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SOME CHEMICAL REACTIONS OF THE ELECTRODE
GAP AND THEIR ROLE IN SPECTROCHEMICAL
ANALYSIS, XXY

THE BEHAVIOUR OF METAL OXIDES IN THE ARC [IN STEADY Ar
ATMOSPHERE. THE ROLE OF THE REACTIVITY OF METAL OXIDES
AND THE BURNING TIME OF ARC WITH RW I
AUXILIARY ELECTRODES
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* Hungarian Optical Works, Budapest)
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The role of the reactivities of metal oxides was investigated on the carbon powder
mixtures of 20 metal oxides. If the heat of oxidation related to one atom of bound oxy-
gen is lower than —50 kcal, the reaction abruptly increases. This limit is in good coin-
cidence with the heat of formation of C02, —48 kcal/mol. At a given electric current,
the extent of reaction also depends on the amount of pure metal formed, since it trans-
fers the heat necessary for the reaction into the bulk of sample. Particularly good chances
of comparison were provided by the different oxides of the same metal with different
oxidation numbers.

According to the data obtained as a function of burning time, the reaction takes
place in the first few seconds when the electrode is heated to a sufficient extent. Thus
the positive effect of heat of reaction on evaporation may also occur in the first period.
The relative extent of heating and cooling processes is a decisive factor in controlling
the temperature conditions necessary for the reaction.

Our previous paper [1] was concerned with carbon powder mixtures of
five metal oxides. The results have shown that the reactivities of metal oxides
must have a role, but the results were not sufficiently unambiguous. In order
to study this problem in greater details, measurements were performed on 20
different metal oxides. The role of the burning time of the arc was also investi-
gated on two selected metal oxides, the relatively unstable CuO and the very
stable A120 3. In both series of experiments RW Il auxiliary electrodes (pro-
duced by Ringsdorff Werke GmbH) were applied, and the experiments were
carried out in closed cell, under steady Ar atmosphere. The experimental
method is described in detail in Part X X 111 of our series [2].

The role of the reactivities of metal oxides

The metal oxides used in the investigations were as follows (in the sequence
of increasing reactivity): MgO, Al1D 3 Cr203, ZnO, Sn02 SnO, Fe2 3, CdO,
Co0, Sb20 3 C0003, PbO, Bi20 3 Pb3 4 Cu20, CuO, Pb02 HgO (red and yellow

1 Acta Chim. Acad. Sei. Huug, 97, 1978



2 SZABO, DOBOLYI-FEJERDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXV

modifications), and Ag20. The list includes metal oxides of different constitu-
tion, such as Ag20, CuO, A120 3 Pb02 etc. In order to make their behaviour
comparable, mixtures of identical oxygen content were prepared with carbon
powder SU—601 (produced in Czechoslovakia). The formula weight of metal
oxides was divided by the number of bound oxygen atoms, and on the basis
of this “equivalent weight*, used as molecular weight, mixtures with a mole
fraction of 0.03 of metal oxide were prepared. Carbon powder was used in
large excess, in order to have practically only CO as reaction product. The
basis of comparison was the heat of oxide formation; the stabilities and reac-
tivities of metal oxides were characterized by this quantity. The heats of oxide

050

-150

A0 ZnO SnO CoO PhO Cu20 Ph02
\ N n,/ n

Fig. 1. CO production as a function of the reactivity of metal oxides. Anodic excitation

formation were also normalized to one oxygen, i.e. they were divided by the
number of oxygen atoms in the formula. The above sequence of reactivities
was obtained by this method. In the figures and tables of this paper ZIH denotes
these normalized heats of oxide formation in kcal/mol.

Figure 1shows the amounts of CO in cm3, obtained with metal oxide—ar-
bon powder mixtures filled into the boring of RW Il carrier electrode. In these
experiments the carrier electrode was anode, current was 7 A, burning time
10 s. FigureJ 2 shows the results of similar measurements with the carrier elect-
trode as cathode. Although the amounts of CO can be seen to scatterwidely, a cer-
tain tendency can be recognized. The broken lines show the approximate limits
of scattering, whereas the middle solid line shows the average tendency. The
large scatter of the data must be the result of several effects. The specific
weights of metal oxides appear to be important, since the data of MgO, CdO,
ZnO and Bi20 3, which have low specific weight and thus give loose mixtures,
are all higher than expected. The weight of sample filled into the boring of the
electrode was also different. This effect could not be eliminated by plotting the
data as the fraction of reacted material related to sample weight. Although
the metal oxides were pulverized to about the same extent before preparing

Ada Chim. Acad. Sei. Hnug. 97, 1978



SZABO, DOBOLYI-FEJERDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXV 3

the mixtures, their adherence to carbon powder and in the boring was varying.
This was evident from the fact that when tapping the electrode after filling,
the upper, loose layer could be removed in the form of powder in certain
instances, and fell out as a small tablet in other cases. The volatilities of the
metals forming the various metal oxides are greatly different, too. Both prop-
erties may affect the blow-out of the specimen from the boring of the auxiliary
electrode.

Material fallen to the bottom of the cell is unable to take part in the
reaction. On the other hand, material driven into the plasma, due for instance

Al O, ZnO SnO CoO PbO Cu,0 PbO,

Fe203 50205 Bij03 CuO Ag20

Fig. 2. CO production as a function of the reactivity of metal oxides. Cathodic excitation

to its smaller specific weight, undergoes plasma reactions instead of electrode
reactions, thereby increasing the measured amount of CO. Sample spilled into
the plasma also decomposes and evaporates, and then, diffusing into the colder
zones of the plasma, it may react with carbon vapours arising from carbon
powder and the carrier electrode [3]. Metal oxides are not fully recombined,
and a fraction of the oxygen atoms formed by dissociation reacts with carbon
to yield CO in the colder zones of the plasma. Of course, material may also
arrive into the plasma by direct evaporation and dissociation, in addition
to spilling, for this is the basis of the arc excitation of materials in spectral
analysis. This is, however, of importance in the case of volatile substances only.

The amount of material missing from the boring of the electrode after
arcing was measured in all experiments, and it was compared to the loss of
sample calculated from the volume of CO evolved. Indeed, the largest differ-
ences between these values were found in cases when CO production was
increased. However, relatively favourable results were obtained for CuO + C
mixture already mentioned [2] and, among others, for A120 3 + C mixture.

It is worth observing that even with stable oxides (Al120 3, Cr20 3) about
0.1 cm3 of CO could be measured. This proves again that in the burning spot

1* Acta Chim. Acad. Sei. Huug. 97, 1978



4 SZABO, DOBOLYI-FEJERDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXV

of the arc on the electrode of very high temperature, where the heat is trans-
ferred from the arc to the electrode, spontaneous decomposition and further,
plasma and vapour phase reactions must be taken into account. Consequently,
there is a separate reaction zone in the upper layer of the electrode where,
owing to the high temperature, the metal oxides decompose irrespectively of
their properties. Below this zone, there is a second, larger but colder reaction
zone also depending on the current of the arc, with downward decreasing tem -
perature. Less stable metal oxides decompose and react in this zone. They
can be found in the rising, right hand side of the curves.

The middle curves of the figures, representing the average, start to bend
upwards at a heat of ca. —50 kcal/mol. This may have two reasons. On one
hand, the heating (7 A) and cooling properties (heat conduction of RW Il
carbon, carbon powder, and thermal radiation) of the electrode may be such
that the temperature of the reaction zone promotes the thermal decomposition
of metal oxides with lower heats of formation, i.e. of the less stable ones. This
is, however, impossible since the temperature of the complete bulk of RW 1l
cathodes is much lower than that of anodes [4], and still the bending points
of the curves obtained with different electrode polarities are at the same loca-
tion. The other reason can be sought in the behaviour of the other reaction
partner, carbon. The oxidation of carbon into CO yields —25 kcal/mol, whereas
a direct oxidation into C02produces ca. —48 kcal/mol pro one oxygen atom.
This is in good agreement with the mentioned value of —50 kcal/mol where
the curves start to bend upwards. This fact recalls the problem of C02forma-
tion. Although in such excess of carbon powder practically no C02 could be
measured in the case of CoO [2], with more reactive metal oxides, among
others, the following parallel reactions should be taken into account:

MeO + C Me + CO

2MeO + C = 2Me + CO02

MeO 4- CO Me + C02 and

Cc02+ C 2CO

To investigate these reactions, mixtures with varying amounts of carbon
powder were measured under steady and flowing Ar atmosphere. These meas-
urements will be discussed in subsequent papers.

Five of the 20 types of metal oxides deserve further discussion. The role
of reactivity is well illustrated by the behaviour of the three oxides of lead:
PbO, Pb304 and PbO02 The results are shown in Table |I. Labels o and ¢ in
the heading of the table indicate the polarity of the carrier electrode during
arcing.

Acta Chim. Acad. Sei. Hung. 97, 1978
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Table |
Comparison of the three types of lead oxide

a —anodic, ¢ — cathodic excitation

Missing amount,
Metal AH coem3 svaer?gphlte, g
oxide keal/mol
a c 9 a c
PbO -52 0.28 0.18 0.0290 0.0023 0.0055
Pb304 —44 0.36 0.28 0.0286 0.0030 0.0054
Pb02 -33 0.44 0.51 0.0277 0.0020 0.0056
Table 11

Comparison of the two types of cobalt oxide

a — anodic, ¢ — cathodic excitation

CO cm3 Sample Missing amount,
Metal AH f
oxide keal/mol weight,
a c 9 “ c
CoO -57 0.21 0.13 0.0231 0.0019 0.0017
CoX 3 -52 0.35 0.26 0.0215 0.0011 0.0004

The heats of formation (zffl) of these oxides pro one bound oxygen atom
decrease in the above sequence, and so increase their reactivities. Since the
three oxides contain the same metal, there may be no substantial difference
between the evaporation rates and heat conductivities of the specimens. The
adherence of the powders must also be approximately the same since the
material missing from the boring of the electrode after arcing is practically
the same for the three lead oxides, save for the variation with the polarity
of the carrier electrode. In this case the volume of CO produced in the arc
strictly follow the reactivity series with both anodic and cathodic excitation.
This is even more characteristic if it is taken into account that the specific
weights of mixtures containing the same amounts of bound oxygen are slightly
different, and thus the sample weights decrease in the above sequence. Pre-
sumably, this fact somewhat decreases the possibility of reaction, and counter-
acts the role of reactivity. And still, the measured volume of CO clearly follow
the sequence of reactivities. However, it reflects the stronger evaporation of
lead, particularly from the cathode, that more material is lost from the boring
after arcing than in the case of anodic excitation.

A similar state of affairs can be observed in the other two interesting
cases, i.e. with CoO and Co20 3 (Table Il) and with SnO and Sn02(Table I11).
Like in the case of lead, the comparison of these data is more justified and
successful than that of the oxides of different metals.

Acta Chim. Acad. Sei. Hung. 97, 1978
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Table 111
Comparison of the two types of tin oxide

a — anodic, ¢ — cathodic excitation

COcm3 Sample Missing amount,
Metal AH i
oxide keal/mol weight, 9
c 9 a c
SnO, -71 0.10 0.12 0.0238 0.0006 0.0018
SnO -69 0.24 0.21 0.0232 0.0009 0.0020
Table 1V

Comparison of the two types of copper oxide

a — anodic, ¢ — cathodic excitation

CO cm3 Sample Missing amount,
Metal AH H
oxide keal/mol weight, g
a ¢ 9 a
Cu -41 0.53 0.34 0.0270 0.0050 0.0063
CuO -38 0.28 0.20 0.0251 0.0008 0.0021

The fourth and fifth cases already show contradictions.

The relative volumes of CO measured for CuO and Cu2 are opposite
to the expectations (Table 1V). The reasons can be found in the high reactiv-
ities of copper oxides and the good heat conductivity of metal copper formed
in these reactions. In the strong reaction large amount of copper metal is
formed which, owing to its low volatility and high heat conductance, also
transfers heat to the lower parts of the boring. Of the two mixtures, in the case
of Cu,0 a double amount of good heat conductor copper is formed; the volume
of CO evolved is also nearly twofold than in the case of CuO, although their
oxygen content is the same. This also seems to be proved by a further experi-
ment in which a diluted Cu20 + C mixture was used which contained 1.72 %
by weight of bound oxygen and the same amount of copper as the mixture
of CuO. In this case 0.32 cm3 of CO was measured with anodic and 0.24 cm3
with cathodic excitation. These results are nearly the same as the ones obtained
with the above mixture of CuO containing the same amount of copper. Con-
sequently, the amount of pure metal formed in the reaction also has an impor-
tant role in controlling the temperature of the boring of the carrier electrode.
In the increased reaction, in the case of Cu20, the material loss from the boring
of the electrode which can be observed upon the effect of the arc also increases
substantially.

The carbon powder mixtures of HgO of red and yellow crystal modifica-
tions also show odd behaviour. Here the metal content of the mixture is the
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Table V
Comparison of red and yellow HgO

a — anodic, ¢ — cathodic excitation

CO cm: Sample Missing amount,
HgO weight, o}
a c 9 « c
Red 0.48 0.35 0.0312 0.0262 0.0158
Yellow 0.45 0.32 0.0326 0.0223 0.0155

same in quantity, but on the basis of their crystal structure the red modifica-
tion is known to be more stable. The results are shown in Table V. The differ-
ence in the two cases is small, but in a repeated measurement the same could
be observed. In all probability, the reason may be the high volatility of mer-
cury and the different adherences and spillings of the powders of the two types
of oxides. Mercury metal formed in the reaction is very volatile, and carries
the unreacted mixtures of different adherences to different extents. For that
matter, this is also indicated by the very high losses from the boring of the
carrier electrode.

Of the poorly reactive materials, the behaviour of A120 3 (and Cr2 3) was
found to be very favourable. This reacts to only a very small extent, and
the material missing from the boring of the electrode after arcing is very little,
only 0.0007 and 0.0006 g with anodic and cathodic excitation, respectively.
This is ca. 3 % of the material filled into the boring, which also contains, of
course, the evaporated, not only the spilled material. The reaction may run
here only in the zone of the burning spot of the arc, therefore itisavery prom-
ising model material for the comparison of the behaviour of reactive CuO.
Therefore, in the followings, the reactions of mixtures CuO + Cand A1203+ C
were studied.

The role of the burning time of arc

These investigations were carried out with CuO + C mixtures of 0.03
metal oxide mole fraction, at a current of 7 A. The measured volume of CO
as a function of burning time is shown in Fig. 3. The reaction increases linearly
with burning time, and the anodic values are again higher than the cathodic
ones owing to the higher extent of glowing. The simultaneous change in the
amount of material lost from the boring of the carrier electrode can be seen
in Fig. 4. The measured data denoted with solid line show nearly linear rela-
tionship, but they are obviously higher than the expected consumption of
material (broken line) calculated from the amounts of CO produced. The
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Fig. 3. CO production as a function of the burning time of arc. CuO + C mixture, 7 A; a —
anodic, ¢ — cathodic excitation

Fig. 4. The amount of material consumed from the boring of the electrode as a function of
burning time. CuO + C mixture, 7 A; a — anodic, ¢ — cathodic excitation. Solid line: meas-
ured; broken line: calculated values

difference is due to the spilling of sample. Of the measured values, however,
the results obtained with cathodic excitation are higher than the anodic ones.
This has been observed several times. The excitation source, as given pre-
viously [2], is a.c. polarized arc, i.e. in fact a pulsing d.c. Its pumping effect
also causes spilling in the sample, mainly with cathodic excitation, since in
this case the processes take place in the upper zone of the filling. The temper-
ature of the burning spot ofthe arc is higher on the cathode [5] and, probably,
this is also decisive in the spilling of material.

In parallel with the gas analytical measurements, spectra were also
taken. Figure 5 shows the intensity of atom line Cu 282.4 nm (lcui) as a function
of the burning time of arc. As has been done before [6], the change in this
intensity was regarded proportional with the change in the evaporation of
the oxide. The curves are of saturation character. The intensities are fairly
low owing to the relatively low current and the Ar atmosphere.

As a comparison, the change of the reaction with the burning time of
arc was also determined with an arc of 18 A. The curves obtained from the
measured volume of CO are shown in Fig. 6. These curves also show saturation
character, closely approaching the 100 % line corresponding to the possible
complete reaction, indicating that with higher current and longer burning time
the complete bulk of sample starts to glow and react. The line intensities of the
spectrum (Fig. 7 lcu i;atom line Cu 282.4 nm) also show saturation as a func-
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Fig. 5. The intensity of atom line Cu 282.4 nm as a function of burning time, 7 A; a — anodic,
¢ — cathodic excitation

Fig. 6. CO production as a function of the burning time of arc. CuO + C mixture, 18 A; a —
anodic, ¢ — cathodic excitation

¢ — cathodic excitation

tion of time. The fact that saturation curves are obtained for both 7 A and
18 A indicates that the ratio of the heating and cooling of electrode is shifted
in time. The temperature of the electrode does not increase proportionally
with time since at higher temperatures the electrode is cooled more strongly
owing to the higher temperature gradient [14]. The effect of the heat of reac-
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tion on the data of the spectrum must also be stronger in the first period.
The reaction zone coincides with the evaporation zone of the arc only in the
first period of excitation. As the reaction proceeds in time, it moves down-
wards in the filling of the electrode, away from the evaporation zone of the
arc, i.e. from the burning spot. The heat of reaction evolved far from the upper
layers does not heat the upper layer proportionally. With higher currents
this effect is enhanced by the fact that the reaction rate is also higher in the
first period, as shown by gas analytical measurements. These facts give rise
to the saturation character of intensity curves. Complete saturation can,
of course, not be achieved since metallic copper formed in the reaction evapo-
rates longer during arcing, and the intensities are integrated on the photo-
graphic plate.

To check the above considerations, measurements were also performed
with A1.,0S+ C mixtures as a function of burning time. Owing to the expected
small reaction the current applied was 18 A. The results of gas analysis are
shown in Fig. 8. The production of CO increases linearly with time, but it
reaches 0.3 cm3 only after 16 s with the carrier electrode as anode, which
volume corresponds to only 30 % of the complete reaction calculated from the
weight of sample in the boring of the electrode. In contrast, CuO produced
1.14 cm3of CO under the same conditions (18 A, 16 s) which corresponds to
96 % of the complete reaction calculated from the weight of the sample. This
is even more characteristic if it is considered that in the case of A1,03+ C
mixture the amount of material missing from the boring after arcing is very
low (Fig. 9), as pointed out in the end of the previous section.

The results of spectroscopic measurements can be seen in Fig. 10. The
intensities of atom line Al 305.0 nm, strongly expanded vertically in the figure,
also show saturation curves as a function of burning time. This supports the
change of temperature conditions in time, arising from the heating and cooling
of electrode, and its role in the evaporation of sample. According to the results
of gas analysis, chemical reactions and their effects should hardly be taken

Fig. 8. CO production as a function of the burning time of arc. A120 3 + C mixture, 18 A; a —
anodic, ¢ — cathodic excitation
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into account here, and thus the intensity curves reflect the change of evapo-
ration in time nearly independently of the chemical reactions. It also turns
out that at these high currents, in the considerations pertaining to copper,
too, it is primarily these reaction-independent heating and cooling processes
that play the main role. Chemical reactions only modify the results in the
same direction.

The spectrum character curves related to the mean plasma temperature
(/IYcu 281028245 7 11 H> 18 A: Fig. 12; /1Y ai 28L6/360? 18 A: Fig. 13) simi-
larly show that in the first period of burning time there are more substantial
changes in the composition of the plasma, owing presumably to the initial
strong increase in temperature and evaporation.

Fig. 9. The amount of material consumed from the boring of electrode as a function of burning
time. A120 3+ C mixture, 18 A; a — anodic, ¢ — cathodic excitation. Solid line: measured,
broken line: calculated values

Fig. 10. The intensity of atom line A1 305.0 nm as a function of burning time, 18 A; a — anodic,
¢ —cathodic excitation

<

0 S E— x ;
0o 2 U 7 10 16

S

Fig. 11. The change of spectrum character (AY cu 237.0/282.4) with time. CuO C mixture, 7 A;
anodic, ¢ — cathodic excitation
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0124 7 10 16

Fig. 12. The change of spectrum character (zIY cuzs7.0,282.4) with time. CuO + C mixture, 18 A;
a — anodic, ¢ — cathodic excitation

0 2 4 7 10 16

Fig. 13. The change of spectrum character (A YA],H6/3050) with time. A120 3 mixture, 18 A;
a — anodic, ¢ — cathodic excitation
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When arcing carbon powder mixtures of chemically more active metal oxides,
CO and CO02 are formed in parallel reactions. Their amounts are the highest when the
ratio of carbon and oxygen bound in the metal oxide is about 1 : 1. The powder specimen
investigated is heated by the heat of reaction, but cooled by the pure metal formed
simultaneously in the boring of the electrode, owing to its good heat conductivity. The
state of the plasma is affected substantially by the carbon oxides reaching the plasma,
depending on their quantity. The line intensities of the spectrum are determined by the
result of these three processes.

Previous papers [1—3] of this series were concerned with the behaviour
of the carbon powder mixtures of some metal oxides in the arc. The spectrum
line intensities and the amounts of CO formed in the reaction were measured
as a function of the current of the arc, the quality of the metal oxides and
the burning time of the arc. In these experiments, large excess of carbon was
applied in order to eliminate the formation of C02 Nevertheless, some data
have indicated that C0.2 may also from in the reaction. This paper deals with
the role of the ratio of metal oxide and carbon powder, in steady Ar atmos-
phere, with RW 11 carrier electodes. The experimental apparatus and method
have already been described in Ref. [1]

Results and discussion

The gas analytical results [1] obtained in the preliminary experiments
with the mixtures containing various amounts of CoO in carbon have shown
that the higher the amount of metal oxide in the mixture the stronger the
reaction. However, the measurements encompassed only the CoO + C w/w
ratios up to 1 : 1, corresponding to a metal oxide mole fraction of 0.14. Already
at this ratio, a slight retardation could be observed in the curves. Considering
the possibilities, we were forced to conclude that we had measured the first,
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14 SZABO, DOBOLYI-FEJERDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXVI

rising section of a maximum curve. The curve should have a maximum at
a 1:1molarratio of metal oxide and carbon, provided that one mole of metal
oxide contains one oxygen atom, since this is the optimum ratio for CO for-
mation. In the following experiments mixtures of CuO and C, considered as
favourable model [3], have been used, and the results were plotted as a func-
tion of the mole fraction of CuO found in them. However, the calculations
have also shown that up to the molar ratio 1 :1 the expectable reaction is
directly proportional to the number of moles filled into the boring of the elec-
trode, and not to the mole fraction. Therefore, in the following studies the
measured values were plotted against the number of moles actually meas-
ured into the boring of the electrode. In the first, left-hand sections of the
curves the reaction is determined by the number of moles of metal oxide,
whereas with a metal oxide content higher than 50 ml % its extent depends
on the otherwise decreasing amount of carbon powder in the mixture held by
the boring of the electrode. Therefore, in the following figures we have shown
the mole numbers for the mixture of CuO and C powder, calculated on the
basis of the amounts measured into the boring of the carrier electrode; in the
left-hand sides the CuO mole numbers are increasing from left to right, and
in the right-hand sides of the figures the number of C moles are increasing
from right to left. Figure 1 shows the calculated values of the possible maxi-
mum reaction from the specimen, depending on its minor component, i.e. the
amount of CO that would evolve if at the given sample weight the complete
amount of metal oxide, or, in the right-hand section of the curve, the com-
plete amount of carbon reacted. “Sample weight” is stressed since the higher
the CuO content of the specimen, the greater, though there is no linear rela-
tionship, the specific weight of the mixture. Therefore, the same boring of the
electrode (in size) will hold increasingly more amounts of sample (in weight).

In the above manner, a regular, equilateral triangle is obtained in the
figure, the upper peak of which is at the molar ratio 1 : 1, where the two scales
of the abscissa also meet. This, on the basis of the given sample weight? means
5.25x10 4 mol of CuO and C, respectively.

Figure 2. shows the experimental results obtained with a current of 7 A
and burning time of 10 s. The mixtures were filled into the lower RW Il carbon
carrier electrode, and were arced against a counterelectrode of the same mate-
rial. The specimen was excited by an a.c. polarized arc ignited at the maximum
of voltage. With the carrier electrode connected as anode (curve a), the exper-
imental results give a curve very similar to the calculated one, but rounded
at the peak. The cathodic results (curve c) are much lower, and thus give a
flatter maximum. However, the higher anodic results are also much below
the calculated values. In the anodic case, the measured points were first
connected with two straight lines corresponding to the two sides of the
triangle, taking the position of the three points in the neighbourhood of the
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Fig. 1. The maximum possible reaction calculated from the weight of CuO + C mixture

©°0 om

01 525 10
mCu ——-3= mC nml»I

Fig. 2. Measured amount of CO as a function of the composition of CuO -f C mixtures. 7 A,
10 s; a — anodic, ¢ — cathodic excitation

peak as the scatter of the data. However, by taking into account the complete
set of experimental data it could be seen that in every similar measurement
(e.g. under flowing atmosphere, too) the three upper experimental points
appear in the given locations. The mixtures consumed during the experiments
were prepared again and with these the same types of curves were obtained.
It could be excluded therefore that there was some mistake in the preparation
of mixtures or in the weight measurements.

The locatinos of the maxima are shifted well observably towards the
metal oxide contents higher than the molar ratio 1:1. This can also be attrib-
uted, in part, to the fact that the carrier electrode is carbon, too, which,
although to a smaller extent, more precisely to an extent increasing with
a decrease in the ratio of carbon powder in the mixture, also takes part in the
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reaction. This is also indicated by a well measurable reaction obtained with
pure CuO, i.e. at a “zero” mole fraction of C.

The higher values obtained with the carrier electrode connected as
anode are, in agreement with the previous observations, obvious. The head
of the anode glows up under arcing to observably higher extent than the
cathode, and even after switching off the arc it still glows, unlike the cathode.
Consequently, the stronger reaction is evident in this case.

An increase in the amount of CuO in the boring of the electrode produces
an increasingly stronger oxidising system. It could therefore be expected that
the oxidation of carbon proceeds further, to the formation of CO.,. Figure 3
shows the respective results. The curves of CO, obtained by the effect of arc
are similar in run to those of CO. In the anodic case (curve a), according to the
three upper points, the maximum appears again at a metal oxide concentration
slightly higher than the molar ratio 1:1, and the cathodic curve (c) is simi-
larly flatter. The maximum of the latter is shifted towards somewhat even
higher metal oxide ratios. One could also observe the “delay” in the values
obtained with anodic excitation at low copper oxide content, owing to the
stronger reducing conditions caused by the large excess of carbon powder.
It follows from the above that the two reactions, the formation of CO and CO,,
are in close correlation. From the positions of the maxima, which lie between
the molar ratios 1 : 1 and 1:2, favouring the formation of the two types of
the carbon oxides, it follows that the two reactions run in parallel and compete
in using the oxidant CuO. This also explains the round tips of the peaks of
the two curves.

For studying the electrode surface reactions of carbon electrodes, the
measured volume ratios of CO and C02 could be well utilized to characterize
the redox properties of the system [4]. In the cited work streaming atmosphere
was used, in which the possibility of interconversion between CO and CO,
during the diffusion through plasma zones of different temperatures was elimi-
nated by the high flow rate of the gas, i.e. this reaction was “freezed in”.
Therefore, the CO,/CO ratio characterized here the actual situation present
in the vicinity of the electrode. Our present experiments were carried out in
closed cell, in steady Ar atmosphere.* Nevertheless, mainly for the sake of
comparison with later experiments under flowing atmosphere, we have plotted
the volume ratios CO,/CO calculated from the measured volumes of CO, and
CO as a function of the composition of the mixture. The results are shown
in Fig. 4.

Due to the fluctuation of the points of the original curves (Figs 2 and 3),
the mean values obtained with the carrier electrode as cathode produced a
wavy curve. When the ratio C02CO0 is calculated from the smoothed curves
of C02 and CO production (Figs 2 and 3), the ratio curve becomes straight
and shows rising character. Consequently, with increasing metal oxide ratio
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m CuO —» Ils»—m C molx104

Fig. 3. Measured amount of C02as a function of the composition of CuO + C mixtures. 7 A,
10 s; a — anodic, ¢ — cathodic excitation

Fig. 4. Volume ratio C02/CO as a function of the composition of CuO + C mixtures. 7 A, 10 s;
a — anodic, ¢ — cathodic excitation

in powder mixtures, the ratio C02CO0 indicates the increasing oxidation con-
ditions even in steady atmosphere. The curve obtained with the carrier elec-
trode as anode passes a maximum, with the C02/CO0O ratios calculated either
from the experimental points or from the smoothed curves. The rising char-
acter of the curve indicates the increasing oxidation conditions in this case,
too. However, this anodic curve runs above the cathodic one, since the temper-
ature conditions occurring in the anode are probably in favour of C02pro-
duction. From a comparison of Fig. 2 and 3 pertaining to C02and CO, respec-
tively, it turns out that the previously delayed C02production at the maximum
already exceeds the volume of CO produced. After the maximum, although
the amount of oxidant CuO increases further in the system, the amounts of
both carbon oxides show decreasing tendency. The decrease is faster for C02,
and thus the curve of the ratio C02C0 bends back. However, the reason for
the more rapid decrease in CO02 formation requires explanation. According
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to our assumptions, the phenomenon should be explained again by the heating
and cooling conditions, i.e. thermal conditions of the electrode, already men-
tioned several times [3]. The thermal decomposition of the increasing copper
oxide content requires increasingly more energy, which is less and less com-
pensated by the heat of reaction which decreases owing to the decreasing
carbon content. Thus, the reaction zone of the temperature advantageous
for C02 formation decreases. At the same time, the effect of the chemical
reaction on the site of CO formation of higher temperature [5] is smaller, and
thus the amount of CO decreases less abruptly, remaining proportional with
the change in the composition of the mixture.

From the measured amounts of CO and CO02 we have calculated the
amount of metal oxide consumed in the reactions yielding the above products,
as a percentage of sample weight filled into the boring of the electrode, and
these results were summed. The values £ % obtained are given in Fig. 5 as
a function of the composition of powder mixture. As can be seen, the total
reaction per cent gives again a maximum curve in the case of anodic excita-
tion whereas the cathodic results decrease, first to a greater extent then at
a lower rate. This must also be in relation with the above, since the same data
were used in a different way. In the case of anodic excitation a further excess
of oxidation takes place owing to the greater heat of reaction evolved in the
stronger reaction, and this causes the maximum. On the other hand, in the
colder cathode the reaction is weaker, and the cooling effect of pure metal
formed in increasing quantities dominates; this accounts for the monotonously
decreasing values. It can be seen that even in the case of the strongest reaction,
it is below 50 % of the theoretically possible maximum reaction under the
given excitation conditions. It can therefore be excluded that the reactions
are controlled by the consumption of the material in the boring of the elec-
trode, and that this phenomenon affects the correct interpretation. This is
also proved by Fig. 6, which shows the loss of sample under the effect of arc.
The solid line corresponds to the measured data, whereas the broken line
indicates the total losses calculated from the amounts of the two carbon oxides
formed here, i.e. leaving the system in gas form. The two curves run close to
one another both with anodic (a) and with cathodic (c) excitation, i.e. the
spilling of sample should hardly be taken into account.

In parallel with the gas analytical measurements, spectra were also
taken. Figure 7 shows the intensity of atom line Cu 282.4 nm (lcui) as a function
of the composition of mixture. Like in our previous considerations, this was
taken proportional to the evaporation of the sample. The measured points
in the figure are joined by broken lines, and the solid line shows the mean
curve. Curve c shows the decrease of cathodic results with increasing CuO
content. Consequently, although the amount of copper increases in the sample,
the rate of evaporation and excitation decreases. In the evaporation of sample
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Fig. 5. The cumulated percentage evaluation of the two reactions. CuO + C mixtures, 7 A,
10 s; a — anodic, ¢ — cathodic excitation

Fig/6. The amount of material consumed from the[boring of the electrode as a function of the
composition of CuO + C mixtures. 7 A, 10s; a — anodic, ¢ — cathodic excitation

mCuWO — !-—mC mol»104

Fig. 7. The change of the intensity of atom line Cu 282.4 nm with the composition of the mix-
ture. 7 A, 10s; a — anodic, ¢ — cathodic excitation

the most important role is played by the temperature of the burning spot of
the arc on the surface of electrode. This depends on the melting and boiling
points of the material of the electrode, in the case of carbon on its sublimation
temperature. The boiling point of copper is 2336 °C, whereas the sublimation
temperature of carbon is in the range of 3600 —4000 °C. For mixtures with
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low CuO content, the temperature of the burning spot is determined hy the
large excess of carbon. As, however, the amount of CuO increases in the
boring of the electrode, the amount of pure copper formed in the reduction
also increases. This reduces the temperature of the burning spot, which,
although the copper content increases, leads to much lower line intensities in
the spectrum. Curve a, obtained from the measurements using the carrier
electrode as anode runs above the cathodic curve. Although with pure copper
electrode under Ar atmosphere, the cathode evaporates more strongly, causing
stronger lines [6], the temperature of amorphous carbon carrier electrodes
and of carbon powder mixtures filled into them is higher when connected as
anode [5]. Owing to the greater reaction in the warmer electrode, the heat of
reaction and the evaporation of the sample are higher than in the cathode.
Therefore, the line intensities also increase. The first, rising section of the anodic
curve indicates the role ofthe increasing copper content, as well as of the chem-
ical reaction and the heat evolved in it. However, this effect is overcompen-
sated later by the temperature decreasing effect of the resulting pure copper
already discussed with the cathodic curve.

In our opinion, the waviness of the curves drawn with broken lines is
due to the fluctuation of experimental data only. The high fluctuation of
intensity data is widely known, and this is the reason for always using inten-
sity ratios in quantitative analysis. The fluctuation of experimental points
can not always be eliminated to a sufficient extent even hy using the mean
values of several parallel measurements.

In addition to the rate of evaporation, the composition of the sample
also affects the conditions ofthe plasma. Figure 8 shows the change of the spec-
trum character (Z)Yn [), formed from ion line Cu 237.0 nm and atom line
Cu 282.4 nm, as a function of the composition of the powder mixture. The
change of the values is opposite to those of gas analytical measurements.
The higher the amount of carbon oxides formed in the reaction in the closed
cell, the lower the data of spectrum character, and vice versa. As is known [7],
the noble gas character of Ar ensures higher plasma temperatures in the investi-
gation of metals, and increases line intensities, particularly with cathodic
excitation. Probably this effect increases the first cathodic values, thereby
suppressing the maximum expected in the beginning of the cathodic curve
previously shown in Fig. 7. The increasing amount of carbon oxides decreases
this noble gas character of the gas atmosphere, and the AYwy i values related
to the mean temperature of the plasma decrease simultaneously. The effect
of the relatively large proportions of carbon oxides in the gas atmosphere is
stronger than that of the change in the evaporation rate of copper. The minima
of the spectrum character curves coincide with the maxima of the carbon
oxide curves instead of those of the intensity curve of copper. The evapora-
tion of copper isweak, however, the percentage changes in this evaporation may
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Fig. 8. The change of spectrum character (z)VQu237.02821) with the composition of the mixture.
7 A, 10s; a — anodic, ¢ — cathodic excitation

Table |
Comparison of the fluctuations of gas analytical and spectral data
+: agreement, 0: no tendency recognized, —: opposite changes

Mole fraction of copper oxide

Exication 1.0 0.75 0.60 0.50 0.13 0.07 0.03

cO co, CO <c¢co, CO CO cCcO CO, CO cCcO, CO <coO, cCO co,

Anodic 0 + + + 0 + 0 0 0 0 + + +

Cathodic  + 4- 4 0+ - - - ¥ + 0o 4 -

be very high, and thus the line intensities of copper may undergo substantial
changes. In our case, however, owing to their low amounts, they may hardly
play any role in the properties of the plasma in comparison with the effect of
carbon oxides.

We wished to discover a further relationship between the extent ofchem-
ical reactions and the line intensities measured simultaneously. For this
reason, the directions of the fluctuations ofthe data obtained with gas analytical
and spectroscopic methods were compared. The parallel CO and CO02 results
belonging to the single measured points were arranged into increasing sequence.
The corresponding line intensities measured simultaneously with the individual,
parallel gas analytical measurements were written beside these values. We
have compared the directions of the fluctuations obtained in the two measure-
ment types. The C02and CO quantities obtained with the anodic and cathodic
excitation of seven mixtures with different compositions give 28 sets of data.
The results of comparison are shown in Table I. If the directions of the fluc-
tuations of the two measurements are the same, a “+ ” mark, if no tendency
is observable in the data, a “0” mark, and if the two tendencies are opposite,
“—" mark is given in table. According to the table, of the 28 cases there
were 15 positive, 8 neutral and only 5 negative cases. Consequently, in the
majority of cases the reaction, i.e. gas evolution, increases with the evaporation
and excitation of the sample. In the neutral and negative cases apparently
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the individual errors of the two types of methods dominate and disturb the
expected complete agreement. Namely, it can be observed that “ —" marks
appear exclusively in the case of cathodic excitation. And, generally, cathodic
excitation produces more fluctuating spectra, too [8]. It is also worth observing
that the worse agreement can be found at mole fraction 0.5, where the fluc-
tuation of gas analytical results is also the strongest. Nevertheless, the corre-
lation holds in broad generality. Consequently, either the reaction, increased
for unknown reason, increases both evaporation and line intensities, or the
extent of both processes increases for some common reason.

For the sake of comparison, various carbon powder mixtures of A120 3
were also investigated. The mixtures were prepared in a manner that the for-
mula weight of A120 3 was divided by three, i.e. by the number of oxygen
atoms bound in it, and thus not the molecular weight but the oxygen equiva-
lent weight [3] was taken into account, “m 1/3 A120 3’ on the horizontal axes
of the following figures denotes the oxygen equivalents obtained this way and
filled into the boring of the carrier electrode. The reaction calculated for the
maximum amount of CO possible on the basis of the sample weights in the
boring gives, of course, an equilateral triangle also here as a function of mole
numbers, or in the case of Al20 3 oxygen equivalents, the peak of which is
at a 1:1 oxygen atom—arbon atom ratio, with a value of exactly 10.0 cm3
in our case. The measured values are shown in Fig. 9. The maximum of the
very flat curve is in the expected location, at'1 : 1 mole (or oxygen equivalent)
ratio of A120 3 and C. The low values are, of course, due to the high stability
of A120 3. Direct reduction with carbon can not be taken into account here.
Although the “head” of the electrode glows up, like in the above cases, it is
only the very little material evaporated and decomposed at the temperature
of the burning spot of the arc and perhaps in its immediate neighbourhood that
reacts by diffusing into colder areas. Since aluminium metal is not formed in
the boring, there is no resulting cooling effect. It is worth noting that also in
this case the mutual relationship of the anodic (a) and cathodic (c) curves is
determined by the electrode heated better as anode, which indicates that the
zone of the reaction is larger than the zone of evaporation. Consequently, some
material might also decompose and react in the immediate neighbourhood of
the burning spot.

Owing to the low reactivity, only the mixtures with higher oxygen
content produce C02in amounts of 0.05—0.07 cm3exceeding the experimental
errors. The percentage of reaction, too, related to the weight of the sample,
could be calculated from the resulting CO only. The change of this quantity
is shown in Fig. 10. In a tenfold ordinate expansion with respect to the curve
of CuO for the sake of better orientation, the descending character of the curves
is well observably similar to the curve of CuO obtained with cathodic excita-
tion. (As we determined later, a 3.5-fold expansion produces almost coinciding

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABO, DOBOLYI-FEJERDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXVI 23
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Fig. 9. Measured amounts of CO as a function of the composition of A120 3+ C mixtures. 7 A,
10 s; a — anodic, ¢ — cathodic excitation

Fig. 10. The percentage evaluation of CO producing reaction with A1203 + C mixtures. 7 A,
10 s; a — anodic, ¢ — cathodic excitation

curves.) In the cathodic excitation of CuO + C mixtures, too, only a little
reaction occurred, thus its effect could be neglected approximately. In this
case, however, the role of the resulting copper metal of poor volatility is played
by hardly decomposing and poor heat conductor A120 3. The maximum obtained
with the anodic excitation of CuO powder mixtures, which is caused by the
reaction, is obviously absent in the anodic excitation of practically non-
reacting AI0O3 mixtures.

The intensity curves of aluminium (Fig. 11, lai 30605 well indicate the
noble gas character of Ar. In this case higher line intensities were obtained
with cathodic excitation, but the maximum character of the curves was also
observable. The maxima are again located at 1 : 1 molar ratio, and they do not
shift forwards, like with copper, since the extent of reaction is insufficient to
promote evaporation through its heat of reaction, and no pure metal is formed
in the boring of the electrode which would exert cooling effect. The maximum
character in this case is due to the fact that the evaporation of the sample
and the properties of the plasma are controlled first by the increasing alumi-
nium content of the sample, and in the later phases by the decreasing temper-
ature of the burning spot of the arc owing to the lower carbon content. Since
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Fig. 11. The change of the intensity of atom line Al 305.0 nm with the composition of the mix-
ture. 7 A, 10s; a —anodic, ¢ — cathodic excitation

Fig. 12. The change of spectrum character (/)y 51281 6/306 0) with the composition of the mixture.
7 A, 10s; a — anodic, ¢ — cathodic excitation

no pure metal is formed, the descent of the second part of the curve is smaller
than in the case of CuO.

The changes in the character of plasma are shown by the spectrum char-
acter curves (zlYii i) given in Fig. 12, calculated from the intensity ratios
of ion line A1 281.6 nm and atom line Al 305.0 nm. Their shapes and positions
are opposite to those of the intensity curves. Now the changes in the plasma
are due to changes in the evaporation of aluminium only, which, being the most
easily ionized component, increases or decreases the mean temperature of the
plasma according to its decreasing or increasing amount. The plasma is not
affected by the carbon oxides formed in the reaction, since their amount is
practically negligible.

The above comparisons indicate that the statements on CuO mixtures,
regarding their strong reactions, are correct. The heat of reaction evolved
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increases the temperature of the filling, and the pure metal formed in the boring
of the electrode in the reaction acts as cooling medium, depending on its
amount. Gaseous reaction products, when formed in larger quantities, may have
a stronger influence on the temperature of the plasma than the metal vapour
formed from the sample. The line intensities of the spectrum are ultimately
determined by the result of these three processes. Consequently, in the case
of chemically more active metal oxides, a type of chemical matrix effect must
also be taken into account in spectrochemical analysis.
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On the study of a CuO + C mixture, the amount of C02 produced in the arc
increases, and that of CO decreases, as a result of the passage of an Ar gas flow. The
flowing gas removes the oxides of carbon from the site of their interconversion, and
therefore the possibility of the reaction C02+ C = 2 CO decreases. This reaction takes
place in the main in the plasma phase. The oxides of carbon are predominantly formed
in the reaction of the constituents of the powder mixture in the boring of the carrier
electrode. The flowing gas slightly increases the possibility of the sum of the reactions,
and the spectral line intensities, too, are changed mainly on anodic excitation.

In preceding parts of this series, in which we dealt with the behaviour
metal oxides [L —4], we reported on experiments in a stationary Ar atmosphere.
In practical spectral analysis, however, as opposed to closed-cell experiments
in a stationary atmosphere, measurements in partly or fully open gas cells,
i.e. in a flowing gas atmosphere, are generally favoured [5]. In closed cells
the electrode exchange and the complete or at least uniform flushing-out of
the cell is difficult. Accordingly, use of the other two types is preferred,
although these require a higher gas consumption in order for the air to be kept
away from the arc to a satisfactory extent. At the same time the flowing gas
atmosphere has a number of favourable features. In many cases it is advan-
tageous that it cools the electrodes or the plasma. More significant than this
is the fact that the gas atmosphere is almost identical in the various examina-
tions, for the flowing gas carries aways the bulk of the gaseous reaction prod-
ucts and the possibly depleted gas atmosphere. Thus, it ensures a constantly
fresh gas atmosphere. However, this means only approximately identical con-
ditions. In the plasma and in the environment of the electrodes, even in the
case of a flowing gas atmosphere, a large role is played by diffusional gas
exchange, the rate of which is finite [6]. When a gas producing or gas consum-
ing reaction is possible therefore, because of the relatively slow gas exchange
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the gaseous reaction partner formed or consumed nevertheless makes its
effect felt.

