.1 -85096.5 236559 9.8
Ve R 6551.91 -3693.87 14.9
Ig ve Ig R 3.72614 -4.00854 10.9a
vf R 61159.2 -80683.0 27130.3 9.8
vf R 6432.34 -3614.05 11.3
lgfi Ig R 3.71379 - 3.94097 10.7

aThis standard deviation does not correspond toy = Ig 2 but to z itself, for better com-
parison with the other values.

bThese force constants correspond to Column (1) of Table II.

¢ These force constants correspond to Column (2) of Table II.

dThese frequencies correspond to Column (1) of Table II1.

e These frequencies correspond to Column (2) of Table II1.

fThese frequencies correspond to Column (4) of Table 111.
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Fig. 2. The 0 = S= 0 angle (2A) as a function of the S= 0 bond length (R). + experimental
values, —--—--linear equation, least-squares result, Table IV, ---- second degree equation,
least-squares result, Table IV, .... 2A = 2 arc sin (2.483/2R)

Fig. 3. The symmetric S=0 stretching frequency (vs) and the antisymmetric S=0 stretching

frequency (vas) as function of the S= 0 bond length (R). + experimental values, ------ linear

equations, least-squares result, Table IV, - - - - second degree equations, least-squares result,
Table IV
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Fig. 4. The symmetric S=0 stretching frequency (vs) as a function of the antisymmetric
S =0 stretching frequency (ras). + experimental values, --------- linear equation, least-squares
result, Table IV, ------- second degree equation, least-squares result, Table 1V

The 0=S=0 angle (2A) as a function of the S=0 bond length (R)

As mentioned earlier (cf. section on the geometric data), the experimen-
tally determined O... O distances appear to he remarkably constant (average
value 2.483 A) in these molecules. If this is utilized, then the relationship
between the O= S= O bond angle and the S= O bond distance is found from

2A = 2 arc sin (2.483/2 R).

Fig. 5. vs/vas as function of the 0 = S=0 angle (2A). + experimental values, ------- linear
equation, least-squares result, - - - - second degree equation, least-squares result, .. v§ =
_  cos2A + 1yU2
= 1018\ Ginoa + 11
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Fig. 6. The S=0 force constantfrfound according to approximations i, ii, and iii of Table 11
and given in Column (1) of the same table as function of the S= 0 bond length (R). - values
found from experimental results, --------- linear equation, least-squares result, Table 1V,

second degree equation, least-squares result, Table IV

Fig. 7. Average S=0 stretching frequencies from Column (1) of Table 11l as function of the
S=0 bond length (R). + values found from experimental results, --------- linear equation,
least-squares result, Table TV, ----second degree equation, least-squares result, Table TV
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It is seen in Fig. 2 that the curve from this function differs very little indeed
from the curves found by the least-squares procedure.

It is interesting to note that the relationship obtained directly from the
data on 2A and R is consistent with similar relationships between these
two parameters as obtained through a third parameter. Thus, through the
symmetric stretching frequencies:

2A = 342993 - 155395 R

the antisymmetric stretching frequencies:

2A 343.371 - 155,520 R

the force constants,/r(l):

2A 353.663 - 163.242 R

vs/vas as function of the 0 =S =0 angle (2A)

From the approximation where G"Aj) is ignored for the XY2 model,

we obtain
_fs GiAJFfAJ 12

Putting = —2 jUy when inserting the expressions for the G-matrix elements,
we get
% cos2A + 1 12 Fyap 12
Aa3s Sin2A + 1 F(BJ
cos2A + 1jh2 .
A least-squares adjustment of K J gave K = 1.0182, while
sin2A + 1
FIAD Y2 _

the weighted average of 1.0184, the two values being in excel-

lent agreement (kK had a standard deviation of 0.0029 in the least-squares
calculation).

This form of --E'?-- as a function of the O= S= 0O angle is shown together

with the linear and quadratic relationships in Fig. 3.

Frequencies derived from the fr values

/r(l): the SO2group is treated as a three-atomic molecule with F1IXAj) = 0.
Ir(l)= i-Z[F i(~i) + F(BD]

Acta Chim. Acad. Sei. Hunge 96, 1978



BRUNVOLL, HARGITTAI: CORRELATION OF GEOMETRIC AND VIBRATIONAL PARAMETERS 353

v(l) is found as v(l) = --—- [/e(ty ( / + ~0)]2R2
2nc

fr(2): the S02group is treated as a three-atomic molecule with F*Aj) =
0, and also ignoring G "Aj)

K 2)=;~[/d2)(15+ bl ] V2

One of the authors (J. B.) wants to thank the Hungarian Institute for Cultural Relations
for a Scholarship in the framework of the Hungarian-Norwegian Cultural Agreement.
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THE STRUCTURAL MODEL OF WATER, Il

THE STRUCTURE OF AMORPHOUS ICE AND STRUCTURAL RELATIONS
BETWEEN WATER AND SOME ICE POLYMORPHS ON THE BASIS OF THE
TETRAGONAL CLUSTER MODEL
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(Central Research Institute for Chemistry, Hungarian Academy of Sciences, Budapest)
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The basic ideas of the tetragonal cluster model of water (Hajdua, 1977) have been
applied to amorphous (vitreous) ice. The experimental results of Nakten, Venkatesh,
and Rice (1976) can be well interpreted in terms of a cubic cluster model.