For the above reasons our further experiments were carried out in a
flowing Ar atmosphere. An account of these investigations will be given in
the present and following parts of this series. In the experiments reported here,
on the basis of previous experience a CuO + C powder mixture was used in
which the mole fraction of CuO was 0.6, while the carbon powder was a Czech-
oslovak product of type SU —601. This mixture composition ensured mildly
oxidizing conditions and thus, besides CO, a well measurable quantity of CO,
was also formed in the arc reaction. Well heating-up, amorphous carbon RW 11
electrodes (Ringsdorff Werke GmbH) were used as auxiliary electrodes, and
the powder mixture was packed into the borings in these. The counter electrode
was similarly carbon of type RW Il. Measurements were made of the amounts
of oxides of carbon produced as a result of the A. C.-polarized arc, and of the
intensities of the copper spectral lines. A detailed description of the experi-
mental conditions and the method can be found in a previous paper [1].

Results

An examination was first made of the effects of the rate of flow of the
Ar gas atmosphere on the reaction between the constituents of the mixture
and on the spectral intensities. As already mentioned in the description of the
experimental conditions [1], a slight change was necessary in the experimental
apparatus. Between the gas cell and the evacuated gas analysis reactor flask
ensuring the flow of the gas, calibrated glass capillaries of various sizes were
connected, with which the rate of flow of the gas was regulated. The average
current of the arc was 7 A, and its burning time was 10 s. The amounts of
CO and CO, thus measured are shown in Figs 1 and 2, respectively. The curves
denoted by a demonstrate anodic excitation of the carrier electrode and the
mixture packed in it, while c indicates its excitation as cathode. For both
types of excitation the quantity of CO produced in the reaction decreases,
while that of CO, increases with increase in the rate of flow of the gas. The
increasing rate of flow of the gas atmosphere may result in a number of effects.
It may cool the electrodes and the reaction zone where the gases are formed,
and it can reduce the possibility of interconversion of the CO and CO, by
removing them from the reaction zone. The cooling effect of the flowing gas
is not very marked here, and can not even be detected in these curves. The
second effect is manifested more strongly. On cathodic excitation of the sample,
when the scatter of the measurements too is higher, the ratio of the changes
in the amounts of the two oxides of carbon is not sufficiently clear-cut, but
in the anodic case gas flowing at higher rates causes a decrease in the quantity
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Fig. 1. Change of the amount of CO produced in the arc, as a function of the rate of flow of the
Ar; a: anodic, c: cathodic excitation

Fig. 2. Change of the amount of C02produced in the arc, as a function of the rate of flow of the
Ar; a: anodic, e: cathodic excitation

of CO which is exactly twice the increase in the quantity of C02 This confirms
the reaction C02+ C = 2 CO, in which the ratio of the produced and con-
sumed volumes is 1:2. At the same time, this proves that, in the series of
parallel and consecutive reactions, the final reaction determining the measur-
able amounts of CO and CO02is the above transformation between the two
oxides of carbon. The curves also show that this reaction is not successfully
completely frozen in the given experimental apparatus, even with the highest
flow rate employed, for the data of the curves are still not constant at the
given flow rates. Thus, in the otherwise previously successfully applied C02C0O
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ratios, which will be discussed later, we could not attain values perfectly
reflecting the momentary oxidation conditions. Higher flow rates could not
be used, as the 600 cm3 evacuated flask then no longer ensured the constant
gas rate for 10 s. Hence, in the subsequent experiments we made do with a gas
rate of 860 cm3min, in the knowledge that the interconversion of the two
oxides of carbon could not be fully repressed.

A third effect of the passage of a gas flow is to be seen in the curves of
Fig. 3. Here the overall reaction calculated from the above CO, and CO
quantities is given as a percentage of the maximum possible reaction following
from the quantities of powder mixture taken in the individual experiments
(27 %). This Figure indicates that, as the rate of flow of the gas increases, with
an accompanying increase in the removal of the oxides of carbon formed,
their partial pressure decreases in the environment of the reaction site, and
the possibility of further reaction is increased. However, this change is of only
a very slight extent. It is probable that from the reaction zone where the oxides
of carbon are formed, i.e. the boring in the electrode, the gases pass by diffu-
sion into the zone of transformation, from where they are carried by the
gas flow.

During the burning of the arc, the quantity of material consumed from
the boring in the electrode barely changes with the rate of flow of the gas,
and by and large corresponds to the change in the overall reaction. Accordingly,
the Figure of this is not presented separately here.

On the other hand, it is interesting to consider the dependence on the
gas rate of the C02CO ratio obtained from the measured volumes of C02and
CO (Fig. 4). The values resulting from anodic (a) and cathodic (c) excitation
of the sample give intersecting curves; at higher flow rates the values relating
to cathodic excitation are the larger. Both curves slope upwards, however,
indicating that the possibility of reduction of C02 by carbon decreases if the
CO02is rapidly removed with the gas flow. From the faster increase of the
ratios obtained on cathodic excitation it may be concluded that, although
these values are automatically lower than those for anodic excitation, the
percentage increase of the quantity of C02in the cooler cathode is more rapid
than that of the larger amount in the hotter anode. If the phenomenon is
examined in the opposite direction, i.e. if we turn from a flowing to a stationary
atmosphere, this means that we do not remove the oxides of carbon from the
zone of their interconversion. It may then be stated that a proportionally
larger percentage of the otherwise lower amount of C02is reduced on cathodic
excitation than in the anodic case. This may be explained in two ways, for
the transformation C02+ € = 2 CO may take place at two sites. One site is
the surface of the carrier electrode, when one of the reaction partners, the
carbon, is the material of the incandescent solid carrier electrode. The other
site is presumably the upper zone of the plasma, where the temperature is
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Fig. 3. Summarized percentage evaluation of the two reactions; a: anodic, c: cathodic excitation

Fig. 4. Change of the ratio of the volumes of the oxides of carbon formed, as a function of the
rate of flow of the Ar; a: anodic, c¢: cathodic excitation

suitable and where both of the reaction partners arrive. The oxidation and
reduction tendencies dependent on the polarity (and current) of the electrode
must be manifested in the previously-studied electrode surface reaction with
the material of the carrier electrode [7]. Here the reaction must take place to
a higher extent on the anode, for in the given equation the carbon is the sub-
stance of the electrode, and in the reaction this undergoes oxidation. Surface
oxidation of the material of the electrode is better promoted by excitation as
an anode. Therefore, it is on anodic excitation, just the opposite case to that
observed experimentally, that the higher relative change should be found as
aresult of the flowing of the gas atmosphere. Thus, the second case is the more
probable, or at least that giving rise to the larger change. It is also known that
more carbon is sublimed from the higher-temperature burning spot of the
cathode than from the anode [8]. Accordingly, because of the larger amount
of carbon available, the reaction proceeds further in the plasma phase. The
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flowing gas thus removes part of the CO, from the plasma phase before it
can react to an even greater extent with the carbon formed in the sublimation
and similarly transported here. These components are therefore rapidly carried
to colder zones where this reaction is less possible.

There is, however, another problem. If the Ar gas contains small
amount of 0, the direction of the changes caused by the gas flow is similar
to the one discussed above. We will deal with this problem in a future paper.

The lcu lintensity curves plotted from the measured data for the 282.4 nm
atom line of Cu (Fig. 5) show that the spectral line intensities obtained with
cathodic excitation of the sample scarcely vary with increase of the rate of
flow of the gas. In the anodic case, however, a maximum curve was found.
This may again be the resultant of two effects. Initially the intensity values
increase, for the appreciable amount of CO, diminishing the noble gas character
of the Ar is increasingly more and more effectively removed. Later, however,
it is probable that the effect of the higher gas flow in cooling the plasma is
manifested, or turbulence may possibly occur, because of which a larger
quantity of oxides of carbon again passes into the plasma. On cathodic excita-
tion a much smaller amount of oxides of carbon is produced, and thus these
effects do not show up, or possibly they just balance each other. All this is
only assumption, of course, although the curves (Fig. 6) plotted from the

Fig. 5. Change of the intensity of the 282.4 nm atom line of Cu with the rate of flow of the Ar;
a: anodic, e: cathodic excitation

cm3 Ar/min.

Fig. 6. Change of the spectral character (d Ycii2s7.0/2s2.4) with the ratt of flow of the Ar;
a: anodic, c: cathodic excitation
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spectral character data (values multiplied by 100),ZlYcuy i, formed from the
237.0 nm ion line and the 282.4 nm atom line of Cu, appear to confirm it. These
curves reveal that the change of the average temperature of the plasma is
just the reverse of that of the intensity values. Here, the anodic values give
a minimum curve. It was demonstrated in a previous publication [4] that such
a considerable change in the average temperature of the plasma may be caused
by the change in composition of the plasma gases, and less so by the differences
in evaporation of the copper, which otherwise is not justified at all here.
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The electron-impact-induced decomposition of eight simple semiquinones has
been studied in detail, using low and high resolution mass spectrometry as well as the
deuterium labelling technique. The results show that the dominant fragmentation proc-
esses of these compounds are connected with the formation of ions of the more stable
quinonoid structure.

In the decomposition of certain compounds examined significant ort/io-effects
and rearrangements involving methyl group migration were revealed, too.

Although the mass spectra of numerous compounds containing semi-
quinonoid sub-structure parts have been published (e.g. [1—4]), they are
unsuitable for studying the correlation between the mass spectrum and the
semiquinonoid skeleton, because generally it is not this structural moiety
that directs the fragmentation of those molecules. Consequently, to establish
the fragmentation pathways characteristic of this type of skeleton it seems
to be necessary to study systematically —similarly to the case of quinones [5] —
the mass spectral behaviour of simple semiquinone molecules with known
structures.

In this paper the results of mass spectrometric studies of the com-

pounds* 1 to 8 are reported.
In selecting these models it was an important consideration to establish a
correlation basis for the structural elucidation of unknown compounds pre-
pared by the oxidation of several substituted chalcones with thallium (I11)-
nitrate [6].

Figures 1 to 9 show the 70 eV mass spectra of the compounds studied.
In order to elucidate the structures and formation pathways of the main frag-
ment ions, observation of the metastable peaks, elemental analysis of certain
ions and, in the case of 2, partial deuterium labelling technique were used.
(In Figs 1—9 arrows denote metastable supported transitions.) The mass
spectra of the compounds examined show several main characteristic features.
Every spectrum exhibits a molecular peak of significant abundance. The frag-
mentation pathways of 1 are shown in Scheme 1. As important primary frag-

*The compounds studied were synthesized by Dr. S. Antus.
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1 H CH3 CHs H

2 OCHs CHs CHs OCHs
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Fig. 1. The mass spectrum of 4,4-dimethoxycyclohexa-2,5-dienone (1)
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Fig. 2. The mass spectrum of 3,4,4,5-tetramethoxycyclohexa-2,5-dienone (2)

Fig. 3. The mass spectrum of 3,4,4,5-tetramethoxycyclohexa-2,5-dienone-d3 (2a)
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Fig. 4. The mass spectrum of 3,4,5-trimethoxy-4-ethoxyeyclohexa-2,5-dienone (3)

Fig. 5. The mass spectrum of 3,4,5-trimethoxy-4-isopropoxycyclohexa-2,5-dienone (4)

Ada Chim. Acad. Sei. Hung. 97, 1978



MAK, TAMAS: MASS SPECTROMETRIC INVESTIGATION

Fig. 6. The mass spectrum of 3,4,5-trimethoxy-4-isobutoxycyclohexa-2,5-dienone (5)

50- 153
-CHs3

-CH:2CO

108 183

140 185
-co M
125 -CH3

B -CH3 242
UL
100 150 200 250 mle

Fig. 7. The mass spectrum of 3,4,5-trimethoxy-4-acetoxycyclohexa-2,5-dienone (6)
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Fig. 8. The mass spectrum of 4-methoxy-3,4-methylenedioxycyclohexa-2,5-dienone (7)

Fig. 9. The mass spectrum of 4-ethoxy-3,4-methylenedioxycyclohexa-2,5-dienone (8)

Acta Chim. Acad. Sei. Hung. 97, 1978



CH30

CH3s

MAK, TAMAS: MASS SPECTROMETRIC INVESTIGATION 41

Acta Chim. Acad. Sei. Hung. 97, 1978

Scheme



42 MAK, TAMAS: MASS SPECTROMETRIC INVESTIGATION

mentation processes the expulsion of a CH4 molecule and the splitting off of
a OCH3radical are observed, of which the latter route is favoured. The driving
force of this process can be the formation of the stable quinonoid structure
of the resulting ions (m/e 123). The interesting competitive route, loss of a
methane molecule from the molecular ion, leads to the ion of m/e 138. The
spirocyclic structural representation of this ion is supported by its compara-
tively high stability, as well as by its ability to eliminate CH20. It is note-
worthy that CH4expulsion does not occur in the presence of ortho substituents
(cf. the mass spectra of 2 to 6). This effect may be due to the steric hindrance
of the o-substituents on the spiro ring formation.

Similarly to 1, the main primary fragmentation process of 2 is the
cleavage of a methoxy group. The mass spectrum of deuterium labelled 2a
shows that only one of the geminal methoxy groups can be eliminated via this
process. The resulting ion of quinonoid structure (m/e 183) can subsequently
lose a methyl radical or/and a €0 molecule. The results of the examiuation of
the deuterium labelled compound (2a) indicate that the detachment of a
methyl radical from the geminal orf/io-methoxy groups — neglecting the iso-
tope effects* — occurs twice more frequently than from the neighbouring
ortho-methoxy groups. (The easy cleavage of a methyl radical from aromatic
compounds bearing several methoxy substituents in the aromatic ring is a
well-known phenomenon [7].)

As a consequence of the two types of methyl group detachments, the
M —CH3 ions observed at m/e 199 in the mass spectrum of 2 have to consist
of a mixture of two different structures. A part of these ions is capable to
eliminate a C02 molecule subsequently; this process must involve a methyl
group rearrangement. From the ionic abundances and from the isotopic shifts
of the metastables in the mass spectrum of 2a we conclude that this C02elimi-
nation is significant only for the M—CH3 ions which lost a methyl radical
from a geminal methoxy group.

The fragmentation of 3—6 is quite similar to that of 2a. A common
fragmentation pattern for these compounds are shown in Scheme 2. The impor-
tance of certain routes of decomposition presented in the Scheme is consid-
erably altered by varying R2 It can be seen from the ionic abundances
(Fig. 2 to Fig. 7) that the detachment of *R2 or R2 -radicals instead of CH.{
or CH3% respectively, become more pronounced when the size of R2 is
increasing. This phenomenon is attributed to the different stabilities of the
neutral fragments lost. For 3 to 6 (R2 =- CH3) elimination of an R2—H mole-
cule from the molecular ions also takes place. In the case of 6 this process
involving H migration (a ketene expulsion) completely suppresses the homo-

*The neglect of the kinetic isotope effect is justified by the observation that the abun-
dance ratios of metastable peaks and that of normal ions corresponding to the processes
217 — 202 and 217 — 199 are the same in case of 2a.
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lytic detachment of R2 The ions of m/e 200 formed in these rearrangement
processes can eliminate a methanol molecule subsequently or following the
loss of a methyl group.

In the cases of 7 and 8 one of the main fragmentation pathways is the
loss of the R20 ’ radical from the molecular ions. Elimination of a formal-
dehyde molecule from the methylenedioxy group as a competing or a sub-
sequent process is also very significant. The abundance ratio of the M—R 20
and M—CHX ions obtained depends on the stability of R2 (cf. Figs 8 and 9).
Contrary to the m/e 199 ions of 2—6, the M—CH2 ions of 7 and 8 cannot
expulse a C02 molecule, supporting the assumption that the oxygen atom of
the formaldehyde formed has been detached from the geminal position.

Finally, it can be concluded from the decomposition pathways observed
for I to 8 that the main route of the electron-impact-induced fragmentation
of these simple semiquinones involves cessation of the semiquinonoid structure
giving rise to the formation of ions with the more stable quinonoid skeleton.

Experimental

Mass spectra were obtained by an AEI MS-902 double focusing mass spectrometer with
an electron energy of 70 eV and a source temperature of 120 °C. The samples were introduced
using a direct insertion probe. Exact mass measurements were carried out with an accuracy
of + 2 ppm of the theoretical values. Metastable ions occurring in the first field free region
were collected by altering the ESA voltage.

The authors thank Dr. S. Antus for putting the compounds studied at their disposa
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The stability constants of the outer sphere complexes of two inert complexes
[tris(dipyridyl)-cobalt(111)] and [tris(phenanthroline)-cobalt(I11)] with thiocyanate
and iodide ions were determined at different ionic strengths. Potassium fluoride proved
to be a suitable inert salt. The stability constant changes according to a minimum curve
as a function of the ionic strength. This can be explained by the change of the activity
coefficients with the ion concentration.

The determination of stability constants of outer sphere complexes raises
several theoretical questions. The stability of most of these complexes is
rather low, thus fairly high concentrations of the ligand are needed in order
to achieve a sufficiently great conversion, consequently experiments must be
carried out at rather high ionic strengths. However, to keep the ionic strength
constant, the principle of constant ionic media generally applied in studies of
complex equilibria cannot be made use of here [1] since ions (nitrate, per-
chlorate) which form complexes of but low stability are rightly expected to
tend to form outer sphere complexes, and these are primarily, perhaps exclu-
sively, results of electrostatic interactions. Several studies point towards outer
sphere complexes of perchlorate ions being formed; stability constants for
several species of ions have been determined. From the point of view of our
studies here we consider the notable interaction of hexamine-cobalt(lll)
[2, 3], and of tris(phenanthroline)-iron(11) [4] complexes with perchlorate ions
especially significant. In the course of our work we found that in the determi-
nation of the stability constants of the outer sphere complexes of [tris(phen-
anthroline)-cobalt(l11)]-, and of [tris(dipyridyl)-cobalt(lIl)]-complexes, potas-
sium fluoride is suitable for the maintenance of a medium of constant ionic
strength because fluoride ions do not form outer sphere complexes with the
ions mentioned.

Experimental

Substances. [Tris(dipyridyl)-cobalt(l11)]-perchlorate, Co(dipy)3(C104)3¢3 H20 was pre-
pared as described by Burstarr and Nynhoim [5]; also the phenanthroline complex was syn-
thesized in this way, with the necessary alterations. All the other reagents used were analytical
grade commercial products.

Instruments. A Beckman B type spectrophotometer was used; this was fitted with
a thermostated holder for the cuvettes which were kept at 22+0.2 °C.
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Results and discussion

At several suitable wave lengths the variation of the light absorption
of the solutions was determined; stability constants, and molar absorptions
were calculated graphically, by using a linearized equation.

ML3+ + X - = ML3X 2+ (1)

represents an outer sphere type complex; the equilibrium constant of its for-
mation is

K = [ML3, X 2+]
[MLS§+] [X -]

where M stands for the metal ion with three positive charges, L for the electri-
cally neutral, bidentate ligand bound in the inner sphere, and X for an anion
with one negative charge, bound in the outer sphere.

Provided the absorption by X -, respectively by its salt, is negligible at
the wave length of the measurements then the absorption of the solution is

A = ¢ [ML3+] + eO[ML3 X 2+] (3)

where g; is the molar absorption of ML3, and e, that ofthe ML3, X 2+ complex.
W hen the materials balance

Tm — [ML3+] -f e0 [ML3, X2+] (4)
is taken into account,

A= £ (TM- [ML3 X 2+]) + eO[ML3, X 2+]

fj can be determined by separate experiment. If for the value of £TM we
write A', and if we consider that [X~] is approximately the same as the total
concentration of X'

Tx = [X ]+ [ML3 X2+] ~ [X-]
then it follows that
/1A = A —A' = (e0- £j) [ML3 X 2+] = Ae [ML3 X 2+] (5)
Rearrangement of (5) gives the following equation

TM T X = T x 1

ZIA As K Ae

When the left hand term of this equation is plotted as a function of Tx a
straight line is obtained from, its slope and intersection K, and Ae, or £0 can
be calculated.
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With sodium perchlorate used for maintaining permanent ionic strength,
™ Ty
AK
a straight line. This suggests that perchlorate ions form outer sphere complexes
with the inert complexes studied. Practically no change in the light absorption
of the inert complex is caused by fluoride ions. This in itself does not prove
that fluoride ions do not associate with the inert complexes here studied.
However, when potassium fluoride instead of potassium chloride was applied

drawn as a function of the concentration of the ligand will not yield

TSCN-
Fig. 1. Change of the light absorption of the tris(dipyridyl)-cobalt(I1l) complex in function
of the thiocyanate ion concentration | = 2.5 (potassium fluoride) ~complex 5 ¢« 10~& mole «
edm-3; width 1cm; | = 22 °C. Curve 1, A= 400 nm; Curve 2, A= 390 nm; Curve 3, A=
= 380 nm

for the maintenance of constant ionic strength, for the stability constant of
ion pairs Co(dipy)3, SCN2+ a considerably, higher value was obtained: this
suggested that fluoride ions associated with the cobalt(ll I)-complexes in but
a slight extent if at all, thus were suitably applied when the effect of ionic
strength on the stability of outer sphere complexes was tested. As examples,
Figures 1, and 2 show results for the Co(dipy)3+ and SCN~ system at an ionic
strength of one mole. Further data, very great in number, will not be printed
but are made available to those who might be interested in them. Table |
presents stability constants noted for various systems. Here we see that the
stability constant of the ion pair Co(dipy)3, SCN2+ has an extreme value when
plotted as a function of ionic strength.

The results demand explanation from two points of view. On the one
hand it is not obvious why fluoride ions should not form ion pairs with the
complex ion that carries three positive charges; based on simple electrostatics
the contrary is to be expected. On the other hand the question arises why the
stability constant exhibits a minimum when plotted against the concentration
of potassium fluoride. We think the high degree of hydratation of the fluoride
ion furnishes the answer to both these questions. Owing to its small size,
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ASON
Fig. 2. Evaluation of data in Fig. 1

T T . . . .
—I\/A x as a function of the thiocyanate concentration at three different wave lengths

fluoride ion is very strongly hydrated, thus formation of an outer sphere type
complex presupposes the removal of water molecules from a rather stable
hydrate sheath. The high degree of hydratation of the fluoride ion, outstand-
ingly high among single-charged anions is exhibited in the mean activity coef-
ficient which passes through a minimumm as a function of the concentration.

Of course, the stability constants summarized in Table | are thermody-
namic constants valid for the given medium. Their relationship to the stability
constant K° referred to pure water as the standard state can be written as

°= K— =KY ©)

Y3+ Y-
where y3+,y2+’ an(l ¥ - stand for the molar activity coefficients, referred to
pure water as the standard state, of the corresponding ionic species. With
a supposed distance of 7.5A between the ionic centres, and based upon the
considerations of Bjerrum, we obtained 17 for K°. It is a good approximation
when the activity coefficient of the thiocyanate is taken as being the same as

Table 1
Complex Medium K
Co(dipy)3, SCN2+ KCl + KSCN = 1 mole .dm'3 1.0+0.1
Co(dipy)3, SCN2+ KF + KSCN = 1mole .dm-3 1.7+ 0.1
Co(dipy)3 SCN2+ KF + KSCN = 2.5 mole mdm-3 1.OIO.1
Co(dipy)3 SCN2+ KF + KSCN = 4.0 mole -+ dm™"3 1.2+ 0.1
Co(dipy)3, SCN2+ KF + KSCN = 6 mole «dm-3 2.3+ 0.1
Co(dipy)3, 12+ KF + KI = 1mole +dm-3 1.5+0.1
Co(phen)3, 12+ KF + KI = 1mole .dm-3 1.7+0.1
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the mean activity coefficient of potassium fluoride:
Ke=K— - (8)

consequently ify + is known [6] the approximate value of the quotient of the
activity coefficients of the outer sphere complex with two positive charges
and that of the inert complex ion with three positive charges can be calculated
(Table Il). These figures do not seem to be unrealistic though it would not be
correct to accept this treatment as being a quantitative one. However, it seems
that the change in stability constants by varying the concentration of potas-
sium fluoride can be explained qualitatively.

Table 11
I 1 25 4 6
K 173 1.00 1.25 2.30
E 98 18 136 7.4
Y2+ 6.4 120 112 7.4
Y3+

Finally we wish to remark that while potassium fluoride hardly affects
the light absorption of the inert complex, or does not affect it at all, the molar
light absorption of an outer sphere complex significantly changes as a function
of the ionic strength and does so according to an extreme value at each of the
wave lengths selected. Further it is worth mentioning in this context that
earlier observations showed that fluoride ions had hardly any effect on the
molar light absorption of the stable tetracyanonickelate(ll)-complex, where
as it proved highly effective [7] in the case of the less stable pentacyano-
nickelate(ll). Furthere investigations are needed to reveal whether itis gener-
ally true that when ionic strength is varied by the use of ions not likely to
form complexes, molar light absorption will change the greater the lower the
stability of the complex ion.
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The parameter method has been applied to the calculation of force constants
of methyl fluoride (E species of order three). Three fundamental frequencies, two zetas
and one isotopic frequency have been used as input data. Two sets of force constants
were obtained. Of these, the one which reproduces the other isotopic frequencies exactly
has been chosen as the relevant set.

Introduction

The parameter method has been applied for calculating the force con-
stants of polyatomic molecules in several publications [1—7]. Generally,
in these methods frequencies, Coriolis coupling constants (zetas) and vibra-
tional amplitudes have been used as input data. Frequencies of the molecule
after isotopic substitution have been used as input data only in second order
cases [3]. This paper introduces the use of isotopic frequencies in the third
order case.

Theory of the method

The normal frequencies of a polyatomic molecule are related to the force
constants by the matrix equations

GFL =LA 1)
LFL = A 2
LL =G 3

where the symbols have their usual meanings [8]. Assuming that on isotopic
substitution in the molecule, the F elements are unchanged, while, G, L and
A change by small amounts, it has been shown [9] that

diag [L~XAG) L~]A] = diag [J1A] (4)

4* Acta Chim. Acad. Sei. Hung, 97 1978



52 CHELLAM, ARULDHAS: APPLICATION OF THE PARAMETER METHOD

It follows that
[L-1(AG) L~I1Ju = (AXi)jXi (5)

In the parametric approach,

L =TA (6)
where T is a lower triangular matrix, such that T T = G, and
A = ™45 N6 N56 (?)

in which Aij are orthogonal matrices involving the angular parameter ®,y [1, 6].
By virtue of Eqs (7) and (6), Eq. (5) becomes

[4* AIGABT-1(AG) f- LABABAAIN = (AXNIX, 8)
where | —4,5,6 in the case under analysis. Introducing T 1(AG) T 1= K,
one obtains
[A56 ~46 ~45 K ~45 ~46 A5R]li — (AXFi/Xi (9)
W riting
N45 N 45 = x % (10

Eq. (9) becomes
[*56 ~4G ~ 746 ~50]// — (A*1)RI (n)
Expressing Ai6 and A5 in terms of ®46and &5 Eq. (11) gives
K4icos2®46 + Kessin2dB + 2K ,6cos D.isin %6 = (zZIAY/A4 (12)
K4 8LL2d46 8LLI2D% + K Dcos2dB + ERcos2PAsin2d5 -

* *

2(k 45 sin ® 48 sin ¢ s8 COS PHB + « 48 Sin ® 46 cos <D,65in2d>58-

- KBBcos ®4sin dBcos P = (AXHIX5 (13)
* * *
K#4sin2d46co0s2d5% + Kwsin2d% + KBcos2d4scos2dH +

* *

+ 2(K&sin ®@46sin ®%Hcos PH - K Nesin d46cos2PHcos2d -

*

- K5%cos ®40sin ®Hcos ) = (AXE)1LXB (14)

Equations (12), (13) and (14) make it possible to introduce the isotopic fre-
quencies as additional data.
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Application to methyl fluoride

The methyl fluoride molecule (CH3F) belongs to the CS point group.
It has 9 fundamental frequencies BAX+ 3E. Of these, the BbE vibrations are
the subject of this paper. The expressions for the G matrix elements, the data
with regard to the geometry of the molecule and the experimental values of
the frequencies, etc., are taken from Ref. [10].

Fig. 1.Y ariation of ®46against ®46. Curves A 1 and A 2 show the values of ®@%6which fit the Coriolis
coupling constant f4. Curves B land B2show the values of ®46 which fit the isotopic frequency

Point of intersection of A2 and B2 is irrelevant as it lies outside the Torosk limits. The point
of intersection of A1l and B1 denotes the values of ®4 and d4 consistent with both f4and v.

The actual method is as follows. For different values of ®4% from —45°
to +45° (Terok limits) [11], the values of ®48to fit f4 are calculated using
the relation given as Eq. (14) in Ref. [6]. Of the two values of ®46for each ®45
one lies outside the Torok limits. The variations of the two values of ®4%
with ®4 are shown as curves Al and A2 in Fig. 1. Also, the values of ®48 to
fit (ZIA4/A4 are calculated using Eq. (12). Again, there are two sets of ®
of which one set is entirely outside the Torok limits. The variations of the
two values of ®46with ®4 are shown as curves EIl and R2 in Fig. 1. The points
of intersection of the curves give two combinations of ®4% and ®4that would
fit both f4 and (zIA4)/A4. Out of the two points of intersection, the one lying
outside the Torsk limits is ignored and the other is taken as the relevant one.
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The exact point of intersection found by magnifying the computation in its
neighbourhood is ®%6 = —0.465°, ®46 = —0.445°. The corresponding value of
®5 is calculated using £5 and Eq. (15) of Ref. [6]. Two values are obtained
for ®5. Using each value, the matrix L is found by applying Eqs (7) and (6),
and then F is calculated by Eq. (2). Each value of ®% gives a set of force
constants.

In order to eliminate the irrelevant set, the isotopic frequencies are cal-
culated using the two sets. Naturally, both sets reproduce the first frequency
r4 of the isotopically substituted molecule. But, only one set reproduces all
the frequencies satisfactorily, while the other does not, though the individual

F elements are not appreciably different.
The relevant force constants (mdyn/A) for the molecule are

Fti = 536 £x = 040
ngs = -0.09 F% = -0.05
ngo = 0.06 nge = 0.76

For the sake of confirmation, the molecule CD3F was taken as the orig-
inal molecule and CH3F as the isotopically substituted molecule, following

the same procedure.
The force constants obtained are

N4 = 5.40 FyD = 0.43
ng5 = -0.11 FS = 0.05
Fi6 = 0.15 Fee = 0.85

The close agreement confirms the validity of the method. The slight
deviations are due to the fact that the mass of the D atom is twice that of

the H atom.
Thus, the parameter method can be successfully applied to vibrational

problems of order three by incorporating isotopic frequencies as addi-

tional data.

The authors are grateful to Dr. T. R. Ananthakrishnan and Dr. C. P. Girijaval-
tabhan for the useful suggestions given by them during informal discussions on this topic.
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The formation of 1:1 complexes between Y (I11), Pr(ll1l), Nd(IIl), Sm(II)
Gd(lll) and Dy(I1l) ions and 2-benzimidazolethiol has been shown potentiometrically.
The metal-ligand stability constants (log Kj) and proton ligand stability constants
(log KY) have been determined by the pH-titration technique at 30 °C and 0.1 M ionic
strength.

Introduction

2-Benzimidazolethiol is an industrially important compound. Its certain
metal salts have been used as heat stabilizers for polyamides [1]. Its lead
complex isused in the photoconductive layers of electrophotographic plates [2].
The adducts of 2-benzimidazolethiol with tin(Il) and (IV) and antimony(lll)
halides have also been reported [3]. Rhodium and iridium complexes have
been isolated and the determination of palladium using this ligand has also
been done [5]. The Ru(lll) complex has been studied spectrophotometri-
cally [6]. There are, however, no data in the literature on the interaction of
this ligand with the rare earth ions. We now report the stability constants of
such complexes in 50 vol. % aqueous ethanol, determined potentiometrically,
as in case of Bismuthiol | [7].

Materials and methods

Anhydrous rare earth chlorides were dissolved in perchloric acid of desired normality
to prevent the hydrolysis of these ions. 2-Benzimidazolethiol (m. p. 295 °C, Fluka, A. G.) was
dissolved in ethanol. The sodium hydroxide(BDH) and perchloric acid (E. Merck) solutions
were prepared in conductivity water and standardized by usual methods [8]. 1.0 M NaClO,
(Riedel) solution was prepared in bidistilled water.

Apparatus. For pH determination, an ELICO LI-10 pH-meter with +0.05 accuracy
was employed in combination with glass calomel electrodes calibrated with the help of standard
buffers. An inert atmosphere was maintained by bubbling oxygen and carbon dioxide free
nitrogen gas trough the solutions.
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Results and discussion
Proton-ligand stability constants

2-Benzimidazolethiol (I) is a derivative of 1-H-benzimidazole (Il); it
contains two types of protons N—H and S—H. At low pH, the acid ligand
curve lies slightly above the pure acid curve presumably due to the protonation
of the N —H group in the acid—tgand system (Fig. 1). The acid—Hgand curve
overlaps with the pure acid curve between B = (5.0 —8.5), but deviates at
B = 8.8. The lowest value of Mg, 1.085, was observed at B = 11.8 and the
highest value of ng, 2.0 at B = 8.5, which indicates that only one proton
is released, presumably from the N —H group. The proton—igand formation
curve has been obtained by plotting nX against B (Fig. 2).

Thus only log K? was obtained by the half integral method and pointwise
calculations, also extended to the aqueous ethanol system [7].

Fig. 1
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Fig. 2,

Table 1

Stability constants at 30 °C + 0.1 and fl = 0.10 M

Stability
constant

Half integral method
Pointwise calculation
Average

Standard deviation

Stability
constant

Half integral method
Pointwise calculation
Average

Standard deviation

lcgK f

10.80
10.92
10.86

+ 0.005
(1.3-=nA«=1.9)

bgK?

10.80
10.92
10.86

+0.005
(1.3<nA< 1.9)

Y(IH)

7.20+ 0.05
7.21+ 0.05
7.205+ 0.05

+0.025
(0.2<n<0.8)

sm(ll)

7.30+ 0.05
7.38+ 0.05
7.34+ 0.05

+0.062
(0.3-=n< 0.8)

log Ki_

Pr(l1)

7.10+ 0.025
7.15+ 0.025
7.125+ 0.025

+ 0.0066
(0.3<n<0.6)

log K,

Gd(l)

7.35+ 0.05
7.30+ 0.05
7.325+ 0.05

+0.0089
(0.3-= n-= 0.9)
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Nd(I11)

7.10+ 0.05
7.21+ 0.05
7.155+ 0.05

+0.078
(0.3<n<0.6)

Dy(IH)

7.05+ 0.025
7.09+ 0.025
7.07+ 0.025

+0.13
(0.3-< n-=0.6)
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Fig. 3,

Metal-ligand stability constants

To eliminate the possibility of the hydrolysis of the rare earth ion and
the presence of polynuclear species, we worked at low pH (up to B = 6.5) in
dilute solutions.

The complexation reaction between lanthanide(lll) ions and the reagent
was obvious by the considerable deviation of the metal-ligand titration curve
from the reagent curve along the volume a a is (Fig. 1).

The increase in the n values was continuous from B = 3.0 to B = 6.5
in all cases. The maximum n value in all the cases was greater than 0.5, indi-
cating 1 : 1 complex formation. The n value changed abruptly beyond B = 6.5,
due to the hydrolysis of the metal ion, therefore n values were considered only
up to B = 6.5.

The pL values were calculated at various n values and log Kx was ob-
tained by the half integral method and by pointwise calculations. These log Kj
values plotted against e2r (Fig. 3) show a roughly linear increase with e2r,
suggesting that the metal-Hgand bonds have some ionic character.
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Adsorption of n-butane and re-butane : hydrogen mixtures has been investigated
gravimetrically on Ni black catalyst in temperature range of 20 —200 °C. In addition
to physisorption different chemisorption forms are discernible: chemisorption of n-but-
ane leads to formation of dissociatively adsorbed butane, to its fragments above 88 °C
and to a form of low reactivity towards hydrogen. Comparison of the rate of hydrogenol-
ysis to the rate of hydrogenation of the chemisorbed substrate permits to suggest that
the last form acts as poison for hydrogenolysis.

Transformation of saturated hydrocarbons on Ni catalysts has been
extensively investigated from both kinetic and mechanism point of view
[1—7]. Different reaction routes such as deuterium exchange and hydro-
genolysis have been explained by assuming “weakly” and “strongly” bonded
intermediates [6] on the surface the former being dehydrogenated to a lesser
extent [5] than the latter one. On Ni catalyst multiply dehydrogenated species
are easily formed resulting in “deep” fragmentation [6 —7] of the hydrocarbon
molecules and in poisoning of the surface by carbonaceous deposits. Our recent
paper deals with adsorption of n-butane on Ni black catalyst. In order to
obtain a deeper insight into the nature of the chemisorbed substrate adsorp-
tion of hydrogen: n-butane mixtures and the reactivity of the chemisorbed
substrate with H2 are investigated. Adsorption data can then be compared
with quantity of adsorption that appears during deuterium exchange or
hydrogenolysis.

Experimental

Adsorption measurements were performed by means of a Sartorius electrobalance (Type
4102) connected to a vacuum and gas handling system. Ni sample was heated by stabilized
A. C.; the heating wires were placed directly on the hang-down tubes. Temperature of the
sample was recorded close to the sample holders. The microbalance was tested in loaded state
using Ni plates with the same weight as the catalyst itself in static as well as in flow measure-
ments with hydrogen, re-butane and their mixtures in the temperature range of 20—200 °C.
The bouyancy effects were recorded and tabulated. Ni black catalyst was prepared from
Ni(OH)2in situ. Details of preparation have been described elsewhere [8]. In adsorption meas-
urements 0.3 g sample was used. The specific surface area of the Ni sample used is 6.2 m2g-1
as measured by the BET/N2 method. Gases (hydrogen and re-butane) were passed through
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BASF-11 contact and then through a column filled with molecular sieve. n-Butane contained
0.02 mol % 2-methylpropane.

Adsorption measurements were performed in the temperature range of 20—200 °C.
Before each measurement Ni catalyst was hydrogenated at 350 °C for 30 min and then evacuat-
ed for 8—9 « 10“5torr and finally cooled to the temperature of the experiment. In some cases
after hydrogenation the sample was purged in He, at 350 °C for 30 min.

Data on n-butane hydrogenolysis were measured in an atmospheric flow reactor. n-But-
ane and hydrogen were mixed with helium and passed downflow through the catalyst bed
consisting of 0.2 g Ne diluted carefully with 0.3 g silica sand. By adjustment of the helium and
hydrogen flow rate the partial pressure of hydrogen was varied. Flow rate of n-butane was
29.5 ml min“1 The total gas flow was maintained at 450 ml min“ 1throughout. Rate measure-
ments were performed at low conversion levels up to 10 % The effluents were analysed by
Packard 427 gas chromatograph. Conversion a was calculated from the balance equation,

3
a = 100 V iC,/£ iCj. where C-denotes molar concentration of a hydrocarbon with i-carbon

atoms. TF\zelreacJtT&n rate was calculated to unit surface area, ' = 10 2aFS 1 where F-flow-
rate of the feed- and S- the surface area of the catalyst-used.

Results

Adsorption isotherms were determined between 20 and 150 °C measuring
the weight of the total adsorption by varying the equilibrium pressures between
250 and 5 torr. The weight of the chemisorbed substrate (measured at 8—9
10“ 5torr) was then substracted from the weight ofthe total adsorption. Experi-
mental results are summarized in Table I, which contains the type ofisotherm,
the isosteric heat of adsorption and the area occupied by an adsorbed n-butane.
The latter value was determined from vmn_Eut/"m.N*BET) using <\2 =
= 16.2 A2 [9].

In Table Il data on n-butane chemisorption and the effect of hydrogen
on the removal of the irreversibly bonded substrates are summarized. In the
second column the weight of the reversibly adsorbed substrate (p°_But — 50
torr) is also given. The quantity of substrate chemisorbed below 88 °C is
nearly independent of temperature. The percentage surface occupation reaches
8 —10 % in this temperature range. Weight of the chemisorbed substrate com-
mences to increase above 88 °C. At 152 °C the adsorption becomes time depend-

Table |

Data on reversible adsorption of n-butane

Temp, range 20 60°C 60 120°C

Isotherm F F

Heat of adsorption

—JHAfl, kJ mole-1 33.0-30.5 68.1-45.1

4vn (0.05-0.2) (0.05-0.15)
Surface area 1020 m2adsorbed

n-but. 28 112

F — Freundlich
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Table 11

n-Butane adsorption on Ni black

Amount of n-jutane (/ig m~2 Remained on the surface Hydrogenation rate
T oy oS WATE IR e

24 142 35 — - — —
24c feS] 63 - - - -
32 103 32 - - - -
55 87 38 10 - - -
88 43 43 15 10 - -
103 21 87 32 13 - 0.83
142 12 143 57 33 15 0.92
159 10 185 127 88 26 1.21
198 10 193 142 103 62 0.76
198d 10 187 167 147 32 0.11
203e 10 249 202 182 65 0.68
197* 10 195 183 182 " —

a) Initial rate; b) rate measured after 20 minutes; c) after hydrogenation sample was

purged in He for 0.5 hr; d) evacuated for 5 hrs; e) sample exposed to n-butane for 1.5 hrs;

sample heated in the at 450 °C (during heat treatment 15 /;g weight loss was observed) — not
measured

Table 111

Initial composition of substrates formed from chemisorbed n-butane in Hr

TeC C c, C 4c.1 4g iCi
142 73.2 12.7 14.1 0.13
159 87.5 11.2 1.3 0.07
198 95.0 4.9 0.1 0.03

ent. The rate of weight increase at 198 °C is nearly proportional to the square
root of the partial pressure of n-butane; at 50 torr it reaches 8 —10 /ig/10
minutes. As shown in the last two columns part of the irreversibly bonded
substrate was readily hydrogenated after admission of 50 torr hydrogen.
After 3 minutes the system was filled up atmospheric pressure of H2 and
further weight change was recorded in stream of H2(7.5 ml min“1. Removed
hydrocarbons were trapped and their composition was checked gas chromato-
graphically. Results are presented in Table Ill, which shows the composition
of the gaseous products collected in the first five minutes. Further hydrogena-
tion resulted in formation of methane only.
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Table IV

Effect of hydrogen on chemisorption and hydrogenolysis of n-bulane

Weight of "

Teo MR obedeub welghtiess  comeamptionta - seratios
strate figm-T molm-2 s-1 RO, mol m~* s-1
tig varr

23 0 33 - -
5.5 10 - - -
20b 0 - - -
88 0 57 - - -
4.5 10 10 - -
53 10 10 - -
198 0 197 - 1.10 10%9 6.12 fO-sa
7.5 137 89a 515 i0-8 6.12 10-93
22.5 83 57a 133 10~7 3.43 o™ 2
55.0 24 10 5.12 10-7 6.70 10 -9
163.0 20 14 1.17 10“6 0.97 io-9
232.0 25 15 1.38 10“6 1.02 10"9
515.0 20 5 5.63 10-7 1.38 i0-9

aMeasured after 5 minutes after having closed the hydrocarbon stream, otherwise
initial weight loss; bPHc= 200 Torr, otherwise 50 Torr; £it has been assumed that H/C ratio
is two and methane is the only product of hydrogenation — not measured

Measurements at 198 °C revealed, that the increase of the weight of the
chemisorbed substrate in course of time resulted also in raise of the weight
of non-reacting substrate. Evacuation of the sample after adsorption influences
also the reactivity of the adsorbed substrate probably owing to further disso-
ciation of C-H bonds.

The effect of hydrogen on chemisorption of n-butane was investigated
at 23, 88 and 189 °C. Results are depicted in Table IV together with rate
measurements on n-butane hydrogenolysis. As can be seen from the results,
presence of hydrogen strongly influences irreversible adsorption. At 189 °C
the adsorption is time dependent: weight as well as conversion is measured
after 30 minutes. Turning of the hydrocarbon stream, 5—15 /tg of the sub-
strate was removable immediately. In the last column rate of the further
weight decrease is given.

Discussion

In agreement with earlier investigations [10] data on re-butane adsorption
reveal different adsorption forms. The reversible adsorption below 60 °C can
be ascribed to physisorption. This conclusion is based on the heat of adsorption
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and on the surface area occupied by an adsorbed n-butane, which is close to
the van der Waals area of the molecule [9]. In temperature range between 60
and 100 °C part of the adsorbed substrate is still removable by evacuation
but the isosteric heat of adsorption at low coverages (0.05—0.1) is several
times greater than the heat of condensation. Above 140 °C the reversibility
of n-butane adsorption is ceased. (The weight decrease during evacuation at
189 °C probably corresponds to further dissociation of C-H bonds and to self-
hydrogenation of the chemisorbed substrate.)

The chemisorbed substrate formed below 88 °C consist of n-butane.
Chemisorption proceedes probably through displacement of chemisorbed hy-
drogen, since the remaining pressure of hydrogen is 10 1Torr in the balance.
The n-butane coverage is low and corresponds to 6 —7 adsorbed molecules per
100 metal atom. The quantity of chemisorbed substrate increases continuously
with rising temperature that may point to the non-uniformity of the surface
being induced by presence of hydrogen, impurities and by the different activ-
ities of edges, corners etc. Above 152 °C the quantity of the chemisorbed sub-
strate does depend on time. This process is analogous to the high temperature
deposition of carbon discussed by several authors [11 —13]. The temperature
dependence of deposition rate (steady rate) gives an apparent activation energy
of 34 + 3 kcal mol-1for n-butane as measured by temperature jump method
between 250 and 350 °C.

Experiments concerning the removal of chemisorbed substrate prove
that it consists of different chemisorption forms. As shown by hydrogenation
results one part is rapidly hydrogenated and consists of n-butane as well as
of its fragments above 88 °C. The initial rate of hydrogenation of the chemi-
sorbed substrate at 190 °C is 60 fig min-1 m-2. This value assuming that only
methane is formed and the substrate consist of (CH2) units corresponds to
a hydrogenation rate of 7.13 10“8 mol m -2 sec-1. This value is an upper limit
of the hydrogenation rate; in case of n-butane desorption it would be 1.78 10 ~s
mol m-2sec'\ The apparent activation energy of hydrogenation is 12 + 4
kcal mol \ as measured in temperature range of 142—200 °C. This value is
lower than reported for hydrogenation of carbon deposited from benzene or
propene above 500 °C, where it reaches 67 [12] and 32 [14] kcal mol“ 1 respec-
tively. After removal of 60 % of the substrate (within 15 minutes) the hydro-
genation rate 0.76 fig min“1m 2at 190 °C i.e. the rate of methane formation
is 10.2 10 9mol m“2sec-1. This value does agree with chromatographic results.

The quantity of the slowly reacting substrate is strongly influenced by
the evacuation time as well as by further heat treatment at elevated tempera-
tures in vacuum. Analysis of exhaust gas indicated that methane is the only
detectable product. The slowly reacting substrate might consist of superficial
carbide (Ni3C) or superficial carbon atom [15], that might transform into
metal or form graphite, wich is then highly unreactive towards hydrogen [16].
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Presence of hydrogen as shown by results in Table IV influences the
chemisorption of butane to a large extent. The retarding effect decreases with
increasing temperature in agreement with kinetic investigations on deuterium
exchange [17] and hydrogenolysis [5—7]. The quantity of chemisorbed
substrate decreases markedly with increasing pressure of hydrogen. Corre-
sponding rate measurements on hydrogenolysis at 198 °C show that the rate
of n-butane consumption as a function of hydrogen pressure can be charac-
terized by a broad vulcano shaped curve. The decrease of reaction rate at low
H2/n-butane ratios can be ascribed to the poisoning of the surface by the slowly
reactive substrate i.e. to the decrease of the number of working active sites.
Percentage of unblocked surface atoms can be calculated by assuming that
the quantity of the chemisorbed substrate measured at zero partial pressure
of hydrogen corresponds to the full coverage of the surface atoms. The sharp
decrease of the reaction rate (apparently it is very sensitive for the quantity
of the remaining substrate) isin agreement with previous suggestions according
to which hydrogenolysis involves multiply dehydrogenated surface species
[18,19].

The “apparent” poisoning of the reaction rate at high hydrogen to butane
ratios can be explained by assuming competition between hydrogen and
n-butane for the adsorption sites. The competition results in a lower probability
of hydrocarbon finding an unoccupied Ni site.

The quantity of the chemisorbed substrate measured under conditions
of “normal” hydrogenolysis is small. The measured 5—15 ug weight loss
recorded after turning off the hydrocarbon stream probably corresponds to
the weight of the surface complex being responsible for hydrogenolysis, since
the rate of hydrogenation of the remaining part is not commensurable with
the rate of the hydrogenolysis. It can be stated for this reason, that the surface
coverage for hydrocarbon is low, consequently the reaction proceeds only on
a small fraction of the surface. This observation may underline the importance
of sites having low co-ordination [19] (e.g. edges or B- sites [20]) in promoting
hydrogenolysis.

To sum up, the chemisorption measurements reveal above 88 °C different
chemisorption forms, although they are not sharply separable from each other.
This may be the consequence of the extensive dissociation of C-H bonds that
may explain almost simultaneous formation of dissociative chemisorbed
butane, its fragments and of slowly reactive carbon deposits. It can be noted
that this phenomenon is in agreement with kinetic measurements, since on
Ni black deuterium exchange, hydrogenolysis and poisoning are unseparable
from each other [21].
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Isoflavone reacts with hydroxylamine between pH 4 and 11, at a rate increasing
with the pH, to yield 4-phenyl-5-(2°-hydroxyphenyl)-isoxazole (1). It follows from the
structure of the product that the nucleophilic reagent attacks on the C-2 atom and
cleavage of the y-pyrone ring of isoflavone occurs. Under such conditions, isoflavone
does not show the usual carbonyl reaction with hydroxylamine.

Compound | is very stable in acid media, however, cleavage of the isoxazole
ring takes place in strongly alkaline solutions to give 2-(2’-hydroxybenzoyl)phenyl-
acetic nitrile (Y). This conversion confirms both the structure of | and the direction of
the conversion of isoflavone.

Compound V is in ring-chain tautomeric equilibrium with 4-hydroxy-3-phenyl-
coumarin imine (VII1), depending on the pH. Compound VIII can be converted into
4-hydroxy-3-phenylcoumarin (1X) when refluxed in acid solution. In this way a ring
transformation of chromone to 4-hydroxycoumarin has been achieved with the sequence:
isoflavone - 1 - V - VIII IX.

Introduction

Although the carbonyl reactions of flavones (2-phenylchromones) have
been discussed in several papers [1—5], it is interesting to note that reactions
of isoflavones (3-phenylchromones) with nitrogen containing nucleophilic
reagents have not been treated yet.

Isoflavone has a basicity lower than that of chromone and flavone [6],
while the sensitivity of its C—2 atom towards nucleophilic reagents is signif-
icant [7, 8]. Therefore, on treatment with nucleophilic reagents, isoflavone
may give the usual carbonyl reactions, as well as cleavage of the y-pyrone
ring may occur with the formation of pyrazole, isoxazole, or even dioxime
derivatives.

Results and discussion

Isoflavone was allowed to react with hydroxylamine under widely varied
conditions, in order to determine the optimum vyield and various possible
directions of reactivity; however, the same main product was always obtained
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up to pH 11. A compound with positive FeCl3 reaction was also formed in
small amounts; this was probably the dioxime, but its presence caused no
difficulty in isolating the main product.

Table | shows that the yield was slightly, and the reaction time signifi-
cantly, dependent on the concentrations of hydroxide ion and the nucleophilic
agent in the solution. The reaction rate increases up to about pH 11; however,
above this value the reaction is not unambiguous owing to the sensitivity of
the reaction product to alkali, as well as because of the degradation of the
y-pyrone ring of isoflavone [7, 8]. A compound producing a deep violet reaction
with FeCl3(not identical with the compound supposed to be the dioxime) and
2-hydroxydeoxybenzoin oxime were formed.

A multicomponent reaction product was obtained with hydroxylamine
hydrochloride in hot pyridine, and similarly, with hydroxylamine base in
absolute ethanol.

The main product in the above reactions was a white crystalline com-
pound containing one nitrogen atom and one hydroxyl group which could be
acetylated. The ferric chloride reaction was negative.

In view of the reactivity of the isoflavone molecule on the carbonyl
group and the possibility of attack on the C—2 atom under conditions leading
to an isoxazole, the formation of three compounds with different structures
can be assumed, depending on whether the nucleophilic attack occurs on the
C—2 or C—4 atom.

Table 1

Reaction of isoflavone with hydroxylamine under various conditions

Solvent pH Temps Reacton  viewd, % M p.°c
1. EtOH :HD = 80:20 ~1% 80 ~ 24 0 —
2. EtOH :HD = 80 : 20 6.0 80 7.0 75 161-164
3. EtOH :HD = 80 :20 7.0 80 25 90 161-164
4. EtOH :HD = 80 :20 8.0 80 15 93 161-164
5. Dioxan : HD = 60 : 40 9.3 30 ~ 20 85 161-164
6. Dioxan : H.0 = 60 : 40 108 30 15 85 161-164
7. EtOH :HD = 90 : 10 -11 20 6.0 92 161-164
8. Absolute EtOH - 20 ~ 24 90 155-160%*
9. Absolute EtOH - 20 - 12 60 159-161**
10. Pyridine . 115 15 80 150- 160“

Reagent: NH2—OH-HC1 (3 moles excess) + 2—4: acetate-alkali; 5—6: phosphate-
acetate buffers; 8: NaOEt titrated to the equivalence point, 9: the same, with NaOEt excess;
2 —7: raw product chromatographically pure.

* Acid catalysis (HC1); ** three-component raw product
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Since spectroscopic methods did not provide unambiguous evidence for
compounds I, Il or Ill, hydrolysis of the product with aqueous acid or alkali
was attempted.

The compound obtained in the above reaction suffers no change even
when treated with 5M hydrochloric acid in aqueous ethanol. This high sta-
bility makes structure Il improbable, since isoflavone oxime (I1) would undergo
hydrolysis to isoflavone under such conditions.

In alkaline medium the compound suffers a change, as shown by the
spectra in Fig. 1.

This conversion is reversible up to a certain pH, however, it becomes
irreversible in strongly alkaline solution (about 1.25M aqueous alcoholic

Fig. 1. Changes In the spectrum of 4-phenyl-5-(2’-hydroxyphenyl)isoxazole in 1M sodium
hydroxide solution
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alkali), and after acidifying the alkaline solution, the white crystalline com-
pound (m.p. 98—100 °C) giving the dark violet FeClI3 reaction mentioned
above is obtained. The reaction is fast (30 min) and unambiguous; the yield
is nearly 100 %. The compound is soluble in alkaline solutions and, according
to elemental analysis, it contains one nitrogen atom. The NMR spectrum of
the product, kept in darkness at 0 °C, shows a signal at 11.75 ppm which
disappears on the effect of D2 and can be assigned to the proton of a phenolic
hydroxyl group in chelate bond. In the IR spectrum an intense nitrile band
is found at 2270 cm-1, and the band at 1640 cm-1 indicates the presence of
a ketonic carbonyl.

On the basis of the above analytical data it was supposed that this prod-
uct of the alkaline conversion was 2-(2’-hydroxybenzoyl)phenylacetic nitrile
(V). The synthesis of Y was effected in order to confirm this assumption.

The procedure suggested by Kawase [9] was modified to prepare 2 (2’-
methoxybenzoyl)phenylacetic nitrile (IV), and this was demethylated to V
with an excess of A1C13in hot absolute benzene.

The formation of 3-phenyl-4-hydroxycoumarin imine (VIII) [10] was not
observed during demethylation, probably owing to the relatively low tempera-
ture used and the higher stability of the A1C13 complex of the nitrile under
such conditions. Compound V was obtained from IV in almost 100 % yield.
The properties of the synthetic compound V were identical in all respects
with those of the product prepared by the alkaline conversion. However,
under such conditions it is only I, i.e. 4-phenyl-5-(2’-hydroxyphenyl)isoxazole,
which can yield V.
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The reaction of hydroxylamine and isoflavone starts with the nucleophilic
attack on C—2 under the given reaction conditions, and the aldoxime VII
is formed, which yields the isoxazole | in a rapid cyclization step. On the basis
of the results given in Table I, the probability of an attack on C—4 and thus
the formation of the normal oxime (Il) or the isoxazole Ill is very small in
the case of isoflavone, in contrast with the experiences with flavone [11].

NH, -OH
-H 20 ©)

Ph

o-o

Compound V is unstable and is converted VIII by treatment with acids or
dilute bases. VIII and V are in the relationship of ring-chain tautomerism
since VHI can be converted to V in rather concentrated (about 2.5M) alkali
solutions.

Since VIII yields 4-hydroxy-3-phenylcoumarin (1X) when refluxed in
acid aqueous solution [10], the present work has achieved the transformation
of the chromone ring into the 4-hydroxycoumarin ring, according to the
following reaction series:

The authors’ thanks are due to Miss E. Theisz for her valuable help in the experimental
work.

Acta Chim. Acad. Sei. Hung. 97, 1978



74 SZABO et at: CLEAVAGE OF THE HETEROCYCLIC RINC, V

Experimental

The UV spectra were recorded with a Unicam SP 800 instrument in ethanol; IR spectra
were obtained with a Unicam SP-200G instrument in KBr pellets; the NMR spectra were de-
termined with a JEOL instrument.

The reactions were monitored by the TLC technique on DC-Alurolle Silicagel 254 (Merck)
layers. The developing mixture was benzene-ethanol (95 :5). M. p.’s are uncorrected.

4-Phenyl-5-(2’-hydroxyphenyl)isoxazole (1)

Hydroxylamine hydrochloride (2.0 g; 30.0 mmoles) was dissolved in 2.5M sodium hydrox-
ide (5 cm3), and the pH of the solution was adjusted to 11. Isoflavone (2.22 g; 10.0 mmoles)
was suspended in ethanol (50 cm3) and added to the above aqueous solution of hydroxylamine.
The yellow reaction mixture, in which isoflavone slowly dissolved, was allowed to stand at
room temperature for 6 hrs. The solution was then acidified with hydrochloric acid (pH ~ 5)
and evaporated to dryness. The product was crystallized from aqueous ethanol to obtain 2.19 g
(91.9 %) of I, m. p. 163- 166 °C.

CIBBHuNO 2 Calcd. C 75.9; H 4.63; N 5.90. Found C75.1; H 4.80; N 5.84 %

UV; Umex (log e) 228 (4.28), 263 nm (4.03).

IR (KBr): 970 (N-O), 1620 (C=N), 3420 cm-' (OH).

NMR (DMSO-de): 9.0 (s, 1H, C3—H), 10.1 ppm (s, 1H, OH; exchangeable with D20).

Acetate of | (VI)

Compound | (0.6 g; 2.5 mmoles) was allowed to stand in a mixture of acetic anhydride
(1.17 cm3; 12.5 mmoles) and absolute pyridine (0.60 cm3; 7.5 mmoles) at room temperature for
1 day. The reaction mixture was then poured into ice-water, and the product which separated
was crystallized from ethanol (0.60 g; 85.7 %), m. p. 104—106 °C.

CIHI3N03. Calcd. N 5.00. Found N 4.97 %.

UV: Amax (log E) 270 nm (4.03).

IR: 1190. 1370 (C-CH 3), 1630 (C=N), 1765 cm-' (C= 0).

NMR (CDC13): 1.98 (s, 3H, CH3J), 8.48 ppm (s, 1H, C3-H).

2-(2’-Methoxybenzoyl)phenylacetic nitrile (1V)

Sodium metal (2.3 g) was dissolved in a mixture of anhydrous benzene (20 cm3) and an-
hydrous ethanol (20 cm3). Ethanol was removed from the sodium ethoxide suspension by means
of distillation (the volume was kept meanwhile about constant by the addition of anhydrous
benzene). Phenylacetic nitrile (5.8 g; 50.0 mmoles) and 2-methoxybenzoic acid methyl ester
(8.0 g; 50.0 mmoles) were added and the solution was maintained at 90 —95 °C while the alco-
hol formed evaporated from the reaction mixture. After treatment for 4 hrs, the mixture was
poured into water (200 cm3). The organic phase was extracted with water, the aqueous phase
was re-extracted with ether, and the combined aqueous phases were acidified with sulfuric
acid (pH = 2 3). The milky emulsion was cooled, whereupon a white crystalline substance
separated, which was recrystallized from ethanol (10.5 g; 87.5 %), m. p. 109—110 °C (lit [9],.
m. p. 108- 109 °C).

IR: 1680 (C=0), 2270 (C=N), 3050 cm*“1 (CH).

NMR (CDC13): 3.86 (s, 3H, OCH3), 5.82 ppm (s, 1H, C2- H).

2-(2’-Hydroxybenzoyl)phenylacetic nitrile (V)

(a) Compound I (0.60 g; 2.53 mmoles) was dissolved in a mixture of ethanol (10 cm?3)
and 2.5M sodium hydroxide (10 cm3). The homogeneous yellow solution was allowed to stand
at room temperature for Ihr, acidified with hydrochlorid acid, and the alcohol was removed.
The substance which separated was filtered off, washed until free from acid and crystallized
from 80 % aqueous ethanol (0.53 g; 88.3 %); m. p. 98 —100 °C.

CIHuNOj. Calcd. N 5.90. Found N 5.84 %

UV: dArax (log e) 262 nm (4.00).
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IR: 1640 (C=0), 2270 (feN ), 3050 (CH), 3250 cm*“1 (OH).

NMR (CDCLj): 5.05 (s, 1H, C2-H ), 11.75 ppm (s, 1H, OH).

fb) Compound IV (1.0 g; 4.0 mmoles) was dissolved in anhydrous benzene (5 cm3) and
anhydrous A1CI13 (2.0 g; 15.0 mmoles) was added to the solution. The mixture was refluxed
for 30 —40 min, with vigorous stirring. The complex which separated was decomposed with
0.1M hydrochloric acid under cooling in ice-water (t < 5°C, pH = 2—3). After the separation
of the phases, the aqueous phase was extracted with benzene. The combined benzene solutions
were dried, clarified and evaporated to dryness in vacuum. The remaining oil was shaken with
petroleum ether and aceply cooled. The product separated in the form of white crystals (0.80 g;
84,0 %), m. p. 98- 99 °C.

(C) Compound VIII (0.237 g; 1.0 mmole) was dissolved in ethanol (3 cm3) and 5M so-
dium hydroxide (3 cm2) was added to it. The yellow solution was allowed to stand at room
temperature for 15 min, then acidified with hydrochloric acid, with cooling. The semi-solid
substance which separated was rubbed with water and crystallized from 80 % aqueous ethanol
(0185g 780%) m. p. 97-99 °C.

p. depression was observed in admixtures of the compounds prepared according
to (a), (b) and (C). The mixed m. p.’s were between 97 and 99 °C.

The elemental analyses of the compounds synthesized according to (D) and (C) were
identical with those of the product described under (a).

4-Hydroxy-3-phenylcoumarin inline (VIII)

Compound V (0.237 g; 1.0 mmole) was refluxed in a mixture of ethanol (3 cm3) and cone,
hydrochloric acid (2 drops) for 15 min. Some of the ethanol was evaporated, the white product
was washed with water until free from acid, and crystallized from ethanol to obtain 0.21 g
(88.6 99 of VIII, m. p. 224- 226 °C (lit. [10] m. p. 219-220 °C).

IR: 1610 (C=C), 1645 (C= N), 3240 (NH). 3380 cm*“1 (OH).
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OXAZEPINES AND THIAZEPINES, IV*
SYNTHESIS OF 2,3-DIHYDRO-2-PNEHYL-I,4-BENZOXAZEPINE DERIVATIVES
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The Schmidt reaction of flavanones gave 2,3-dihydro-2-phenyl-l,4-benzox-
azepin-5(4H)-ones (V—VIII) which afforded the corresponding thiones (IX—XII) on
treatment with P2S5. From compound V, N-acyl and N-alkyl derivatives (X111 —X1X)
were also prepared.

According to Krapcho and Turk [2] the Schmidt reaction of flavanone
(I) gives 2,3-dihydro-2-phenyl-1,5-benzoxazepin-4(5H)-one. Later the reaction
was reinvestigated by Lockhart, and Misiti and Rimatori [3 ,4] who, on the
basis of chemical degradation and spectroscopic evidences, found that the
compound described by Krapcho and Turk [2] was in fact 2,3-dihydro-2-
phenyl-1,4-benzoxazepin-5(4H)-one (V). 2,3-Dihydro-2-phenyl-l,4-benzoxaze-
pin-5(4H)-one was also prepared by Misiti et al. [5] via the Schmidt reaction
of 2’-hydroxychalcone. Misiti and Rimatori [6] prepared 2,3-dihydro-2-
phenyl-1,4-benzoxazepin-5(4H)-ones as major products from 6-methyl-,
6-nitro- and 8-nitroflavanone as well. Thus, the reaction took place mainly
with alkyl migration. In the course of our work on the synthesis of oxazepines,
the Schmidt reaction of some substituted flavanones (M-1V ) has also been
investigated.

From compounds Il, 11l and IV the corresponding 2,3-dihydro-2-phenyl-
l,4-benzoxazepin-5(4H)-ones (VI—VI1Il) were obtained. Their structure was
unequivocally proved by comparison of their IR and IH-NMR spectra with
those of authentic 2,3-dihydro-2-phenyl-l1,4-benzoxazepin-5(4H)-one (V) [3, 4].

Thus in the Schmidt reaction of flavanones, alkyl migration leads to the
formation of 2,3-dihydro-2-phenyl-l,4-benzoxazepin-5(4H)-ones. The assumed
mechanism of the reaction can be illustrated as follows (Scheme 1I):

The conjugate acid of the ketone produces a protonated azidohydrin
with hydrazoic acid, which loses water to formaniminodiazoniumion. Theoret-
ically the iminodiazonium ion can existin syn (Z) or anti (E) form. Concerning
the Schmidt reaction of ketones it was found by Smith and Antoniades [7]

* For Part 111, see Ref. [1].
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Scheme |

that rearranement occurs at this stage by migration of the group
anti to the diazonium nitrogens. In the case of flavanones this is the CH2
group if the iminodiazonium ion has the anti configuration with —N i directed
away from the C—2 atom. Since alkyl migration was observed for all the
flavanones investigated so far, it is a reasonable assumption that the imino-
diazonium ion obtained from them exists in the anti form, which in turn leads
to alkyl migration. Alkyl migration followed by nitrogen elimination gives
a carbonium ion, which produces the corresponding 2,3-dihydro-2-phenyl-1,4-
benzoxazepin-5(4H)-one on hydration.

The structure of the iminodiazonium ion is quite similar to that of fla-
vanone hydrazone, the stable isomer of which was found anti by Kaltlay
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I, V, IX:
I, VI, X:
I, VI, Xl:
1V, VIII. XII:
XIll: Rs = CO0:CH3s
XIV: Rs = C02:CHs
XV: Rs = COCH2CI
XVI: Rs = COCsHs
IR
’CO [ecm-7]
\Y 1600
Vi 1660
VIl 1650
VI 1660

NH*

8.64
7.88
8.52
8.48

R:= R2=H
R: = H, R2 = 3-OCHs
R:1 = OCH3 Rz2=H
R:1 = OCHs, R2= Cl
XVIlI: Rs = CH2C02H
XVIIl: Rs = (CH2)2.CO,H
XIX: Rs = CH2C02C:Hs
Scheme 11
Table |
Spectral data
»H NMR(<5ppm)
i 1
Aromatic CH-Ar
7.38-8.30m 5.73q
6.58 - 7.60m 5.22q
6.85 —8.24m 5.68q
6.88-8.24m 5.66q

*The NH signal is extinguished by D20

Acta Chim. Acad. Sei. Hung. 97,
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3.76m
3.44m
3.75m
3.76m
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et al. [8]. This comparison might be an indirect proof of the anti configuration
of the iminodiazonium ion.

For the preparation of 2,3-dihydro-2-phenyl-1,4-benzoxazepin-5(4H)-
thiones(IX —X11),2,3-dihydro-2-phenyl-l,4-benzoxazepin-5(4H)-ones,(V —VIII)
were allowed to react with P2S5under the reaction conditions described in the
literature [9, 10].

Among the benzoxazepine there are compounds having various pharma-
cological, i.e. analgetic, antiphlogistic, spasmolytic, antihistaminic, cataleptic,
sedative, anticonvulsive, antinarcosis, etc., activities [11 —16]. One of the aims
of the present study was the synthesis of novel, biologically active benzoxaze-
pines, whichwe intended to accomplish by the preparation ofsome N-substituted
derivatives. To obtain N-acylated derivatives X1l —XVI we acylated 2,3-di-
hydro-2-phenyl-l,4-benzoxazepin-5(4H)-one (V) with methyl or ethyl chloro-
formate and chloroacetyl or benzoyl chloride. Compound V was also allowed
to react with iodoacetic acid or /1-propiolactone to yield N-acetic acid (XVII)
or N-propionic acid (XVIII) derivatives. Substance XVII gave an ethyl ester
(X1X) on esterification with ethanol.

Experimental

M. p.’s are uncorrected.

The IR spectra were taken in KBr pellets on an UNICAM SP 200 G instrument. The
IH-NMR spectra were recorded with a JEOL MH 100 instrument in deuterochloroform (in-
ternal standard TMS, 0 = 0 ppm), at room temperature.

The flavanones used as starting materials were prepared by known procedures [17—19].

2,3-Diliydro-2-phenyl-l,4-beiizoxazepin-5(4H)-ones (V—VIII)

Concentrated sulfuric acid (2 ml) was added portionwise to the stirred and cooled mix-
ture of flavanone (I —IV) (2 g), sodium azide (1.0 g) and glacial acetic acid (8 ml). The mixture
was stirred for further 2 hrs at 45 —50 °C and then poured into water. The precipitated material
was filtered off. washed free of acid, and crystallized from methanol to yield compounds V—
VIl (Tables 1 and II).

2,3-Dihydro-2-phenyl-l,4-benzoxazepin-5(4H)-thiones (IX—XII)

2,3-Dihydro-2-phenyl-l,4-benzoxazepin-5(4H)-one (V—VIIlI) (2 mmoles) and P25
(3 mmoles) were refluxed for 1.5 hr in dry pyridine (10 ml). The mixture was poured into water
and acidified with dilute hydrochloric acid. The residue was filtered off, washed free of acid,
and crystallized from methanol to afford a yellow crystalline substance (1X—XII) (Table I1).

2,3-Diliydro-2-phenyl-4-methoxycarb9nyl-l,4-benzoxazepin-5(4H)-one (XI1II)

(a) 2,3-Dihydro-2-phenyl-l,4-benzoxazepin-5(4H)-one (V) (2.4 g) and methyl chloro-
formate (5 ml) were dissolved in dry acetone (100 ml), and refluxed for 5 hrs in the presence
of K2C03(10 g). The inorganic salt was filtered off, the solvent evaporated in vacuum, and the
residue crystallized from methanol to yield a white crystalline material (1.7 g: 56.6 %), m. p.
113-114 °C.

(b) Methyl chloroformate (5 ml) was added portionwise to the stirred and cooled sus-
pension of compound V (2.4 g) and sodamide (2 g) in anhydrous toluene (100 ml). The mixture
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VI
Vil
VIl

Xl
X1l
X1
XV
XV
XVI
XV
XVIHI
XX

mM.p.(Q

119-120
131-132
154-155
174-175
134-135
158-159
135-136
113-114
97-98

108-109
158-159
172-173
164- 165
111-112

Yield

*9

33.3
42.8
38.0
62.0
714
49.5
48.3

*

*

32.2
23.3
*

32.2
73.4

Analytical and physical data of the compounds prepared

Overall
formula

CieHie N
CwH1B N
ClEH 10 3\C1
chh 1ons
clh Bohs
clhh o2ns
clh Yohsci
cl7h 504n
clénh Tiodn
clh Yo3ci
c2n lloh
clth BBodn
c1h Tlodn
cIn 194n

Molecular
weight

269.28
269.28
303.72
255.25
285.34
285.34
319.72
297.29
311.32
315.73
343.36
297.29
311.32
325.34

*Yield is given in the experimental section

71.35
71.35
63.36
70.56
67.34
67.34
60.08
68.68
69.45
64.76
76.96
68.68
69.45
70.15

Table 11

Calculated

H

5.61
5.61
4.62
5.09
5.29
5.29
4.37
5.05
5.46
4.44
4.95
5.05
5.46
5.84

5.20
5.20
4.62

4.71
4.50
4.44
4.08
4.71
4.50
4.30

Analy»is (%9

12.54
11.23
11.23
10.03

71.59
71.31
63.64
70.38
67.54
67.47
60.01
68.83
69.24
65.30
77.01
67.79
69.75
69.92

5.58
5.56
4.72
5.08
5.37
5.27
4.48
5.10
5.36
4.42
5.04
5.07
5.59
5.81

Found

5.26
531
4.66

4.82
4.42
4.52
4.12
4.82
4.39
4.40

12.50
11.15
11.10

9.97
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was stirred for further 8 hrs at room temperature, the precipitated inorganic salt filtered off,
the solvent evaporated in vacuum and the residue crystallized from methanol to afford com-
pound XIII (1.8 g; 60.0 %), m. p. 113- 114 °C.

2,3-Dihydro-2-phenyl-4-ethoxycarbonyl-1,4-benzoxazepin-5(4H)-one (X1V)

Under the conditions applied in the preparation of XIII, the treatment of V (1.0 g) with
ethyl chloroformate (2 ml) yielded compound X1V (@) (0.9 g; 69.2 %) (D) (0.8 g; 61.5 %), m. p.
97-98 °C.

Compounds XV and XVI were prepared according to method (a), using chloroacetyl
chloride and benzoyl chloride as acylating agents.

2,3-Dihydro-2-phenyl-4-carboxymethyl-l,4-benzoxazepin-5(4H)-one (XVII)

(a) lodoacetic acid (1.0 g) in anhydrous toluene (30 ml) was added dropwise to the
stirred and cooled suspension of compound V (1.0 g) and sodamide (1.0 g) in anhydrous toluene
(20 ml). The mixture was stirred for 20 hrs then poured into water. The two phases were sep-
arated, the aqueous solution acidified with dilute hydrochloric acid, the precipitated material
filtered off, washed free of acid, and crystallized from methanol to yield a white crystalline
product (1.0 g; 83.0 %), m. p. 172—173 °C.

S Compound V (2.4 g) and sodium hydride (1.0 g) were dissolved in dry dimethyl
formamide (70 ml). lodoacetic acid (3.0 g) in dry dimethyl formamide (30 ml) was added drop-
wise to the stirred and cooled solution. The mixture was stirred for 14 hrs, poured onto crushed
ice, then worked up as described for the aqueous solution under (a) to yield compound XVII
(1.8 g; 60.0 %), m. p. 172- 173 °C.

2,3-Dihydro-2-phenyl-4-(2-carboxyethyl)-1,4-benzoxazepin-5(4H)-one (XVIII)

Under the conditions (method b) applied in the preparation of XVII, the treatment of
V (2.4 g) with /3-propiolactone (2.0 ml) gave a white crystalline product (Table 11).

2,3-Dihydro-2-phenyl-4-(carbethoxy methyl)-1,4-benzoxazepin-5(4 H)-one (XI1X)

Compound XVII (1.0 g) was refluxed for 7 hrs in a mixture of anhydrous ethanol (50 ml)
and concentrated sulfuric acid (1 ml). The solution was poured onto crushed ice, the residue
filtered off, washed free of acid and crystallized from ethanol to afford a white crystalline prod-
uct (Table I1).

The products prepared in different ways (aand b) gave no m. p. depression in admixture.

Thanks are due to Drs S. szabs and L. Szitagyi for recording the spectra and help in
the interpretation; to Mrs E. Hajna1 for her technical assistance and to the staff of the Ana-
lytical Laboratory for the microanalyses. The present study was sponsored by the Hungarian
Academy of Sciences, which is gratefully acknowledged.
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In the reduction of 2-ethylanthraquinone the reaction stops after a hydrogen
consumption of 3 moles H2 per mole of substrate. The product is 2-ethyl-5,6,7,8-tetra-
hydroanthrahydroquinone. The ethyl group is protruding from the plane formed by
the aromatic rings, and hinders the aromatic ring carrying the alkyl group in getting
sufficiently near to the surface of the catalyst to undergo hydrogenation.

Introduction

The industrial importance of manufacturing hydrogen peroxide on
2-ethylanthraquinone basis can be characterized by the sole fact that in 1974
49 % of the world production was made by this method.

The process is the following:

The substrate is dissolved in a usually two-component solvent, in which
the apolar quinone and the polar hydroquinone forms are both soluble (in
about 20 % (w/w)). Hydrogenation is carried out in the presence of Raney
nickel or palladium-charcoal catalyst, but it can also be effected using boride
catalysts [1]. The solvents commonly used are listed in Table | (1—6). After
hydrogenation the catalyst is filtered off, and the solution of Il is oxidized
by blowing air through it. Hydrogen peroxide is then extracted from the organic
solution with water, and the solution of | is recirculated for further use.
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Table 1

Solvents used in the experiments

No. Solvent Volumetric
ratio

1 Benzene-octanol 3:2
2 Benzene-ethanol 1:1
3 Dimethylformamide-octanol 5:1
4 Benzene-2-methylcyclohexanol 3:2
5 Tetraline-cyclohexanol 1:1
6 Dibutyl phthalate

7 Butyl acetate

8 Isobutyl acetate

9 Amyl acetate

10 Isoamyl acetate

In the literature we can find very scanty information on the theoretical
aspects of the process; however, the number of relevant patents is about 150.
Most of them point out that the selectivity of the catalyst is a very important
factor in the proper reduction of the aromatic ring system. At the same time,
several patents mention that not only I, but also the eutectic mixture formed
with its 5,6,7,8-tetrahydro derivative can be used.

Our investigations aimed at elucidating, as far as possible, the inconsist-
ency of these statements.

Our experiments were carried out in the solvents listed in Table I. The
experimental methods have been described in one of our earlier communi-
cations [2].

Experimental

In our first experiments the number of moles of H2 absorbed by each mole of 2-ethyl-
anthraquinone was investigated. The results are summarized in Table Il when using 5 «10-3
mole of substrate, for the saturation of the total ring system 672.3 ml of H2would be required
in addition to the 112.05 ml calculated for the quinone hydroquinone conversion. However,
hydrogen uptake stopped after the absorption of 320—345 ml. This means that besides the
hydrogen needed for the quinone-hydroquinone conversion, about 2 moles of H2are consumed
per mole of substrate. Accordingly, only one member of the ring system is saturated. Thus in
the course of the reaction one of the following compounds, or their mixture, must be formed:

OH OH
OH OH
" v

5,6,7,8-Tetrahydro-2-ethylanthrahydroquinone 1,2,3,4-Tetrahydro-2-ethylanthrahydroquinone
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Table 11

Total hydrogen uptake of 2-ethylanthraquinone in the hydrogenation of the aromatic
ring system in different solvents

Reaction mixture: 40 ml of solvent; 1.18 g (5 ¢« 10~3 mole)
of 2-ethylanthraquinone; 1 ml of catalyst
Temperature: 25 °C

Solvent H, consumption
mole/mole of substrate

1 3.09
2 2.88
3 3.00
4 2.79
5 2.95
6 3.18
7 3.21
8 2.86
9 3.07
10 3.01
Table 111

Oxygen uptake and HrOr yield in the oxidation of 2-elhyltelrahydroanthra
hydroquinone in different solvents

O, consumption H,Ot yield

Solvent (mole » 103) (mole + 10" 3
| 4.85 4.93
2 5.20 5.11
3 5.01 4.95
4 4.88 4.97
5 5.15 5.15
6 5.05 5.10
7 4.97 4.95
8 4.88 4.90
9 5.23 5.20
10 5.07 5.05

On oxidizing the reaction mixtures, oxygen consumption and the yield of H2 2 were
quantitative within the experimental errors (Table I11), and better than in the case of substrate
I [7]. However, recovery of the hydrogen peroxide was very difficult, because in the aqueous
extraction of the reaction mixture an emulsion stable for 8 —24 hours was formed.

The product of ring hydrogenation was identified. From reaction mixture in benzene-
ethanol, the solvent was evaporated after oxidation and extraction. The crystals obtained were
dissolved in a fivefold quantity of ethanol and precipitated from the solution with the same
quantity of water. The product was isolated as yellow crystals, with a melting range of 162 —
165 °C. On the basis of data in the literature [3] and by comparison with an authentic sample
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(BDH), the substance corresponds to the compound of structural formula 111. Mixed melting
points are listed in Table 1Y.

Table 1V

Comparison of 2-ethyl-5,6,7,8-tetrahydroanthraquinone isolated from the experiments,
with an authentic sample (BDH) on the basis of mixed m. p.

Own product, % O 25 50 75 100
BDH product, % 100 75 50 25 -

M. p,, °C 164 163 163 162 162

165 165 165 165 165

In hydrogenation experiments of the BDH product, H2uptake ceased after a consump-
tion of 1 mole H2per mole of substrate. Further on, during the oxidation of this reaction mix-
ture, in H20 2production and extraction the same behaviour was observed as in the oxidation
of the ring hydrogenated product formed in our experiments.

Discussion

Our investigations have shown that in the reduction of the aromatic ring
system of 2-ethylanthraquinone the reaction stops after a hydrogen uptake
of 3 moles per mole of substrate. The product is 2-ethyl-5,6,7,8-tetrahydro-
anthrahydroquinone.

The explanation of the phenomenon is, in our opinion, the following:
the delocalization energy of anthracene is 5.314/3; that of naphthalene is 3.683/3
(/3 has for aromatic compounds a value between —16 and —20 kcal/mole)
[4, 5]. The conversion of the anthracene ring system into a ring system of
naphthalenic character results in a compound of more stable structure (1.631/3).
The aromatic character of the latter is now so strong that it cannot be hydro-
genated under the given conditions. Naturally, this would not yet exclude the
possibility of the formation of compound IV.

If we construct the correctly proportionated molecular model, (made by
the Kesearch Institute for Organic Chemical Industry, Budapest) of the
2-ethylanthraquinone and the corresponding hydroquinone molecules, it can
be seen (Figs 1—6) that the ethyl group is protruding from the plane of the
aromatic rings and its rotation is partly hindered. Presumably, this hinders
the ring carrying the alkyl group in getting sufficiently near to the catalyst
surface to undergo hydrogenation. We suggest that this is the reason why the
ring marked with 3 in structural formula IlIl remains unchanged during
hydrogenation.

Since, contrary to Il, hydrogen peroxide is practically quantitatively
formed from IIl, this xvould be a suitable substrate for the method. Its use is,
however, prevented by its emulgating effect observed during the extraction
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Figs 1—3. Molecular model of 2-ethylanthraquinone



Figs 4—6. Molecular model of 2-ethylanthrahydroquinone



LOSONCZI et al.. PROBLEMS OF 2-ETHYLANTHRAQUINONE HYDROGENATION 89

of the product. Using a mixture of eutectic composition of | and 2-ethyl-
5,6,7,8-tetrahydroanthraquinone-9,10, this effect was not observed and the
yield of hydrogen peroxide was improved by 8—10 % compared with sub-
strate 1.
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A series of ethyl propionates, substituted in position 2 with non-aromatic as-
-triazine(la—g, 2a—c), aromatic as-triazine (8a—h), aromatic imidazole (10a, 10c, IQe,
12c) and aromatic 1,2,3-thiadiazole rings (13a), propionamides, substituted in position
2 with aromatic imidazole rings (12a, 12d, 12f, 12h), and of propionic acids, substituted
in position 2 with aromatic imidazole (10b, 10d, 10f, 12b, 12e, 12g, 12i) and aromatic
1,2,3-thiadiazole rings (13b), have been synthesized. Condensation of diethyl 2-methyl-
-3-oxosuccinate with all benzamidrazones studied gave two isomeric as-triazinone de-
rivatives each (le and 2a, If and 2b, Ig and 2c, respectively), furnishing thereby the
first examples for the formation of isomeric as-triazinones in condensations of a-oxo-
esters with amidrazones. While the non-aroinatic as-triazine rings of compounds Id —Ig
were aromatized by various methods to yield compounds 8a —h, all attempts to convert
the non-aromatic as-triazine rings of compounds 2a —c into aromatic ones failed. Signif-
icant anti-inflammatory activities were observed for compounds If and 12g *HCL.

Certain /»-substituted phenylacetic and 2-phenylpropionic acids have
been known for their anti-inflammatory properties [1]. A search through the
literature revealed that the inflammatory activity is retained when the phenyl
groups of the above compounds are replaced by hetaryl groups (see e.g. Refs
[2—T7]). In the hope that compounds of enhanced activity would be obtained,
we have synthesized a series of propionic acids and their derivatives, sub-
stituted in position 2 by as-triazine, imidazole and 1,2,3-thiadiazole rings.

A. as-Triazine derivatives**

The ethyl 2-(2,5-dihydro-5-oxo0-as-triazin-6-yl)propionates la [9, 10], le,
If and Ig were obtained by allowing to react diethyl 2-methyl-3-oxosuccinate
with thiosemicarbazide or the appropriate benzamidrazone. Whereas a single
compound (la) resulted (in agreement with the literature) from the reaction
with thiosemicarbazide, the isomeric ethyl2-(l,6-dihydro-6-oxo-as-triazin-5-yl)-
propionates 2a —c were obtained, in addition to compounds le —g, from the
condensations with the benzamidrazones.

* Chinoin Pharmaceutical Company Research Fellow, 1973 —75. Present address: Chi-
noin Pharmaceutical Company, Rudapest.

**This part of the present paper is considered as Part XX of the series as-Triazines and
Condensed Derivatives. For Part XI1X and a preliminary communication on the present stud-
ies, see Ref. [8].
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2
z
a -SH=* z
b —SMc
o a -Ph
¢ —NH- CHICHjOH
b -C6LUC1-p
d C —CeH-iOMe-p
~n o /°
e -Ph
r -CsHiCl-p
g —€6LUOMe-p
h -nm2
4

a -Ph
b -CsHiCl p
Cc —CeH»OMc-p

The structures of the pairs of isomeric compounds follow (1) from the
NMR spectra which, in all cases, exhibit 3H doublets around 6 1.4 and 1H
quadruplets at about 4.0 ppm,** establishing the presence of a MeCHCOOEt

group and ruling out the alternative type 3a structures for both isomers;***
(2) from their alkaline hydrolysis followed by decarboxylation to yield products

* This compound actuallv exists as the 3(47/)-thioxo tautomer
**The 1H quadruplets are difficult to recognize in the case of the p-methoxyphenyl

derivatives Ig and 2c.
*** Condensation of diethyl 2-methyl-3-oxosuccinate with aminoguanidine furnishes

3b in addition to Ih [9, 10].
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whose NMR spectra exhibit typical C-ethyl signal patterns and to which,
therefore, the isomeric structures 6a—c and 7a—<c, respectively, had to be
assigned, the type 4 and 5 structures being thereby ruled out for the original
condensation products; and (3) from the mass spectra of the isomeric chloro
derivatives If and 2b which both have abundant M —101 peaks establishing
thereby the presence of MeCHCOOEt groups in both isomers.

Structures le —Ig and 2a—2c, respectively, were assigned to the higher
and lower melting members of the pairs of isometric compounds resulting
from the condensations with benzamidrazones on the basis of the IR spectra
of their de-ethoxycarbonylation products whose highest frequency band in
the double bond region appeared at about 1610 and 1660 cm -1, respectively,
which permitted the unequivocal assignment of the cross-conjugated type 6
and conjugated type 7 structures to the de-ethoxycarbonylation products of
the higher and lower melting condensation products, respectively. In agreement
herewith, the tivo highest frequency bands in the double bond region of the
higher and lower melting isomers of the original condensation products appear
at about 1745 and 1610, and at about 1745 and 1670 cm-1, respectively.

This is the first case that isomeric as-triazinones have been isolated from
the reaction of amidrazones and a-keto acids or their esters, cf. Refs [11 —13].

Methylation of compound la furnished the S-methyl derivative Ib
which was subsequently aminolyzed with the appropriate amines to furnish
compounds Ic and Id.