A qualitative physical picture is given to explain the temperature sequence and
the transformations of the two types of vitreous ice, crystalline ices I¢ 7f and liquid
water. The changes in the geometrical arrangement of molecules are deduced from the
variations in the relative strength of hydrogen bonds between the first and van der
Waals bonds between the second, third, etc. neighbours.

Introduction

In our previous papers [1, la], [2], some results obtained by an X-ray
diffraction study on liquid water and on the tetragonal cluster model of water,
have been reported respectively. In the present paper, the adaptation of the
model to amorphous ice(s) is shown and a qualitative picture proposed for
the tetragonal water structure, as well as for the mutual structural and phys-
ical relations (formation and transformation) existing between some ice poly-
morphs, supercooled and ordinary water.

1. Amorphous ice
1.1. Some properties of amorphous (vitreous) ice

The starting point of our investigations on amorphous ice was the work-
ing hypothesis of D. Olander and S. A. Rice according to which amorphous
(vitreous) ice could be regarded as a frozen model of liquid water [3]. We have
tried to adapt the tetragonal model of water to this metastable form of ice.

The necessary experimental data became available for us in the paper
of Narten, Yenkatesh and Rice [4]. From their reports it became clear
that amorphous ice has at least two modifications each of which is prepared
in vacuo by the slow deposition of water from the vapour phase onto a deeply
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cooled target. The first modification was prepared on a copper plate cooled
below 10 K and the sample was being kept at this temperature during the
X -ray and neutron diffraction study. A second modification was obtained by
a similar procedure, but at 77 K. A third sample has lastly been studied which
had been prepared from the 10 K version by warming it afterwards to 77 K
and submitted to diffraction experiments at this temperature. Below we shall
refer to the three samples with the notations 10 K/10 K, 77 K/77 K, and
10 K/77 K, respectively.

The X-ray scattering curves and the pair correlation functions derived
from them are similar to those of liquids and unambiguously exclude the pres-
ence of a crystalline phase. They show that the structure of both samples
prepared at 10 K strikingly resembles that of liquid water. An outstanding
feature in their pair correlation curves is a peak atr = 3.3 A between the two
maxima belonging to the first (2.76 A) and second (4.5 A) tetrahedral neighbour
distances; the second tetrahedral peak exhibits a subsidiary maximum (a
“shoulder”) at about 3.9 A, thus it seems to be composed of two overlapping
maxima. At the same time, the density of these samples — as reported in the
paper referred to —is 1.1 gem-3, i.e., by 18 % higher than that of crystalline
ordinary ice (7/) and cubic ice (lc) at the same temperature and pressure
(0.93 gem-3). All these features are similar to those observed on liquid water
[1]; the most important difference between the numerical data is the first
neighbour distance which is about 2.83 A in liquid water in the vicinity of the
melting point, whereas it has the “ice value”, 2.76 A in the amorphous ices.
All other abscissa values of the peaks in the pair correlation curves are also
smaller than the corresponding ones of water. The maxima are sharper owing
to the restricted thermal motion of the molecules.

The pair correlation curve of the amorphous ice sample 77 K/77 K differs
from the other two mainly in that the peak at 3.3 A is almost absent, the
maximum around 4.5 A exhibits no discernible “shoulder” and at the same
time, the density approaches the crystalline value (d = 0.94 gem-3). The first
peak is even sharper than in the former cases, but the character of the intensity
and pair correlation functions is still liquid-like.

It seemed to us an obvious opportunity to attempt the adaptation of
the tetragonal cluster model to the above amorphous ice forms making use of
the tabulated intensity and pair correlation functions given by Narten,
Venkatesh and Rice [4]. The trial seemed the more justifiable as our model
differs radically from the interstitial water model of Narten, Danford and
Levy (see e.g. [5]) as well as from its version proposed for amorphous ice by
the above authors in ref. [4]. In these models, the ice Ihlattice is claimed to
be valid for both water and amorphous ice; the network is treated as being
practically infinite. The increase of density and the “interstitial” peaks are
explained by the assumption of the existence of free, gas-like water molecules
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occupying a certain fraction of the cavities of the ice lattice without forming
hydrogen bonds with the network molecules.*

The tetragonal cluster model is based on opposite assumptions. As point-
ed out in ref. [2], the topology of the ice If, lattice is inconsistent with a large

fluctuation of the bond angles O —HOH —O, or with an even slight deviation
of their mean value from the tetrahedral 109.47°. Contrary to this, the ice Ic
lattice can go over into tetragonal by a simple deformation by which the mean
bond angle value may become ~109.47°, simultaneously preserving the mirror
symmetries of the water molecule. We emphasize this feature of the model
by reminding of well-known facts about the formation and transformations
of amorphous, cubic, and hexagonal ices as follows. (See, e.g. [13], [17].)