8

z Y
a /o -OMe
b —Ph -OMe
C -CO6HA4JH> —OMe
d —CeHiOMe-p -OMe
e -Ph -Cl
f -C6H4Clp -Cl
g -Ph -NEt*
h -CeHiCl-p -NEt2
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The 2-(as-triazinyl)propionic acid derivatives 8a—8d containing aromatic
triazine rings were obtained by treating compounds Id —Ig with diazomethane.
According to TLC, at most traces of isomeric products were formed under the
conditions applied.

Alternatively, compounds le and If were treated consecutively with
phosphoryl chloride and diethylamine to yield the diethylamino derivatives
8g and 8h. In the p-chlorophenyl series, the intermediate 8f was also isolated.
No attempts were made to isolate the corresponding intermediate 8e of the
phenyl series.

All our attempts at converting the isomeric as-triazinone derivatives
2a —2c¢ by either of the above methods into type 9 products containing an
aromatic as-triazine ring, failed.

B. 2-(I- and 2-Imidazolyl)propionic acid derivatives

The ethyl 2-(4,5-diaryl-lI-imidazolyl)propionates 10a, 10c and IO0e were
obtained by allowing to react the appropriate 4,5-diarylimidazole with ethyl
2-bromopropionate. Acid-catalyzed hydrolysis of the latter furnished the cor-
responding free acids 10b, 10d and IOf, respectively. According to their IR
spectra, the latter do exist in the crystalline state in the zwitterionic forms.

X R R R Y
a H Et a Ph- Ph- 0
b H H b Ph- Ph- NH
C Cl tot c p-CIC6H 4- p-CIC6H 4 NH
d cl H d p-MeOCeHi- p-MeOCeltj— NH
e MeO Et e M e- p-MeCoHi— NH
r MeO H

Several methods were tested for the preparation of 2-(4,5-diphenyl-2-
-imidazolyl)propionamide 12a, and thermal cyclization of desyl 2-cyanopro-
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pionate (11a) or 2-cyano-JV-desylpropionamide (lib) in the presence of in situ
prepared formamide and ammonium acetate/acetic acid, respectively, proved
to be the best. It is noteworthy that cyclization is accompanied by hydration
of the nitrile group in both cases. Acid-catalyzed hydrolysis of the amide 10a
furnished the acid 10h, and esterification of the of the latter gave the com-
pound 10c.

The 2-cyano-iV-(2-oxoalkyl)propionamide route proved suitable for the
preparation of the 2-[4,5-di(p-chlorophenyl)-2-imidazolyl]- (12e), 2-[4,5-di-
(p-methoxyphenyl)-2-imidazolyl]- (12g)and 2-[4-methyl-5-(p-tolyl)imidazolyl]-
propionic acids (12i) (in form of their hydrochlorides) as well.

E R’
Y
12 13

H R Y R
a Ph- Ph- -NHi a Et
b Ph- Ph- -OH b H
c Ph- Ph- —OEt
d p-cUcCsll- p-ClCeH4- -NH;
e p-CK'eHi— p-OlCeH.,- -OH

r  p-MeOCrTU- p-MeOC6H4~ -nh2

g p-MeOCoH |- p-MeOCeHj— -OH
h  Me- p-MeCEH** -nh2
i Me- ;>-MeCliH4~" -OH

C. 2-(1,2,3-Thiadiazol-5-yljpropionic acid derivatives

The ethyl ester 13a was obtained by allowing to react ethyl 2-(ethoxy-
thiocarbonyl)propionate with diazomethane. Alkaline hydrolysis furnished the
free acid 13b.

Biological screening results

Compounds Ic-1g, 2a, 2b, 8a-8d, 8f-8h, 10b, 10d, 10f, 12b, 12e HCI
12g « HC1 and 12i « HC1 were tested for their anti-inflammatory activities in
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rats. Significant activity was observed only with compounds If and 12g « HC1.
Neither of the latter displayed analgesic effects, nor were they able to poten-
tiate the activity of narcotics.

Experimental

IR, UV and 60 MHz NMR spectra were obtained with Spectromom 2000 (Hungarian
Optical Works, Budapest) and Perkin—ElImer 421 IR-, Unicam SP-700 UV- and Perkin —Elmer
R-12 NMR spectrometers, respectively. TMS was used as internal standard for the NMR
spectra taken in CDC13 and CCl4, and the DMSO-d5 signal (& = 2.50 ppm) was used as the
reference signal for the spectra taken in DMSO-d6.

Ethyl 2-(5-0x0-3-thiox0-2,3,4,5-tetrahydro-as-triazin-6-yl) propionate (la)

A mixture of diethyl 2-methyl-3-oxosuccinate [14] (30.3 g; 0.15 mole), thiosemicarba-
zide (13.65 g; 0.15 mole) and ethanol (200 ml) was refluxed until a homogeneous solution re-
sulted (about 5 hrs). A solution of metallic sodium (3.55 g; 0.15 mole) in ethanol (100 ml) was
added, and refluxing was continued for another hr. The solvent was evaporated in vacuum,
the residue taken up in water (300 ml) and, with cooling in ice-water, slightly acidified (pH =
= 6) to obtain 30.6 g (89 %) of the title compound, m. p. 155—156 °C (water), lit. [10] m. p.
144 °C.

C8HNN303S (229.3). Calcd. C41.91; H 4.84; N 18.33; S 13.99. Found C41.64; H 4.87
N 17.97; S 13.67 %

IR(KBr): 1720 and 1700 cm’ 1

Ethyl 2-(3-aryl-2,5-dihydro-5-oxo-as-triazin-6-yl)propionates (le—Ig) and
ethyl 2-(3-aryl-1,6-dihydro-6-oxo0-os-triazin-5-yl)propionates (2a—c)

(a) A mixture of benzamidrazone (8.2 g; 61 mmoles), obtained according to the pro-
cedure described for the p-chloro derivative [12], diethyl 2-methyl-3-oxosuccinate [14] (12.3 g;
61 mmoles) and 2-propanol (55 ml) was stirred until a clear solution resulted, and subsequently
refluxed for 1 hr. The crystalline product A (2.75 g) consisting mainly of a mixture of com-
pounds le and 2a, which separated on cooling, was refluxed for 15 min with benzene (50 ml)
to give 2.25 g (14 %) of le as the insoluble residue, m. p. 217 —218 °C (i-PrOH).

C14H 15N 30 3(273.3). Calcd. C61.63; H 5.53; N 15.37. Found C61.26: H 5.64; N 15.08 %

UV (EtOH): 244 (4.38).

IR (KBr): 1740. 1605 cm*“1

NMR (DMSO-d6): 01.25, t, + 4.10, qu, COOEt; 1.40, d, + 3.90, qu, Me-CH<; 7.65,
m, 3H, + 8.15 ppm, m, 2H, Ph.

The filtrate of fraction A was concentrated to about one third of its original volume to
give another crystalline product (5 g). The latter was dissolved in hot methanol (50 ml); on
cooling, 1.1 g of a crystalline mixture consisting mainly of compounds le and 2a separated.
The methanolic filtrate was treated with water to obtain another crop of crystals which was
recrystallized from benzene to yield 1.65 g (10 %) of 2a, m. p. 138—139 °C (benzene or CCl4).

Ci4H 15N 30 3(273.3). Calcd. C61.53; H 5.53; N 15.37. Found C61.28; H 5.72; N 15.26 %

UV (EHOH): 2.15 (3.98), sh; 262 (4.27).

IR (KBr): 1740, 1660 cm -1

NMR (DMSO-d6): $1.10, t, + 4.05, qu, COOEt; 145, d, + 4.10, qu, Me-CH<;
7.5, m, 3H, + 81 ppm, m, 2H, Ph.

From the benzene filtrate of 2a further 0.5 g of a crystalline mixture of products was
recovered.

No efforts were made to separate the components of the crystalline mixtures by chro-
matography.

(b) A mixture of p-chlorobenzamidrazone [12] (3.8 g; 22.5 mmoles), diethyl 2-methyl-
-3-oxosuccinate [14] (4.7 g; 23.2 mmoles) and 2-propanol (15 ml) was stirred for 24 hrs at room
temperature and subsequently kept overnight in a refrigerator. The crystalline product was
collected and the filtrate evaporated to about one third of its original volume to give a second
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crystalline crop. Chromatographic work-up (130 g Kieselgel 40, Merck, fiur die Saulenchromato-
graphie, Korngrésse 0.063 —0.200 mm, 70—230 mesh ASTM; solvent: benzene-ethyl acetate,
9:1 -~ 7 :3)ofthe combined crystalline products (3.35 g) furnished 1.05 g (15 %) of compound
2b, m. p. 176—177 °C (EtOH), and 1.25 g (18 %) of compound If, m. p. 206 °C (EtOAc), in de-
creasing order of their R<values.

C14H 14C1IN30 3 (307.3). Calcd. C54.64; H 4.58; Cl 11.52; N 13.65. Compound If: Found
C54.46; H 4.53; CI 11.73; N 13.43 % Compound 2b: Found C54.50; H 5.17; CI 11.77;
N 13 50 %

UV (EtOH): Compound If: 250 (4.34); compound 2b: 211 (4.12), sh; 267 (4.33).

IR (KBr): Compound If: 1745, 1620; compound 2b: 1750, 1675 cm-1.

NMR, If (DMSO-d6): 6 1.10, t, + 4.10, qu, COOEt; 1.40, d, +.3.90, qu, Me-CH<;
7.65 + 8.15, A2B2 p-CIC6H4. - 2b (CDC13): 1.25, t, +4.25, qu, COOEt; 1.65, d, +4.35, qu,
Me-CH<”; 7.50 + 8.15 ppm, A2B2 p-CIC6HA4.

(c) A mixture of p-methoxybenzamidrazone (11.8 g; 71.5 mmoles), obtained according
to the procedure described for the p-chloro analogue [12], diethyl 2-methyl-3-oxosuccinate
[14] (14.5 g; 71.8 mmoles) and 2-propanol (100 ml) was stirred for 8 hrs at room temperature,
then allowed to stand for 2 days and finally refluxed for 6 hrs to obtain 14.4 g of a crystalline
product. Chromatographic work-up by 4 g portions of the latter (120 g Kieselgel 40, Merck,
as above; solvent: as above) furnished a total of 5.8 g (27 %) of compound 2c, m. p. 167 —168 °C
(EtOH), and 5.0 g (23 %) of compound Ig, m. p. 192—193 °C (dioxane), in decreasing order of
their Rf values.

CI6H1N304 (303.3). Calcd. C59.39; H 5.65; N 13.85. Compound Ig: Found C59.51;
H 5.71; N 13.68 % Compound 2c: Found C59.21; H 5.78; N 14.16 %

UV (EtOH): Compound lg: 214 (4.15), sh; 258 (4.22), sh; 283 (4.31); compound 2c:
210 (4.13), sh; 281 (4.38).

IR (KBr): Compound Ig: 1740, 1610; compound 2c: 1725, 1650 cm-1.

NMR (DMSO-d6), Ig: 0 1.15, t, + 4.10, qu, COOEt; 1.40, d, Me-CH<; 3.85, s, MeO;
7.15 + 8.10, AB2 p-MeOCeH4; 2¢c: 1.10, t, + 4.15, qu, COOEt; 1.45, d, Me-CH<; 3.80, s,
MeO; 7.10 + 8.10 ppm, A2B2 p-MeOC6H4.

De-ethoxycarbonylation of compounds le—Ig and 2a—2c

(a) Compound le (2.0 g; 7.3 mmoles) was stirred for 1 hr with 10 % aqueous sodium
hydroxide (10 ml) at room temperature. The solution was neutralized with 20 %aqueous hydro-
gen chloride (pH = 7) and the resulting crystalline product (1.05 g) refluxed for 30 min with
nitromethane (0.5 ml) to yield 0.52 g (35 %) of compound 6a, m. p. 185 °C (nitromethane).

CnHNN30 (201.2). Calcd. C65.65; H 5.51; N 20.88. Found C 65.42; H 5.21; N 21.01 %

UV (EtOH): 244 (4.28).

IR (KBr): 1620 cm™1

NMR (DMSO-d6): ©1.10, t, + 2.65, qu, Et; 7.7, m, 3H, + 8.2 ppm, m, 2H, Ph.

(b) Compound If (0.3 g; 1 mmole) was stirred for 1 hr with IN NaOH (5 ml) at room
temperature. The insoluble impurities were filtered off; the filtrate was acidified with cone,
aqueous hydrogen chloride and the resulting crystalline product refluxed for 1 hr with nitro-
methane (3 ml) to yield 0.20 g (87 %) of compound 6b, m. p. 285—286 °C (DMF).

Cn H10CIN30 (235.7). Calcd. Cl 15.05; N 17.83. Found Cl 15.11; N 17.86 %

UV (EtOH): 251 (4.26).

IR (KBr): 1605 cm*™1

(c) Compound Ig (1.5 g; 5 mmoles) was stirred for 1 hr with 10 % aqueous NaOH so-
lution (10 ml) at room temperature. Acidification with cone, hydrochloric acid furnished 1.1 g
of a crude product which was recrystallized from dioxane to yield 0.55 g (48 %) of compound
6c, m. p. 248 —250 °C (dioxane).

CuH13N302(231.2). Calcd. C62.32; H 5.67; N 18.17. Found C 62.43; H 5.92; N 18.04 %

UV (EtOH): 215 (4.21) sh-like; 281 (4.37).

IR (KBr): 1600 cm -1

NMR (DMSO-d6): 6 1.10, t, + 2.65, qu, Et; 7.15 + 8.10 ppm, A2B2 p-MeOC6EH4.

(d) De-ethoxycarbonylation of compounds 2a—2c was carried out essentially accord-
ing to the method described under (b), using the following amounts of reactants and applying
the following conditions:

Starting compound 2a (0.5 g; 1.8 mmole), IN NaOH 5 ml, stirring for 30 min; nitro-
methane 3 ml, refluxing for 1 hr; yield 0.25 g (68 %) of compound 7a, m. p. 180—181 °C (EtOH).

CuHuNsO (201.2). Caled. C65.65; H 5.51; N 20.88. Found C65.49; H 5.44; N 20.75 %.

UV (EtOH): 213 (4.01), sh; 262 (4.27).
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IR (KBr): 1660 cm -1

INMR (DMSO-d6): $1.25, t, + 2.85, qu, Et; 7.4, m, 3H, 4 8.0 ppm, m, 2H, Ph.

Starting compound 2b (0.4 g; 1.3 mmole), VIFNaOH 5 ml, stirring for 4 hrs; nitrometh-
ane 3 ml, refluxing for 20 min; yield 0.18 g (59 %) of compound 7b. m. p. 193 —194 °C (EtOH).

CuH10CIN30 (235.7). Calcd. C 56.06; H 4.28; Cl 15.05: N 17.83. Found C 56.12; H 4.36;
Cl 15.35; N 17.65 %

UV (EtOH): 267 (4.26).

IR (KBr): 1670 cm "1

NMR (DMSO-d6): 6 1.20, t, + 2.80, qu, Et; 7.45 + 8.05 ppm, A2B2 p-C1C,H4

Starting compound 2c (0.5 g; 1.6 mmole), IN NaOH 10 ml, stirring for 15 min; nitro-
methane 10 ml, refluxing for 1 hr; yield 0.25 g (66 %) of compound 7c, m. p. 204 —205 °C
(EtOH).

CI2H I2N302(231.2). Calcd. C62.32; H 5.67; N 18.17. Found C62.39; H 5.63; N 18.26 %

UV (EtOH): 209 (4.23), sh; 281 (4.55).

IR (KBr): 1650 cm ™1

NMR (DMSO-d6): 6 1.15, t, + 2.80, qu, Et; 7.0 + 8.0 ppm, A2B2, p-MeOC6H4.

Ethyl 2-(3-methylthio-5-0x0-2,5-dihydro-as-triazin-6-yl)-propionate (lb)

Metallic sodium (2.3 g; 0.1 mole) and, subsequently, compound la (22.9 g; 0.1 mole)
were dissolved in ethanol (200 ml). Methyl iodide (6.9 ml; 0.11 mmole) was added, and the
mixture allowed to stand for 15 min at room temperature and then refluxed for another 15 min.
The solvent was evaporated in vacuupi and the residue triturated with water to yield 24.0 g
(99 %) of the title compound, m. p. 166 °C (EtOAc).

CO9H 13N 30 35 (243.3). Calcd. C44.44; H 5.38: S 13.18. Found C44.47; H 5.31; S 12.98 %

IR (KBr): 1730 and 1630 cm 'l

Ethyl 2-[3-(2-hydroxyethylamino)-5-0x0-2,5-dihydro-us-triazin-6-yl]propionate (lc)

A mixture of compound Ib (2.43 g; 10 mmoles), 2-aminoethanol (0.60 ml; 10 mmoles)
and anhydrous anisole (10 ml) was refluxed for 4 hrs to obtain 1.20 g (47 %) of the title com-
pound, m. p. 179 °C (nitromethane).

C10H 16N404 (256.3). Calcd. C 46.87; H 6.29; N 21.87. Found C 46.60: H 6.51; N 21.12 %

IR (KBr): 1720 and 1620 cm™1

Ethyl 2-(3-morpholino-5-0x0-2,5-dihydro-as-triazin-6-yl)-propionate (1d)

A mixture of compound Ib (2.43 g; 10 mmoles), morpholine (0.87 ml; 10 mmoles) and
anhydrous anisole (10 ml) was refluxed for 3 hrs. Light petroleum (50 ml) was added after
cooling, to obtain 2.10 g (74 %) of the title compound, m. p. 165 °C (EtOAc).

C12H 18N40 4 (282.3). Calcd. C51.06; H 6.42; N 19.86. Found C51.07; H 6.46: N 19.91 %

IR (KBr): 1745 and 1600 cm™1

NMR (CDCI,): $1.25,t, + 4.20, qu, COOEt; 1.45, d, Me-CH<j 3.75 ppm, bs, 8H, mor-
pholino group.

Ethyl 2-(5-methoxy-3-subst.-as-triazin-6-yl)propionate (8a—d)

Compounds Id —Ig (10—20 mmoles) were stirred with excess ethereal diazomethane
solution at room temperature until, according to TLC, they had been completely used up
(1 —3 hrs). Acetic acid was added to decompose the excess of the reagent. The resulting mixtures
were evaporated to dryness, the residues chromatographed through columns of silica (solvent:
benzene-EtOAc, 4:1) and the oily products crystallized from light petroleum.

Compound 8a, 35 % yield, m. p. 68 °C.

C,3H20N404 (296.3). Calcd. C52.69; H 6.80; N 18.91. Found C 52.63; H 7.02; N 18.65 %

IR (KBr): 1730 cm -1

NMR (CC14): 6 1.20, t, + 4.10, qu, COOEt; 1.45, d, Me-CH<”®; 3.75, s, 8H, morpholino
group; 4.93 ppm, s, MeO.

Compound 8b. 40 % vyield, m. p. 72 °C.

C15H,,N303(287.3). Calcd. C62.70; H 5.96; N 14.63. Found C 62.97; H 6.10; N 14.47 %

UV (EtOH): 256 (4.15); 274 (4.08).
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IR (KBr): 1735 cm 'l

NMR (CCl4): $1.25, t, + 4.15, qu, COOEt, 1.65, d, Me-CH<; 4.15, s, MeO; 7.45, m,
3H, + 8.45 ppm, m, 2H, Ph.

Compound 8c, 57 % yield, m. p. 84 —85 °C.

C]J5H 1eCIN30 3(321.8). Calcd. C 55.99; H 5.01; Cl 11.01; N 13.06. Found C 55.90; H 5.44;
Cl 11.49; N 13.00 %.

UV (EtOH): 263 (4.21); 278 (4.21).

IR (KBr): 1720 cm -1

NMR (CC14): 6 1.25, t, +4.20, qu, COOEt; 1.65, d, Me-CH<”; 7.55 + 8.55 ppm, A2B2,
P-C1C6H 4.

Compound 8d. 46 %yield, m. p. 65—66 °C.

C16H 19N 304 (317.4). Caled. C60.56; H 6.03: N 13.24. Found C60.67; H 5.96; N 13.01 %

UV (EtOH): 217 (4.22): 289 (4.32).

IR (KBr): 1720 cm*“1

NMR (CDC13): $1.20, t, + 4.20, qu, COOEt; 1.7, d, Me-CH<; 3.9, s, + 4.15, s, two
MeO’s: 7.05 + 8.55 ppm, A2B2 p-MeOCBEH4.

The yields of the oily products obtained after chromatography (which were pure accord-
ing to TLC) amounted to about 80—90 % In spite of the considerable losses during crystalliza-
tion, no attempts were made to optimize the conditions of recovery of the products.

Ethyl 2-[5-chloro-3-(p-ehlorophenyl)-us-triazin-6-yl]-propionie acid (8f)

Compound If (1.2 g; 3.9 mmoles) was refluxed for 3 hrs with phosphoryl chloride (15 ml)
and the excess reagent evaporated in vacuum. The oily residue was taken up in benzene (30 ml),
the solution washed with water, dried (MgS04) and evaporated to dryness in vacuum to yield
an oily product which was crystallized from gasoline to obtain 0.85 g (67 %) of the title com-
pound, m. p. 83 —84 °C (gasoline).

C14H 13CI2N 30 2(326.2). Calcd. C51.55; H 4.02; Cl 21.74; N 12.89. Found C51.92: H 4.01;
Cl 21.76; N 12.70 %

UV (EtOH): 210 (4.11), sh: 270 (4.37).

IR (KBr): 1745 cm*“ 1

NMR (CDC13): 6 1.30, t, +4.30, qu, COOEt; 1.80. d, + 4.50, qu, Me-CH<; 7.7 + 8.7
ppm, A2B2 p-CICéH4.

Ethyl 2-(3-aryl-5-diethvlamino-ns-triazin-6-yl)propionates (8g, 8h)

fa) Compound le (2.0 g; 7.8 mmoles) was refluxed for 3 hrs with phosphoryl chloride
(15 ml), and the mixture evaporated to dryness in vacuum. The residue was triturated with
ether and water (20 ml, each) and the aqueous layer extracted with two portions of ether (10 ml,
each). The combined ethereal solutions were dried (MgS04) and treated with charcoal. Di-
ethylamine (2 ml; 20 mmoles) was added and the mixture stirred for 4 hrs at room temperature.
After extraction with two portions of water (20 ml, each) and drying (MgS04), the solvent
was evaporated and the oily residue crystallized from gasoline to yield 1.15 g (45 %) of com-
pound 8g, m. p. 90 —91 °C (gasoline).

C18H 24N 40 2(328.40). Calcd. C65.83; H 7.37; N 17.06. Found C 65.52; H 7.04; N 17.29 %

UV (EtOH): 254 (4.39).

IR (KBr): 1735 ¢cm -1

NMR (CDC13): $1.20, t, + 4.25, qu, COOEt; 1.35,t, + 3.70, qu, NEt2; 1.7, d, Me-CH<;
7.5, m, 3H, + 855 ppm, m, 2H, Ph.

(b) Compound If was treated with phosphoryl chloride as described for the preparation
of compound 8f. The crude compound 8f, obtained after evaporation of its benzene solution
in vacuum, was boiled up with gasoline (30 ml). The insoluble impurities were filtered off and
the filtrate treated with charcoal and evaporated to dryness. The residue was dissolved in an-
hydrous ether and stirred for 4 hrs with diethylamine (1.2 ml; 11.7 mmoles) at room tempera-
ture. The mixture was evaporated to dryness, the residue triturated with water and the crystal-
line product recrystallized from aqueous ethanol and subsequently from gasoline to yield 0.82 g
(58%) of compound 8h, m. p. 106—107 °C (gasoline).

C,aH , X LI 40, (362.9). Calcd. C59.58; H 6.39; CI 9.77; N 15.44. Found C59.36; H 6.20;
Cl19.92; N 15.00 %.'

IR (KBr): 1740 cm-*.

NMR (CDC13: 6 1.25, m, 9H; + 3.65, m, 4H, + 4.20, m, 2H, NEt2+ COOEt; 1.65,
d, Me-CH<; 7.40 + 8.35 ppm, A2B2 p-CIC6HA4.
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Ethyl 2-(4,5-diaryl-l-imidazolyl)propionates (10a, 10c, 10¢e)

Metallic sodium (2.1 mmoles) and, subsequently, the appropriate 4,5-diarylimidazole
[15—17] (2.0 mmoles) were dissolved in EtOH (10 ml). The mixtures were evaporated to dry-
ness in vacuum and the resulting sodium salts dissolved in anhydrous DMF (10 ml). Ethyl
2-bromopropionate (2.1 mmoles) was added and the mixtures stirred at room temperature until,
according to TLC, the reactions were complete (3—5 hrs). The solvents were evaporated in
vacuum. Water (10 ml) was added and the resulting emulsions were extracted with ether. The
crystalline residues of the ether solutions were recrystallized from tetrahydrofurane-light
petroleum.

Compound 10a, 62.5 % yield, m. p. 106°C.

C20H20N202 (320.4). Calcd. C74.97; H 6.29; N 8.75. Found C 74.92; H 6.27; N 8.68 %

IR (KBr): 1750 cm -1

Compound 10c, 65 % yield, m. p. 133 °C.

C20H 18CI2N202 (389.3). Calcd. C61.70; H 4.66; N 7.20. Found C 61.74; H 4.49; N 7.34 %

IR (KBr): 1750 cm ™1

Compound IOe, 58 % yield, m. p. 108 °C.

C2H2N20 4 (380.43). Calcd. C69.45; H 6.36; N 7.37. Found C 69.20; H 6.45; N 7.53 %

IR (KBr): 1760/1740 cm*“1, d.

2-(4,5-Diaryl-lI-imidazolyl)propionic acids (10b, 10d, 10f)

Mixtures of the above esters (1 mmole), water (15 ml) and cone, aqueous hydrogen
chloride (1.5 ml) were refluxed until hydrolysis was complete (2 hrs). The resulting solutions
were neutralized (pH = 7) with 10 % aqueous Na2C03 solution, with continuous stirring and
ice-cooling, to yield the colourless crystals of the title compounds which were recrystallized
from butanol.

Compound 10b, 88 % yield, m. p. 285 °C.

CI18H16N20 2 (292.3). Calcd. C73.96; H 5.52; N 9.58. Found C 73.81; H 5.82; N 9.54 %

NMR (DMSO-d6): $1.6, d, Me-CH<; 7.0-7.6, m, Ph’s; 8.0 ppm, s, 2-H.

Compound 10d, 82 %yield, m. p. 245 —246 °C.

CI18H 14CI2N20 2 (361.2). Calcd. € 59.85; H 3.91; CI 19.63; N 7.76 Found C 60.10; H 4.15;
Cl 19.98; N 7.62 %

Compound I0f, 73 % yield, m. p. 240 —242 °C.

C20H20N204 (352.4). Calcd. C68.17; H 5.72; N7.95. Found C67.92; H 6.06; N8.15 %

2-Cyano-iV-desylpropionamides (lib—11c)

(a) Anhydrous pyridine (6 ml) was added, with stirring, to a mixture of desylammo-
nium chloride (4.0 g; 16.2 mmoles), 2-cyanopropionyl chloride [18] (2 ml; 21 mmoles) and an-
hydrous dioxane (50 ml). After the evolution of heat had ceased, the mixture was heated to
its b. p., kept for about 5 min at this temperature, stirred for another 2 hrs without further
heating, allowed to stand overnight and evaporated to dryness in vacuum. Water (20 ml) and
dilute aqueous hydrochloric acid were added (pH = 1) to obtain a gummy product which,
when boiled up with a small amount of ethanol, became crystalline. The title compound (2.50 g;
53 %) thus obtained had m. p. 137 °C (aqueous MeOH).

C18H16N20 2 (292.3). Caled. C73.96; H 5.52; N 9.58. Found C 73.62; H 5.31; N 9.50 %

IR (KBr): 3300, 1660 cm*".

(b) The p,p’-dichloro derivative was similarly prepared starting with p,p’-dichloro-
desylammonium chloride [19, 20] (5.2 g; 16.4 mmoles). The oily residue, obtained after evap-
oration of the reaction mixture to dryness in vacuum, was treated with water (30 ml) and kept
in a refrigerator, whereupon it gradually solidified to yield 3.9 g (65.7 %) of compound 11c,
m. p. 157—158 °C.

CI18H MCI2N20 2 (361.23). Calcd. ClI 19.63. Found Cl 19.20 %

IR (KBr): 3300, 1680, 1650 cm*“ 1.

This product proved, without recrystallization, sufficiently pure for conversion into
12d.

2-Cyano-jV-[I-(I-p-methylbenzoyl)ethyl]propionamide (lie)

This compound was obtained, starting with I-(p-methylbenzoyl)ethylammonium chlo-
ride (7.30 g; 36.5 mmoles), 2-cyanopropionyl chloride (4 ml; 41 minoles), anhydrous dioxane
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(60 ml) and anhydrous pyridine (10 ml), in the same way as described for compound lib. The
residue obtained after evaporation of the reaction mixture to dryness, gradually solidified
when treated with water and scratched, to yield 4.70 g (53 %) of crude lie, m. p. 132 °C, which
was subjected to cyclization to 12h and hydrolysis to 12i without further purification (see
below).

2-(4,5-Diaryl-2-imidazolyl)propionamides (12a, 12d)

(a) A mixture of freshly recrystallized dry benzoin (8.0 g; 37 mmoles) and 2-cyano-
propionyl chloride [18] (9.60 g; 82 mmoles) was heated for 1 hr at 60—80 °C and for 30 min at
105 °C to yield gradually a clear melt of the intermediate 11la.

In the meantime 99 % formic acid (20 ml) was neutralized with (NH4)2C03 (40 g), and
the mixture gradually heated to 160 °C. At this point compound 1la was added; the flask, in
which the latter was prepared, was rinsed with formamide (20 ml) and the solution added to
the reaction mixture, which was then heated for 3 hrs at 170—180 °C. (All temperatures given
were measured inside the reaction mixtures.) After cooling, ethanol (80 ml) was added and the
mixture refluxed for 1 hr to yield 5.50 g (50 %) of the crystals of compound 12a, m. p. 289 —
290 °C (EtOH).

CIBH1/MN30 (291.4). Calcd. C74.21; H 5.88; N 14.42. Found C74.07; H 5.77; N 14.61 %

IR (KBr): 3300, 3050, 1670 cm ™1

(b) A mixture of 2-cyano-JV-desylpropionamide (lib) (1.35 g; 4.5 mmoles), ammonium
acetate (4 g) and acetic acid (15 ml) was refluxed for 2 hrs, evaporated to dryness and boiled
up with water (15 ml) to yield 1.10 g (81.5 %) of a crystalline product, m. p. 280 °C (d) which,
according to its mixed m. p. and IR spectrum, was identical with the product obtained as de-
scribed under (a) and which was used without further purification.

(c) A mixture of crude 2-cyano-iV-(p,p’-dichlorodesyl)propionamide (11c) (3.5 g;
9.7 mmoles), ammonium acetate (10 g) and acetic acid (30 ml) was refluxed for 2 hrs and con-
centrated to about half its original volume. Water (50 ml) was added to precipitate a gummy
product which became crystalline when the mixture was heated for a short time to its b. p.
Compound 12d (3.1 g; 89 %) was obtained with m. p. 230- 231 °C (EtOH).

CI8H 15CI2N 30 (360.25). Calcd. N11.66. Found N11.76%.

IR (KBr): 3350 (sh), 3000, 1660 cm-1.

2-(4,5-Disubstituted-2-iniidazolyl)propionic acids (12b, 12e, 12g, 12i)

(a) A mixture of the amide 12a (2.3 g; 8.0 mmoles), cone, hydrochloric acid (10 ml)
and water (25 ml) was refluxed for 30 min. (A thick paste of crystalline 10a- HC1 was formed
after about 10 min.) The hydrochloride (2.2 g; 83 %, m. p. 160 °C) was filtered off, taken up
in water and treated with (NH4)2C03 to adjust pH = 6. The crystalline product was filtered
off and rapidly recrystallized from a mixture of ethanol (80 ml) and water (110 ml) to obtain
1.60 g (66%) of compound 12b, m. p. 217—218 °C.

Cl3HieN2e.y H2 (301.35). Calcd. C71.74; H 5.69; N9.30. Found C71.26; H 5.71;

N 9.67 %

IR (KBr): 1750 cm-1.

(b) A mixture of the amide 12d (2.0 g; 56 mmoles), acetic acid (35 ml) and cone, hydro-
chloric acid (15 ml) was refluxed for 1 hr. Water (10 ml) was added, and refluxing was continued
for another 30 min to obtain 1.90 (86 %) of compound 12e «HC1, m. p. 264—265 °C (after re-
precipitation of its solution in acetic acid with cone, hydrochloric acid).

CI18H 14CI2N20 2-HC1 (397.7). Calcd. Cl 26.74; N7.04. Found Cl 26.56; N6.92%.

IR (KBr): 1760 cm*1

(c) Compound lid was prepared, starting with p,p’-dimethoxydesylammonium chlo-
ride [20] (5.0 g; 16.2 mmoles), similarly to the synthesis of compound lib described above.
The gummy product, obtained after evaporation of the reaction mixture to dryness in vacuum
and addition of water, was separated, the aqueous layer extracted with two portions of chloro-
form (10 ml, each) and the gummy product was dissolved in the combined chloroform solutions.
The solution was dried over MgS04, the solvent evaporated and the residue (crude lid) refluxed
for 90 min with a mixture of ammonium acetate (10 g) and acetic acid (30 ml). The resulting
yellow solution of compound 12f was concentrated to about 15 ml; water (20 ml) and cone,
hydrochloric acid (30 ml) were added. The mixture was refluxed for 20 min and kept overnight
in a refrigerator to yield 3.30 g (52.5 %) of compound 12g mHC1, m. p. 221 —222 °C (after re-
precipitation from its solution in acetic acid with cone. HC1).
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C20H 20N 204+ HC1 (388.9). Calcd. C61.78; H 5.44; Cl 9.12; N 7.20. Found C61.99; H 5.59;
Cl 9.59; N 7.58 %

IR (KBr): 1760 cm"1

(d) The crude compound lie (4.40 g; 18 mmoles), obtained as described above, was
refluxed for 1 hr with a mixture of ammonium acetate (7 g) and acetic acid (30 ml). The result-
ing solution of compound 12h was concentrated to about one half its original volume. Water
(40 ml) and cone, hydrochloric acid (10 ml) were added, the resulting clear solution was re-
fluxed for 1 hr and concentrated to about 15 ml in vacuum. Cone. HC1 (20 ml) was added and
the mixture heated to its b. p. From the clear solution a mixture of compound 12i-HC1 and
ammonium chloride separated on cooling. Recrystallization from water furnished 2.8 g (56 %)
of the title compound, m. p. 175 —176 °C (dried over P90 5at 80 °C in vacuum).

CHH16N202 HC1 (280.8). Calcd. Cl 12.63; N9.97. Found Cl 12.55; N9.54%.

IR (KBr): 1740 cm-".

The salt is extremely hygroscopic.

Ethyl 2-(4,5-diphenyl-2-imidazolyl)propionate (12c)

The ester, m. p. 167 °C, was obtained from the acid 12b according to the usual esterifica-
tion procedure (EtOH, HC1).

C20H 20N 202 (320.38). Calcd. C74.97; H 6.29. Found C 74.73; H 6.69 %

The same product was obtained when the anhydrous acid (12b) was recrystallized from
ethanol.

Ethyl 2-(ethoxythiocarbonyl)propionate

Dry hydrogen chloride (23 g; 0.63 moles) was introduced, with ice-cooling, into a mixture
of ethyl 2-cyanopropionate (Fluka) (68.4 g; 0.59 mole) and anhydrous ethanol (38 ml; 0.66
mole). The mixture was kept for 2 hrs in an ice-bath and for 16 hrs at room temperature to
obtain a thick crystalline paste which was diluted with anhydrous ether (150 ml), filtered,
washed with anhydrous ether (150 ml) and dried over P20 5and KOH in vacuum to yield 86 g
(76 %) of the imidate hydrochloride, m. p. 90 —93 °C.

This product was added, with cooling, to anhydrous pyridine (160 ml). Dry hydrogen
sulfide was introduced for 5 hrs into the suspension with cooling. The mixture was allowed to
stand 20 hrs at room temperature and treated with a mixture of ice (400 g), cone, hydrochloric
acid (200 ml) and ether (150 ml). The aqueous layer was extracted with two portions of ether
(100 ml, each). The combined ethereal layers were washed with water (two portions, 25 ml
each), dried (MgS04) and worked up by fractional distillation to obtain 71 g (91 %) of the title
compound, b. p. 76 —77 °C/3 torr. 70 °C/2 torr; rijy 1.4617.

C8H 140 35 (190.3). Calcd. C50.52; H 7.42; S 16.82. Found C50.55; H 7.62; S 16.40 %

IR (KBr): 1750 cm 'Ll

NMR (CCl4): 6 1.25, t. 1.4. t, + 4.15. qu. 4.55, qu. two EtO’s; 1.5.d, +3.7 ppm. qu,
Me-CH<.

Ethyl 2-(1,2,3-thiacliazol-5-yl)propionate (13a)

An ethereal diazomethane solution (120 ml), freshly prepared from iV-methyl-iV-nitroso-
-p-toluenesulfonamide (20 g; 94 mmoles), was added with ice-cooling to an anhydrous methanol-
ic solution (80 ml) of ethyl 2-(ethoxythiocarbonyl)propionate (8.0 g; 42 mmoles). The mixture
was kept for 6 hrsin an ice-bath and for 15 hrs at room temperature and worked up by fractional
distillation in vacuum. After a fore-run of 2.2 g (28 %) of unchanged ethyl 2-(ethoxythiocar-
bonyl)propionate, b. p. 70 —71 °C/2 torr, 3.7 g (47 %) of the title compound, b. p. 101 —104 °C/
1 torr was obtained.

A second distillation furnished a pure product b. p. 88 °C/0.5 torr.

C7H10N20,S (186.2). Calcd. C45.16; H 5.41. Found C 45.80; H 5.64%.

IR (KBr)“ 1740 cm 'L

2-(1,2,3-Thiadiazolyl)propionic acid (13b)
The above ester (3 g; 16 mmoles) was treated at room temperature with a solution

(20 ml) of sodium hydroxide (30 mmoles) in methanol. After 30 min the solution was evaporat-
ed to dryness in vacuum below 37 °C, the oily residue dissolved in water (15 ml) and the aqueous
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solution extracted with ether. The aqueous solution was acidified with 6N HC1 (6 ml) and ex-
tracted with ethyl acetate (40 ml, in three portions). The ethyl acetate solution was evaporated
to dryness in vacuum below 37 °C to yield an orange oil which, on scratching, furnished 2.3 g
(93 %) of the crystals of the title compound in almost pure form. Further purification was
effected by sublimation at 1 torr and 120 °C (bath temperature); m. p. 105—106 °C.
CB5H6N20 2S (158.2). Calcd. C 37.98; H 3.82, N 17.72. Found C 38.12; H 4.23; N 17.32 %
IR (KBr): 1705 cm*“1
NMR (CDC13): $1.7, d, +4.3, qu, Me-CH<; 8.5, hs, COOH; 8.65 ppm, s, 4-H.

*

The authors are indebted to Mrs. I. Batogh-Batta and staff for the microanalyses, to
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J. Hegedds-Vajda for the mass spectra and to Chinoin Pharmaceutical Company for the
biological screening and for financial support.
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ACTA CHIMICA

TOM 97-Bbl M, 1

PE3FOME

HeKoTopble XMMWYECKME peakunn B 3NEKTPOAHOM LWeM U uUx posb
B CMEKTPOXUMMYECKOM aHanuse, XXV

MoBeaeHMe OKWUCMOB MeTannoB B fyre C HeroABWXHOW aTtmoctepoi
aproHa. Pofib peakTUBHOCTWU OKWC/IOB MeTasjloB U BPEMEHW TOpeHus
Ayrn B cnydae nofcobHbIX anekTpofos RW I

3. 1. CABO n X. LOBONIUHE-®ENEPAN

Ponb peakuWOHHOW CNOCOBHOCTU OKUCNO0B MeTanioB 6Gblia 06HapyXeHa B M3MeEPeHUsX,
NPOBeJEHHbIX C Yr1epoaHbIMU MOPOLLKOBLIMU CMECAMM ABafLaT pas/InyHbIX OKMUC/I0B METas/I0B.
[na TennoT 06pasoBaHMs OKMUCIOB, OTHECEHHbIX HA OAWUH aTOM KMC0poAa, MeHbLUnX —50 KKan,
HabnogaeTcs CKa4yoK B CKOPOCTW peakuun. 3TO 3HaYeHMe CpaBHUMO C TensoTol obpasoBaHWs
CO,, paBHoli —48 KKan/mMosnb. MNpun JaHHOR cuna ToKa cTerneHb NPOTEKaHUS peakuuy 3aBUCUT OT
KO/IMYeCTBa YWCTOro MeTasina, 06pasytoLlerocs B peakuun, T. K. UMEHHO MNocnejHuii siBNseTcs
nepegaTyMKoM Tensa Bo BHYTPb MaTepuana. OCo6eHHO XOPOLLUO MOXHO CPaBHMBATb Pas/iMyHble
OKWCNW OfHOr0 MeTasi1a NepemMeHHON BasleHTHOCTM.

CornacHo faHHbIM M3MepeHW, CHATbIX B 3aBUCMMOCTWU OT BPEMEHW FOPEHWS, peakuus
NPOTEKaeT — B 3aBUCMMOCTU OT CW/bl TOKA — B HEKOTOpPbIe MepBble CEKYHAbl, KOrAa 3/1eKTPOA
[oCcTaTovHO pasorpeBaeTcs. Takum 06pasoM, aeKT YCUIeHMA ncnapeHns 3a cHeT TenIoTbl peak-
Lun NposiBNSETCA Ha MepBoi cTagnn. BaxHelunM (hakTopoM B YCTaHOB/IEHUUN TeMnepaTypPHbIX

YC/IOBUIA, HEOBGXOAMMbIX ANSi NPOTEKaHUSA peakuum, SB/SETCS OTHOLLEHME CKOPOCTEN NpoLeccoB
HarpeBa ¥ OXNaXaeHus.

HeKoTopble XMMWYECKME peaKuun B 3/1IEKTPOAHOM LWennm U MX ponb
B CMEKTPOXummyeckom aHanunse, XXVI

MoBefeHNe OKWCMOB META/NI0B B fyre C HEMOABWMXKHOW aTmocepol
aproHa. Pofib OTHOLUEHUA OKWUCMa MeTannia K YrosibHOMY MOpOLUKY
B Cly4yae MOACOOHbIX 3nekTpodos RW I

3. 1. CABO u 3. OBO/INHE-OENEPAN

B yrnepoaHbIX NOPOLUKOBbLIX CMECSIX XMMWUUECKU 60/1ee aKTUBHbIX OKWC/I0B METa//I0B Mg
BAVSIHVMEM fyru obpasytotcss CO u CO, napanfieflbHbIX peakuusix. VX KonmMuecTBo AB/sieTCs
Ham60/1bLIMM MpY aTOMHOM OTHOLLEHUM YT/Iepofia U KMUCMOoPOoAa, CBA3aHHOIO B OKMC/Ie MeTanna,
paBHoM 1 : 1. Tenno; BbIAeNstoLIeecs B PeakLMW, HarpeBaeT, a YNCTbIA MeTan1, OfHOBPEMEHHO
06pasyioLIMiicsl B KaHansax 3/1eKTPoAa, OXNaxaaeT WcCnefyeMblii MOPOLLIKOBbLIA 06pasel, Bciea-



CTBMe Tensionepegayn. B 3aBMCMMOCTM OT KO/IMYecTBa OKUCMOB Yyrnepofa, nonajawowinx B
nnasmMy, 3HaunTe/IbHO MU3MEHSAETCA CamMO COCTOsIHWe niasmbl. Pe3ynbTar 3TUX Tpex MnpoLeccoB
onpenenaeT MHTEHCMBHOCTb CNEKTPa/IbHbIX JIHWIA.