The conditions of formation of the amorphous ices have been described
above. Crystalline cubic ice Ic can he produced either from amorphous ice
by warming it above 110 K, or directly by a similar procedure as discussed
above but raising the temperature of the target over 110 K. Under similar
conditions, ordinary ice Ihis formed only above 150 K, or alternatively, by a
spontaneous and irreversible transformation of ice Ic at about 150 K. These
experiments have been reproduced and described by the above authors [4].
The experimental facts are hardly reconcilable with the presumption of the
hexagonal lattice structure in the amorphous states.

A second statement of the interstitial model which seems to us physically
unlikely is that of the coexistence of two sharply different states of the water
molecules in the same phase: fully hydrogen-bonded network molecules on
one part and completely free interstitial ones on the other. The tetragonal
cluster model, in turn, assumes finite clusters with a hydrogen-bonded tetra-
gonal lattice structure and the aggregation of the clusters with the formation
of more closely packed layers in the adjacent boundaries. In the interior of
the clusters, the molecules are 4-bonded, in the boundary layers mostly 3- and
2-bonded and the number of I- and 0-bonded molecules is regarded negligibly
small. (The word “bonded’l stands here for “hydrogen-bonded”, not implying
van der Waals interactions.)

1.2. Fitting of the pair correlation functions

The adaptation of the tetragonal cluster model to the amorphous ices
— similarly to the procedure applied to liquid water [2] — took place in
several steps.

*In the paper referred to an alternative model is also proposed, namely a network
similar to that of ice Il or ice Ill, or a mixture of the two. Since both are high-pressure ice
forms, we cannot regard them as the basis of a physically more plausible hypothesis than
that mentioned first.
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(i) Distinction between intra-lattice and interstitial distances

The separation of the observed pair distances into the groups of lattice-
point distances and interstitial ones, was facilitated by the available three
independent data sets. As already mentioned, in the pair correlation curves
of both 10 K samples (density 1.1 gem-3), a very sharp peak is found at 3.3 A,
and there is an unresolved peak (a “shoulder”) around 3.9 A. These features
are almost absent from the curve of the 77 K sample (density 0.94 gem-3).
The main peak of the latter at 2.76 A is even sharper than in the two former
instances indicating that the 77 K sample stands nearer to a crystalline form
(presumably to ice Ic) than do the two former ones. The above observations
led us to establish empirically two important interstitial distance values at
3.3 and 3.93 A. Taking into account the results of cluster simulation (see below),
some farther interstitial distances were introduced also at r-values between 5
and 6 A and above 6 A. It is a remarkable feature of the model that within
the range 4 < r < 5}, no interstitial distances were found neither by the
semi-empirical approximation, nor by computer simulation of the cluster
aggregates.

(ii) Determination of the lattice parameters

As shown earlier [2], the tetragonal lattice is characterized by the first
neighbour distance, R, and the bond angle, 2a, subtended by the H-bond lines
connecting 3 neighbouring oxygen atoms. In accordance with Narten et al. [4],
R =276k,

Establishing the optimal value for the bond angle, 2a, proved to be a
more difficult task, because of the overlap of some network and interstitial
distances. After several trials, it has been found that it is the tetrahedral angle,
2a = 109.47°, which results not only in a sufficiently good fit of the functions
g(r), but also the sets of radial distances and coordination numbers it yields
can be best interpreted by the model. Recalling the angle 2a = 97° found for
water (departure from the tetrahedral angle: —12.5°), we may now state that
the amorphous ices cannot be treated as simply the frozen models of liquid

2.76
water reduced by a factor of —-—= 0.975. Although the main difference
2.83

between them is determined by the first neighbour distance, this difference
involves further physical and geometrical consequences. A difference in the
R value affects the absolute and relative strengths of the H-bond between
first neighbours, and of van der W aals forces between the others, which causes
alterations in the geometry. It seems, as if the ice-like value of R (= 2.76 A)
involved the same also for the bond angle 2a (— 109.47°). On substituting
these parameters, the tetragonal lattice becomes identical with the ice Ic
lattice, hence the symmetry of the clusters gets cubic.
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(iii) Fitting the pair correlation functions

Having defined the internal structure of the clusters by fixing R and a,
and having established empirically the most characteristic interstitial dis-
tances (i.e., the most frequent intermolecular separations between two neigh-
bouring clusters), the range of fitting was chosen. As the lower limit, we took
rmin = 2 A, since in the g0)r) Tables of ref. [4], the first non-zero values are
found at rmin = 2.09 A. Although the Tables extend to rmax = 15.09 A, we
have terminated the range of fitting at about 8 A. A farther expansion would
have greatly increased the computer time without adding important pieces
of information on the structure. Having voluntarily neglected the structure
above r ~ 8 A, (i.e., terminated the series of discrete intermolecular distances
below this limit and taken g(r) = 1 above it,) a rectangular jump of g(r) from
0 to 1 has been eliminated by the introduction of an artificial transition term,
gdor) (where subscript “c” stands for “continuous™), in the following way.

g(n) = 2_1 od{n, 1) + odrG 1)

(r,- rf 1—exp (r+ N2y,

2if 1 )]

w hith
gd(ri, r) = Ci X [(3243)12Ifrp]-1 X exp

and

) (rc-r)2 <
, ) = ex » i rc,
gc(rc p 212

gefre, r) = 1, if r S: rc

where gjjh r) denotes the terms each of which represents the contribution of
a distinct distance r,; the parameters rcand 2 denote the inner radius of the
“structurless sphere” (or the “correlation radius”), and the m.s. fluctuation
of this length, respectively. The latters were refined by the least squares fitting
procedure.

The number of distances defined by the lattice geometry was 6, that of
empirically chosen “interstitial” ones 7. The 13 distance values fixed, the
varied parameters for the fitting procedure were the coordination numbers, C,,
the m.s. amplitudes 2 (i — 1, ..., 13), rcand 2 altogether 28 variables.

1.3. Estimated mean cluster volume
and computer simulated cluster aggregates

(i) In modelling liquid water [2], the estimation of mean cluster volumes
was based on the volume effect, i.e., on the difference between the molecular
volume in an ideal infinite tetragonal network (defined by R and o) and in
real water, the temperature dependence of both volumes taken into account.
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Considering the densities of the amorphous samples, we see that both
of the 10 K samples exhibit a volume decrease of 15 % as compared with the
ices If,, or Ic. Since this effect is approximately equal to that found for liquid
water, we have assumed that the mean cluster volume is also similar to that
of a “water cluster” [2]. A volume containing 388 molecules (Nc = 388)
proved to be suitable as the basis of the simulated model of cluster aggregates.
The shape of the cluster is approximately a quadratic prism of dimensions
18X18X25 A3

Narten et al. have also made an estimation of the correlation length
and for the corresponding edge length of a cube taken as structural unit. For
the latter they found 24 A [4].

(i) The final result of cluster simulation is a distance statistics, i.e.,
a list of the occurring pair distances, their occurrency numbers, and the average

Table 1

Parameters of fitted pair correlation functions, g(r), of amorphous ice samples
on the basis of the cubic cluster model

Notation of amorph Q8 ice samples
10K/10K 10K/77K TTKITTK

R =276 Aa = 54.735°

i Tik Ci UA Ci I<A Ci I(A Ci®
1 276 4.25* 0.15* 4.32**  0.155* 3.88* 0.11* 4
2 4507 9.12 0.30 10.89 0.28 11.25 0.34 12
3 5285 7.47 0.37 6.15 0.28 6.66 0.80 12
4 6.374 4.42 0.38 4.68 0.46 3.13 0.30 6
5 6.946 7.91 0.38 8.02 0.38 7.91 0.33 12
6 7.80 15.53 0.65 15.46 0.62 14.76 0.42 24
7 280 added to Cx - added to Cj r7= 2.70 A added to Ct -

8 530 i.0d LA 1.56 0.io 0.18 0.10
9 393 4.37 0.30 2.95 0.18 1.02 0.20

10 5.64 2.85 1.00 2.30 0.90 2.00 0.35

11 614 7.05 0.32 7.34 0.35 6.13 0.75

12 6.70 1.95 0.24 2.02 0.24 2.40 0.24

13 750 15.07 0.90 15.14 1.20 14.31 1.40
Z( 81.55 80.83 76.53

TiA 9.45 9.39 8.96
h A 1.20 1.20 0.73
0.031 0.026 0.036

* Contracted with the parameters of the interstitial 2.80 A
** Contracted with the parameters of the interstitial 2.70 A.
Distances No 1, ..., 6 are lattice point separations, 7, ..., 13 are interstitial.
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coordination numbers (= 2X occurence number/number of molecules). The list
of distances and average coordination numbers is directly comparable with the
corresponding parameters of the semi-empirical fit.

The simulated model and particularly the comparison of the distance
statistics of a cluster aggregate with that of the individual cluster, illuminates
the different roles played by the lattice-point distances and the interstitial
ones. Those belonging to the first group are present in the single cluster as
well as in the aggregate. Some items of them, however, are figuring with greater
coordination numbers in the aggregate owing to a coincidence with an inter-
stitial distance value.

The interstitial distances — those coinciding with neither of the lattice-
point distances — are present only in the aggregates. With regard to the great
number of such items as yielded by the simulation of the aggregates, we have
contracted them into smaller sub-groups in order to get synoptical tables and
to make an easier comparison with the semi-empirical fit. In Table Il, the sub-
groups are characterised with the range of distances they cover, and the sum

Table 11

Distance statistics of a simulated cubic cluster and its aggregate
Cluster parameters: R = 2.76 A, a = 54.735°, Nc= 388

i < . o o Ao in the semiempirical model
HA qco in the individual cluster in the angregate fitted to ( r) of the
10K/10K sample