HekoTopble XMMWYECKME peakuuMnM B 3/1EKTPOAHOM LWenM U uUX posb
B CMeKTpoxMmMmyeckom aHanmse, XXVII

MoBefieHNe OKWUC/OB METaIoB B Ayre C aTMOC(epoit MPOTOYHOro
aproHa. Po/fib CKOpPOCTM MOTOKa rasa B C/lyyae MOAXO6HbIX 3M1EeKTPOA0B
RW I

3. 1. CABO n X. JOBONN-GENEPAN

Mpw unccnegosaHmum cmecn CnO + C 6blN0 HalieHo, YTO 3a CYET NPOTOKa aproHa B ra-
30BOI aTmocdepe yBenuumsaeTcs konuyectBo CO.,, 06pasyloLlerocs B Ayre, M yMeHblLUaeTcs
KonnyectBo CO. MpOTOYHbIA ra3 yaanseT OKUC/bI Yrnepofa ¢ MeCT B3aUMHbIX MPeBpaLleHuii,
Mo3TOMY YMEHbLLUAETCA BepPOATHOCTb peakumm CO» + C-2 CO. 31a peakums, B OCHOBHOM
npoTeKaeT B NaasMoBoi haze. OCHOBHasA YacTb OKMC/0B yr/iepoja obpasyeTcs B KaHanax anek-
TPOAOB-HOCUTENEN B peakumy KOMMOHEHTOB MOPOLLKOBOW cMecn. pOTOYHBIA ras cnerka yse-
NINYMBaeT BO3MOXHOCTU BCEX MPOTEKALWMX peakunili 1 0Co6eHHO MpWY aHOAHOM BO36Y>KAeHUU
N3MEHSET MHTEHCUBHOCTb CMEKTPa/IbHbIX SIMHUIA.

Macc-cneKTpoMeTpuyeckme unccnefoBaHMA HEKOTOPbIX CEMUXWHOHOB

n. MAK n . TAMAL

Bblna uccnefoBaHa parmMmeHTaLmsa 8 NPOCTbIX CEMUXUHOHOB MOJ, BAMSIHUEM 3/1€KTPOHHOM
60MGapAMPOBKUN C MOMOLLbIO MacC-CMeKTPOMETPUN C BbICOKOM W HU3KUM paspelueHreM. Bbiio
YCTaHOBJIEHO, YTO Haubosiee YacTo MPOLIECChI Pa3NIOXeHNUsT MPUBOAAT K Nepexofy OT CEMUXMHO-
MAanbHOM CTPYKTYpPbl K Hanbonee CTabunbHOM XMHOWMAANIbHOW CTPYKTYpE.

B dparmeHTaumm oTaeNbHbIX COeAVHEHUIA HabMOAaeTCs 3HAYUTENbHbIA OpTO-3theKT, a
Takxe 6blna 06Hapy)XeHa MUrpaums MeTasbHOW rpynmbi.

BAusiHWE WMOHHOM CUMbl Ha CTAabWUMBHOCTb KOMIJIEKCOB TWMa BHELLUHEN
chepol

n. WNbYEBA un M. BEK

CTabunbHOCTb KOMMIEKCHO TuMa BHelUHel cdepbl anst Tpuc-(amnupuann)kobansta(lrl)
n Tprc(theHaHTponmH)KobanbTa(LLl) ¢ TMOUMAHATHBIMW N MOAWAHBIMU MOHaMV Obl1a onpejesneHa B
3aBUCMMOCTU OT WOHHOI cunbl. DTOPUCTBIA Kannii 0Kasancs NoaxXoAsiluMM MHEPTHbLIM 3/1eKTPO-
nmTom. KoHcTaHTa cTabunbHOCTU U3MEHSIETCA B 3aBUCUMOCTU OT MOHHOM CUMbl COTNIACHO KPYBOiA
C MWHUMYMOM. 3TO MOXHO WHTEpPMNpeTMpoBaTb Ha OCHOBE WM3MEHEHUs1 KO3(MLMEHTOB aKTUB-
HOCTW C WOHHOW CWMOMN.

[MpyMeHeHVe napameTpuyeckoro metoga K KOI'I€6I'IPOLIJ.I/IMVICH vyacTuuam
TPETbEro nopsagka, UCNonb3yAdA WM30TOMHbIE NapaMeTpbl

Cwunosble MocTosiHHble vacTuy E gna CH3F

C. E. XENAM n I'. APYNIQAC

MapameTpryecknii MeToZ 6bin UCMONb30BaH A1 pacyeTa CUIOBbIX MOCTOSIHHbIX (hTopUC-
TOro MeTuna (Yactuupl E TpeTbero nopsifka). Tpy yHaaMeHTalbHble —/Be fi3eTa U OfiHa U30Ton-
Hasi — 4acTOTbl 6bLIN UCMOMb30BaHbl B KAYeCTBE UCXOAHbIX AaHHbIX. Bblfo nonyyeHo ABa Habopa
CUMOBbIX MOCTOSAHHbIX. OAWH M3 HWX, KOTOPbI TOYHO BOCMPOM3BOAWUT APYrve M30TOMHbIe Yac-
TOTbl, Obl/1 BbI6pPaH KaK WCTUHHbIA Habop.



paBUMeTPUYECKOE KCCNefoBaHWe afcopbuumm H-6yTaHa Ha KaTanusaTope
Ni-yepHu

A. wapkaHb W N.TeTeHM

Apacopbuus H-6yTaHa M cMeceil M-6yTaHa C BOAOpPOAOM Gblia MccnefoBaHa rpaBUMETPU-
yecknx Ha Kartanusatope Ni-yepHu B MHTepBasie TemnepaTyp 20—200°C. MNMomumo msnyecKoi
aacopbumnm;bbinn 06HapPYXKeHbI pasMyHble (POPMbI XeMOCOpoLUMN: Xxemocopbums H-6yTaHa, npu-
BOAALLAA K 06pa3oBaHWIO AUCOLMATUBHO aAcopbupoBaHHOro H-6yTaHa, K ero gparMeHTam BbilLie
88°C, a Takke K (hopme C HW3KOM peakLMOHHOW CrOCOGHOCTLIO MO OTHOLLUEHWIO K BOZOPOAY.
CpaBHeHME CKOPOCTM TMAPOreHonM3a €O CKOPOCTbH TMAPUPOBAHUS  XeMOCOpP6UPOBaHHOIO
cy6cTpaTa Mo3BONSET 3aK/OUUTb, UTO MOCNEAHAS (opma UMeeT aPQeKT oTpaBuUTens rugpore-
HoMm3a.

PacuiennieHve reTepoLMKINYECKOro KofbLa M30(h/1aBOHOMAOB C MOMOLLbO
HYKNeoUIbHbIX peareHToB, V

Peakuus m3oiiaBoHa C rMAPOKCMIAMWHOM U TpaHc(hopmaums Konbla B
4-rnapoKcu-3-theHnKyMapuH

B. CABO, . BOPAA u /1. NOWOHLMN

OnvcbIBaeTcsa peakums n3oMraBoHa ¢ rMapocaMMHOM M TpaHcopmaums KonbLa.

Mpu B3anmogeiicTBMM n3oth/iaBoHa C FMAPOKCMNaMUHOM B MHTepBasie pH oT 4 go 11, ¢
BO3pacTaloLLeii CKOpoCTb o6pasyeTcsa 4-theHuN-5-(2’-rugpokcmdeHnn)-nsokcaHon (1). T. o,
HYK/e0(hU/IbHbIM peareHT aTakyeT atoM C2 1 -/-NMPOHOBOE KOJbLO M30(h1aBOHa pacKpbIBaeTCs.
B 3TnX ycnoBumax M30ghiaBoH He JaeT HOPMabHOM KapboHUIbHOM peakLmm ¢ FTMapoKCUIaMUHOM.

CoeauHeHve 1 BecbMa CTabuIbHO B KWUCNOM cpefe, a B LLUEMNOYHON Cpefe M30Kca3osbHoe
KOMbLIO pacKpbIBaeTcs 1 06pasyeTcss HUTpUA 2-(2’-rmapoKcnbeH3om)- PeHNYKCYCHOM KUcno-
Tbl (V). 3T0 npeBpalleHne NOATBEPXKAAET KakK CTPYKTYpY CoefuHeHMs |, Tak W HarpasfeHu
npeBpaLleHns 13ogiaBoHa.

CoeauHeHuve V, B 3aBUCMMOCTM OT pH, HaxoauTcA B TayTOMEPHOM pPaBHOBECMU KOJbLO-
uenb ¢ 4-rugpokcun-3-peHmnakymapuHummHom(V 1), CoegHerme V 111,3a cUeT KUCAOM0 Kunnsiye-
HUWA, MOXEeT ObITb NpeBpaLleHo B 4-rnapokcmn-3-theHnnkymapuH (1X). C noMoLLbio 3TOR CTYMeHN
6blna ocyLecTBIeHa TpaHCopMauuss XPOMOH -* 4-FTMAPOKCUKYMapWH MO MyTW M30(h1aBoH -»
— I —V—VIII— IX

OkKca3enumHbl U Tuasenuubl, IV

CuHTE3 NPOM3BOAHLIX 2,3-AUrnapo-2-peHunn-1,4-okcasenuHa

A. NEBAH un P. BOTHAP

N3 cnaBoHoB no peakumm LUmmara 6binv nonydeHbl 2,3-gUrnapo-2-geHnn-1,4-6eHs-
okcazenunH-5(4/7)-onbl (V-VII11), KoTopble npu 06paboTke Mx P2S5 fal0T COOTBETCTBYHOLLME
TroHbl (1X —XI1). U3 coeanHenns V 6bian NpurotoBfeHbl ero N-aumampoBaHHble 1 N-ankunm-
poBaHHble npounsBogHble (X111-X1X).

Mpo6nembl rTMAPUPOBAHMA 2-3TUNAHTPaXMHOHA
B. nowoHun, A. nEHAbEAN-MECAPOLWI, M. HOBAK-KWLW, . MOPIrow uv W. METPO
3KCI'IepVIMeHTaJ'IbH0 6b1/10 O6Hapy)KEHO, YTO Npn BOCCTaHOB/IEHNN Z-STI/II'IaHTpOXI/IHOHa

peakumsi OCTaHOB/MBAETCA MOCMe pacxoja BOAOPOAd, PaBHOro 3 MOMAM Ha Mo/b cybcTparta.
MpogyKTOM peakuuun ABnseTca 2-3Tun-5,6,7,8-TeTparngpoaHTpaxuHoOH. 3TWNbHasg rpynna



«BO3BbIYAETCS» M3 MIOCKOCTM apoMaTMUecKMX Komel, W, TakuM 06pasoM, aKpaHupyeT apomara
YecKoe KOfibLIO, COAepKalliee annbHyo rpynny, NpensTcTBys MnocneaHeMy B JOCTATOYHOM Mpu-
GAIVKEHUM K MOBEPXHOCTU KaTanm3aTopa, M TeM CambIM FMAPMPOBAHUI0 MOCNEAHEro.

[MponuoHoBasa KucsoTa U ee MPOU3BOAHbIE, 3aMelleHHble HeKOTOpPbIMU
FeETEPOUUNK/INYECKUMU TpynrnamMn B TMOJIOXXEHNN 2

. HUTPAW, Ab. AOMAHW, Ab. WUMUF, N. ETTEP, ¥. UAY3P n K. TEMMEPT

Bbln cMHTe3MpoBaH pAA 3TUANPONMOHATOB, 3aMELLIEHHBIX B MOMOXEHUW 2 HEapOMaTUYeCKN-
MM acrmK-TpmasnHoBbIM (la—Ig, 2a-2c), apomMaTMyecKuUm aall-TprasnmHoBbIM (8a—8h), apomatu-
YeCKMM uMmgasonbHbIM (10a, HOc, 10e, 12¢) n apomatuyeckum 1,2,3-TnmaanasosnibHbiM (13a) Kosb-
uamu, psg nponvoHamuioB, 3ameLleHHbIX B MOMOXEHWUU 2 apoMaTUyeCKUMU MUMUAA30/1bHbIM
Konbuom (12a, 12d, 12f, 12h), a Takxe psA MNPOMMOHOBLIX KUCMOT, 3aMeLLEHHbIX B MOM0XEHUN
2 apomaTuyecKMM MMKAasofibHbIM (106, lod, 10f, 12b, 12e, 12g, 12i) n apomatmyeckum 1,2,3-
TragmazonbHbiM (13b) Konbnamn. KoHaeHcaumst guaTun 2-mMeTun-3- OKCOCyKUMHaTa €O BCEMU
nony4eHHbIMK 6eH3aMuapasoHaMu NPUMBOAUT K 06pa3oBaHMio ABYX WM30MEPHbIX MPOU3BOAHbIX
aranr-tpuasuHoHa (1c n 2a, If n 2b, a Takke Ig n 2c); aTo MepBble HabnAaeMble Cryyau,
KOrfja npu KoHAeHcauuy a-oKco3a(hMpoB 1M aMuapasoHoB 06pasytoTcs ABa M3oMepa acrLu-Tpuasu-
HOHa. HeapomaTuueckue alllL-TPUA3MHOBbIe KofbUa coeauvHeHWA |d- 1g apomaTusupoBaiv
pasnMyHbIMK MeTodamm (C o6pasoBaHMeM MPOMEXYTOUHbIX CoeduHeHWi 8a - 8h), a acrwi-Tpua-
3MHOBOE KO/bLO COeUHEHWNIT 2a -2C He yaanocb apomaTusvpoBaTb. CoeanHeHus If n 12g. HCI
06n1a4al0T 3Ha4YMTENbHLIM MPOTUBOOMYXO/IbHBIM 3((EKTOM.
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EINE VARIANTE DER EXTRAKTIONSFOTO-
METRISCHEN ZIRKONBESTIMMUNG MIT
ARSENAZO 111

Y. K. Akimov, L. T. Gvelesiani, A. |I. Busev und P. Nenning

(Lomonossov-Universitdt Moskau und Karl-Marx-Universitat Leipzig)

Eingegangen am 23 November, 1976

Zirkon wird aus schwefelsaurer Lésung nach Zugabe von KSCN und Antipyrin
mit Dichlorathan extrahiert. Nach der Reextraktion wird das Zirkon als Arsenazo-
komplex spektrofotometrisch bestimmt.

Pyrazolonderivate werden hdufig zur gravimetrischen, extraktionsfoto-
metrischen Bestimmung und zur extraktiven Abtrennung einer Vielzahl Ele-
mente verwendet [1, 2], denn sie bilden ziemlich stabile acidokomplexe
Anionen. Untersucht wurde schon die Komplexbildung des Zirkons mit
Diantipyrilmethan und seinen Homologen in Chlorid-, Jodid-, Rhodanid- und
Nitratsystemen sowie die Extraktion der sich bildenden Komplexe [3—9].

Aktuelle Bedeutung hat die Ausarbeitung einfacher Methoden der
Elementbestimmung, darunter des Zirkons, nach ihrer extraktiven Abtrennung
von anderen Elementen. Unter diesem Gesichtspunkt wird die Mdglichkeit
einer fotometrischen Bestimmung des Zirkons unter Verwendung von Arsenazo
Il nach Extraktion des Zr als Rhodanidkomplex mit Pyrazolonderivaten
untersucht. Arsenazo Il wird ausgewdhlt, weil es das empfindlichste Zirkon-
reagenz ist. Die Extraktion der Komplexe des Zirkonrhodanids mit verschie-
denen Pyrazolonderivaten wird zwecks Auswahl optimaler Extraktionsbedin-
gungen detaillierter untersucht.

Experimenteller Teil

Reagenzien und Geréte. Antipyrin der Reinheit DAB, Diantipyrilmethan
p. a., Diantipyrilmethylmethan p. a., Diantipyrilpropylmethan p. a., Dianti-
pyrilphenylmethan p. a. werden verwendet. Zum Herstellen einer Zirkonlésung
wird ZrOCI2in 2 Ai HCI geldst und mit HCI auf 11 aufgeflllt. Titerbestimmung
gravimetrisch nach Hydroxidféllung als ZrOCIl2 Gehalt der Lésung 1 mg/ml Zr.
Zur Untersuchung der Zirkonextraktion verwenden wir eine Lésung, die das

1 Acta Chim. Acad. Sei. Hung. 97,1978



106 AKIMOV et al.: EXTRAKTIONSFOTOMETRISCHEN ZIRKONBESTIMMUNG

Isotop Zr9%7 in einer Konzentration von 1 mg/l enth&lt. Gemessen wird am
Spektrofotometer SF-4 A, am UMF-1500 M, mit dem Z&hler PP-16.

Extraktion des Zirkonrhodanidkomplexes. Als EinfluRgrofen auf die
Extrahierbarkeit des Zirkons werden die Art des Ldésungsmittels und des
Reagenzes sowie die Konzentration an Sdure, an Reagenz und an Rhodanid-
ionen untersucht. Zunédchst wird 1 ml Zirkonlésung, die das Isotop Zr97 ent-
h&lt, in einen Kolben gegeben, H2S04 und KSCN zugegeben und mit Wasser
auf 10 ml aufgefillt. Die Lésung wird 1 min mit 10 ml einer Ldsung eines
Pyrazolonderivates in einem entsprechenden Ld&sungsmittel (z. B. Butanol,
Dichlordthan) geschittelt. Nach der Phasentrennung wird von jeder Phase
1 ml entnommen und die B-Aktivitdt gemessen. Die so ermittelten Vertei-
lungskoeffizienten (E) und % Extraktion (R) sind in Tabelle | dargestellt.
Zur Extraktion der Komplexe des Zirkonrhodanids mit Pyrazolonderivaten
ist Dichloréthan besonders geeignet, als Komplexbildner sind Antipyrin (Ant),
Diantipyrilmethylmethan (DAMM) und Diantipyrilpropylmethan (DAPM) zu
bevorzugen.

Tabelle |

Extraktion der Zirkonrhodanidkomplexe mit Pyrazolonderivaten
unter Verwendung von Butanol und Dichlordthan

Reagenz Extraktionsmittel

C4H,0H CI-CH —CH,—Cl

E R% E R %
Antipyrin 0,57 36,0 86,0 98,8
Diantipyrilmethan 0,6 37,5 1,2 54,5
Diantipyrilmethylmethan 3,3 76,7 8,9 90,0
Diantipyrilpropylmethan U 52,6 1,5 60,0
Diantipyrilphenylmethan 0,4 28,5 — —

Der EinfluB der H2S04- und der KSCN- sowie der Reagenzkonzentration
auf die Extraktion des Zr wird am Beispiel der Extraktion des besonders
stabilen Zirkon-DAPM-rhodanidkomplexes mit Butanol ermittelt. Es zeigt
sich (Abb. 1—3), dall Konzentrationen von 1,5 M KSCN, 0,2—0,3 N H2504
und ein 50 —75-facher ReagenziberschuR optimal sind.

Aus den experimentellen Ergebnissen folgt: von den Pyrazolonderivaten
ist Antipyrin besonders geeignet, von den organischen Ldsungsmitteln Dichlor-
&than (R = 98,8 %). Der entstehende Rhodanidkomplex des Zirkons mit
Antipyrin ist weniger bestdndig als der Zirkon-Arsenazo-Komplex und kann
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Abb. 1. Einfluf der H2S04-Konzentration auf die Zirkonextraktion mit Butanol (1 M KSCN,
50-facher UberschuB Diantipyrilpropylmethan)

Abb. 2. EinfluR der KSCN-Konzentration auf die Zirkonextraktion mit Butanol (0,3 N H2S04,
50-facher UberschuR Diantipyrilpropylmethan)

Abb. 3. EinfluB des Diantipyrilpropylmethaniberschusses auf die Zirkonextraktion mit Butanol
(0,3 N H2504, 1,5 M KSCN)

1* Acta Chim. Acad. Sei. Hung. 97, 1978



108 AKIMOV et al.: EXTRAKTIONSFOTOMETRISCHEN ZIRKONBESTIMMUNG

Abb. 4. Absorptionsspektrum des Zirkonkomplexes mit Arsenazo |11

leicht in diesen Ubergefihrt werden. So ist eine extraktionsfotometrische
Zirkonbestimmung mit Arsenazo mdglich. Das Spektrum des sich bildenden
Komplexes hat ein Maximum bei A= 665 nm, e = 8,0« 104+ 0,1 « 104).
(Abb. 4). Das Lambert—Beersche Gesetz gilt fur 0,1—0,5 ,ug/ml Zr.

Arbeitsvorschrift. Ein aliquoter Teil einer Lésung mit einem Zirkongehalt
von von 5,0—20,0 jUg Zr wird in einen Scheidetricbter gegeben, 1 ml 15 M
H2504und 5 ml 30 %ige KSCN-L6sung zugesetzt und mit Wasser auf 10 ml
verdinnt. 10 ml einer 1,5 %igen Antipyrinlésung in Dichlordthan werden
zugefigt und es wird ca 1 min geschittelt. Nach der Phasentrennung wird die
organische Phase mit 10 ml Wasser ausgeschittelt. Die waRrige Phase wird in
einen 50-ml-Malkolben Uberfuhrt. Jetzt wird die organische Phase mit 20 ml
conc. HCI ausgeschuttelt, diese wird mit der wdalRrigen Phase vereinigt. Zur
erhaltenen Lésung werden 4 ml 0,05 %ige Arsenazo-lll-Lésung gegeben und
mit conc. HCI aufgefillt. Die Extinktion wird nach 20 —30 min am Spektro-
fotometer SF-4 A bei fAtax = 665 nm in einer 1-cm-Kivette gegen ein Leer-
probe gemessen.

Statistische Werte (a = 0,95; n = 5): arithmetisches Mittel x = 19,0;
mittlere quadratische Abweichung vom arithmetischen Mittel S = 0,35; Ver-
trauensintervall s = 0,43; Variationskoeffizient V = 1,86 %.

Die Bestimmung von 0,1 —0,5 /tg/ml Zr wird nicht gestdort von Alkali-
metallen und von Seltenen Erden, von anderen Elementen nicht bis zu den
in Tabelle 1l angegebenen Konzentrationen. Hf stért. — Die extraktionsfoto-
metrische Variante der Zirkonbestimmung mit Arsenazo IIl ist — wie die
Tabelle zeigt — selektiver als die in der Literatur beschriebene direktfoto-
metrische Bestimmung.
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Tabelle 11

Zirkonbestimmung in Anwesenheit von Fremdionen (eingesetzt: 20,0 pg Zr)

i Verhéltnis Fehler . Verhaltnis Fehler

Fremdion Zr :Fremdion b% Fremdion Zr Fremdion b%

Cu | 35 0,0 As(V) I 3 -11,0

Mn(ll) I 40 0,0 cd I 10 0,0

Ti(1V) I 10 -11,0 Pb I 1 -11,0

Th I 10 0,0 Co I 200 0,0

Al | 35 + 5,0 Cr(Vl) [ T) 2110

Ul I 1 0,0 Zn I 35 0,0

V(V) I 10 -11,0 Ni I 35 0,0
Fe(lll) I 20 -5,0
Mo(V1) I 10 +2,0

Die oben beschriebene Methode wurde erprobt an Zirkonbestimmungen
in Aluminium- und Magnesiumlegierungen. Dazu wird eine Einwaage von
0,1 —0,25 g Legierung in 10—15 ml 6 M HCI geldst, in einen 50-ml-Kolben
Uberfuhrt, aufgefillt und wie beschrieben verfahren. Die Ergebnisse zeigt
Tabelle I11.

Tabelle 111

Zirkonbestimmung in Al-Mg-Legierungen (Standards fur die Spektralanalyse)

Bezeichnung

der Zirkonogehalt Zirkon_gefun- Relativ_er

Legierung m % den in % Fehler in%
121 0,084 0,086 + 2,3
122 0,040 0,039 -2.,5
123 0,015 0,016 + 6,2
124 0,030 0,028 -7,1
125 0,032 0,030 -6,6
126 0,028 0,031 + 9,6
101 0,79 0,74 -6,7
102 0,54 0,50 -8,0
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SOME CHEMICAL REACTIONS OF THE ELECTRODE
GAP AND THEIR ROLE IN SPECTROCHEMICAL
ANALYSIS, XXVIII

BEHAVIOUR OF METAL OXIDES IN THE ARC IN A FLOWING Ar ATMOS-
PHERE. ROLES OF THE BURNING TIME AND THE CURRENT OF THE ARC
WITH RW Il AUXILIARY ELECTRODES

Z. L. Szabo
(Department of Inorganic and Analytical Chemistry, E6tvés L. University, Budapest)

H. Dobolyi-Fejérdy
(Hungarian Optical Works, Budapest)

Received January 24, 1977

The study of a CuO + C powder mixture shows that the quantity of oxides of
carbon produced in the arc increase with increases in either the burning time or the
current of the arc. The ratios of the heating and cooling rates of the electrodes are dif-
ferent in the two cases, however, and therefore the rates of formation of oxides of car-
bon are also different. This can be well compared if the electric work of the arc in the
two cases is plotted versus the product of the time and current. As the reaction pro-
ceeds in time, an increasing quantity of metallic copper is formed in the boring of the
carrier electrode, and this inhibits further reaction by sealing in the lower layers of the
mixture. Accordingly, the proportion of evaporation also decreases in time. From the
change of the ratio of the volumes of C02to CO formed it emerged that those oxidation
and reduction tendencies of electric origin which control electrode-surface reactions
between the gas atmosphere and the material of the electrode are not manifested in the
reactions within the material of the electrode.

We earlier studied the reactions occurring in a CuO + C powder mixture
as a function of the rate of flow of the Ar gas atmosphere [1]. It was found
that this leads to changes in the ratio of the amounts of C02and CO formed
during the burning of the arc. The momentary values representing the forma-
tion of oxides of carbon are better approximated to by the values measured
in a flowing atmosphere, for the flowing gas inhibits interconversion of the
two oxides of carbon. For further study of the reactions and their effects,
two series of experiments were carried out with RW Il carbon auxiliary elec-
trodes, their borings filled with a CuO + C mixture. In one series the burning
time of the arc was varied, and in the other the current. The mole fraction of
CuO in the CuO + C mixture was 0.6. In this case both oxides of carbon were
formed in well-measurable amounts. An A.C. polarized arc initiated at the
potential maximum was used. The rate of flow of Ar was 860 cm3min. Meas-
urements were made of the changes in the amounts of CO and CO02formed as
a result of the arc [2], and in the intensities of the spectral lines of the copper.
Details of the method were reported earlier [3].

Acta Chim. Acad. Sei. Hung. 97, 1978
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Role of the burning time of the arc

The experiments were carried out with a current of 7 A and the burning
time of the arc was varied between 2 and 15 s. Figure 1 shows that the amount
of CO formed as a result of the arc increases in accordance with expectations
in time on excitation of the sample as either anode (curve a) or cathode
(curve c). The curve relating to cathodic excitation inclines slowly upwards.
It appears that on cathodic excitation in the case of a current of 7 A the carrier
electrode begins to heat up better only around 15 s, and clearly remains colder

Fig. 1. Change in the quantity of CO produced with the burning time of the arc; 7 A. a: anodic,
c: cathodic excitation

throughout than that connected as anode. As discussed previously, the cathodic
curve is always situated below the anodic one. At the same time, the curve
obtained with anodic excitation inclines weakly downwards, indicating that
the reaction is already inhibited by something when the arc burns for a longer
time. The differences from linearity are not large, however, which shows that
the site of formation of CO is in the vicinity of the almost constant, high-
temperature site of the burning spot of the arc.

Figure 2 illustrates the changes in the volume of C02 measured. The
values relating to excitation ofthe sample as cathode (c) give a weakly upwards
inclining curve, similarly as for CO. At the same time, the curve obtained
with anodic excitation (a) begins flatly, similarly to the cathodic one, but it
suddenly becomes steep and then exhibits a saturation value. It appears that
on anodic excitation with a current of 7 A, about 3—4 s is necessary for the
larger amount of powder mixture packed into the carrier electrode to heat
up sufficiently for the reaction. When this occurs, the bulk of the C02is pro-
duced in a fairly brief period (4—8 s). On cathodic excitation, the heating-up
of the electrode is delayed longer.

Figure 3 shows the sum (27 %) of the amounts of material reacted in the
two reactions, as a percentage of the theoretically possible maximum reaction,
calculated from the quantity of material measured in the boring of the carrier
electrode. The Figure reveals that the inclinations of the anodic C02 and CO
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Fig. 2. Change in the quantity of CO2produced with the burning time of the arc; 7 A. a: anodic,
c: cathodic excitation

curves to saturation can not be caused by the complete exhaustion of the mate-
rial from the boring of the electrode, for the value calculated in the above
manner does not attain 60 %, even when the arc burns for 15 s. The curves
of Fig. 4 indicate that the spilling out of the substance from the boring in the
electrode as a result of the arc can occur to only a very slight extent, for there
is fairly good agreement between the curves plotted from the measured values
of the substance missing from the boring in the electrode after the burning
of the arc (continuous line) and from the values calculated from the quantities
of oxides of carbon departing (dashed line). The only possibility, therefore, is
that the metallic copper formed in the reaction occurring to a certain depth
of the boring seals off the lower layers from further reaction. This given depth
clearly depends among others on the current of the arc. That part of the carrier

Fig. 3. Combined percentage evaluation of the reactions producing the two oxides of carbon;
7 A. a: anodic, c¢: cathodic excitation
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Fig. 4. Change in the quantity of material consumed from the boring of the electrode with
the burning time of the arc; 7 A. a: anodic, e: cathodic excitation. Continuous line: measured
values; dashed line; calculated values

electrode including the boring was broken up after the burning of the arc,
and it was found that powder mixture did in fact still remain under the metallic
copper globule formed, even when the arc had burned for 15 s.

Figure 5 depicts the volume ratios C02C0 formed from the above
quantities of CO, and CO, as a function of the burning time of the arc. The
intersecting curves reflect the different temperature conditions developing
when the sample is excited under the two types of polarity, and depending
on the polarity of the carrier electrode. The change here can hardly be in the
oxidizing ability of the system, but only in the rate of increase of temperature
of the electrodes. This is indicated by the fact that the maximum in the curve
obtained with cathodic excitation can develop only later in time, since the
temperature of the cathode rises more slowly. The RW 1|l carbon cathode is
always colder than the anode of the same material [4]. The decrease after the
maxima, however, shows that the CO is formed in the vicinity of the burning
spot of the arc in the upper layer of the electrode, while the C02is produced

Fig. 5. Change in the volume ratio C02CO0 with the burning time of the arc; 7 A. a: aDodic,
c: cathodic excitation
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in the inside of the boring, in the bulkier, but less incandescent mixture. This
lower layer is sealed off by the metallic copper formed in the reaction, and
therefore the C02/CO ratios decrease after a longer time. The oxides of carbon
thus have separate zones of formation, the boundaries of which naturally
overlap.

The change in time in the intensity (Icub Cu 282.4 nm) of the previously
used atom line of copper is shown in Fig. 6. The change in this value was
earlier taken to be proportional to the change in the evaporation of the sample.
The two curves obtained with the different electrode polarities of necessity

Fig. 6. Change in the intensity of the Cu 282.4 nm atom line with the burning time of the arc;
7 A. a: anodic, c: cathodic excitation

both rise, but not proportionally with time. The formation of metallic copper
and the cooling effect of this in the upper layers of the mixture initially pro-
ceed in time as discussed earlier [5] compared to the charge which is still
richer in carbon powder.

The data of the spectral character curves (zlYcuwu,i, Cu237.0/282.4,
values multiplied by 100) connected with the average temperature ofthe plasma
scarcely vary in time (Fig. 7). Because of the more extensive reaction occurring
in the anode, here too the change is greater in the gas atmosphere. Since a
larger amount of oxides of carbon is formed and more copper evaporates, the
anodic curve exhibits a lower average plasma temperature than the cathod-
ic one.

Fig. 7. Change in the spectral character (AY);u237.0/2s2.4) with the burning time of the arc; 7 A.
a: anodic, ¢: cathodic excitation
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For the further study of the rate of transfer of the heat necessary for the
reaction and of the resulting temperature and reaction conditions, experi-
ments were also carried out in which the arc was left to burn for only 4 s,
and the electrodes were then allowed to cool completely. During this time the
cell too was flushed with pure Ar, and the oxides of carbon formed during the
4 s were measured. Next, without dismounting the cell, the arc was again
burned for 4 s at the cooled electrodes, and the oxides of carbon formed in the
second period were similarly measured. This procedure was repeated a further
three times. Thus, all five measurement stages were obtained with a given
electrode charge, but always with cooled electrodes. The five experimental
points obtained from these were used to plot curves. From Fig. 8, which depicts

S

Fig. 8. Change in the quantity of CO produced with the intermittent burning time of the arc;
7 A. a: anodic, e: cathodic excitation

the change in time of the amount of CO produced intermittently in this way,
it turns out that with intermittent burning of the arc a more substantial
reaction can he reckoned with only in the first 4 s stage. In the first cooling
period the entire electrode and the metallic copper formed in the upper layer
of the charge packed into the electrode cool down to such an extent that only
a very slight reaction is possible in the second burning period. This is repeated
in the subsequent measurement stages. Figure 9 shows the analogous results
for the CO02produced. Thus, the copper which forms in the reaction and then
cools down seals off the lower layers of the mixture. A further burning of the
arc for 4 s after the cooling down is not sufficient for these lower layers to be
reheated satisfactorily. Accordingly, the metallic copper formed in the boring
of the carrier electrode also has such sealing-in and cooling effects on con-

Fig. 9. Change in the quantity of CO2produced with the intermittent burning time of the arc;
7 A. a: anodic, e: cathodic excitation
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tinuous excitation, since the processes observed on continuous excitation have
been separated in time and accentuated in the experiments presented here.
The fact that the curves relating to CO also have a maximum in the first
period indicates that the reaction zone of formation of CO in the vicinity of
the burning spot of the arc similarly moves slowly downwards in the packed
charge as time passes. This is to be expected, for the material in the upper
layer is consumed by reaction at the beginning of excitation.

The role of the chemical reactions is evident from the spectral line inten-
sity curves (lcub Cu 282.4nm) in Fig. 10, which were likewise obtained by such
intermittent burning of the arc. The larger quantity of reaction heat liberated

Fig. 10. Change in the intensity of the Cu 282.4 nm atomic line with the intermittent burning
time of the arc; 7 A. a: anodic, c¢: cathodic excitation

in the more extensive reaction in the case of anodic excitation increases the
evaporation of the sample to a greater extent, and also the intensities of the
spectral lines, and the maximum ofthis curve occurs earlier than that of the
cathodic curve. Because of the colder electrodes on cathodic excitation, the
reaction automatically takes place to a lower extent, and the sealing layer
formed from the metallic copper can form in the required thickness only more
slowly and later. The intensity curve obtained with the intermittent cathodic
excitation therefore exhibits a lower, but more drawn out maximum than in
the anodic case.

On the intermittent burning of the arc, the change in the ratio of the
part data naturally shows up in the development of the spectral character
(ZIYcuw, 1, Cu 237.0/282.4, values multiplied by 100) (Fig. 11). These curves

Fig. 11. Change in the spectral character (dY cu 237.0/282.4) With the intermittent burning time
of the arc; 7 A. a: anodic, C: cathodic excitation
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are characterized by their tendency to rise, which shows ever smaller changes
in the composition of the plasma as time passes. In the later stages the metal
vapour undergoes excitation in an Ar atmosphere poorer in oxides of carbon,
and there is less evaporated copper too. Thus, the average temperature of the
plasma is increasingly higher. The slowly thickening metallic copper sealing
layer likewise exerts an ever larger cooling effect, and the evaporation of the
copper also diminishes in the later stages. On intermittent burning of the arc,
therefore, only in the first stage do we obtain the low value of AYcun i = ca.
—50 which develops in the case of continuous burning; because of the constant
reaction and the higher evaporation, this value remains throughout on con-
tinuous burning of the arc.

At any event, the above results show that the arc burning time of 10 s
was a fortunate selection for the examinations. At the moderate current applied
the greater part of the examined reactions and thus their effects too appear in
this period. It is worth comparing this with the fact that in the case of 7 A
the average current of the arc jumps ca. 0.5 A after 7—8 s, when the effect
of the reaction already ceases. This period of time corresponds well to the end
of the steeply rising section of the C02 curve observed on anodic excitation.
The same was experienced in other examinations with higher currents, but
earlier. Thus, in the case of an average current of 18 A, for example, a lower
current of ca. 16 A was observed only in the first 2—3 s because of the faster
heating and reaction, and this then jumped to a value of 18 A. The reaction
and its effect therefore appear at the beginning of burning of the arc. It follows
from this that, on quantitative spectral analysis of substances of this type,
if it appears profitable and is not otherwise disadvantageous, in order to avoid
the possible disturbing effects of the chemical reactions it is worth using a pre-
arcing time and carrying out measurements only in the later stages.

Role of the current

We have already dealt with the role of the current in a stationary Ar
atmosphere [6]. For further study of the question, measurements were also
carried out in a flowing Ar atmosphere, in part for the sake of comparison
with the results obtained with RW 0 carbon auxiliary electrodes, which will
be reported later. Compared to the experiments in a stationary atmosphere,
there were two further differences. In the present paper we deal only with
the behaviour of the CuO + C powder mixture; in order that the C02formed
should also be well measurable, the mole fraction of CuO in the mixture packed
into the borings in the RW Il carrier electrodes was 0.6. However, the arc was
similarly burned for 10 s.
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Figures 12 and 13 show the changes in the amounts of CO and CO,,
respectively, formed by the arc, as functions of the average current of the arc.
Here too in both cases the greater reaction was observed with the sample
connected as anode (curve a), rather than with cathodic excitation (curve c),
because of the stronger heating-up of the anode. At higher currents the curves
showing the CO production exhibit saturation more weakly; in the case of the

Fig. 12. Change in the quantity of CO produced with the current 10 s; a: anodic, c: i-ati 0 i
excitation

Fig. 13. Change in the quantity of C02produced with the current 10 s; a: anodic, c: cathodic
excitation
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CO02 curves the saturation is more marked. The great similarity to the curve
obtained by the change of the burning time of the arc, presented in Fig. 2,
is particularly striking for the curve obtained by anodic excitation of the sample
and depicting the change of the quantity of C02 The electric work of the arc
is given by the product of the arc voltage, the current and the burning
time. Assuming identical arc voltage and turning to time Xcurrent plots,
the curves of the current dependence and the burning time dependence
can also be compared directly [7]. The result of the comparison is evidence
of what a large role is played by the ratio of the heating and cooling rates of
the electrodes in the chemical side-processes of the arc. The continuous line
and the dashed line in Fig. 14 show the changes in the volume of C02obtained

Fig. 14. Change in the quantity of C02obtained with the same electric work. Continuous line:
burning time dependence; dashed line: current strength dependence; o: anodic, c: cathodic
excitation

by varying the burning time of the arc and the current respectively, but with
the same electric work. It can be clearly seen from the Figure that initially
on changing of the burning time the curve obtained by anodic excitation of
the sample for a shorter time (2—5 s) but with a larger current (7 A) rises more
rapidly than that obtained on the change of the current with excitation of
the same work and polarity, but with a lower current and more protracted
in time. Thus, in the case of the more concentrated transfer of the electric
energy fed into the arc gap, the electrode heats up more rapidly and the mate-
rial packed into the boring in the electrode also undergoes more reaction.
However, the higher values accordingly exhibit an inverse proportion, since
on burning of the 7 A arc for 15 s, for example, there is more time for cooling
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of the electrode than during the burning of the 10 A arc for the shorter time
of 10 s, even though the electric work is almost the same. Naturally, the two
curves intersect each other at the common value of 7 A and 10 s. In the colder
cathode this effect begins to appear only at higher electric work values, because
the two curves coincide completely up to a value of the product I xt of ca. 70.

The situation is the same in the case of the CO production too, and there-
fore it is unnecessary to present this Figure. Similarly not shown is the current
dependence of the sum (£ %) of the percentage reactions calculated from the
two types of oxidation reaction of carbon and referred to the maximum pos-
sible reaction of the quantity of mixture packed into the boring of the carrier
electrode.

Figure 15 depicts the change of the volume ratio C02CO0, calculated
from the measured quantities of C02 and CO, as a function of the current
strength. The first half of these curves likewise resembles the complete curves
obtained by change of the burning time of the arc (see Fig. 5), but naturally,

Fig. 15. Change in the volume ratio C02CO0 with the current 10 s; a: anodic, c: cathodic ex-
citation

because of the two different scales, here there is compression in the horizontal
direction. Due to the use of a gas flow, the C02CO ratios already approximate
to the values corresponding to the instantaneous actual oxidation conditions,
for the flowing gas prevents the later interconversion of the two oxides of
carbon to a considerable extent. Thus, it can be accepted as realistic that the
individual ratio values decrease with increase of the current above 7 A. It may
therefore be stated that, in the reactions within the material of the electrode,
there is no, or scarcely any manifestation of those oxidation and reduction
tendencies [8] which show up in the electrode-surface reactions, depend on the
polarities of the electrodes, and are not thermal, but exclusively electric in
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origin. With increase of the current these tendencies increase proportionally,
and because of them the reaction at the anode should shift in the direction
of the oxidation of the material of the electrode, in the present case the for-
mation of CO2 At the same time, at the cathode a change should occur in the
direction of reduction, or in the direction of the decrease of oxidation, which
in our case would shift the C02CO0 ratio in favour of the formation of CO.
It can be seen from the curves that there are no such changes here. The C02C0
ratio mainly varies for thermal reasons, independently of whether the electric
work of the arc is varied with the current or with the burning time, which does
not influence the oxidation conditions. This is also proof that the electrode-
surface reactions take place in a different way from those within the material
of the electrode.

Figure 16 illustrates the intensity curves of the copper (lcub 282.4 nm
atom line), obtained by changing the current and Fig. 17 the formation of
the spectral character (zJYcuu,b Cu 237.0/282.4, values multiplied by 100),
without any further explanation. These curves will be required in one of our
later publications, for a comparison with the results of experiments carried
out with RW 0 carbon carrier electrodes of a graphitic nature.

Fig. 16. Change in the intensity of the Cu 282.4 nm atom line with the current 10 s; a:al\o 1
c: cathodic excitation

Fig. 17. Change in the spectral character (AY Cuzs7.0/288.4) with the current 10 s; a: anodic,
c: cathodic excitation
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Experiments carried out previously in a stationary Ar atmosphere with the
change of the ratio of metal oxide and carbon powder were repeated in a flowing Ar
atmosphere. In agreement with the earlier results, maximum reaction was obtained
when the molar ratio of metal oxide and carbon powder lay between the values of 1 : 1
and 2:1, optimum for the formation of CO and C02 The two reactions therefore pro-
ceed in parallel. From the change in the intensities of the spectral lines, the general find-
ing was made that in the absence of chemical reactions the cathodic excitation gives
a more intense spectrum. On the other hand, if a chemical reaction accompanied by
heat evolution can occur in the zone of evaporation, then the anodic excitation is the
more intense.

In an earlier part of this series [1] an account was given of the role of
the ratio of metal oxide and carbon powder in the reactions, and their effects
on the spectra when a stationary Ar atmosphere was used. When a flowing
atmosphere was employed, however, it turned out that for study ofthe reactions
and their effects it is advantageous if the gaseous reaction products formed
are removed from the environment of the arc with a flowing atmosphere [2].
The possibility of interconversion of the reaction products in side reactions
then decreases, and the amounts of oxides of carbon measured better reflect
the momentarily developed reaction conditions. The measurements made with
a stationary atmosphere were therefore repeated, but now in Ar flowing at
a rate of 860 cm3Imin. The oxides of carbon formed as a result of the arc and
the simultaneously arising spectral line intensities were measured with CuO + C
and A120 3+ C mixtures of various compositions packed into the borings in
RW 11 “ventilating” carrier electrodes [3]. The carbon powder in the mixtures
was a Czechoslovak product of type SU —601. In the examinations an A. C.
polarized arc ignited at a potential maximum and burning for 10 s with
a current of 7 A was used. The detailed experimental procedure was described
earlier [3].
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Results and discussion

Experiments were first made with carbon powder and the very reactive
CuO mixed in various proportions. In accordance with previous experience [1],
the horizontal axis is numbered in two directions: On the left-hand side of the
Figures the number of moles of CuO in the mixture packed into the boring
increases from left to right up to a mole ratio of 1 : 1, while on the right-hand
side of the Figures the number of moles of carbon powder increases from right
to left. The reason for this is that the production of carbon monoxide isregulat-
ed by the constituent present in lower amount in the mixture: the amount
of CO produced theoretically increases linearly with the quantity of this com-
ponent up to a mole ratio of 1 : 1. This is shown by the continuous line relating
to CO in Fig. 1. The isosceles triangle shape was obtained by calculating from

m CuO - » |- m C mol*104

Fig. 1. Maximum possible reaction calculated for the CuO + C mixtures taken

the amount of substance packed into the borings in the carrier electrodes how
much CO would be formed if the CuO or the C were to react completely as a
result of the arc and if CO were the only product of the reaction. The dashed
line relating to C02similarly shows the values calculated on the assumption
that only CO2would be formed in the arc. The peak of the distorted triangle
shaped plot is naturally at a C : CuO mole ratio of 1 : 2 in accordance with the
composition of C02

Figures 2 and 3 show the quantities of CO and C02 measured experi-
mentally as functions of the composition of the mixture. If these curves are
compared with those obtained in a stationary Ar atmosphere (Figs 2 and 3
in [1]), a slight difference can be observed. One is that the flowing gas causes
the position of the maximum in the curves a obtained with anodic excitation
to shift slightly to the left. This change might be considered an experimental
error if the shift to the left of the maximum in the curves c obtained with
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Fig. 2. Measured quantities of CO as a function of the composition of the CuO * C mixture;
a: anodic, c: cathodic excitation

cathodic excitation were not so pronounced that it strongly suggests that it is
so in the anodic case too. Here too, however, the positions of the maxima lie
between the mole ratio mixture compositions of 1 : 1 and 1 : 2 which are opti-
mum for the formation of CO and C02 This corresponds to the addition of the
curves of Fig. 1 to each o6fter. The upper break-points of the resulting curve
are rounded off, however, for the two reactions are not independent of one
another: the carbon is a reactant common to both. The two reactions therefore
proceed in parallel, at different sites to a certain extent [4], but they never-
theless compete for utilization of the material necessary for the reaction.

The change in the ratio C02CO0 formed from the measured volumes of
C02and CO can he seen in Fig. 4 as a function ofthe composition ofthe powder
mixture. With increasing oxidant contents of the mixture, i.e. with increasing

Fig. 3. Measured quantities of C02as a function of the composition of the CuO + C mixture;
o: anodic, c¢: cathodic excitation
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Fig. 4. Change of the volume ratio C02C0 with the composition of the CuO + C mixture:
a: anodic, c: cathodic excitation

amounts of CuO, the curves obtained with excitationwith both types of polar-
ity rise markedly, indicating the shift of the oxidation-reduction conditions
in the direction of oxidation. Here, however, the curve relating to cathodic
excitation is situated higher in comparison to the anodic one in a manner
characteristic of the relatively low current and the flowing Ar atmosphere.
In accordance with the findings connected with the role of the flow rate [2],
as a result of the flowing gas the C02CO ratios increase compared to those
observed in a stationary atmosphere, in favour of the formation of C02

The calculated and summed CO02and CO results (27 %) as percentages of
the maximum theoretically possible reaction, based on the amounts of powder
mixture packed into the boring in the electrode, are shown in Fig. 5. The effect
of the flowing of the gas atmosphere naturally appears in these too. The course
of the curve obtained with carrier electrodes connected as cathode is very
similar to that relating to the stationary atmosphere. However, the curve
obtained with anodic excitation, which produces more oxides of carbon, shows
more clear-cut conditions than found with a stationary atmosphere. Here too
the basic course of the combined reactions, evaluated percentagewise, is an
asymptotically falling one, but in the anodic case this is associated with a
maximum due to the increased reaction. The falling character of the curves
could he well explained by the fact [1] that with the decrease of the proportion
of carbon powder, i.e. with increasing CuO content, the electrode temperature
developing during the burning of the arc is increasingly lower. The curve
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Fig. 5. Combined percentage evaluation of the two reactions. CuO 4- C mixtures; a: anodic,
c: cathodic excitation v B

4

obtained with cathodic excitation, which has a simpler course, is very reminis-
cent of the intensity vs. rotation rate curves obtained with rotated metallic
aluminium electrodes [5]. There the burning of the arc at ever colder sites and
the decreasing extent of evaporation and reaction resulted from the increasing
rate of rotation of the cylindrical aluminium electrode, while here they are
caused by the change in the composition of the mixture and hence by the
metallic copper formed in ever greater amount. It has been seen that there is
a very close connection between the evaporation and excitation in the arc and
the exothermic chemical reaction [6], and thus the decisive role of the heating
and cooling conditions is proved here too.

The change in intensity of the 282.4 nm atom line of Cu (lcui), with
which the change in the evaporation of the sample is usually characterized,
is likewise similar to that obtained with a stationary atmosphere (Fig. 6),
exceptthat the absolute values of the experimental points comprising the curve
are larger. With the increasing CuO content of the sample and the accompany-
ing increasing reaction, here too initially there is an increase in the quantity
of metal evaporated and excited, but later the effect in the opposite direction
of the physical properties of the powder charge, which differ more and more
from those of carbon, far exceeds the effect of this increase. The intensities
increase compared to those observed in the stationary atmosphere mainly at
the beginning of the curve. This shows that the effect of the gas flow in cooling
the electrode does not play a substantial role here. It appears more essential
than this that the gases formed are removed from the environment of the elec-
trode and the plasma. There may thus be a slight increase in the reaction and
also in its effect enhancing the evaporation. At the same time, there may be
a significant increase in the proportion of excitation of the metal vapour too,
because ofthe changes in the composition ofthe plasma. The curves connecting
the experimental points with dashed lines in the Figure reveal the greater
fluctuation of the intensity data.
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Fig. 6. Change in intensity of the Cu 282.4 nm atom line with the composition of the mixture;
a: anodic, c: cathodic excitation

The variations in the evaporation and hence the average plasma tempe-
rature are also indicated by the spectral character curves (ZlYcuu, i) (Fig- 7),
constructed from the ratios of the intensities (multiplied by 100) of the Cu
237.0 nm ion line and the previous atom line. The minima of these curves are
similarly shifted to the first half of the curves, i.e. to where the evaporation
and the plasma cooling effect of the metal vapour are the highest.

For comparison, measurements were also made with powder mixtures
of A120 3+ C in various proportions, with the same excitation parameters as
previously. As earlier [2], these mixtures were prepared by dividing the for-
mula weight of A120 3 by three, the number of oxygen atoms in it, and mixing
the A120 3with the carbon powder on this basis. In effect, therefore, the number

Fig. 7. Change of the spectral character (AY Onzs7.0/2s24) with the composition of the mixture;
a: anodic, c: cathodic excitation
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of moles of A120 3 taken in the boring in the carrier electrode was calculated
as oxygen equivalents. The “m 1/3 A1,03’ on the horizontal axis of the sub-
sequent Figures means these oxygen equivalents. Naturally, very small a-
mounts of oxides of carbon were obtained in the gas-producing reactions. The
quantity of C02 measured varies with the amount of metal oxide according
to a mild minimum curve (Fig. 8), while the curves for CO exhibit a mild
maximum (Fig. 9). The shapes of these latter curves by and large correspond
to those of the similar curves obtained with a stationary Ar atmosphere, but
the flowing of the gas leads to a decrease of about 50 %in the measured amounts
of CO. At the same time, the amounts of CO2 increase to well-measurable

0.5
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0
m 1/3 AI203—**U— m C mol*104

Fig. 8. Measured quantities of C02as a function of the composition of the A120 3 + C mixture;
a: anodic, c: cathodic excitation
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o

m 1/3 Al20j — — mC moU104

Fig. 9. Measured quantities of CO as a function of the composition of the A120 3 + C mixture;
a: anodic, c¢: cathodic excitation

quantities. These changes agree in tendency with those discussed earlier in
connection with CuO + C powder mixtures. Here the second reaction zone [4],
the bulk of the electrode filling, in which a larger quantity of the C02would
be formed, does not develop in the lower parts of the boring in the carrier
electrode, and thus the A12 3 decomposes only in the burning spot of the arc
and its immediate vicinity. The oxygenthen released may react with the evap-
orated carbon in the colder plasma zones, giving C02and CO in parallel. The
flow of the gas has scarcely any effect on the temperature of the burning spot
of the arc. It is proved, therefore, that in the case of the CuO + C mixtures
too the increase in the C02CO ratio as a consequence of the flowing of the gas
is caused by plasma processes, and more concretely by the reaction C02+ C =
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= 2 CO. However, the opposite shapes of the CO and CO02 curves mean the
decrease of the temperature of the burning spot with the composition of the
mixture, hut at the same time an ever larger amount of reactive oxygen formed
by decomposition.

W hen the measured oxides of carbon are plotted together as percentages
of the maximum possible reaction calculated from the amount of mixture
packed into the boring of the electrode (27 %), asymptotically-falling curves are
obtained here too (Fig. 10). These did not give additional information, but they
did support our earlier conceptions with new data.

Fig. 10. Percentage evaluation of the two reactions. A1203 + C mixtures; a: anodic, c: cathodic
excitation

The change in intensity of the A1 305.0 nm atom line (1Aij) as a function
of the composition ofthe powder mixture is presented in Fig. 11. In the absence
of chemical reactions, or because of their insignificance, here too the curve
obtained with cathodic excitation displays higher spectral line intensities than
in the anodic case, similarly as was found in the study of pure metals in an
inactive atmosphere [7, 8]. In general, therefore, it may be said that if an exo-
thermic reaction takes place in the zone of evaporation or its vicinity, no matter
whether this be an electrode-surface reaction [9] or a reaction within the sub-
stance of the electrode, as a consequence the evaporation will increase. As this
effect is the larger on anodic excitation in the case of pure metals or powder
mixtures packed into the boring in an RW |l carrier electrode, the anodic
excitation gives a spectrum of higher intensity than in the cathodic case.
If there is no such reaction, excitation of the sample as cathode is the more
intense [10].
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m 1/3 Al203—»-| m C moUIOZk

Fig. 11. Change in intensity of the A1 305.0 mn atom line with the composition of the mixture;
a: anodic, c: cathodic excitation

A study was also made of how the change in the evaporation and exci-
tation conditions affects the intensity of a spectral line of different excitation
energy, but similarly of atom origin. The change in intensity of the A1308.2 nm
atom line as a function of the composition of the A1,03+ C powder mixture
is shown in Fig. 12. The excitation potential of this line is only 4.02 eV, whereas
that of the previously used Al 305.0 nm line is 7.65 eV. The courses of the two
curves are by and large the same, but the magnitudes of the measured values
differ. Thus, with both curves it is possible to follow the tendency to change
of the evaporation of the sample, although the ratio of the intensities of the
two lines varies to a certain extent with the composition of the mixture. It is
important to state this, as in certain subsequent experiments the intensity of
the spectrum of the aluminium was so small that only the more intense Al
308.2 nm line could be measured.

Compared to those obtained in the experiments with a stationary atmos-
phere [1], the maxima in the curves presented in both latter Figures occur
earlier, towards lower metal oxide contents. A role may be played here by the
fact that the flowing gas also removes the metal vapour from the cell, and
hence it can not accumulate there.

The spectral character curves formed with the given Al 281.6 nm ion
line referred to the Al 305.0 nm and Al 308.2 nm atom lines are shown in Figs
13 and 14, respectively (values multiplied by 100). While the values referred
to the Al 305.0 nm line give the expected curves containing a minimum, those
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Fig. 12. Change in intensity of the A1 308.2 nm atom line with the composition of the mixture!
a: anodic, c: cathodic excitation

referred to the A1 308.2 nm line give virtually straight lines; the latter at most
slightly rise and do not show faithfully the expected change in the plasma
conditions. Here too, therefore, it proved necessary to deal carefully with the
change in the spectral character, for although this is correlated with the average
temperature of the plasma, it is often not proportional to it.

Fig. 13. Change of the spectral character (d YAl 3L6306/1)) with the composition of the mixture;
a: anodic, c: cathodic excitation
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Fig. 14. Change of the spectral character (AY 812816/308 2) with the composition of the mixture;
a: anodic, c¢: cathodic excitation

Similarly as for the stationary Ar atmosphere, the trends in the fluc-
tuations of the spectral-analysis data and the gas-analysis data characteristic
ofthe chemical reactions in the case of CuO + C mixtures were compared when
a flowing Ar atmosphere was used. As done previously [1], the parallel gas
analysis results relating to the individual experimental points were arranged
in increasing sequence and the spectral line intensities measured in the same
experiments were written beside them. When the quantities of CO and C02
evolved were measured on anodic and cathodic excitation of the sample, with
7 different powder compositions, 28 data series pairs were obtained. An inspec-
tion was next made ofthe number of cases in which the spectral line intensities
unambiguously increase together with the gas-analysis values. Agreement
was denoted by the symbol “ + the symbol “0” was given if the tendency
between the two types of fluctuation could not be discerned; and the symbol
“ —" was given when the spectral line intensities varied in exactly the opposite
manner in comparison to the gas-analysis results. The results are listed in
Table 1. As regards the 28 data series examined, in 15 cases here the changes

Table |

Comparison of the fluctuation trends of the gas-analysis and spectral data

+: agreement; 0: no discernible tendency; —: opposite changes
Mole fraction of CuO

Excitation 1.0 0.75 0.60 0.50 0.13 0.07 0.03

CO Ccoa CO cO, cCO co, CoO cCo, co co, co co, co Co,

Anodic + + + - + o+ 0 0 + 0 . 0 +
Cathodic - + 0 0 + - 0 0 0 =+ + 0

were in the same direction, in 10 cases there was no clear-cut connection, and
in only 3 cases were the changes in opposite directions. On average, therefore,

Acta Chim. Acad. Sei. Hung. 97, 1978



136 SZABO, DOBOLYI-FEJERDY: SOME CHEMICAL REACTIONS OF THE ELECTRODE GAP, XXIX

the correlation of the chemical reactions and the spectral line intensities can
he observed in a flowing gas atmosphere too.
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The roles of the reactivities of metal oxides in mixtures with carbon powder
displayed both in their reactions and in the effects of the reactions on the results of
spectral analysis. In the case of the more reactive metal oxides the difference between
the heat of oxidation of the carbon and the heat of decomposition of the metal oxide is
liberated as aresult of the burning of the arc, and heats up the mixture further. Because
of this, the reaction itself is enhanced and the spectral line intensities also increase.
From the results of the examinations conclusions could he drawn with regard to the
reactions occurring, to their sequence and to their location.

We have already dealt with the roles of the reactivities of metal oxides
in their mixtures with carbon powder, in the reaction producing CO in the arc
in a stationary Ar atmosphere [1]. This role was also displayed in the examined
reactions in a flowing Ar atmosphere, when mixtures of CuO or Ala0 3in various
proportions with carbon powder were compared in behaviour [2]. From the
results of reactivity examinations in a stationary Ar atmosphere it emerged
that the formation of C02plays a decisive role in the reactions, although there
only the quantities of CO formed as a result of the arc were measured as a func-
tion of the ractivities of the metal oxides. In a study of the behaviours of 20
different metal oxides, it was found that more CO is formed as a consequence
of the arc if the heat of formation of the metal oxide referred to one atom of
bound oxygen (characteristic of its stability and hence of its reactivity) is less
than ca. —50 kcal/mole, i.e. if the metal oxides are less stable compounds
than C02 The heat of formation of CO2referred to one atom of bound oxygen,
—48 kcal/mole, agrees fairly well with the above value, and thus carbon is
able to extract oxygen from less stable metal oxides. The measured CO quan-
tities also began to increase more rapidly around this value. However, the CO
values did not give a single definite curve as a function of the heats of forma-
tion ofthe metal oxides. The CO volumes measured with mixtures ofthe various
metal oxides with carbon exhibited an appreciable scatter, and the above con-
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elusion could be drawn only on the basis of the course of the curve connecting
the average values. The cause of the large fluctuation of the values was consid-
ered to be that with the individual metal oxide and carbon powder mixtures
the burning of the arc led to the material packed into the boring in the carrier
electrode being ejected to different extents. Material falling to the bottom of
the gas cell did not take part in the reaction, while that which was sprayed
into the plasma resulted in more CO being produced than expected in the
plasma reaction. Accordingly, here experiments were made only with those
metal oxides which got spilt to merely a very slight extent from the boring
as a consequence of the arc. A flowing Ar atmosphere (860 cm3min) was used,
for experience had shown that the momentarily prevailing reaction conditions
could be better approximated to with this [3]. We also wished to measure
not only the amount of CO formed, but that of C02too, and the changes in
intensity of the spectral lines could be followed when oxides of a given metal,
but of different compositions, and therefore different reactivities, were com-
pared. The best model for this appeared to be the three oxides of lead [1].
The heat of oxide formation referred to one atom of bound oxygen were taken
as the basis of comparison of the different metal oxides with one another.
These values were obtained by dividing the heats of molecular oxide formation
by the numbers of bound oxygen atoms in the respective compounds. An A. C.
polarized arc ignited at the potential maximum, and burning for 10 s with
an average current of 7 A, was used, with the well-heating, RW Il amorphous
carbon electrodes produced by Ringsdorff Werke GmbH as auxiliary electrodes.
The detailed working procedure was described earlier [4].

Results and discussion

W ith all metal oxides the examinations were carried out with two differ-
ent mole fractions of metal oxide calculated from the oxygen equivalents.
In one the mole fraction was 0.15, i.e. a mixture ensuring more reducing con-
ditions because of the greater carbon powder excess; in the other it was 0.6,
i.,e. a mildly oxidizing system. In accordance with previous practices, the
carbon powder used in the mixtures was of type SU —601 produced by Elektro-
karbon Topolcany (Czechoslovakia). We first dealt with mixtures of carbon
powder with the three lead oxides, PbO, Pb34 and Pb02 which also give
good results in a stationary Ar atmosphere [1]. Referred to one atom of bound
oxygen, the reactivities of these increase in the above sequence: —52.5,
—43.7 and —33.1 keal/oxygen equivalent (AH in the Figures).

Figure 1 shows the change of the amounts of CO produced in the arc
as functions of these heats of oxide formation, AH. The Figure contains 4
curves: mixtures with lead oxide oxygen equivalents n = 0.15 and n = 0.6
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Fig. 1. Change of the quantity of CO produced as a function of the reactivity of the lead oxide,
with metal oxide mixtures of two mole fractions; a: anodic,cathodic excitation

and -with the carrier electrodes connected as anode (a) and cathode (c). All 4
curves rise linearly with decreasing stability of the lead oxides, i.e. with their
increasing reactivity. It is worth noting that the two curves obtained with
the two mixing proportions, but in both cases with cathodic excitation of the
samples, coincide within the limits of experimental error. In the cathode carrier
electrode, which remains cold in the arc with its relatively low average current
of 7 A, only the temperature of the immediate environment of the burning
spot of the arc is high enough for the reaction producing CO to proceed. The
size of this zone probably increases a little if the mixture with a metal oxide
equivalent of 0.15, i.e. richer in carbon powder, is used. This is why the curve
measured with this mixture may give just as high values as those obtained
with cathodic excitation in the case of an oxygen equivalent of 0.6. The greater
amount of the poorly thermally conducting carbon powder results in a higher
burning spot temperature, and the heat is localized to a slightly larger area.

As has already been seen several times, on excitation of the sample as
anode a larger hulk of the carrier electrode and the material filled in it is
heated up. Hence, the CO production too is higher than that obtained with
cathodic excitation. There is also an increase in the lower, second reaction
zone [5], in which a large part of the C02is formed. The zones of formation of
the two oxides of carbon probably overlap, as the decrease of temperature
downwards in the carrier electrode is continuous. All this must lead to an
influence on the CO production too. On anodic examination of the sample,
a substantial difference shows up in the CO production, in favour of the mix-
ture with an oxygen equivalent of 0.6 (i.e. richer in metal oxide), which pro-
vides the more oxidizing conditions, compared to that with an equivalent
of 0.15. This strongly suggests that part of the previously discussed [2, 3]
reaction involving the C02formed, C02+ C = 2 CO, takes place in the boring
in the carrier electrode. Earlier, it could be confirmed only that this reaction,
or part of it, occurs at the colder sites of the plasma. However, if more C02
is formed on anodic excitation, its reduction to CO by the carbon powder
also increases.
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Figure 2 illustrates the amounts of C02produced in the arc as functions
of the /1H values relating to the three lead oxides. The comparatively lower-
temperature zone of formation of C02is more readily influenced by the condi-
tions. More substantial differences were found here in the four cases examined.
The curves obtained with the powder mixtures with a metal oxide equivalent
of 0.15 rise much more flatly than those obtained with the mixtures richer
in metal oxide, and are almost linear, similarly to the CO curves. Because
of the more oxidizing conditions ensured by the larger metal oxide content,
the curves obtained with mixtures with an oxygen equivalent of 0.6 are situ-

Fig. 2. Change of the quantity of CO2produced as a function of the reactivity of the lead oxide,
with metal oxide mixtures of two mole fractions; a: anodic, c: cathodic excitation

ated higher and curve upwards steeply. It seems that the greater carbon powder
excess considerably represses the reaction by ensuring more reducing condi-
tions. If the question is examined from another aspect, the steep upwards
inclination of the curves is regarded as proving that the greater amount of
heat of reaction liberated in the more extensive reaction is more effective in
heating up the carrier electrode and the material filled in it, whereby the latter
is stimulated to further reaction. This change therefore affects more strongly
a larger mass of the sample, the second reaction zone situated more deeply
in the boring in the electrode, where the bulk of the C02is formed. This is
why the curves illustrating the C02 production are steeper here.
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It is also worth noting that both Figures show that the curves obtained
with anodic and cathodic excitation of the sample are parallel to one another
for the mixtures with the two different oxygen equivalents. This is again an
indication that the heating and cooling conditions, depending exclusively on
the polarity of the electrodes, are decisive in these reactions. A role cannot be
played here by those oxidation and reduction tendencies depending on the
polarity of the electrodes and the current, which regulate the electrode-surface
reactions. The other controlling factor is the reactivity of the system.

All the above is supported by the C02CO0 volume ratios formed from
these amounts of C02and CO. The two curve pairs in Fig. 3 indicate that the
oxidation conditions of the system vary strongly and unambiguously with the
reactivity in mixtures with a metal oxide oxygen equivalent of 0.6. As regards
the mixtures with an oxygen equivalent of 0.15, the role of the reactivities of
the metal oxides in the reaction shows up better in the part data presented
in Figs 1 and 2.

The effect of the heat of reaction liberated is also to be seen in the inten-
sities of the spectra. Figure 4 shows the change in intensity of the Pb 324.0 nm
atom line as a function of All forthe mixtures ofthe two compositions. As done
earlier, the change in intensity of the atom line of the main component of the
sample was taken as proportional to the change in the evaporation of the
sample. In the case of the mixtures with a metal oxide mole fraction of 0.15
the intensity curves (IPbj) drawn from the three experimental points corre-
sponding to the three lead oxides are initially horizontal, and then begin to
rise slightly. With mixtures with a mole fraction of 0.6, the intensity curves
obtained initially fall, and then rise. These are very characteristic for, because

Fig. 3. Change of the C02CO0 volume ratios as a function of the reactivity of the lead oxide,
with metal oxide mixtures of two mole fractions; a: anodic, c: cathodic excitation
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a- 100

Fig. 4. Change of the intensity of the Pb 324.0 nm atomic line as a function of the reactivity
of the lead oxide, with metal oxide mixtures of two mole fractions; a: anodic, c¢: cathodic ex-
citation

of the different equivalent weights of the lead oxides referred to one atom of
bound oxygen, the amounts of the mixtures that can be packed into the boring
in the carrier electrode decrease in the increasing sequence of their reactivity
series; indeed, in addition their percentage lead contents also do so. Overall,
therefore, there is a decrease in the amount of lead used in the experiments.
These data are presented in Table I. From the higher heat of reaction with
increasing reactivity, therefore, the proportion of evaporation of the sample

also increases.

PbO

Pb30t

Table 1

Data on lead oxide mixtures taken

Mixture
Mixture
9
PbO + C 0.0435
Pb34+ C 0.0406
Pb02+ C 0.0390

Subsequently, measurements were made with mixtures of carbon powder
with a total of eight metal oxides. An attem pt was made to compare the results
of these as functions of the heats of oxide formation ZIH referred to one atom
of bound oxygen. In order of increasing reactivity, the eight metal oxides
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Pb Mixture
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0.0297 0.0692
0.0251 0.0692
0.0202 0.0674

=06
Pb
%
89.7
86.7
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examined were the following: A120 3 Cr20 3 SnO,, SnO, PbO, Pb30 4 CuO and
Pb02 One reason for the selection of these was that they should include
unreactive, moderately reactive and very reactive oxides. Another aspect of
the selection, as mentioned earlier, was that these oxides were those which
got spilt to only a very slight extent from the boring of the carrier electrode
as a result of the arc in similar experiments in a stationary Ar atmosphere [1].
Figure 5 shows the volumes of CO and C02 measured with a mixture with
a metal oxide oxygen equivalent of 0.15, and the C02/C0O volumetric ratios
formed from the two, as functions of AH. Figure 6 depicts the corresponding
data for a metal oxide oxygen equivalent of 0.6. The role of the reactivities
of the metal oxides in the reactions can be well observed in both Figures.
Similarly to the CO curves obtained with a stationary Ar atmosphere, the
curves illustrating the quantities of CO and C02produced begin to rise more
markedly at a heat of formation of about —50 kcal/mole. This change is always
larger for C02than for CO, and is particularly large with mixtures with a mole
fraction of 0.6. It must be true, therefore, that the reactivity has a greater
effect primarily on the C02production, in agreement with what was observed
on comparison of the behaviours of the three oxides of lead. If this is compared
with the fact that the change in slope of the curves occurs in the vicinity of
the heat of formation of C02 referred to one atom of bound oxygen (—48
kcal/mole), it may be states that for the more reactive metal oxides the deci-
sive reactionis2 MO + C= 2M + CO02Thisis connected to the CO-producing

Fig. 5. Change of the gas analysis results as a function of the reactivity of the metal oxide.
n = 0.15; a: anodic, c: cathodic excitation
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Fig. 6. Change of the gas analysis results as a function of the reactivity of the metal oxide.
n = 0.6; a: anodic, c¢: cathodic excitation

reaction, probably in that part of the C02evolved decomposes at the higher-
temperature sites, even in the boring in the electrode, according to the reaction
C02+ C = 2CO. At these higher-temperature sites in the upper layers of
the carrier electrode, however, CO is formed directly too, in accordance with
the reaction MO + C = M + CO [5]. In the case of the more labile metal
oxides, their simple thermal decomposition may also be reckoned with. The
oxygen atoms formed in the reaction MO = M + O may similarly react with
the carbon. Finally, our earlier measurements [3] indicated that part of the
C02 formed may react in the colder zones of the plasma with the carbon
vapour arriving there by sublimation, according to the reaction C02+ C =
= 2 CO. This latter reaction could be repressed to a large extent by the flowing
of the gas atmosphere. Overall, this series of reactions gives quantities of CO
and C02 measurable by gas analysis methods. A significant amount of heat
of reaction is liberated in the reaction if the decomposition heat required by
the metal oxide is less than the heat evolved on the oxidation of carbon. The
difference of the two appears as excess energy in the arc. The difference of
the heat of reaction released causes further heating and reaction mainly in the
zone of formation of C02 and this influences the evaporation of the sample
too. As a result of an arc of a given current, the evaporation is always more
extensive from hotter electrodes [6]. Naturally, the spectral line intensities
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also increase in parallel with the evaporation. At the same time, the oxides
of carbon formed during the reaction may change the composition of the
plasma [2], which may affect the excitation processes. We shall deal with
this latter question later.
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The states intermediate between the non-polar and the polar valence structure
of a meropolymethine are simulated on the basis of the MO theory by superposing a
reaction field of increasing polarity over the molecule. The symmetrical state through
which the molecule passes has all the typical features of the ideal polymethine state,
such as a minimum N -» transition energy corresponding to the valence bond theo-
retical findings of Fsrster, @ maximum transition probability, a maximum sa-electron
density alternation and a minimum alternation of s-bond orders both in the ground
state and, to a lesser degree, in the first excited singlet state. On light absorption in the
N -* V1 transition the sa-electron densities are extremely reversed in the ideal poly-
methine state whilst the changes in the a-bond orders are minimal.

Introduction

According to Forster’s derivation of 1939 [2] based on the valence
bond (VB) theory, the transition energy of the longest wave length absorption

n=20,1,2...

X, X' = atoms of elements of groups 1V, V or VI of the periodic table

* Communication No. 17 on problems of solvatochromism; Comm. No. 16, cf. [1]
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band of solvatochromic dyes (1), X ~ X', is at a minimum when the two
polyenic valence structures la and Ic contribute to the same extent to the
mesomeric state ID. For decades this finding had been regarded as one of the
main supports of the resonance theory without any specific differences having
been recognized between the resonance of chain-like conjugated compounds
and cyclically conjugated aromatics. It was as late as 1966 when we showed
[3, 4] that the mesomeric state (ID) of highly symmetrical polymethine cyanines
(X = X'= NR22@ has unique features which bear no comparison to those
of the aromatic state. This has led to the concept of an ideal polymethine
state [3]. Typical features of this state are high resonance (delocalization)
energies comparable to those found in aromatics, identical rr-bond orders,
and strongly alternating s-electron densities along the polymethine chain
in the ground state. Excitation by light causes a maximum alteration of the
A -electron density distribution at the individual atomic centres and a minimum
change in the geometry of the molecules in respect to the a-bond orders.
Connected herewith is the very deep colour of substances in the nearly ideal
polymethine state as compared with conjugated aromatics or polyenes of
comparable molecular size, that is maximum transition probabilities correspond-
ing to maximum oscillator strengths along with relatively long wave length
light absorption [3, 4, 5].

At first these unique properties were derived empirically for symmetrical
polymethines (1), X = X', based on the HMO formalism by systematically
varying the Coulomb integral values of the terminal chain atoms, with all the
other parameters remaining constant. This will yield the afore-mentioned
extremes if the Coulomb integral value is approximately that of a nitrogen
atom. In the meantime Fabian and Hartmann have shown [6, 7, 8] that the
ideal polymethine state is a necessary consequence of the HMO theory, just
like Hiickel derived the idea for the aromatic state some 40 years ago.

Whereas in the past models simulating the ideal polymethine state have
always been applied to symmetrical molecules (1; X = X'), the formalism
of a solvatochromic perturbation of a molecule by a reaction field as developed
within the framework of a microstructural model of solvatochromism [9]
enables one to study by MO methods the properties of a molecular system
whose electronic structure changes from the asymmetrical and nonpolar,
polyenic state (Ia, X X') towaids the likewise asymmetrical but polar,
polyenic state (IC, X  X'), passing in the course of it through state Ib,
which is symmetrical and polymethinic in terms of its a-electron distribution.
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Properties of the model

W hen deriving the microstructural model of solvatochromism, the elec-
tric potential distribution at the surface of the molecule is calculated from the
“real” charge distribution at the atomic centres of a molecule [9]. In the partic-
ular case of the pentamethinemerocyanine 1, n — 2, X = NR2 X' = 0,
under study the YESCF-LCAO-MO wave functions [9, 10] have been used.
In a solvent continuum the solute molecule creates a solvent reaction field
< which is commensurate in size with the calculated potential at the surface
of the molecule. The action of the solvent field on the molecule is included
as the perturbation term H' in the Hamiltonian of a MO calculation using
PPP wave functions:

H = Home + Hi where H'= X+ qM

The only parameter arbitrarily adjusted in the model is the absolute
size of the perturbation term H' which for the test calculations of the micro-
structural model of solvatochromism [9] was selected to yield a largely sym-
metrical yr-electron distribution in the pentamethine merocyanine at maximum
perturbation (A = 1), that is, a polymethinic structure Ib is realized.

It is, however, not easy to estimate an exactly symmetrical structure. Taking the penta-
methine merocyanine molecule 1, N = 2, X = NR2 X' = 0, as an example and looking only
at the integral values of the hetero atoms, we find that both atoms have identical core integral
values, as shown in Fig. 1, at A= 0.9 in the reaction field of the ground state N and at A= 0.47
in the reaction field of the first excited singlet state VX This does not apply to the methine
carbon atoms, whose integral values, owing to the dipolar nature the molecule are changed in
a reverse manner [9], meaning that the a-electron distribution at the methine atoms will be-
come increasingly asymmetrical as the solvent reaction field increases. The effect, however
is small compared with the relatively large changes at the hetero atoms. It can be roughly esti-
mated that the ideal symmetrization ofthe molecules in the ground state N will occur at about
A= 1, and in the first excited singlet state Vt at about A= 0.5.

To study all the interliediate states between the valence structures
la — Ic, explained at the beginning, one would have to increase the strength
of the solvent interaction above the symmetrical state Ib. As can be estimated
by extrapolation of the hetero atom integral values for the reaction field in
the ground state N with reference to Fig. 1, the polar state Ic which is anal-
ogous to la would hypothetically he reached at a value of X of 1.8. The para-
metrization of this state corresponds, however, in principle with that in the
reaction field of the first excited singlet state Vxat a /-value of 0.9 (cf. Fig. 1).
That means, using the calculations in the reaction field of the first excited
singlet state between X = 0 and X = 1, it is possible to completely simu-
late the transition from the nonpolar structure la to the polar structure Ic,
the symmetrical polymethine state Ib being reached at X ~ 0.5.
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Fig. 1. Differences between the two terminal hetero atom core integral values AH of the penta-

methine merocyanine 2 (re = 2, X = NR2 X' = 0) asafunction ofthe solventpolarity param-
eter A; solid lines: reaction field in the ground state N; dotted lines: reaction field in the first
1 excited singlet state VI

The reason for this behaviour is obviously that the dipole moment of
the pentamethine merocyanine molecule increases from 5.8 debye to 11.8
debye, that is by a factor of 2, when the molecule in the solvent-free state
(A = 0, structure la) is excited by light [9]. Thereby an electronic structure
close to the mesomeric state Ib is realized in the V1state already in nonpolar
solvents. Interaction between this semipolar structure and the reaction field
in the excited state will then yield the highly polar structure Ic more rapidly
than it is possible in the reaction field of the ground state. In accordance here-
with, the perturbation parameter H' of the Hamiltonian shows a response
which in the excited state is at all atomic centres greater by a factor of about
2 than in the ground state [9].

W ith the exception ofinvestigating the solvent dependence of the fluores-
cence band, it has not been possible so far to provide evidence of the properties
predicted for solvatochromic dyes in the reaction field of the excited state.
It is also to be emphasized that the information gained from the model carries
— in addition to the greatly simplified approximations used for determining
the reaction field [9] — all the indeterminacies which are well known to occur
when the PPP formalism is used to describe the features of the Vx state.
The solvent dependence of the chemical shifts in the NMR spectra of negatively
solvatochromic dyes [11, 12] is a first indication, however, confirming the
solvent-induced changes in the electronic structure in the direction mentioned.
By virtue of their special molecular structure, these dyes have a relatively
strong polar structure between Ib and lc, which exists without solvent inter-
action already in the ground state, and continues to change towards lc as
the polarity of the solvent increases.
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Results

The behaviour of the energy of the ground state N and of the first
excited singlet state Vv as well as the behaviour of the N -m V1 transition
energy and oscillator strength in the reaction field of the first excited singlet
state of the pentamethine merocyanine 1, n = 2, X = NR2 X'= 0, have
already beeen described in [9] (cf. Figs 9 and 10 in [9]). W hereas the energies
ofthe N and Vxstates in the reaction field ofthe ground state fall off relatively
continuously with rising solvent polarity, there are broad maxima at A values
between 0.3 and 0.6 in the solvent field of the first excited singlet state, with
the maximum in the ground state, in particular, being very pronounced. This
accounts for the pronounced minimum at a fAvalue around 0.55 when calcu-
lating the transition energy within the field of the excited state which is re-
sponsible for fluorescence emission. This confirms Forster’s qualitative con-
sideration based on the ¥B theory [2] according to which the transition energy
of a chain-like, mesomeric system (1) has a minimum in the symmetrical
state (Ib). Parallel to this minimum the oscillator strength in the solvent
reaction field of the excited state shows [9] a clear maximum at A= 0.6.
Hence the MO calculations demonstrate convincingly that the deepest colour,
that is a maximum transition probability in conjunction with a minimum
transition energy is to he found in a molecule whose a-electron distribution is
approximately symmetrical, such as in Ib.

By contrast to the simple YB considerations, the LCAO-MO model used
by us enables moreover more far-reaching conclusions to be drawn concerning
the changes occurring in the electronic structure. The behaviour of the sa-elec-
tron densities in the solvent reaction field of the first excited singlet state is
illustrated in Fig. 2. Like in the reaction field of the ground state [9], the
molecules in the ground state exhibit a pronounced a-electron density alterna-
tion along the polymethine chain, which is reversed in the excited state
(indicated in Fig. 2 by dotted arrows between the ground and excited state).
Here, too, the solvent interaction effect is greater in the ground state than in
the excited state of the molecule, with a clear minimum of the a-electron den-
sities in the ground state at the methine atoms 1, 3 and 5, and a clear maximum
at the methine atoms 2 and 4 in the Srange between 0.4 and 0.7, that is near
the symmetrical structure Ib.

Particularly striking is the behaviour of the s-bond orders in the field of
the first excited singlet state shown in Fig. 3. The a-bond orders in the ground
state corresponding to structure la alternate very strongly in the solvent-free
state (9= 0). As the polarity of the solvent increases the alternation
disappears. At Avalues between 0.5 and 0.6 the highly symmetrical structure
Ib is realized. If the solvent interaction is increased still further, i.e. at 4
values of about 1.0, this structure changes into structure Ic as the bond alter-
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Fig. 2. Dependence of the n-electron densities qr of the pentamethine merocyanine 1 (n = 2,

X = NR2 X' = 0) on the solvent polarity parameter Ain the reaction field of the first excited

singlet state Vt. The methine atoms are indexed beginning at the oxygen end. Left: molecule
in the ground state JV; right: molecule in the first excited singlet state Vy

Fig. 3. Dependence of the n-bond orders prof the pentamethine merocyanine 1 (N = 2, X =

= NR2 X" = 0) on the solvent polarity parameter Ain the reaction field of the first excited

singlet state W The methine atoms are indexed beginning at the oxygen end. Left: molecule
in the ground state IV; right: molecule in the first excited singlet state F1
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A

mat

nation is reversed. Here again there is a considerably lower degree of solvent
dependence in the excited state Vv

The solvent dependence of the a-electron densities and a-bond orders

can be illustrated even better by looking at the differences in the values of

adjacent centres r, s, and by determining the arithmetic averages of the abso-

lute values of this differences. For estimating the degree of alternation of the

A-bond orders p it holds:

2/1+3 n = index according
APrs 2 Pr Psl

2ra+ 3 "1 to formula 1.

To calculate the a-electron density alternation in a similar way isproblem -
atic insofar as the g-electron densities at the terminal hetero atoms of the
polymethine chain are substantially higher than at the methine atoms. Con-
sequently, they enter the calculations with a greater weight. For this reason
the averages of the absolute values of the differences between the sa-electron
densities of adjacent centres r, s were calculated for all atoms, as well as for
the methine atoms alone. The results are, however, in principle identical.
It holds that

_ _ 1 n+s for ap atoms according
qu_Zn#921 \qr-b ?3 formufa 1
and
1 211+ 1
grs = -------—- 2 \gr—ags\ for the methine atoms.
2n+1 1

Figure 4 shows the results in the solvent reaction field ofthe first excited
singlet state. The a-electron density alternation in the ground state has maxi-
mum at A = 0.6 and the a-bond order alternation in the ground state shows
a pronounced minimum at 1 = 0.55. But even in the excited state we still
discern minor extremes around A= 0.5, which are hardly visible in Figs 2
and 3. As a result, one achieves in addition to the ideal bond length equaliza-
tion, as it is known from the YB theory, a maximum s-electron density alter-
nation in the ground state, and also, to a lesser degree, in the first excited
singlet state, this being unique features of the ideal polymethine state Ib.

Maximum charge transfer and minimum changes on light absorption in
geometry with respect to the a-bond orders* have been derived as further

*The qualification “with respect to the s-bond orders” is necessary since the bond
angles are likely to undergo a maximum change [13]. This follows from the fact which Kulpe
et al. [14] established experimentally, i.e. that hybridization (and hence, the bond angle) de-
pends on the s-electron density at the methine atoms which undergo a maximum change on
light absorption, as shown by the present calculations.
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Fig. 4. Alternation of the s-electron densities Aqr (left) and sa-bond orders Apr (right) of the
pentamethille merocyanine 1 (re= 2, X = NR2 X' = 0) versus solvent parameter A in the
reaction field of the first excited singlet state

fundamental features of the ideal polymethine state [4, 7]. They are defined
as follows:

2n+3
2 Inuh—Vi= Al 14r(N)|- 19r(v|)|
2n+ 3
2 | IN-Vutotai) = Al IP r.s(N) I' IPr,s(Vt) I

To calculate bond contraction, only those bond orders were taken into account
which decrease on light absorption and, analogously, for expansion only those
which enlarge on light absorption.

In the case of studies on symmetrical polymethines in previous papers [4, 13] the intra
molecular charge transfer could be compared with the behaviour of standing waves whose
maxima and minima vary without causing any change in the C2(symmetry of the a-electron
distribution along the longitudinal axis of the molecule. This definition of an intramolecular
charge transfer which is localized at the individual atomic centres differs fundamentally from
the earlier approach which goes back to Nagakura [15,16], according to which shifting of the
charge from a residual part R of the molecule towards a substituent S and vice versa is the only
condition essential to a charge transfer. The present considerations of the model enable us to
compare the two approaches. On the one hand, the dipole moment increases in both the ground
state and on light absorption with growing solvent interaction of the molecules 1, X = NR2,
X' = 0, thatis, during the transformation of la via Ib to Ic, charge is being transferred from
the nitrogen atom to the oxygen atom, in the sense of Nagakura. But the s-electron densities,
on the other hand, also change in different ways at all atomic centres both with rising solvent
interaction and on light absorption in the sense of the above definition, meaning that in the
molecules under consideration the two mechanisms of intramolecular charge transfer overlap
each other.

The behaviour of the intramolecular charge transfer and the changes in
geometry on light absorption in the sense of the polymethine concept is illus-
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trated in Fig. 5 for both the solvent reaction field in the ground state and in
the first excited singlet state. The charge transfer on light absorption has a
peak at A= 0.7 in the reaction field of the ground state and at A= 0.35 in
the reaction field of the excited state. The total change in geometry on light
absorption shows a minimum at A= 0.9 and at A= 0.5 in the reaction field
of the ground state and the excited state, respectively. This holds both for
the total change in geometry and for the expansion and contraction of the
bonds. An interesting feature is that the bonds cease contracting in the ideal
polymethine state, viz. at A — 1.0 for the field N and at A= 0.5 for the field Vv
All in all, unique properties result again near the symmetrical, ideal poly-
methine state, even though the maximum of the intramolecular charge transfer
has shifted to somewhat lower values of A

Fig. 5. Intramolecular change transfer at all atomic centres (left) and change of sa-bond orders

(right) on light absorption in the pentamethine merocyanine 1 (n = 2, X = NR2 X' = 0)

versus solvent parameter A Solid lines: in the reaction field of the ground state N; dotted lines:
in the reaction field of the first excited singlet state

The charge transfer as defined by Nagakura [15, 16], on the other hand,
shows an altogether different behaviour regardless of whether one considers
the amino group as substituent S of a polyenal R, or the carbonyl group as
substituent S of a dieneamine R. Figure 6 illustrates, for both examples, the
charge transfer from substituent S to residue R as afunction of solvent polar-
ity for both the reaction field in the ground state and in the excited state.
The result as opposed to the behaviour of the Tr-electron densities depicted in
Fig. 4 is a steady increase in charge transfer with rising solvent polarity. This
is in agreement with the increase in the dipole moments where no extremes
were observed [9]. Consequently, Nagakura’s approach of charge transfer
fails to cover essential features of the changes occurring in the molecular
structure of a molecule. The electron shift along the molecule’s longitudinal
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Fig. 6. Intramolecular charge transfer in the sense of Nagakura [15,16] asafunction of the sol-

vent parameter Awhen the molecule is separated into different parts R and S. The different

combinations are indicated in the top of the figure. Solid lines: in the reaction field of the ground
state IV; dotted lines: in the reaction field of the first excited singlet state F,

axis is not the only point of interest when assessing the electronic structure
of a solvatochromic molecule; rather it is the changes induced at all atomic
centres in the electronic structure by interactions with the solvent reaction
field or on light absorption which are of relevance from the point of view of
a more polyenic or more polymethinic behaviour.