1 2.76 4 3.40 0.850 3.40 4.25%
2 4507 12 8.94 0.745 8.94 9.12
3 5.285 12 8.35 0.696 8.75 7.47
4 6.374 6 4.05 0.675 4.05 4.42
5 6.946 12 7.26 0.605 7.67 7.91
6 7.80 24 13.57 0.565 15.83 15.43

7 2.8-3.0 0.62 _r
8 32—35 2.17 1.56
3.7-4.3 2.57 4.37

10 5.3-5.5 0.67 -

1 5.5-5.8 3.73 2.85
12 5.9-6.3 6.97 7.05
13 6.4-6.8 1.15 1.95
14 7.2-7.7 14.99 15.07
zct 81.51 81.55

* Contracted with the coordination number C7 pertaining to the interstitial 2.80 A.
** Involved in Cv
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of the coordination numbers belonging to them. (The weighted average distance
values within each sub-group agree fairly well with the interstitial distances
established empirically for the least squares fit.)

1.4 Results

Table I. contains the parameter values that yield the best fits of the
model pair correlations to the experimental g00(r) functions of the three differ-
ent amorphous ice samples. The goodness of the fits is characterized by the
standard deviation, a, according to

jI2
[8e(rj) - gJjiw
7=1
v,

where ge(rj) denotes the experimental, and gm(rj) the model pair correlation
function values at the points rj where subtraction has been performed; Np is
the number of such points. Npwas 73, the r/s ranging from 2.0 to 9 A. We can
add the following comments to the data figuring in Table I. Distances No. 1
to 6 represent the lattice points within the cluster, their values defined by the
parameters R and a. The only exception is the first one which comprises also
an overlapping inter-cluster distance. The best fit has been obtained when the
latter was taken 2.80 A in the case of the samples 10 K/10 K, and 77 K/77 K,
while 2.70 has been found as optimal for the 10 K/77 K specimen.

Items No. 7 to 13 are purely interstitial distances found semi-empirically.
We emphasize the significance of the average coordination numbers. In the
last column, the ideal numbers corresponding to an infinite lattice are given.
The actual figures are less than the ideal ones by a decreasing ratio, due to
the existence of finite clusters. The two exceptions are the first coordination
numbers referring to both denser phases, i.e. samples 10 K/10 K, and 10 K/77 K.
The excess is evidently due to the contribution of the overlapping interstitial
distances as mentioned before, thus yielding Cx>4. For the 77 K/77 K
sample, Cr = 3.88 (where the contribution by the interstitial is ~0.2), in
accordance with our assumption that this version of amorphous ice consists
of large clusters aggregated in such a way that the majority of the “cavities”
is no more filled in.

In the present status of elaboration of the model we cannot attribute
a great importance to the exact values, and the sequence of the amplitudes or
fluctuations for several reasons.

(i) The lattice point distances and the interstitial ones must form two
independent series of the amplitudes.
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(i) Within each group, the figures are by and large increasing together
with the radial distance. The exceptions may be due to the overlap of the two
types of distances, or/and, naturally, to imperfections of the fitting procedure.
Prom general considerations one would expect even a linear increase of the
squared amplitudes ([4], [6]) within the clusters, but this is not the fact. This
simple rule holds for a system of particles vibrating independently and iso-
tropically. In the present model, the clusters mean finite molecular ensembles
held together by strongly oriented intermolecular forces. For such a system,
independent and isotropical displacements of the molecules cannot be pre-
sumed.

By simulating clusters and cluster aggregates, we have succeeded to
reproduce both types of intermolecular distances and the average coordination
numbers from an a priori model.

The distance statistics of the model is shown in Table Il. In this Table,
four series of coordination numbers are compared with each other. The figures
of the infinite lattice (3rd column) are comparable with those of the single
cluster (4th column), their decreasing ratios given in column 5, showing the
effect of finite dimensions. The figures of the 6th column representing the final
result, are yielded by the aggregation of clusters. The comparison with column 4
demonstrates the effect of aggregation. Finally, the adequacy of the model can
be seen by comparing column 6 to 7 where the corresponding data of the semi-
empirical fit for sample 10 K/10 K are repeated from Table I.

In Figs 1 and 2, the fits of the pair correlation functions, g0Xr), and
of the reduced, modified intensities i(s) mM(s) (or, with and other notation,
the structure functions h00X(s) in ref. [4]) are presented in graphical form.

Let us remark that the i(s) * M(s) [= /i00(s)] functions have been com-
puted from gO00(r) by Fourier transformations and not inversely which is the
natural routine way in experimental diffraction studies.* For the sake of com-
parison, the same procedure was applied to the g0)r) functions of Narten
et al., but the original h0)s) functions of the same authors are also drawn
in Fig. 2. The small deviations between the latter two must he due to termina-
tion effect of the inverse Fourier transformation.

It should be mentioned finally that a certain kind of a “sum-rule” and
an “integral test” can also be applied in order to check the adequacy of the
model.