» K Conclusions

The concept of the existence of an ideal polymethine state can be hypo-
thetically supported with the aid ofthe formalism of the microstructural model
of solvatochromism developed by Nolte and Dahne [9]. Chain-like, unsatu-
rated molecules (1) which are intermediate between the polyenic valence
structures la and lIc pass through a highly symmetrical state Ib, which exhib-
its all the properties characteristic ofthe ideal polymethine state. These are [4]:
— minimum transition energy and maximum transition probability,

— maximum 4g-electron density alternation in the ground state and — to
a lesser degree — in the first excited singlet state,

— maximum equalization of the a-bond orders in the ground state and — to
a lesser extent — in the first excited singlet state,

— maximum intramolecular charge transfer at all atomic centres during the
N V+transition,

— minimum changes in geometry with respect to the a-bond orders during
the N “m Vxtransition.
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The solvation kinetics of [Cr(NCS)4benzylamme)Z- in acetone-water mixtures
has been studied. Benzylamine molecules are not substituted, only NCS~ ions are ex-
changed for solvent molecules. Reaction (1) is hindered by increasing acetone content,
showing the importance of solvent molecules in reaction mechanism. Reaction (1) is
hindered also by hydrogen ions. Rate constants of reaction (1) do not depend on the
nature of the amine in ethanol-water mixture, but in acetone-water mixtures rate
constants obtained for the benzylamine derivative differe essentially from the rate
constants of pyridine and aniline derivatives reported earlier.

The Reinecke salt like compounds containing the complex anion
[Cr(NCS)4A2]- , where A stands for ammonia or an amine, are sparingly soluble
in water, but readily soluble in water-organic solvent mixtures. In these solu-
tions the complex is not stable and undergoes solvation reactions, involving
the exchange of NCS- and A for solvent molecules.

The kinetics of such solvation reactions has been studied first by
Adamson [1] in the case of the Reinecke salt itself (i.e. with A = NH3J3) in
ethanol-water and methanol-water mixtures. This author has observed the
practically simultaneous exchange of two NCS- ions for solvent molecules
and has reported the kinetics of this reaction not to be influenced importantly
by the solvent composition.

Thomas and Holba [2] have reported also the substitution oftwo NCS-
ions in the case of the analogous ethylenediamine complex (A2 = en), although
these authors have found a smaller rate constant for the substitution of the
second ligand, than for the substitution of the first one.

In our previous papers [3—11] several Reinecke salt like complexes
have been studied in ethanol-water mixtures, with A = aniline, p-pheneti-
dine, p-toluidine, p-ethylaniline, p-anisidine, m-xylidine and benzylamine. Our
results showed the behaviour of the complex to depend upon the nucleophilic
character of the amine. If the nucleophilic character is strong, as in the case
of the complexes studied by Adamson, Thomas and Holba and if A = benzyl-
amine, only NCS- ions are substituted [10]. If the nucleophilic character is
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weak, also the amine molecules leave the complex ion. On the basis of our
experimental data [3—9] the simultaneous exchange of two NCS- ions and
the following possible reactions can be presumed:

[[Cr(NCS)4A2]~ + 2R= [Cr(NCS)2R2AZ+ + 2NCS~ 1)
[Cr(NCS)2R2AZ + + 2R= [Cr(R)4A2Z]3+ + 2NCS~ )
[Cr(NCS)4AZ" + 2R= [Cr(NCS)4&RZ - + 2A 3)
[Cr(NCS)2R ,]- + 2R= [CI(NCS)2R2A2]+ + 2NCS~ (4)
[Cr(NCS)2R2A2]+ + 2R= [Cr(R),]3+ + 2NCS* (5)

where R stands for a molecule of solvent.

Reactions (1) and (4) seem to follow the S~I mechanism, and their kinetic
parameters are practically the same for all complexes mentioned above. It is
not influenced neither by the composition of the solvent, nor by the presence
of mineral acids if [H+] > 10~3.

Reactions (2) and (5) occur only in neutral solutions, they are completely
hindered by mineral acids.

Reaction (3) involves the substitution of one or two amine molecules
for alcohol molecules, accordingly to a second order reaction. It is accelerated
by the presence of mineral acids too and its kinetic parameters depend upon
the nucleophilic character of the amine.

Reactions (3), (4) and (5) have not been observed if A = benzylamine [10].

If A = pyridine, the complex is sparsely soluble even in ethanol. This
is why it has been studied in acetone-water mixtures [11]. A similar study has
been made with the aniline derivative also in acetone—water mixtures [12].
These studies revealed some special features of solvation in these solvent mix-
tures. The general behaviour of the complex resembles the behaviour of com-
plexes with A = aromatic amine, but there are some important differences.

1. Rate constants of reaction (1) and (4) are practically the same in
ethanol—water mixtures, irrespective to the solvent composition and to the
nature of the amine. In acetone—water mixtures the situation is completely
different. Rate constants of reaction (1) and (4) are different, they are highly
influenced by the nature of the amine, by the solvent composition and by the
acidity of the solution. The rate constants decrease with increasing acetone
content and with increasing mineral acid content.

This is related perhaps to the aprotic character of acetone and it is in
agreement with Adamson’s presumption [1], that the mechanism of reaction
(1) is not SnR but Sn2 FS, involving the participation of solvent molecules
through their hydrogen bridges.

2. Reaction (3) seems to be of mechanism Sn2 as in alcohol-water mix-
tures.
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Results and discussion

In the present paper the solvation of [Cr(NCS)4benzylamine)2~] has
been studied in aceton—water mixtures, containing 38.89, 44.44, 50 and 100
vol % acetone (for the last one no special measures have been taken to ensure
anhydrous conditions). The concentration of the unchanged complex ion and
of the NCS* ions liberated have been determined as function of time.

As in ethanol—water mixtures too, no evidence of the benzylamine sub-
stitution has been obtained.

The determination of the concentration of the initial complex ion (c)

c0
allows to derive rate constants for reaction (1). A graphical plot of Ilg-— versus
c

time gives a good linearity (Fig. 1), i.e. the solvation process (1) is apparently
a first order reaction. The rate constants obtained are presented in Table I.

The graphical plot of log k/T versus 1/T showed a satisfactory linearity
and the activation enthalpy and activation entropy values, given in Table I1,
could be calculated.

As seen, the activation enthalpy is not very much influenced by the
solvent composition, excepting the pure acetone solutions, where zJH* is
smaller, exactly as with the pyridine derivative in acetone-water mixtures [11]

In our previous studies the comparison of concentration data concerning
the unchanged complex ion and the free NCS- ions allowed us to obtain pieces

Fig. 1. Determination of the rate constant: 1 — 50 °C, 100 %ac; 2 — 50 °C, 38.9 % ac. 10-1 m
HC104; 3-50 °C, 50 %ac; 4 - 59°C, 389 % ac, 10"1m HC104;5-56 °C, 389 % ac; 6 -
59 °C, 44.4 % ac
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Table |1
First order rate constants of reaction (1) in neutral solutions
h x iog s-1
Acetone content, vol%
t°C
38.9 44.4 50.0 10
50 5.28 4.80 4.65 0.96
53 7.83 7.22 6.85 1.31
56 10.3 9.86 9.44 1.85
59 16.1 15.0 144 -
Table 11

Activation parameters of reaction (1) in neutral solutions

Acetone content 38.9 44.4 50.0 100
vol %
AH*, kcal/mole 25.3+ 16 26.0+1.6 26.0+1.5 226+ 0.7
/1S*, e. u. -4.7£5.1 —2.5+ 4.9 -2.6 £4.7 -16.2+1.4

of information relatively to reaction (2). In the present paper the measurements
made on the free NCS” ions showed a finite zero time concentration, as in the
case of the complexes studied earlier, but even the corrected values are very
scattered and no quantitative conclusions could be drawn. At any rate, these
data show reaction (2) to occur in neutral solutions, but to be hindered with
increasing acetone content.

In order to study the influence of mineral acids, some runs have been
performed in the presence of perchloric acid in solutions containing 38.9 vol %
acetone. Rate constants derived are presented in Table I11.

Table 111

Influence of perchloric acid concentration on the first order rate constants
of reaction (1) in solutions containing 38.9 vol % acetone
fcjX106, s-1

[HC104], mole/1

0 10-» f* 10-1
50 5.28 3.39 2.81 2.57
53 7.83 - 3.83 3.66
56 10.3 - 5.83 5.31
59 16.1 - 8.61 7.76
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It is apparent that reaction (1) is sensibly hindered by hydrogen ions
as with all Reinecke salt like complexes both in ethanol-water and in acetone-
water mixtures. But it is worth mentioning, that rate constants decrease with
increasing perchloric acid concentration up to 10 1mole/l (i.e. in all the range
investigated), exactly as with the pyridine and aniline derivatives in acetone-
water mixtures [11 —12]. On the other hand, in ethanol-water mixtures
[HC104] = 10~3 mole/l is already sufficient to hinder “basic solvolysis” and
to make rate constants independent of hydrogen ion concentration.

It is interesting to compare the rate constants of reaction (1) at 50 °C
with the similar constants obtained with the pyridine and aniline derivatives
atthe same temperature. In Tables IV and ¥ these rate constants are given for
the three derivatives in different solvent mixtures and at different acidities.
Values presented for the aniline derivative have been obtained by means of
interpolation by using rate constants reported earlier [12].

It is apparent that rate constants depend very much on the nature of
the co-ordinated amine. In ethanol-water mixtures these rate constants have
almost the same value for a large number of amines, but in acetone—water
mixtures they are even not of the same order of magnitude. On the other hand

Table TV

Rate constant of reaction (1) at 50 °C in neutral solution
fcjX10«, s-1

Influence of the solvent composition

Acetone content, vol %

Amine Reference
25 50 75 10
Pyridine - 0.94 0.44 0.31 [
Benzylamine 5.28* 4.65 - 0.96 this paper
Aniline 48.9 45.1 29.0** 7.54 [12]

acetone content *38.9, **90 vol %

Table V

Rate constant of reaction (1) at 50 °C
fejx106, s-1

Influence of perchloric acid concentration

Acetone content [HC104], mole/1

Amine vo!%

0 io-* 101 io-1 Reference
Pyridine 50 0.94 0.52 0.41 0.39 [ii]
Benzylan(ine 38.9 5.28 3.39 2.81 2.57 this paper
Aniline 25 48.9 13.2 10.8 9.75 [12]
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these rate constants decrease systematically and in an important extent with
increasing acetone content. In this respect one can observe a rather different
behaviour in ethanol-water mixtures, where the rate constants of reaction (1)
practically are not influenced by the solvent composition [10].

These phenomena show clearly the solvent molecules and their hydrogen
bonds to play an important part in the mechanism of reaction (1).

As the influence of the acidity is concerned, the data presentedinTable ¥
illustrate the above statement that the rate constants are diminished by
increasing acidity up to [HC104 = 10_1 mole/l.

On the other hand one can see the rate constants to depend on the nature
of the amine in the same extent as in neutral solutions.

Activation parameters derived from the rate constants given in Table 111
are presented in Table VI.

Table VI

Influence of perchloric acid concentration on the activation parameters
of reaction (1) 38.9 vol % acetone

[HC104], mole/1 0 10-2 10-1
zIH*, kcal/mole 23516 265+ 0.9 25.8+0.3
/1S*, e. u. -4.7+51 -2.3+2.8 -4.5+0.8

As seen, no systematic variation of the activation enthalpy can be ob-
served. In this respect there is a fundamental difference between the behaviour
of the pyridine derivative and the benzylamine one in acetone-water mixtures.
In the case of the pyridine derivative the increase of the hydrogen ion concen-
tration promotes reaction (3), requiring a higher activation enthalpy and so
zdH* increases systematically. With the benzylamine derivative reaction (3)
does not occur and /dH* remains practically the same.

The explanation of the rather strange behaviour of Reinecke salt like
complexes in acetone-water mixtures, as compared to their behaviour in
ethanol-water ones can be given in terms of Adamson’s hypothesis concerning
the mechanism of the solvation reaction (1). Adamson [1] presumes in the
case of the Reinecke salt the formation of hydrogen bridges between the ROH
type solvent molecule and the co-ordinated NH3 and a hydrogen bridge-like
interaction of the same solvent molecule and the co-ordinated NCS:

NCS
H\o - R
wl HY

\H
H
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Due to the labilizing effect of this “hydrogen bridge”, the NCS~ ion
leaves the complex and its place will he occupied by the solvent molecule.
Since acetone cannot form hydrogen bridges, decreasing of the rate constants
with increasing acetone contentisunderstandable. As the influence ofthe amine
molecule is concerned, results presented in Tah. IV and ¥ also support Adam-
son’s presumptions, viz. the importance of the hydrogen bridge formation
between the co-ordinated amine and the solvent molecule. The order of
increasing rate constants (pyridine—benzylamine—aniline) is that of increasing
tendency to hydrogen bridge formation. It is worth mentioning in this connec-
tion the behaviour of Reinecke salt like complexes in ethanol—-water mixtures,
where rate constants of reaction (1) are very little influenced by the nature
ofthe co-ordinated amines. This is in disagreement with Adamson’shypothesis.
One can presume, that in the presence of only R—OH type solvent molecules,
the entering molecule is H-bridged mainly to other solvent molecules and not
to the co-ordinated amine, but in acetone—water mixtures the Adamson
mechanism becomes preponderant. The influence of perchloric acid seems also
to be understandable, since protonation of the solvent molecules diminishes
their tendency to give H-bridges and this is why rate constants diminish too.
This effect is more important in acetone-water mixtures and practically does
not appear in ethanol-water mixtures, due to the very large number of ROH
type molecules able to form H-bridges.

Experimental

NH4[Cr(NCS)4Abenzylamine)Z *H20 has been prepared as described earlier [10].

Kinetic measurements. Samples of the complex salt have been dissolved in calculated
quantities of preheated acetone and diluted with preheated water to a certain volume, to ob-
tain solutions with initial concentration of the complex of about 5X 10-3 mole/1. The solutions
were kept in an ultrathermostat. The samples taken at various times were cooled down quickly
with ice and the concentration of the free NCS- ions and that of the unchanged complex ions
were determined.

Determination of NCS-. The free NCS- ion concentration was determined photocolori-
metrically. An aqueous solution of iron(111) perchlorat (0.1 mole/l) was added in excess to the
samples (1 —2 ml solution to 0.5—2 ml aliquot parts diluted with dest. water to 50 ml) and
the absorbance was measured, using a blue filter. The corresponding concentration values
were obtained by means of a calibration curve.

Determination of the unchanged complex ion. For this purpose a precipitation reaction
was used with 8-quinolinol (oxine) hydrochloride (1 mole oxine/l1 in 3 N HC1). This salt gives
a sparingly soluble product with the complex ion studied (oxine. H[Cr(NCS)4benzylamme)Z2]).
The precipitate was filtered through Gooch filter 1 G4 and washed with distilled water. Than
the precipitate was dissolved in methanol and the extinction of the obtained reddish violet
solution was measured photocolorimetrically by means of a green filter. A calibration curve
was used.

Kinetic parameters were calculated by means of the method of least squares and errors
were derived on the basis of the standard deviation of the experimental points, by using i0%
values.
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COBALT(I)-NYOXIMINE CHELATES WITH OXO ACIDS OF SULFUR
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New complex anions of the type [Co(Niox.H)2XY]3- (Niox.H2= 1,2-cyclo-
hexane dione dioxime, X = Y, X Y = SO0|~ and S208§_) were obtained by means
of air oxidation of Co2+-nyoxime-X(Y)-mixtures or by ligand exchange reactions from
the corresponding halogenoaquo non-electrolytes. Anation reactions of [Co(Niox.H)2
(H20)X]_ with aromatic and heterocyclic amines lead to the formation of [Co
(Niox.H)2(amine)X]~. 27 salts were isolated and characterized. Some structural
problems were investigated by UV and IR spectral measurements. Other oxo anions
of sulfur, e.g. SO|~ and Sz0 |_ (a = 2—5), are not suitable for these reactions due to
sterical hindrances or for lack of sulfur donor atoms.

The alycyclic dioximes, like the aliphatic and aromatic ones, give a lot of
dioximine chelates of cobalt(ll1l) of various types, these later being monobasic
acids (H[Co(diox.H)2XY]), non-electrolytes ([Co(diox.H)2(amine)X]) or bases
([Co(diox.H)2(amine)Z+ (“diox.H” = the deprotonated dioxime molecule).

A series of 1,2-cyclopentane dione dioxime (pentoxime) and 1,2-cyclo-
hexane dione dioxime (nyoxime) derivatives were described and characterized
in our previous papers [1—4].

The aquation kinetics of some halogeno- and pseudohalogeno derivatives
of the type [Co(diox.H)2AH2)X] and [Co(diox.H)2X 2 “ was also studied.

The very stable Co(diox.H)2 ring system in the [Co(diox.H)2X2] " and
[Co(diox.H)2(amine)X] complexes enables a great number of substitution
reactions with amines, phosphines and negatively charged ligands without
changing their trans geometric configuration.

From the point of view of the ligand exchange reactions — with excep-
tion of SOj* — the oxo anions of sulfur (S2 3~, SO* , S0 3 and SxOjV
(x = 2—6) were less investigated.

The S03 -ion enters easily in the inner co-ordination sphere of some
metals of the VII1I-th group.

Mononuclear cobalt(lll) complexes with mono- and bidentate sulfito-
ligands, as well as binuclear complexes with S03-bridges were described in
the literature (e.g. [Co(NH,)s(SO,)] + [M], [Co(pn)2(SO,)2] " [11], Na3[CoNH3)2
(S032(N022] ill], [Co(CnL(SO03BH2)]3- [13], [Co2(S03)(OH)2(NH 3)6] 2+ [10].
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Some sulfito-complexes of cobalt(I1l) and rhodium (111) with dimethyl-

glyoxime, monomethylglyoxime and benzyldioxime were obtained by Syrzova

et al.

The substitution

[14-17].

Some thiosulfato-complexes

anions of sulfur were not investigated.

No.

10.

10.

11.

New complex salts of the [Co(Niox.
[Co(Niox.H))2(S20 3)2)3~

Formula

[Co(NH3)E],

[Co(Niox. H)AS03)2].14 H2
[Co(NHIFHD)].

[Co(Niox. H)2S032.14 HD

cis-[Co(en)2NH 3)2].
[Co(Niox. H)2S032.8 H2

[Co(en)3],
[Co(Niox. H)AS032.8 HD

[Cr(en)3],
[Co(Niox. H)2S03)21.5 H2

[Cr(urea)d].
[Co(Niox. H)2AS032.5 H2

[Co(NH38],
[Co(Niox. H)ZS203)2].10 H

[Co(NH3EHD)].
[Co(Niox. H)ZS2 3)2].9 H2

[Co(en)3],
[Co(Niox. H)2S20 32].3 HO

[Cr(en)3].
[Co(Niox. H)2(S20 3)21.3 H20

[Cr(urea)6],

[Co(Niox. 11),(S,0.,),].6 11,0
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of

cobalt:
[Co(CN)XS20 3)]4~ [19] were also mentioned.
reactions of [Co(Niox.H)2XY] complexes with oxo

Table |

Mol. wt.

ealed.

914.7

915.7

858.5

884.6

823.4

1003.8

906.8

889.8

858.5

851.5

1085.9

Yield

9

80

75

60

75

50

70

60

50

60

55

60

H)2(S03)2]3 and
ions

Aspect

yellow
microcryst.

brown-yellow
thin plates

yellow
plates

yellow, short
needles

long, yellow
prisms

yellow-green
hexagonal
cryst.

yellow
dendrites

brown-yellow
rhomb, plates

dark yellow
prisms

dark yellow
spears

brown prisms

[Co(NH3)5SD 3)]+

Analysis
Calcd.
Co 12.88
S 7.06
H2 27.56
Co 12.80
S 7.02
H2 27.54
Co 13.73
NH3 3.96
H2 16.79
Co 13.32
H2 16.29
Co + Cr
13.47
N 17.01
H20 10.94
Co + Cr
11.05
S 12.80
H20 8.79
Co 13.00
S 14.14
H2 19.86
Co 13.25
S 14.41
H2 18.22
Co 13.73
14.94
H2 6.29
Co+ Cr
13.02
S 15.06
H20 6.34
Co + Cr
10.21
S 11.81
H2 9.95

(18],

Found

12 60
7.30
27.10

12.55
7.12
27.20

13.75

16.40

13.36
16.00
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In the present paper the ligand exchange reactions of some [Co(Niox.H)2
(H20)X] type complexes (X = CIBr, I, N0O2 NCS, NCSe) with the alkaline
and ammonium salts of the oxo acids of sulfur were studied from preparative
point of view.

Both in sulfito- and thiosulfato complexes the central atom is directly
bonded to an S donor atom [11—13, 19]. On the other hand S04" and S2C%6"
ions have been observed not to enter in the cobalt(lll) nyoximine nucleus. This
means, that the presence of a sulfur donor atom is absolutely necessary.

Although in SxOj;~ (x = 3,4, 5, 6) there are sulfur donor atom, these
ions do not enter in the co-ordination sphere of the cobalt(ll11) complexes. This
is due probably to a sterical hindrance.

The classical air oxidation applied to the Co2+-nyoxime-Na2S03
(Na2S20 3) mixtures yields [Co(Niox.H)2(S03)2]3 and [Co(Niox.H)2(S20 3)2]3“,
respectively

2C02+ + 4Niox.H2 + 1/20, + 4S0J- = 2[Co(Niox.H)ZAS03)2]3- + H20 + 2H +

2C02+ + 4Niox.H2+ /202 + 4S20*- = 2[Co(Niox.H)2(S20 3)2]3~+H 20 + 2H +

These complexes have been isolated as alkaline, ammonium and luteo
salts.

The substitution reactions of [Co(Niox.H)2H2)X] (X = CI, Br, I, NCO,
NCS and NCSe) with stoichiometric amounts of (NH42503 and (NH4)2S20 3
lead to the formation of highly soluble NH4[Co(Niox.H)2(H20)(S03)] and
NH4[Co(Niox.H)2AZH2)(S20 3)], respectively.The co-ordinated water molecule
in these compounds can be easily replaced by aromatic or heterocyclic amines.

The aromatic primary amines with pK = 9 — 13 are suitable for this
purpose (aniline, alkyl-, alkoxy-anilines, chloro-, bromo-, iodo-anilines). The
very weak bases, e.g. nitroanilines, sulfanylic- and anthranylic acids (pK =
= 14 —16) do not co-ordinate to cobalt. The pyridine bases (pK < 9) form
also compounds of this type. The condensed heterocyclic bases (chinoleine,
chinaldine, acridine, as well as a-picoline, give negative results probably
because of sterical hindrance.

The anation reaction of [Co(Niox.H)2(S03)(H2)]~ with stoichiometric
amounts of Na2S2 3 gives [Co(Niox.H)2(S03)(S20 3)]3_ which can be charac-
terized also by means of double decomposition reactions with luteo salts.

The substitution of water in the [Co(Niox.H)2S03(H20)]" with CI ,
Br“,1“, NCS', NCSe", NCO- and Nj-yields the corresponding [Co(Niox.H)2
(S03 X ]2 , which can be isolated as complex salts. The analogous reactions
with [Co(Niox.H)2S20 3)(H20)]” lead to the formation of extremly highly
soluble products in the common polar solvents used (H2, methanol, ethanol,
acetone, dimethylformamide). Some complexes of the type amine.H
[Co(Niox.H)2(S20 3)(amine)] were also isolated.
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Table 11

New sulfito-(thiosulfato)-complex salts of the type amine.H[Co(Niox.H)2X(amine)]
(X = SOI- or S,0[-)

Mol wt. Yield Analysis
" Formete ealed. (%) fspect Calcd Found
I.  pyridine.H[Co(Niox. H)2— 5075 70 Co 9.86 9.87

(S03 (pyridine)].H20 H2o 301 2.80

plates N 1407 13.75
2. [?-picoline.H [Co(Niox.H)2— Co 9.42 9.40
(S03 (/?-picoline)].H20 625.5 80 yellow hexa- S 5.12 5.30
gonal plates H20  2.88 3.10
3. y-picoline.H[Co(Niox.H)2— yellow square Co 9.16 9.13
1SO,] (v-picoline]1.2 H,0 643.5 60 plates S 4.98 5.20
H2  5.59 5.20
4.  m-toluidine.H [Co(Niox.H)2— long yellow Co 8.12 8.36
(S03) (m-toluidine)].5 H2 725.9 50 prisms N 11.57 11.30
H20 1240 11.95
5. p-toluidine.H [Co(Niox.H)2— brown prisms Co 8.12 8.20
(S03) (p-toluidine)].5 H20 725.9 60 -N 1157  11.44
H2 1240 12.10
6. aniline.H[Co(Niox.H)2— Co 9.16 9.08
(S03) (aniline)].2 H2O 643.5 50 brown prisms H2D 559 5.30
N 13.06 12.78
7.  NH4[Co(Niox.H)ZXp-Cl- Co 9.77  10.02
aniline) (S03)].2 H2 N 13.94  13.75
602.9 60 brown irregular H2  5.97 5.60

cryst.
8. NH4[Co(Niox.H)Xp-J- brown irregular Co 8.71 8.34
aniline) (S03)J.H2 676.4 70 cryst. H,0 2.66 2.30
N 12.42  12.16
9. NH4[Co(Niox.H)S03)— brown prisms Co 10.42 10.60
(thiourea)].HD 565.5 50 H2  3.18 3.60
10. NH4[Co(Niox.H)XS03) — brown plates Co 10.61 10.60
(allylthiourea)] 555.5 60 N 17.65 17.48
11. m-xylidine.H [Co(Niox.H)2— Co 7.82 7.79
(S03) (m-xylidine)].5 H2 753.7 70 yellow, thin S 4.25 4.55
square plates H2 11.95 11.20
12.  Thiourea.H[Co(Niox.H)2— yellow prisms Co 9.39 9.63
(S03) (thiourea)].3 H 627.6 50 (from acetone) H20  8.61 8.15
13.  NH4[Co(Niox.H)2ZS20 3) - short brown Co 9.46 9.91
(pyridine)].4 H2O 622.5 30 needles H,0 1157 11.45
(from acetone) N 13.50 13.35
14. pyridine.H [Co(Niox.H)2— brown prisms Co 8.61 8.75
(S 3 (pyridine)].4 H2O 684.6 35 H,0 1052 10.30
N 12.75  12.46
15.  NH4[Co(Niox.H)2S20 3) — short brown Co 10.44 10.75
(y-picoline)] 564.5 30 prisms N 14.89 14.76
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We observed that the reverse reaction, i.e.

[Co(Niox.H)2(HD)X] + SO** - [Co(Niox.H)2S03)X]2-+ H2

(or with S20*-, respectively) does not occur, only

[Co(Niox.H)AH2)(S03)]- ([Co(Niox.H)2(H20)(S20 3)]-)

being formed.

This phenomenon shows the SO*- and S20*“ to have a greater “trans”
effect than the halogen or pseudohalogen ions, in the mixed dioximine-
cobalt(lll)-chelates.

The electronic spectra of some sulfito- and thiosulfato-bis-nyoximino-
cobalt(l1l) derivatives have been recorded in aqueous solutions.

In the electronic spectra of the complexes studied in the visible region
no absorption maxima or inflexion points are observed. Therefore one can
presume the ligand field transition bands to be overlapped by the first
charge-transfer band. This band begins in the visible region and has its maxi-
mum at 28 —33 kK. Generally 3 bands appear in UY region, both in the case
of the S03 and S20 3-derivatives, exactly as with the analogous dimethyl-
glyoximine complexes. Ascompared to the [Co(DH)2(S03)(amine)] complexes,
the absorption bands of the [Co(Niox.H)2(S03)(amine)]“-derivatives seem to
be at lower wave number. The wave number of the third band is always higher
than in the case of the dimethylglyoxime derivatives, but with nyoxime
it is sometimes lower than 50 kK. The mean values of the wave numbers are
presented for the 3 absorption bands in Table I11.

Fig. 1. Electronic spectra of some complexes of the type NH4[Co(Niox.H)2S03) (amine)]:
“1”  NH4[Co(Niox.H)2 (S03) (allylthiourea)]; “2” NH4[Co(Niox.H)2S03) (p-J-aniline]);
“3” p-toluidine.ll [Co(i\iox.H)2S03) (p-toluidine)]
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Fig. 2. Electronic spectra of some complexes of the type [Co(Niox.H)2XY]: “4” y-picoline.
H[Co(Niox.H)XS03) (y-picoline)]; “5” Na3[Co(Niox.H)2S203)2]; “6” NH4[Co(Niox.H)2S20 3)
(pyridine)]; “7” aniline.H[Co(Niox.H)2S03J) (aniline)]

The effect of substitution of SOj by S20 3“ can be seen in the case of
the pyridine derivative. It is apparent that the absorption bands are shifted
towards the lower wave number values, exactly as with the corresponding
dimethylglyoxime derivatives.

The IR spectra of the [Co(Niox.H)2(S03)2]3-, [Co(Niox.H)2(S03)-
(amine)]-, [Co(Niox.H)2(S20 3)2]3*“ and [Co(Niox.H)2(S20 3)(amine)]“ derivatives
show the presence of strong intramolecular O—H ...0 hydrogen bridges
(vO H: 2350 —2400 cm*“1 (weak), 00_H 1700 —1800 cm*“1 (weak)), similarly
to the analogous dimethylglyoxime derivatives. These hydrogen bridges sta-
bilize the coplanar Co(Niox.H)2ring system, i.e. the “trans” configuration of
the complexes of this type.

Table 111

Mean values of the wave number of UV absorption bands of
[Co(diox.H)2X Y] type complexes

X = SOj , Y = amine X =Y = amine
Diox. H wave number kK
a b C a b C
DH 50 41.4 33.8 49.1 39.9 32.7*
Niox.H 50 40.7 33.2
Diph.H 48.6 37.7 31.0 49.3 38.6 31.5**

(DH2= dimethylglyoxime, Diph.H2= a-benzyldioxime, *, ** unpublished
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The PC=Nvibrations of the co-ordinated oxime groups have been found
at 1580 —1585 cm 1 (very strong). This band is situated at 1620 —1640 cm-1
in the case of the free, non co-ordinated oxime.

The sulfito-ligand, like other XY 3 groups, with a pyramidale structure
and a C3vsymmetry, has four IR and Raman active vibration frequencies:
jg(S-0): 960-1010, r2(S02: 620-630, v3(S-0): 933-960, p4S02 469-495
cm-1 [20-22].

The thiosulfato group has also a C3vsymmetry with six IR and Raman
active vibration frequencies: r1(S—S): 447, r2S—0): 1004, p3(S02: 670,
r4S—~0): 1106, r5S02): 538 and v6: 339 cm 1[23-25].

By co-ordination to metal ions through the sulfur atom, the S—0 valence
frequencies are shifted to higher wave number values in both cases [24 —25].
The shift in the opposite direction is characteristic for a Me —O —S —O-co-or-
dination.

The IR absorption bands of the sulfito- and thiosulfato complexes investi-
gated show that the Co—S03 and Co—S2 3-bonds are realized through the
sulfur atom.

The pn_h vibrations were found at 3230 and 3080 —3150 c¢m-1 indicating
the strong covalent character of the Co—N (amine) bond in the [Co(Niox.H)2-
(S03)(amine)]~ type complexes.

The IR spectral data of some sulfito- and thiosulfato derivatives are
given in Table IV.

Experimental

Preparation of Na3[Co(Niox.H)2(S032.9HzO. 5.0 g (20 mmole) of cobalt(ll)-acetate
and 5.6 g (40 mmole) of nyoxime in 150 ml diluted alcoholic solution (1 : 1) were oxidized by
air bubbling for 3—4 hours, then 40 mmole of Na25037 H20 were added and after 30 —40 min
the disulfito-salt precipitated from the filtered dark yellow solution with an excess of acetone
(250 —300 ml). Small, yellow needles. Yield: 80%.

Analysis: Found Co 7.72, S 9.03, H2 21.40.

For Na3[Co(CSHIN2022ZS03)2] .9 H2 (mol. wt. calcd. 732.4).

Calcd. Co 8.04, S$8.75, H2O 22.13.

Na3[Co(Niox.H)2(S2 3 7-solution was obtained by an analogous way.

The luteo-salti f [Co(Niox.H)2(S03 2 3- and [Co(Niox.H)2(S203 2 3_ were obtained by a
double decomposition reaction from 5—5 mmole Na3[Co(Niox.H)2S03)2] and Na3[Co(Niox.H)2
(S203)2] in 50 ml solution by precipitation with 4—4g [Co(NH?J36]CI3, [Co(en)3|CI3
[Cr(en)3]CI3, etc. in 100 ml aqueous solutions.

Synthesis of [Co(Niox.H)2(H,0)CI] .H20

23.7 g CoCl2.6 H20 (100 mmole) and 28.2 g nyoxime (200 mmole) in 500 ml diluted
methanol (1 : 1) were oxidized by air bubbling for 6 —8 hours. The separated brown crystalline
product (trigonal prisms) was washed with water. Yield: 85 %

Analysis: Found Co 14.13, H20 8.26.

For Co(C6HIN222H20)C1.H20 (mol. wt. calcd. 412.9).

Calcd. Co 14.12, H20 8.36.
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Table IV

Infrared absorption bands of some sulfito and thiosulfate derivatives

Characteristic L 2. 3. 4. 5.
frequency wave number, cm- 1
JO-H - 3250-3550s - 3300-3500m
oH _ _ 2980s 2980s 2970s
- 2890s 3090m
UN—H : 3230m
b o - - 1730—1770w  1700- 1800w 1720- 1800 w
« _ _ 1640m
1650-1670s  1650-1670s
VC=N(ryoxim) - 15855 1580s 1580s
Flen) 1460m 1450m 1460s
VN—OH (nyoxim) 1240s 1240s 1240s
1085s
vs-o 920-1020s  1105s 1085-1110s  1170m 1085-1120s
vN—0 .. (nyoxim) 1130s
8- 870-880s  995- 1005s  970-980s  950-970s  960s
v o—H(nyoxim)
YbIH2 - - 830m
630 —635m  625-635s
630-660s 635—670s
585-600m  560_580m  Co00o0m
540s 470m
515-540s 470m
5605 440m
VCON 520—530m  520s 510-520s
440m
450-470s - .
470m

1. CdS03 2. BaS20 3, 3. Na3[Co(Niox.H)ZAS032 .9 H,0, 4. (NH43[Co(Niox.H)2-(S20 37],
5. NH4[Co(Niox.H)2p-Cl-aniline) (S03] .2 H2

NH4[Co(Niox.H)2(S03)(H 20)] and NH,[C»(IViox.H).,(S20 3) (H,0)]-solutions

20.5 g [Co(Niox.H)2ZH20)CI] ,H20 (50 mmole) in 200 ml water were treated with 50
mmole of (NH4)2503.H20 ((NH42520 3) in small portions. The crystalline non-electrolyte was
dissolved slowly, the dark brown solution was filtered and used for substitution reactions.

Amine.H[Co(Niox»H)2(S03) (amine)] and amine.H[Co(Niox.H)2(S20 3) (amine)]

10 mmole of sulfito-aquo .. or thiosulfato-aquo-complexes in 20—25 ml aqueous solu-
tion were treated with a mixture of 20 mmole amine hydrochloride and amine in 5—10 ml
ethanol. The sulfito-amine- and thiosulfato-amine derivatives were crystallized on standing
for 2—48 hours. The obtained products were filtered, washed with ice-cooled water and dried
on air.
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In any cases NH4[Co(Niox.H)2(S03) (amine)]-salts were obtained in the presence of

NH4.ClL

Spectral investigations. The IR spectra of the complexes were recorded in KBr pellets

on a UR 20 (Carl Zeiss, Jena) spectrophotometer between 400 and 4000 cm-1.

Analyses. Cobalt was determined complexometrically, sulfur as BaS04, nitrogen by the

micro-Dumas method. In the case of chromium derivatives the sum of the oxides (Co304 +
+ Cr20a) was determined after an hour of heating at 900 °C.

[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]
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The sputtering, and secondary atomic and cluster ion emission of binary Fe-
based alloys with simple phase diagrams were studied by means of a secondary ion mass
spectrometer (SIMS). Series of Fe—Ni and Fe—Cr alloys in the concentration range
0—100 % were bombarded with 4 KeV Kr+ ions. By the modification of the ion source
of the SIMS and by electron-microprobe analysis of the sputtered material, simultane-
ous study of sputtering and secondary ion emission was possible.

The first part of this study deals with the composition dependence of the sputter-
ing of alloys. The sputtering rate proportions of the constituents of the alloys, necessary
for evaluation of ion emission studies, were determined. The relative sputtering coef-
ficients of the alloying components are near to unity; the alloying component with lower
sputtering rate sputters faster in the alloy, but the decrease of the sputtering rate of
the other component could also be observed.

Introduction

Secondary ionization mass-spectrometry (SIMS) is a new method in
solid-state analysis, which may be employed to advantage in cases when the
depth and surface distributions of low-concentration (¢ < 1 %) components
are to be determined [1—4 etc.]. The secondary ion current produced by ionic
bombardment is directly proportional to the concentration; i.e. with appro-
priate calibration, and in the knowledge of the secondary ion yield (S+) of the
substance under examination, the concentration may be determined from the
ion current [5]. Experimental experience has revealed that S+ depends not
only on many parameters of the apparatus (nature and energy of the primary
ion, vacuum conditions), but also on the nature of the element examined, and
it may depend too on the matrix and the concentration [6 —9 etc.]. A knowl-
edge of the value ofthe secondary ion yield in the system in questionis impor-
tant, therefore, with regard to the analytical work, while in general the study
of the sputtering and secondary ion emission of alloys is also of theoretical
importance, for it may give further information on the mechanism of inter-
action of high-energy ions and solids.
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Most SIMS studies in this respect relate only to the range of dilute alloys;
there are only sporadic experimental data on more concentrated alloys, and
the few experimental data available are difficult to reconcile with the theories
describing the secondary ion emission of pure metals [6—11]. Interest has
recently increased in the sputtering of alloys and multicomponent systems in
general [12 —14]. As regards the further clarification of the details of the emis-
sion process, joint investigations of the two part-processes of secondary ion
emission, i.e. sputtering and secondary ionization, have not been made in the
overall composition range (¢ = 0—100 %).

Accordingly, in the present experiments a study was made in the con-
centration range 0—100 % on the sputtering and atomic and cluster ion emis-
sions of binary iron alloys (iron-nickel and iron-chromium) which form solid
solutions of relatively simple phase diagrams [22], and which at the same time
are of practical importance. An experimental set-up was used which, in addi-
tion to mass-spectrometric analysis of the secondary ions, permitted deter-
mination of the composition of the total sputtered material (ionic and neutral)
in the same experiment. Joint evaluation of the experimental results may
contribute to a better understanding of the secondary ion emission process;
at the same time, individual study of the single part processes may also yield
useful new information as regards the phenomena accompanying the sputtering
of alloys. In the present publication we report our results relating to the sput-
tering ofthese alloys, while those on the atomic [15] and cluster ion [16] emis-
sion will be published separately.

Experimental

The Fe—Ni and Fe—Cr alloys to be investigated were prepared by the co-melting of
the high-purity (99.9 %) metals. The compositions of the members of the alloy sequences were
0, 20, 40, 60, 80 and 100 wt. % (+0.5 9%). The surfaces of the samples, with average grain sizes
of 100 —200 fixn, were pretreated by mechanical polishing with diamond paste.

Examinations were made with a home-constructed secondary ionization mass spectro-
meter, which was described in detail earlier [17, 18]. The primary Kr+ ions with an energy
of 4 KeV were focused on a 0.1 cm2surface area of the sample with an incidence angle of 45°.
The primary ion current density was varied in the range ip — 1—20 fiA/cm2 The pressure of
the background gas in the vicinity of the sample was 2X 10-6 torr; its composition was checked
in the course of the measurements with a quadrupole mass spectrometer connected to the ion
source for this purpose. The positive secondary ions were analyzed with a magnetic mass
spectrometer; an electron multiplier was employed as a detector after an energy filter.

For determination of the composition of the sputtered material, a collector plate pre-
pared from high-purity aluminium was placed on the first electrode of the ion optics of the
SIMS (Fig. 1). Part of the sputtered material passed into the mass spectrometer through a slit
in the middle of the plate; the rest could be captured on the plate, in the form of a thin layer
on the substrate. After ion bombardment for various periods, an AEI electron microprobe was
used to determine the composition of this material in the area indicated in Fig. 1 (at a number
of points in the immediate vicinity of the slit), with an accuracy of + 1 % This set-up permitted
determination of quantities characteristic of the sputtering and the ion emission in one and
the same experiment. The bombarding ion dose employed in each experiment varied in the
range D = 1—4X1018ion/cm2
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Fig. 1. Outline of collector plate for capture of sputtered material. The dashed line encloses
the area of deposition of the sputtered material, and the shading shows the site of the electron
[microprobe measurements

Results and discussion

The sputtering coefficients (SM) of the individual components (which
means the numbers of ionic and neutral secondary particles formed on the
action of the bombarding primary ions, and which are proportional to the rate
of sputtering under given bombardment conditions) can be determined from
the electron-microprobe measurement data [18, 19]:

SM= k.aM”™ - (1)

IF and IM are the measured X-ray intensities of the metal examined, in the
case of the thin layer and a sufficiently thick standard, respectively, k is a
constant characteristic of the microprobe; aMis the sensitivity of detection
of the metal M [20]. The numerical value of k was not established, for the sput-
tering rates of the individual elements can also be compared via the quantity
SJj, which can be calculated directly from the experimental results:

S& = aMM ~ - ©)

Instead of the sputtering coefficient, therefore, in our publications is given
in units of 10 19 cmZion. Table | contains the experimentally determined
data measured for Fe, Ni and Cr in the pure state and as components of the
alloys. It should be noted that the accuracy of measurement of these (x20 %)
is restricted by the accuracy of the ion-dose measurement; the relative sput-
tering coefficients (Eq. 3) could be determined with a considerably smaller
error (£5 %).

It may be stated that, as regards their sputtering rates determined in
the pure state, the sequence of the metals in question agrees with the results
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Table 1

S* values characteristic of the sputtering rates of the Fe, the Ni, the Cr and
the alloys, as functions of composition

S* (io-1* cmé8lion)

Composition
of sample Fe-Ni Fe-Cr
(% Fq Ni Fe alloy Cr Fe alloy
0 2.6 - 2.6 1.7 - 1.7
20 3.0 3.9 3.2 1.4 1.4 1.4
40 2.1 2.4 2.2 1.7 1.7 1.7
60 2.4 2.6 2.6 2.5 2.0 2.2
80 2.9 2.8 2.8 2.3 2.0 2.0
100 - 2.5 2.5 - 2.5 2.5

obtained by Laegrid and Wehner [21] by bombardment with 45 keV krypton
ions: SNi > SFe =- SCr. It can further be seen that the sputtering coefficients
of the individual elements depend on the composition of the alloys investigated,
and differ from the sputtering rates of the pure metals.

The experiments revealed that the composition of the sputtered thin
layers exhibit systematic differences from those of the alloys examined (Fig. 2,
Table I1). In the case of Fe —Ni samples at high Ni concentrations the sput-
tered material contains about 4—5 % more Fe than the bombarded alloy;
for Fe —Cr samples with high Fe content the Cr concentration of the thin layer
is higher to a similar extent. This phenomenon is connected with the different
sputtering rates of the components of the alloy.