(i) The accordance between the semi-empirical and the simulated model
can be shown by summing up the coordination numbers in both models within

*The Fourier transformation has been performed without the explicit use of atomic
{/o(s), / H(s)], or molecular IF}w)(s)] amplitudes. This simplification had been based on the
assumption that there exists a molecular scattered intensity function, F ng(s) that accurately
represents the scattering by one independent molecule, in the given phase. In this case, the
factor is cancelled out of the transformation formula by the intervention of M(s) = [FiLo(s)l '
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Fig. 1. Oxygen-oxygen pair correlation functions goc(r), of amorphous ice samples ---------- cal-

culated from the cubic cluster model; 0o 0o calculated from experimental X-ray diffraction
data according to Narten et al. (1976) [4]

the same range rymjn— rj — rymex. This test can he made with the data pertain-
ing to the 10 K/10 K, and 10 K/77 K samples, because the present model is

primarily intended to explain the origin of densities higher than that of the
fj max
crystalline phase. Thus, by calculating the sum ~ Cj(rj), we obtain
[ min
81.55 from the semi-empirical fit of the 10 K/10 K,

80.83 from that of the 10 K/77 K samples, and ,

81.51 from the simulated model. The deviation between the “semi-
empirical” and the “simulated” figures amounts to 0.05—0.8 %.

(i) By integrating the radial density function [D(r) = 4np0r2e«g(r)]
over a sphere of radius Rm(Rm>. rc), we can check, how accurately the model
g(r) conforms with the experimental mean density, g0, of the samples. With
a good approximation

Acta Chim. Acad. Scit Hung. 96, 1978



HAJDU: THE STRUCTURAL MODEL OF WATER, Il 365

Fig. 2. Reduced modified intensity functions, i(S).M(s), of amorphous ice samples (other

notation: structure functions, h0)s)). --------- calculated from the model g0Xr) function (by

Fourier transformation); xxxx xx calculated from the experimental godr) function (by

Fourier transformation); o 0o o obtained directly from X-ray diffraction data by Narten et al.
(1976) [4]

4 nBO jer-g(r)d r'rNR-1,

(0]

4nQ@J r2dr=~" *RBiI= Nr.
0

where NR denotes the number of molecules actually present in the given
sphere. In this way, we have compared the experimental and the model g(r)’s
with each other and with the expected value. Denoting the integrals of the
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experimental functions by Nr — 1, and those of the model functions (semi-
empirical fit) by Nr — 1, we have got the following values.

Calculated values Samples

forRm= 10A

10K/10K 10K/77K TTKITTK
156.58 156.58 133.54

nr
% 156.96 156.62 132.97
Nm 159.64 160.54 137.84
inﬁ‘-IV[})( + 3.06 + 3.96 + 4.30

The deviations between the corresponding Nr and N r values are negli-
gibly small, the N r figures, however, are by 2—3 % too high. We ascribe this
error to the contribution of the range 7 < r < 10 A where the accurate fit
had been terminated and the arbitrary term gc{r, rc) produces an increasing
contribution. The model g(r) function exhibits here a small excess which appears
magnified in the above integral because of the multiplying factor 4rQir2

2. Relations between the structures of water,
ice If,, 1c and the amorphous ices

In our previous paper [2], it has been pointed out that the assumed tetra-
gonal symmetry of water lattice stands nearer to the mm2 (C2) symmetry of
the free H2 molecule than those of ice If, and lIc. The origin of the higher
degree of symmetry of the latters cannot be understood by studying merely
the H—0 —H ...OH2 dimer, but the interactions between second and third
neighbours must also be considered. In order to estimate second neighbour
interactions, at least a pentamer (one central molecule with its four neighbours)
must be taken into account, and to see third neighbours’ effects, a considerably
larger structural unit is needed. To do this quantitatively is beyond the limits
of our possibilities, but we attempt to suggest a qualitative picture ofthe corre-
lations between the dynamics and the geometry of some systems of water
molecules.

2.1. Water and ordinary ice If,

For symmetry reasons, it seems a plausible assumption to us that the
H —O —H planes of the first neighbours should be mutually perpendicular.

This assumption does not involve, however, that the O...H—O—H ...0
angle necessarily would have the tetrahedral value, 109.47°. It actually has
this value in ice lattices If, and Icwhereas two, exactly linear hydrogen bonds
would subtend a smaller angle, 104°. The higher value in the ices can be achieved
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by slightly bending the hydrogen bonds which means a deviation from the
geometry of a hypothetical free “trimer”. The bond bending must be assigned
to the influence of second (evtl. third, etc.) neighbours. To see the origin of
this effect, we have to take into account that the first neighbour distance is
significantly shorter (2.75—2.76 A) in the ices than in water (2.82—2.84 A
closely above 0 °C).

Consequently, the second neighbours are also closer to each other and
the intermolecular forces are stronger in the ice lattices. This is the reason
why we dare to state that the symmetrical configuration of the four neighbours
round the center in ice is mainly due to the influence exerted by second neigh-
bours’ forces on the hydrogen bonds. The more so, since — as pointed out by
Momany et al. [7] — attractive forces between the non-nearest neighbours in
hydrogen-bonded crystals constititute a general compressive force which reduce
even the equilibrium intermolecular first distance compared with that in a free
dimer. In connection with water and ice the latter is claimed to be 2.86 A,
the former 2.75 A, the difference of 0.10 A being due to the attractive potential
of the non-nearest environment, according to Shipman and Scheraga [8].
In this light, shortness of the first distance in ice is not the cause, but rather
the consequence of stronger attraction between second (and farther) neigh-
bours. The two phenomena mutually enhancing each other, the equilibrium in
crystalline ice is restored partly by the short-range repulsive forces, partly by
the symmetrization of second neighbours involving the emergence of counter-
forces against hydrogen bond bending.

The regular tetrahedral pentamers can be arranged in two alternative
ways according to either of the hexagonal, or the cubic ice pattern. The first
and second coordination spheres in these lattices are identical; outside these,
apart of the coordination radii and all of the coordination numbers are differ-
ent. One of the third neighbours in ice 7ft is a very near one, its radial distance
is hardly longer than that of the second neighbours (= 4.56 A), its coordination
number is 1. This is the distance between the cis-positioned molecules in the
six-membered puckered rings of “boat” conformation and since in ice Ic,
all rings are of the “chair” type, this distance is not present in Ic. This explains
that — in accordance with the above findings of Momany et al. — the 0—9
bonds parallel to this distance (and to the z-axis) are by 0.01 A shorter than the
others in ice I/. (The c/a ratio in I/, is 1.629 instead of the “ideal” value 1.633
as found by Londsdale [9], La Placa and Post [10], Brit1 and Tippe [11].)
Consequently, the energy difference in favour of 7/, against lIccan be assigned
to the contribution of a surplus pair interaction at the distance 4.56 A and
the shortening of all distances parallel to the z-axis causing also a slight
volume effect. Later on, we shall try to give an explanation for the formation
and maintenance of ice Ic under the special conditions known from the ice
literature [13, 17].
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As seen above, the tetrahedral symmetry in ice is due to the combined
interaction of first, second, and farther neighbours. Even a small deviation of

the O—O—O angles from the tetrahedral value — with preservation of the
mm2 symmetry — destroys the trigonal rotational symmetry and at the same
time, the possibility of the hexagonal lattice. We may conclude from this that
both ice lattices represent somewhat strained and compressed structures, all
H-bond being slightly bent and shortened; they may be straightened or even
bent in the opposite direction when ice is fused, because of the general increase
of pair distances and the weakening of the secondary intermolecular forces.
The kinetic energy of the molecules is naturally greater in liquid water, than
in ice, but in the liquid phase, the mean hydrogen bond length, and the mean

OHOHO0 angle may stand nearer to their potential minimum values as valid
for a hypothetical free trimer than they are in the solid state. Just the opposite
assumption was made by Popte [12] in his “distorted bond” water model —
true, he regarded the water molecule as a regular tetrahedral quadrupole.
Pople’s model agrees, nevertheless, with the present one in that it claims the
bond angles in water to be, on the average, non-tetrahedral.

In terms of the present model, we can outline the following picture of
the melting process. When starting from a lower temperature, the three compo-
nents of the thermal expansion coefficient of ice Ih grow monotonously and
isotropically with the rise of temperature; the growth of the expansion is
naturally due to the increasing anharmonicity ofthermal vibrations. The second-
ary, van der Waals forces between non-nearest neighbours decrease with
increasing distances more rapidly than the strengths of the hydrogen bonds
(for which the actual 0—8 distance in ice is even below the pair potential
minimum value). According to the above assumptions, by the weakening of
attraction between non-nearest neighbours, the main reason for the regular
tetrahedral symmetry of the hydrogen bonds is cancelled, and the nearest
neighbour distance is also allowed to expand to its equilibrium length. Hence
the ice 1), lattice must collapse because of its incompatibility with the mm?2
symmetry. Before this catastrophe, in the range —10 < t <0 °C, the thermal
expansion of the lattice is no more isotropical, since its z-component preceeds
the perpendicular ones, as seen in the Table of expansion coefficients given
by La Praca and Post [10]. This slight anisotropy of the expansion thus
“predicts” the breakage of the lattice at 0 °C. The hydrogen bonds are, however,
strong enough to be rearranged to a pattern which is consistent with the non-
tetrahedral bond angles. The formation of a complete new lattice is hindered
by the strong thermal motion, and the crystalline-like network of the bonds
extends over small domains only.

On further heating, the sudden changes at the melting point are followed
by two competing slow processes: the increase of the average 0-0 distance,
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and the breakage of an increasing portion of the H-bonds which involves the
diminution of the average cluster volume. The volume effect of the two pro-
cesses has the opposite sign, resulting in the well known volume vs. tempera-
ture function of water with its minimum at 4 °C. (Naturally, a similar assump-
tion is the common feature of all reasonable water models.) The range of the
two processes certainly extends even below the ordinary melting point as
shown by the volume-temperature function of supercooled water which is the
smooth and monotonous continuation of that of ordinary water between 0°
and +4 °C. On the other hand, the effect of both processes as far as the boiling
point can be proved by the fact that the cubic expansion of water between 4°
and 100 °C is significantly less than the treble of the observed linear expansion
of the first neighbour distance. The actual volume increase from 4° to 100 °C
amounts to 60 % of that calculated from the linear expansion of the lattice.

No variation of the mean bond angle in the range 4 :St S, 50 °C could
he observed (2a = 97°) [2]. It must be assumed therefore that the bond angle
is not (or only very slightly) affected by temperature changes at ordinary
pressure; we suspect however, that it may play a main role in the anomalous
behaviour of water under high pressures. Bond angle change under pressure
is a third parameter which causes volume change and it may contribute to the
understanding of the observed anomalous phenomena.

The temperature dependencies of the density and the specific heat of
supercooled water, are straightforward extensions of the corresponding functions
of water above 0 °C [13]. Naturally, the abrupt change of these quantities on
freezing supercooled water is also analogous with that at the normal freezing
point. Hence, supercooled water cannot be considered as preformed ice. The
present model can be extrapolated below 0 °C. We suppose that supercooled
water also consists of tetragonal clusters the average volume of which grows
with sinking temperature: this would explain the increase of the specific
volume on cooling. Freezing — i.e. transition into the stable ice Ih phase —
requires an amount of activation energy for temporarily breaking a part of
the hydrogen bonds, thus making transformation possible. Once started, the
crystallization process becomes self maintaining by the free enthalpy change
of the new hydrogen bonds.

2.2. Amorphous ices and crystalline ice polymorphs Ic and I®

On the basis of the present model, we are able to give a qualitative
explanation for the temperature sequence of the existence and the transfor-
mations of amorphous ices and crystalline ices Ic, h-

(i) The formation of amorphous ice: At the beginning of the slow deposi-
tion process, the molecules reaching the cooled target are captured there by
adhesion in randomly dispersed and oriented positions, acting as the nuclei
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for numerous uncorrelated crystallites. The molecules impacting later, join
them by hydrogen bonds. In the absence of a molecular environment, the
O—©O distances correspond to the pair-potential minimum, and the bond angles
are not necessarily tetrahedral. Thus the crystalline fragments should exhibit
the tetragonal lattice structure. Due to the very open structure of this lattice,
the cavities of the network are also offered for further impacting molecules
forming the nuclei of independent lattice fragments. At very low temperatures
(10 K), the interstitial fragments do not migrate away from these —energetic-
ally non-optimal —positions onto sites ofthe neighbouring crystallite. Simulta-
neously with the formation of a macroscopic layer of ice, there arises the
compressive forcefield of non-nearest neighbours mentioned above. This field
contracts the OHO distances to the ice-like value, 2.76 A, and the bond
angles approach the tetrahedral value. The two factors together, namely the
interpenetration of the lattice fragments and the short 0—0 distances, must
yield a density greater than that of ordinary ice and of water.

This structure will not be essentially altered on warming the sample to
77 afterwards, although the distribution of distances is slightly modified,
probably because of the displacement of the clusters (compare the two data
sets in Table I).

The formation of the second amorphous modification above 77 K and
of cubic ice above 110 K, as well as the transformations of these forms from
one into the other, can be explained by the increasing kinetic energy of the
molecules. Owing to their largertranslation and libration amplitudes, the molec-
ules are able to jump from the interstitial positions into the energetically
more favourable lattice sites. Thus, the clusters are growing. In the 77 K/77 K
amorphous modification, the number of short interstitial distances is small but
the crystalline fragments are of submicroscopic dimensions and are randomly
oriented. Their surface molecules are hardly closer packed than in the interior
of the clusters and as a consequence, the first coordination number gets below 4.
Above HO K the fragments unite in real crystallites, or such are directly
produced by condensation from vapour. The transformation amorphous -m
cubic needs an initial energy input only for surmounting van der W aals forces
acting between the cluster surfaces, the total issue of the process is an energy
gain by virtue of the formation of new hydrogen bonds. The enthalpy change
amounts to 0.2—0.3 kcal mol-1 according to Ghormiey [14] and to Dowell
and Rinfert [15].

The transformation of cubic ice into hexagonal (Ic -* J/,) takes place in
the range 160 —200 K. This process needs a higher activation energy than the
former because it demands the breakage of 1/4 part of the existing hydrogen
bonds which are reestablished after rearrangement in the hexagonal pattern.
The energy gain of this transformation is very small, due only to the decrease
of pair potentials between some non-nearest neighbours (as explained above).
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The amount was estimated by Beaumont et al. [16] as 1.5 cal g-1 (0.024
kcal mol-1), less by an order of magnitude than the enthalpy change of the
transition amorphous “mcubic.*

It follows from the above considerations that all transformations dis-
cussed here must be irreversible: the forms created and existing as metastable
phases at lower temperatures represent “frozen in” states as compared with
those which are more stable at higher temperatures. The low temperature
forms necessarily go over into the more favourable ones on heating, but the
reverse processes i.e. jhe transitions 1/, “mlc -* amorphous have no physical
motivation.

The author thanks Professor G. Schay for helpful comments on the original manuscript.
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