If the ion sputtering is regarded as a congruent process, similarly to
equilibrium vaporization, then in principle, in the event of bombardment for
a sufficiently long period, the composition of the sputtered thin layer must

Fig. 2. Compositions of sputtered Fe —Ni and Fe—Cr thin layers as functions of the compo-
sitions of the bombarded samples
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Table 11

Composition of the sputtered material in the case of bombardment of Fe —Ni and
Fe —Cr alloys with 4 KeV Kr+ ions (D = 1—4X101Sion/cm2

Composition of sputtered material

Capstin ¥

(% Fe) Fe-Ni Fe-Cr
0 0 0
20 24 21
40 44 40
60 62 55
80 80 77

100 100 100

agree with the composition of the sample. For a more detailed study of the
cause of the difference, we determined the relative sputtering coefficients of
the constituent elements of the alloy; these can also be calculated from the S*
data in accordance with Eqs (1) and (2):

©

The concentration dependences of the relative sputtering coefficients
(S'el) measured for Fe/Ni and Cr/Fe in the alloys are presented in Fig. 3, together
with the Srel data calculated from the sputtering rates of the pure metals.

0 20 io 60 80 100%
Fe

Fig. 3. Relative sputtering coefficients (Srej) of the components of the Fe—Ni and Fe—Cr
alloys as functions of composition. The left-hand axis gives the values obtained (Sre]) on sputter-
ing of the pure substances
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(S data refer to the pure state, and S' data to the alloys.) It may be stated
that S'el for the Fe —Cr alloys is about 30 —40 % larger than the ratio of the
sputtering coefficients for the pure metals, and for both the Fe —Ni and the
Fe —Cr alloys has a value of ~ 1. To a first approximation, this fact corresponds
to the congruence of the sputtering, according to which

Sm,i — SM2 (4)
where, in general

Sm ~ (%)

In addition, however, a further increase (~15 —20 %) in the relative sputtering
coefficient for the Fe and the Cr can also he observed in certain concentration
intervals, and this excess increase results in the composition of the sputtered
material differing from that of the bombarded sample.

The difference between S'el and Srel in the alloyed state may be caused
by both the increase and the decrease of the sputtering coefficients of the indi-
vidual elements. Accordingly, by comparison of the sputtering coefficients of
the individual metals, measured in the pure state and in the alloy, direct data
may be obtained on this phenomenon of preferred (or possibly retarded) sput-
tering. Indirectly, by studying the layer developing on the surface of bombard-
ed binary systems, this layer having a composition different from that of the
bulk of the sample, a number of authors have recently demonstrated that,
in the binary systems investigated, the sputtering rate of the component with
the smaller sputtering coefficient increases compared to that measured in
the pure state (Poate et al. [13]: Si in the Pt—Si system; Faber et al. [14]:
Ag in Ag—Au). In our experiments the S* data were determined by measure-
ment of the amount of sputtered material, and thus sputtering with a different
rate in the alloy, and the composition dependence of this, could also be demon-
strated by sputtering coefficient measurement. The ratios are more striking
if the preferred sputtering factor is introduced:

PS:F :? (6)

Table 11l contains the Ps values of the Fe, the Ni and the Cr in both the
Fe —Ni and the Fe—Cr alloys. It may be stated that the Fe in the Fe —Ni,
and the Crin the Fe —Cr, are strongly increased at low and high Fe concentra-
tions, respectively, the sputtering rate being even 1.5 times larger. At the
same time, in the Fe —Cr alloy the decrease of the sputtering rate of the Fe
occurs too. This phenomenon may be interpreted in that a cross effect arises
between the components of the alloy, this being particularly marked in the
Fe —Cr system. At high concentration, the Cr (the sputtering coefficient of
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Table 111

Ratio of sputtering coefficient of Fe, Ni, Cr and the alloys to sputtering
coefficient of pure metals (Ps)

Ps
Alloy

composition Fe-Ni Fe-Cr
(% Fe) Ni Fe alloy Cr Fe alloy
0 10 - 10 10 - 10
20 1.2 1.5 1.3 0.8 0.6 0.8
40 0.8 10 0.9 10 0.7 0.8
60 10 1.1 1.0 1.4 0.8 1.0
80 1.1 1.1 1.1 1.4 0.8 0.9
100 — 10 10 10 10

which is smaller than that of the Fe in the pure state) decreases the sputtering
of the Fe; at high Fe contents, on the other hand, the sputtering rate of the
Cr increases (because the surface bonding energy is lowered by the action of
the neighbouring Fe atoms). A similar phenomenon can also be observed for
the Fe —Ni alloys, although the effect is not so pronounced because of the
smaller difference in S.

In the knowledge of the alloy sputtering coefficients of the components,
we determined the total sputtering coefficients of the alloy on the basis of
the following expression:

S - Si* mCl + Si* «c2 7

In addition, similarly by linear combination, the S* data on the pure compo-
nents were used to calculate the value which would be observed if the compo-
sition did not affect the sputtering of the individual components. The quotient
(Ps) ofthe values calculated in these two ways is characteristic of the difference
from ideality of the sputtering rate of the alloy (Fig. 4). In general, in Fe —Ni
alloys an increase, and in Fe —Cr alloys a decrease can be observed. On the
basis of some literature data, it would he expected that the sputtering rate of
a homogeneous alloy is closer to the S of the component which can be sputtered
more easily, while in the case of two-phase systems the combined rate is con-
trolled by the smaller S [12, 14, 23, 24]. The present experiments show that
the Fe—Ni alloys sputter more rapidly, and the Fe—Cr alloys more slowly
than the average; that is, in the case of homogeneous alloys the sputtering
coefficient may either increase or decrease, depending on the substances and
the concentrations.

In the whole concentration range, the alloys examined are of solid solu-
tion type. Their melting point minimum occurs at 68 wt. % Ni, and at 22 wt. %
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Cr [22]. From a comparison of the sputtering coefficients of the components
of the alloy and of the alloy itself with the phase diagrams of the alloys, it may
be stated that the more extensive variation with concentration observed for
the Fe —Cr samples is justified, ifit is taken into consideration that the melting
point varies with composition to a greater extent from pure Fe to pure Cr,
than from pure Fe to pure Ni. At the concentration relating to the melting
point minimum, where the surface bonding energy of the atoms is presumably

100% Qr or N Fe

Fig. 4. Quotient (Ps) of the actual sputtering value for the Fe —Ni or Fe—Cr alloys and the
value calculated from the data for the pure metals, as a function of the composition of the alloy

also at a minimum, the increase of the sputtering coefficients would be expect-
ed. Although our experiments indicate that the course of the S* values
undoubtedly changes in this range, and the maximum too is strongly suggested,
further experimental data in this concentration range would be necessary for
a deeper clarification of the correlation.

To summarize, it may be stated that, besides the direct demonstration
of preferred sputtering, our experimental results indicate that the changes
in the sputtering rates of the components can not be neglected in the study of
the secondary ion emission phenomena of multicomponent system: they must
be taken into account in the determination of the degree of ionization of
atomic and cluster ions, in the correction of the secondary ion currents of the
individual components, and at times in SIMS analysis too.

*

The authors express their thanks to Dr. B. Djuric and D. Cerovic (Boris Kidric In-
stitute) for their help in the electron-microprobe measurements.
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Of the different ionic species in the secondary ion spectra of highly concentrated
Fe—Ni and Fe—Cr alloys, the singly-charged monoatomic ions of the metals were
studied in the present work. The experiments showed that the relative secondary ion
yield displays a marked concentration dependence. By the simultaneous measurement
of sputtering and ion emission, the relative degree of ionization could be calculated,
which assumes an extreme value in the range of the melting point minimum of the alloy.
The experimental data could be fitted to the LTE and ASI models of secondary ioniza-
tion only with limited accuracy. This means that a better description of the concentra-
tion dependence of the ion emission is possible only via better approximations.

Introduction

It is known that in the case of SIMS analysis the secondary ion current
(1+) of some element with concentration ¢ in a multicomponent system can
be given by the following expression [1, 2]:

1+ = V-S+ ec- Ip (1)

where 1) is the transmission of the mass spectrometer, Ip is the primary ion
current, and the secondary ion yield (S+) is characteristic of the measure of
ion emission by the individual elements. In the knowledge of the sputtering
coefficient (S), giving the extent of splitting-off of atoms from solids, the degree
of ionization (a+) of the element in question can be determined (if a+ 1):

a+ = S+/S )

This quantity is directly characteristic of the ionization of the atoms leaving
during bombardment [2, 3], and can be calculated to a certain approximation
on the basis of the secondary ionization models [4 —10].

Publications to date dealing with the secondary ion emission of alloys
have not devoted sufficient attention to the possibility that the sputtering
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coefficient may depend on the composition of the alloy, and therefore the
secondary ion current has been regarded as directly proportional to the degree
of ionization [3, 11 —15]. The mostrecent investigations, however, demonstrat-
ed that the sputtering coefficient may depend on the composition of the
sample too [16 —18]. In our work, therefore, we have studied the ionization
ofthe components ofthe alloy by taking into account the composition depend-
ence of the sputtering coefficient determined in the same experimental
series.

Experimental

The SIMS apparatus, the characteristics of the substances examined (Fe—Niand Fe—Cr;
c= 0, 20, 40, 60, 80 and 100 %), and the means of joint determination of the sputtering
coefficient and the mass spectrum were described elsewhere [19, 21]. In the course of the ex-
periments the polished samples were bombarded for 2 hr at a current density ofip = 20 //Alcm2
in order to clean the surface. Next the secondary ion mass spectrum of the sample was recorded
for ip values increasing and decreasing in the range ip = 2-15 /tA/cm2 at several different
current densities, in the mass number interval m/e = 12—140. Before recording of the spec-
trum, the sample was bombarded at the given ipfor 20—30 min, during which time the spectral
peaks reached constant values. This meant the stationary adsorption and desorption state of
the surface of the sample [22]. The isotope abundance and the mass-dependent sensitivity of
the detector of the mass spectrometer were taken into consideration in the determination of
the secondary ion current of an element. Together with the recording of the secondary ion
spectra, the sputtering coefficients of the components of the alloy were also determined [19].

Results and discussion
1. Concentration dependence of secondary ionization

We recorded numerous peaks of various origins in the SIMS spectrum;
of these, in the present paper the peaks of the monoatomic singly-charged ions
of the alloy components (Fe+, Ni+, Cr+) will be dealt with, while the results
connected with the cluster ions will be reported in a subsequent paper [23].
In order to avoid the effects of possible experimental and apparatus errors,
we determined the ion-current values referred to iron, as a common constituent
element in all alloys:

li, =~ = Sml(c)-*rl(c)-» ®)

*Fe cFe

where M is Ni or Cr. It follows from this relation that the 17, ecFevs. cMcurve
is the calibration curve of the SIMS analysis [12]; it will be linear if neither
the sputtering coefficient nor the degree of ionization depend on the composi-
tion. Our experimental results are presented in Fig. 1, where the numbers
on the curves are the values of the primary ion-current density at which the
spectra were recorded. The relative secondary ion yields S*"JSpe and Sjr/Spe
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Fig. 1. Secondary ion emission of Fe—Ni (a) and Fe—Cr (b) alloys as a function of composition,
expressed in (Irel « cFe). Parameter ip = 2, 5, 10, 15 //.n/cm * Values denoted by x were calculat-
ed from the inverse function

as functions of the composition are given in Table 1 for the primary ion-
current densities i = 2 and 15 juA/cm2 (the accuracy of the measurements
is £20 %). It can be seen that the slopes of the curves vary strongly in the
vicinity of the alloy composition relating to the melting point minimum (68 %
Ni and 22 % Cr). This phenomenon is more marked in the Fe —Ni alloys and
in general at higher primary ion-current densities. The slopes of the curves,
i.e. the relative secondary ion yields (S*|), are roughly the same before and after

Table 1

Relative secondary ion yields Sxj/Spe and Scr/S|[Fe for the Fe —Ni and
Fe —Cr alloys and the pure metals

S€l
Fe-Ni Fe-Cr
cFe % ip [juA/cmz] ip [uA/cm2]
2 15 2 15
20 0.36 0.26 3.7 18.7
40 0.45 0.46 35 16.1
60 0.44 0.31 5.6 145
80 0.40 0.36 6.8 17.6
From pure metals 0.14 0.22 2.8 5.0
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Table 11

Relative secondary ion yields of Ni and Cr, referred to Fe, from
pure metals and alloys

Sfel
Ni/Fe Cr/Fe Ref.
from pure from from pure from
metal alloy metal alloy
0.3 - 5.0 - [20]
0.71 0.71 7.14 3.5 [13]
0.21 0.21 - - [ni
0.79 — 2.55 [12]
this range. For comparison, Table Il contains relative secondary ion yield

data published in the literature with regard to measurements on pure metal
and dilute alloys.

In the knowledge of the sputtering coefficient determined in the same
experiment [19, 21], we calculated the relative degrees of ionization of the Ni
and the Cr referred to the Fe, as a function of the composition of the alloy
(a+,(c)). The results obtained are given in Fig. 2. The relative degree of ioniza-
tion was similarly calculated from the ion current measured on bombardment
of the pure metals, and this is given for the two different ip values indicated
beside the right-hand axis. It can be seenthatthe sequence of the elements with

Fig. 2. Relative degree of ionization of constituent elements of Fe—Ni (a) and Fe—Cr (b)

alloys as a function of concentration at various primary ion-current densities (ip = 2, 5, 10,

15 /IA/lcm 2), afel calculated from the ion currents of the pure metals is indicated beside the
right-hand axis, in the cases of ip = 2 and 15 jitA/cm2
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regard to the extent of their secondary ionization is

*Cr > *Fe > *NI1

which is the same both in the alloys and in the pure state. The strong matrix
dependence of the secondary ionization was observed: the measured in the
case of the alloys was about 1.5—3.5 times larger than the relative values of
the pure metals. A similar phenomenon was described earlier by several authors
for dilute alloys [13, 24]. Recently the composition dependence ofthe second-
ary ion current was observed in case of some concentrated alloys [3, 15,
37, 38].

By comparison of our results on the ionization with Fig. 3 of our earlier
publication [19] and with the phase diagrams of the alloys [25], it may be
stated that in the homogeneous alloys examined the secondary ionization is in
amore direct connection with the structure ofthe alloy than the ion sputtering.
The observed concentration dependence of the ion-sputtering (congruence,
preferred sputtering), however, indicates that neglect of the sputtering coef-
ficient in the experimental determination of the degree of ionization [11 —15],
or its calculation with a linear combination from the data determined on the
pure elements [4], can be accepted only as first approximations.

From a comparison of the curves relating to the ion-current densities 2
and 15 [¥A/cm 2it may be stated that the influence of the alloy composition on
the ionization of the metals examined is the greater, the higher the density of
the bombarding ion current. In the case of a higher bombarding ion current
the sample surface is less covered with the adsorbing background gases [22],
i.e. the purer the surface from which the secondary ions originate, the more
strongly the effect of the structure of the alloy is manifested. Further, at a
higher surface coverage a+j becomes almost identical in the entire concentration
range. As regards determination of the composition of the alloys too, this
observation supports the secondary ionization mass-spectrometric practice
according to which a reactive gas atmosphere is created in the environment of
the sample to be studied, in the interest of attaining a higher sensitivity,
a more homogeneous ion etching, etc. [26, 27].

2. Study of secondary ionization models for concentrated alloys

Numerous models have been constructed for the description ofthe mecha-
nism of secondary ion emission [1, 2, 5], but most of them can not be employed
because of the complex mathematical description for a broad scale of elements,
or because of the lack of the necessary quantum-mechanical, electric, etc.
data. At present, only the local thermal plasma equilibrium (LTE) [28] and
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the adiabatic surface ionization (ASI) [6] models seem to be usable in SIMS
practice. Besides their application to pure elements, a number of authors have
attempted to use these models to describe the ionization of secondary particles
emitted from dilute and concentrated alloys [5, 7, 14, 15, 37]. Since an appro-
priate approximation has not previously been reported for concentrated alloys,
we have attempted to fit the above two models to our experimental data.

The LTE model assumes that plasma in thermal equilibrium develops
in the close environment of the impact of the primary ions, and that in this
the ratio of the ions to neutrals, and thus the degree of secondary ionization,
is described by the Saha-Eggert equation (Andersen and Hinthorne)
[7, 28]:

x+= 29+ (Hm kT)32 e—el—eryat . 3 _ (4)
Q° h3 ne

where Q+ and Q° are the statistical probabilities of the ionic and neutral states,
T isthe temperature of the plasma in the original correlation, neis the assumed
density of free electrons in the plasma, 1'is the extent of the ionization energy
decrease occurring in the plasma, h is Planck’s constant, and e is the electronic
charge.

In our case, ifthe Saha-Eggert equation is written for the two component
elements of an alloy, the following expression is obtained for the relative degree
ofionization ofthe components (assuming that I'isthe same for both elements):

QM Q°} ~ elFe)/~T
. o —{eim~ elFe), (5)
o o Q+)Fe

«rel:

ne does not figure in the equation for in a given alloy, at a given primary ion-
current density, it is characteristic of the whole of the plasma, and can there-
fore be regarded as the same for the two metals. Only one parameter to be
fitted, T, remains in the expression. In the knowledge of the ionization poten-
tials [29] and the probability weighting functions for 5000 K [30], Eq. (5)
may he written in the following form:

In —0.430 + 9.17X104-— . (6)
=

KT
which is suitable for studying the possibility of fitting the model to the experi-
mental data. In Fig. 3,
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Fig. 3. Fitting of the LTE model to the experimental data measured at 2 and 15 /tA/cm2

is plotted as a function of the ionization energy of the elements at the current
densities ip = 2 and 15 /nA/cT2 The data determined at the various composi-
tions were recorded at the same site; in the Figure, these are located in the
range indicated by the full line at 2 /nA/cT2 and by the dotted line at 15
juA/cm2. In the case of Fe, the function value arising from the relative value
of the degree of ionization is the same for every alloy and current density.

The Figure shows the straight lines fitted by the least squares method,
and the “temperature” data determined from these. The relative degree of
ionization data calculated with these T values agree with the measured xfel
data within a standard deviation of £25 %.

The average T values obtained lie close to the results of Rudenauer
et al. [14], determined on steel standards. It may be observed that T increases
with increasing surface coverage. The concentration dependence of parameter
T was also determined with expression (6). Particularly for the Fe —Ni alloys,
T exhibits a strong change between 4000 and 10,000 K. These temperatures
are not realistic physically, and the considerable change with alloy composition
can not be justified either. In the range of concentrated alloys too, therefore,
our results support the fact established by several other authors [1, 36] for
pure metals and dilute alloys, that T can only be regarded as a parameter not
possessing physical meaning if the LTE theory assuming equilibrium is applied
to the fundamentally non-equilibrium ion-sputtering process [3].

On the other hand, however, the number of free electrons (ne), the only
quantity which may depend on the composition of the alloy and on the state
of the surface, falls out in the formation of xfel. In the plasma model, therefore,
there is no quantity which physically too can be conceived as a function of c.
A similar difficulty arises with the other thermalionization models of second-
ary ion emission [9, 10], if one wiehes to apply these to concentrated alloys.
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On the basis of a quantum-mechanical description, the ASI model gives
the following expression for the degree of ionization of an element [6]:

B 2 hv 1

el —ed 2na (el—ed)

<G =

where B is the bonding energy of the surface atoms, v is the velocity of the
sputtered particles, and ® is the work function, a and n are parameters to
be fitted, and the other designations are the same as in Eq. [4]. By introducing
some approximations, a number of authors have attempted to extend the vali-
dity of the equation to the range of dilute alloys too (Schroeer [5, 31],
R udenatjar et al. [4], Gries et al. [32]). Because of the lack of the necessary
tabulated data for concentrated alloys, it is obvious to accept the following
assumptions from these.

1. The bonding energy of the surface atoms can be calculated from the
sublimation heat by linear combination [4].

2. On the basis of the energy distribution of the secondary ions, it may
be assumed that n=1 [32]; this approximation is supported by the fitting
with the experimental data obtained for the pure metals [4].

3. It may be assumed further that the average velocities of atoms and
ions sputtered from the same alloy are identical.

4. awasbroughtinto correlation with the lattice constantby Ridenauer
et al. [4], and with the course of the emitted particles in the surface zone
by Gries etal. [32]. In both approaches, a must be the same for the two com-
ponents of a given sample.

On the above basis, in our case the relative degree of ionization is ex-
pressed by the following relation:

1 - |3
«riel = (Brel)2 pe ! (8)
Im-o

The degree of ionization is therefore a function of the work function, and the
dependence of this on the alloy composition and the surface coverage can be
accepted as physically realistic, although there are no experimental data
relating to the concentrated alloys examined. Via the above expression, the
concentration dependence of ® was determined from the measured data for

with the aid of the sublimation heats relating to 293 K [33] (Fig. 4). It can
be seen that ® depends only slightly on c, but the influence of ipis substantially
larger. To a first approximation, this result is in agreement with the expected
properties of the work function. It can be seen, however, that the calculated
values of &, particularly for the Fe —Ni alloys, are irrealistically large, being
about 4—5 eV higher than the work function for clean surfaces of pure metals
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Fig. 4. Composition dependence of e® values calculated on the basis of the ASI model from ion
emission data measured at 2 and 15 /xA/cm2

[34]. In the case of the ASI model too, therefore, it may he stated that either
an appropriate concentration-dependent quantity is missing from Eq. (8),
or refinement of the given approximations is necessary. The numerical values
of a+, calculated with the average value of ® for each of the alloys agree with
the experimental data within £30 %, which, as a measure of the fit, can be
said to be satisfactory in this case too. Similar results are to be expected for
quantum-mechanical models constructed on the basis of similar principles [35].

To summarize, it may be stated that in their present forms neither the
LTE nor the ASI model gives a satisfactory description of the secondary ion
emission of concentrated alloys. In the former T, and in the latter ® is not
sufficient for a suitable fit of the experimentally determined values. A factor
is missing which would describe the dependence of the relative ionization on
the alloy composition, taking into account, for example, the extreme value
of <zH observed in the vicinity of the composition relating to the melting mini-
mum, or the change in the extent of the ion emission in the case of a phase
transformation [3], i.e. which in general would create a connection between
the characteristics of the phase diagrams and the concentration effects of the
secondary ionization [3, 15]. A similar conclusion was recently reached by
Rodriguez-Murcia and Beske [15] in a study of concentrated Cu—Ni
alloys.

It may he stated that both the LTE and the ASI models must be modi-
fied for a description of the secondary ion emission of concentrated alloys.
It would be necessary in the former to introduce afurther c-dependent variable,
and in the latter to introduce suitable forms of the surface bonding energy
and the work function, as possible factors, and to determine the experimental
data relating to these.
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Intense peaks of cluster ions consisting of identical (Ee7, Nif and Crf) and differ-
ent (FeNi+ and FeCr+) atoms were observed in the secondary ion spectra of concentrat-
ed Fe—Ni and Fe—Cr alloys bombarded with Kr+ ions. The formation of the cluster
ions exhibits a strong concentration-dependence, and the current intensity of the cluster
ions increases on increase of the primary ion-current density. The probable mechanisms
of formation of the cluster ions were postulated by determination of the relative degree
of ionization of the cluster ions.

Introduction

Attention has recently increased with regard to secondary cluster ions
formed during the bombardment of solids; the properties and conditions of
formation of these ions are connected with many theoretically important
questions (stability and ionization, of molecular particles etc.) [1—4]. In addi-
tion, the cluster ions similarly play a not insignificant role in secondary ion-
emission mass-spectrometric practice (spectral peak interferences [5], “charac-
teristic spectra” [6], vacuum conditions [7], etc.). Publications dealing with
cluster ions to date have dealt primarily with the energy [3, 8], angle [9] and
size [1, 4, 10] distributions of clusters emitted from pure elements. Data on
the connection between the cluster ions and the structure of the bombarded
sample [4] are scarcely to be found, however, and the case is the same for
cluster ion emission from alloys [11, 12]. In the present work, therefore, we
have studied the connection of the emission of cluster secondary ions formed
from Fe —Ni and Fe —Cr alloys and the composition of the alloy. Such studies
will also contribute to the understanding of the mechanism of emission of
cluster ions.

Experimental
Series of Fe —Ni and Fe —Cr alloys (c = 0, 20, 40, 60, 80 and 100 %) were bombarded
with 4 keV Kr+ ions in a secondary ionization mass spectrometer as described earlier [13, 14].

The mass resolution of the SIMS was m/Am ~ 100, and thus the study of diatomic ions did
not cause any difficulty. The secondary ion spectrum of every individual sample was recorded

Acta Chim. Acad. Sei. Hung. 97, 1978



198 RIEDEL et al.: SIMS STUDY, IlI

at various primary ion-current densities (ip = 2—15/iA/cm2. The mass-dependent sensitivity
of the detector of the mass spectrometer and the isotope abundances were not taken into con-
sideration in the evaluation of the ion-current intensities .These are independent of the con-
centration of the sample, and in our present studies, therefore, where the concentration de-
pendence of the emission of the individual ionic species was investigated, this neglect did not
lead to an error. Simultaneously with the SIMS study, the alloy sputtering coefficients of the
individual elements were also determined [13].

Results and discussion

Besides those of the monoatomic ions [15], intense peaks of the cluster
ions appeared too in the secondary ion spectra; these were identified as the
Feg", Ni*l and Cr® (homogeneous cluster) and the FeNi+ and FeCr+ (heter-
ogenous cluster) ions. In the interest of being able to compare the extents of
emission of the individual ionic species, we determined the ratio of the current
intensities of the cluster ions (I%j) and the monoatomic ions (ljw):

Irve. = (1)

In the case of the heterogeneous ions, reference was made to Fe. Formation
of the quotientin eqn. (1) reduced the influence of possible measurement errors,
while at the same time the expression shows the superfluousness of taking into
account the isotope. Figure 1 presents the concentration dependence of the
relative ion current intensity of the Fe” and Nig-ions emitted from the Fe —Ni
alloys, at various bombarding ion current densities. Figure 2 gives an analogous
picture for Fe® and Cr™ from Fe —Cr alloys, while Figure 3 depicts the relative

Fig. 1. Relative ion currents of Fej and NiJ ions referred to Fe+ and Ni+, as functions of the
concentration of the Fe—Ni alloy, at various primary ion-current densities (ip= 5, 10,
15 juA/cm2 (dashed line: Fe”; continuous line: Nif)
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Fig. 2. Relative ion currents of Fei and Cr2 ions as functions of the concentration of the alloy,
at various primary ion-current densities (i,, = 5, 10, 15 /tA/cm2) (dashed line: Fej": continuous
line: Crj)

Fig. 3. Relative ion currents of FeNi+ and FeCr+ ions referred to Fe+, at various primary
ion-current densities (dashed line: FeNi+; continuous line: FeCr+)
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Table 1

Relative ion currents of diatomic cluster ions referred to monoatomic ions,

as functions of the alloy composition (ip = 10 pA/cm?2)

Allo e bel
Y % Fe+/Fe+ NI+/Ni+ FeNi+/Fe+
0 0 0.13 0
20 0.03 0.097 0.14
40 0.12 0.21 0.27
Fe-Ni
60 0.09 0.16 0.09
80 0.15 0.14 0.04
100 0.10 0 0
FeNFe+ Cr+/Cr+ FeCr+/Fe+
0 0 0.0075 0
20 0.016 0.012 0.27
Fe—Cr 40 0.020 0.0090 0.13
60 0.031 0.0080 0.13
80 0.070 0.0068 0.13
100 0.099 0 0

ion current intensities of the heterogeneous ions. Table | lists the relative ion-
current intensities of the individual diatomic cluster ion species, measured
at ip = 10 pA/cm2 as a function of the alloy composition (the accuracy of the
measurements was £30% ). For comparison, Table Il contains the relative
ion current intensities reported in the literature for the same ions.

The amount of the cluster ions is generally 10 —30 % of that of the mono-
atomic ions, with the exception of the amount of Cr” ions, which is about one

Table 11

Relative icn currents cf diatcmic cluster ions from Fe. Ni, Cr and Fe —Cr samples
(literature data)

Cluster Bombarded

ion sample Ifel Ref.

Fejt pure Fe 0.24 [16]
Nif pure Ni 0.33 [17, 18]
Cr+ pure Cr 0.2 [19]
Fef o 0.015

Fe—Cr alloy containing
Crz 0.126 [11]

47 % Cr
FeCr4 0.045
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order of magnitude smaller. The amount of the heterogeneous clusterionsin the
case of FeCr +is higher, however, attaining even 70 %. Intense cluster-ion emis-
sion such as that observed for several metals by Wittmaack and Staudenmaier
[2] (1+j >1) was not experienced in our systems. In addition, a consider-
able composition dependence too can be observed for all ionic species. The
relative ion-currents of ions consisting of the same atoms increase with the
alloy concentration of the element in question, whereas those of ions consisting
of different atoms are the highest at medium concentrations. The effect of
the current intensity of the bombarding ions is similarly markeel: the relative
secondary ion current increases with increasing ip.

In the case of homogeneous binary alloys, cluster ion formation can be
regarded as a second-order process. This means that the amount of cluster
ion Mj- emitted is proportional to the square of the alloy concentration (c)
of the element M. The ion current similarly depends on the sputtering coeffi-
cient (Scl(c)) and degree of ionization (a”j(c)) of the diatomic system M2:

Scl(e) « a+(c) . c*-1Ip (2)

where I7[ is the detected current of the ions, and r] is the sensitivity of the
SIMS. The relative ion current can therefore be written in the following way:

%+p. __ Sei *ci .e (3)

Sm am

where SMand are the sputtering coefficient and degree of ionization of the
monoatomic ion. The experimentally observed ip dependence of I+, indicates
that the coverage of the surface of the sample influences the emission of the
cluster secondary ions, as also follows from the data of Benninghoven
[16 —19] measured on pure Fe, Ni and Cr metals, and from the secondary ion
emission studies by Maul and Wittmaack [6] on silicon.

On the basis of eqn. (3), to a first approximation the curves of Figs 1
and 2 should be linear as a function of concentration. It is obvious from the
shapes of the curves, however, that the quantity of cluster ions emitted from
the alloys Fe —Ni and Fe —Cr is also affected by the structure of the alloy,
and further, according to Eq. (s), via the concentration dependence of the
sputtering coefficient and the degree of ionization.

A number of conceptions have been published in the literature with
regard to the mechanism of formation of cluster secondary ions in the course
of ionic bombardment:

1. The cluster ion splits off the solid directly, preserving certain infor-
mation about the structure of the sample [4, 20]. On leaving the surface, the
cluster particle may undergo ionization. For the diatomic case this may be
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written as
metal M2 “m

2. Under suitable conditions, the sputtered atoms may combine to form
cluster ions (low energy, emission angle and time differences). These cluster
particles may ionize because of their high internal energy [3, 8, 10]:

metal ‘aM + M M2

3. A sputtered atom and a secondary ion combine under conditions cor-
responding to the previous ones:

metal “aM + M+ “m M

4. Because of the low probability of formation of such large particles
[1, 10], one may exclude the dissociation into smaller cluster ions of excited
big aggregates which have broken off the solid in one:

metal -mMn “mMj" + Mn_2

For each mechanism the concentration dependence of the relative ion
current of the cluster ions can be written by modification of Eq. (3). On the
analogy of chemical reactions, it is necessary to introduce a quantity analogous
to the customary collision cross-section, which expresses the probability of
association of sputtered neutral and neutral (w°) and of neutral and ionic
particles (w+); these quantities relate to particles in the free state, and are
therefore concentration independent. It may be assumed further that the depar-
ture of the cluster particle in the first mechanism can be given by the same
sputtering coefficient as for the atoms:

sa=  ew (4)

where w is the probability of joint emission of two atomic particles. In this
case, however, w may depend on the composition of the sample. In such a way,
for each mechanism I+j is a function of the sputtering coefficient of the atoms,
and of the alloy concentration of the element in question. Since the sputtering
coefficients of the constituent elements of the alloy have been determined [13],
the relative degree of ionization of the cluster ions referred to the monoatomic
ions can be obtained from the experimentally found relative ion currents:

Ve
, (9
Sm'c
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In the knowledge of the experimentally found data, to characterize the
ionization of the cluster ions it is practical to determine a quantity proportional

Ka+i = (6)

where K contains the proportionality factor k defined previously [13]. It must
be noted that, because of the arbitrarily selected units of S”, the relative
degree of ionization can also be obtained from Eq. (6) in arbitrary units. Thus,
Ka+j is to be regarded as a ratio, with which the ionizations of the individual
ionic species can he compared with one another and can be examined in the
c, ip dependence, but the absolute value of Koct+, does not mean the extent of
ionization directly.
Ka+| can be given as follows for the processes described above:

Cluster formation

mechanism

L <1
<M
2. d
WM
3. a. homogeneous cluster U+
b. heterogeneous cluster M
«Fe

Table Il gives the quantities Karel proportional to the relative degrees

of ionization of the individual cluster ion species referred to the monoatomic
ions, as functions of the alloy composition, at two different bombarding ion-
current densities. Figures 4 and 5 present the concentrations dependence of
the relative degree of ionization of the ions emitted from the Fe —Ni and
Fe —Cr samples, at ip= 10 gA/cm2

Similarly to the relative ion current, the extent of ionization of the cluster
ions referred to the monoatomic ions increases with the primary ion-current
density. The cluster particles emitted from the Fe —Cr alloys are particularly
sensitive in this respect (e.g. the ionization of the FeCr+ ion in the case of
ip — 15 jtiA/cm2is about 50 —100 times the value determined at 2 /tA/cm2).

The ionization of Fe2emitted from Fe —Ni samples is higher than in the
case of Fe —Cr samples, but in general is somewhat lower than in the case of
the bombardment of pure iron. The ionization of Ni2and Cr2emitted from the
alloys is substantially higher than for the pure metals.

The ionization ofthe cluster particles depends strongly on the composition
of the alloy. From a comparison of the curves of Figs. 4 and 5 it may be stated
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Table 111

Relative degrees of ionization of diatomic cluster ions referred to monoatomic ions,
as functions of the alloy composition, at various primary current densities
(in arbitrary units)

Ka+,
F ip[M/cm3
Alloy % 5 10 5 10 5 10
Fez Nit FeNi+
0 0 0 0.032 0.050 o o
20 0.038 0.038 0.031 0.040 0.042 0.058
Fe-Ni 40 0.094 0.13 0.15 0.17 0.14 0.21
e-Ni
60 0.038 0.058 0.12 0.17 0.063 0.095
80 0.049 0.067 0.16 0.24 0.052 0.069
100 0.028 0.040 0 0 0 0
Fe Cr4- FeCr+
0 0 0 0.0016 0.0044 0 0
20 0 036 0.057 0.0031 0011 0.045 0.24
Fe-C 40 0.015 0.029 0.0027 0.0088 0.025 0.13
e-Cr
60 0.015 0.026 0.0035 0.0080 0.042 0.13
80 0.025 0.044 0.0083 0.0148 0.11 0.28
100 0.028 0.040 0 0 0 0

Fig. 4. lonization of Fe,f, Nii and FeNi+ ions as functions of the composition of the Fe—Ni
alloy. Data denoted by x are values calculated by interpolation. (Karel in arbitrary units;
ip = 10 jitA/cm2)
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Fig. 5. lonization of Fej, C»" and FeCr+ ions as functions of the composition of the Fe—Cr
alloy. Data denoted by x are values calculated by interpolation. (Kafel in arbitrary units;
ip = 10 jitA/cm2)

that the composition and structure of the alloy have a greater influence on the
extent of ionization of the cluster particles emitted than the nature of the
cluster particle itself. It follows from this, however, that clarification of the
electronic structures of the polyatomic aggregates is alone not sufficient to
explain the mechanism of formation of the cluster ions, in contrast with the
view of Joyes et al. [10].

The concentration dependence of the relative degree of ionization of the
cluster particles permits the further conclusion that the earlier-outlined
mechanism 3, according to which only the ionization of the heterogeneous
particles can exhibit a c-dependence, did*pot contribute to the ion formation
in our case. This is supported in general too by the fact that the ionic propor-
tion of the sputtered particles is small, and thus the probability of the cor-
responding aggregation is also minute.

The fact that the ionization ofthe cluster particles depends on the surface
coverage and on the structure ofthe sample permits the conclusion that mecha-
nism 1, i.e. the direct emission of dimeric ions, is the most probable. In addi-
tion, however, process 2 is also conceivable, if it is taken into account that the
ion sputtering gives rise to a large quantitity of excited neutral atoms too,
which associate and lead to ionization of the cluster particles. On the other
hand, under given bombardment conditions the extent of excitation of the
atoms is largely controlled by the properties of the solid.
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To summarize, it may be stated that the formation of cluster ions is
is one of the important processes of secondary ion emission; from studies made
as a function of the alloy concentration it may be assumed that this process
may occur in accordance with both mechanism 1 and mechanism 2. Further
more detailed examinations are necessary, however, for the elucidation of a
possible closer connection with the phase diagrams of the alloys.
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Conductometric and ultraviolet visible spectroscopic studies on solutions of
tellurium in chlorosulphuric acid indicate that the red colour of the solution produced
in neat HS03Clis due to Tel|+ cation. It has also been shown that the red species Te|+
can be oxidized to the yellow species Te|+ by oxidizing agents like K25208 and Te02
In excess of the oxidizing agents however Te02is formed.

Introduction

The formation of polyatomic cations [1—4] S™L Sj|+>S4+?Se4+i Se8+
Ted4+ and Te] + having the elements in low oxidation states has been reported
in H2S04, H2S20 7 and HSO03F. Recently chlorosulphuric acid which is a strong
ionizing solvent [5—7] and is intermediate in strength between sulphuric and
fluorosulphuric acids, formation of polyatomic cations only of selenium has
been reported [8] from these laboratories. It was therefore thought of interest
to study the oxidation of tellurium in chlorosulphuric acid yielding polyatomic
cationic species as a stable entity.

Experimental

All the materials used including the solvent chlorosulphuric acid (Riedel) were com-
mercially pure samples excepting tellurium dioxide which was synthesized according to the
established methods [9].

The design of the conductivity cell, meaning and significance of the notations y and
co have been discussed elsewhere [5—7].

A systronics type 302-S. R. No 306 conductivity bridge thermostatted at 25+ 0.1 °C
was used for the conductance measurements and ultraviolet visible spectra of the solutions
were recorded on a Beckman Model DU 2 spectrophotometer.

Results and discussion

Conductometric Evidences: Tellurium dissolves in chlorosulphuric acid
producing red colour conducting solutions. The conductance of the solutions
stayed constant for about twelve hours, however, the red colour gradually
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changed to an orange-yellow and finally a colourless solution was obtained.
On the addition of the oxidizing agents like tellurium dioxide and potassium
persulphate the red colour of the solutions was immediately changed to yellow.
However, with a large excess of these oxidizing agents colourless solutions
were obtained. These observations therefore indicate that the coloured solu-
tions of tellurium in chlorosulphuric acid correspond to positive oxidation states
of tellurium and the yellow species are in a higher oxidation state than the
red one.

The value of v i.e. the number of moles of S03C1- ions (responsible for
conducting almost all the current in the solution) produced by each atom of
tellurium is 0.60, obtained from the comparison of the specific conductance-
concentration curves of the solute with that of a reference electrolyte KC1
(Fig. 1). The observed value of vis consistent with the formation of the poly-
atomic cationic species Te4+ containing the element in low oxidation state,
according to the following reaction given below

4Te + 4HSO03CL - Te*+ + S02+ 2HC1 + H2504+ 2S03Cr (1)

It has also been indicated from the conductometric studies that in HS03Cl
the red species Te4+ can be oxidized to the yellow Te4+ by the above mentioned
oxidizing agents. This may be seen from the conductometric titration of the
red species with the oxidizing agents Te02and K252 8shown in Figs 2 and 3,
respectively. Itis evident from the figures that a clear break occurs at the ratios

Fig. 1. specific conductance-concentration curves of solutes in HS03CLat 25 °C o Potassium
chloride; X tellurium metal
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Fig. 2. Conductometric titrations of the solutions of tellurium with Te02 at 25 °C.
o Concentration of Te 0.1630 w; X concentration of Te 0.1471 w

Te/K25,0g —4.0 and Te02Te = 0.16. Tellurium dioxide oxidizes Te4+ to
Ted+ and is itself reduced to Ted+ as shown below

6Te*+ + 4Te(lV) - 7TeM+ 2)
The reaction occurring in HS03CL may be given as below
6Te*+ + 4Te02+ 24HS03CL - 7TeM+ + 8H2504 + 8HC1 + 16S03Cr (3)

The equation for overall reaction for the formation of Te4+ from Te in a
chlorosulphuric acid solution containing Te02may be obtained by combining
equations (1) and (3) as

24Te + 4Te02+ 48HSO3CL - 7Te*++ 6SO, + 14H,S04+ 20HC1 + 28S03C1-
(4)

Fig. 3 Conductometric titrations of the solutions of tellurium with K25208 o Concentration
of K25208 0.0378 w; © concentration of K25208 0.01687 w
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At equivalence point of the formation of the yellow species Te4+ the predicted
ratio Te02Te = 0.17 is in excellent agreement with the experimentally
observed value of Te02Te = 0.16 and therefore confirms the mode of reaction
represented by equation (4).

Potassium persulphate is known to be a strong oxidizing agent.

An attempt was therefore made to check the oxidation of Te4+ to Ted+
by this oxidizing agent and the reaction occurring in HS03ClL may be given as

Te*+ + KZS208+ 4HS03C1 - Te*+ + 2H2504+ 2K+ + 4S03C1- (5)

The overall reaction for the formation of the yellow species Te4+ in a chloro-
sulphuric acid solution containing K2S20g may be given by adding equations
(1) and (5) as given below

4Te + K28208 + 8HS03C1 - Tef+ + S02 +

+ 2HC1 + 3H2504+ 2K+ + 6SO3CI- (6)

The observed ratio Te/K2S208 = 4.0 at the equivalence point of the formation
of Ted+ is in excellent agreement with the expected value according to equa-
tion (6) therefore confirming it to be the mode of the reaction.

Spectrophotometric evidences: The absorption spectrum of the red spe-
cies obtained by dissolving tellurium in cold chlorosulphuric acid has been
shown in Figure 4 (Curve A). This species has an intense band centered at
550 nm and a very weak absorption having the maximum at 430 nm. A similar
spectrum [4] of the red species formed by dissolving tellurium in fluorosul-
phuric acid has been earlier assigned to the existence of Te4+ cation.

The absorption spectrum of the orange-yellow solution in chlorosulphuric
acid obtained by oxidizing the red solution with small amount of K252 8 such
that Te/K2S208 = 7.0 has been shown in Figure 4 (Curve B). This solution has
an intense band having maximum at 550 nm and two weak maxima centred
at 380 and 430 nm. The absorption spectrum of the yellow species Te4+ in
HSOgF has been reported [4] to contain an intense band at 250 nm and two
weak bands at around 360 and 420 nm. The intense band at 250 nm charac-
teristic of Te4+ could not be observed in HS03Cl due to the solvent cut off
at 280 nm. The appearance of the intense band at 550 nm characteristic of
the Ted+ suggests that the solution contains a mixture of both the cationic
species i.e. Te4+ and Te4+. However, when the red solution was oxidized with
a larger concentration of K2S20 8such that Te/K2S208 — 1.0 only a weak band at
350 nm characteristic of the Te4+ could be observed indicating the existence
of yellow species only. The colourless solutions obtained by the excess of the
oxidizing agents correspond to the higher oxidation state Te(lY) presumably
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Fig. 4. Absorption spectra of the solutions of tellurium in HS03ClL at 25 °C. A. red species;

B. orange-yellow species; C. yellow species

Te02 In the case of selenium also it has been reported [8] that in large excess
of the oxidizing agent selenium is converted to Se02 which accounts for the
colourless solution.
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The heterogeneous catalytic oxidation of sorbose has been investigated, using
a specially prepared Pd/C catalyst. It has been found that a yield of about 50 % can be
achieved in a 20 % (w/w) solution at 60 —70 °C in 4—6 hours, and the selectivity for
sorbose is 80 % Therefore, the process appears to be suitable for industrial realization.

In manufacturing Vitamin C, one of the intermediate steps is the oxida-
tion of sorbose to 2-ketogulonic acid (KGA), which can be effected with chem-
icals, catalytically, or by microbiological route [1].

In industrial processes, generally the diacetone derivative is oxidized
instead of sorbose, as in this way side reactions are eliminated and the process
is more economical in spite of the two additional reaction steps.

There are several descriptions and patents for the direct catalytic oxida-
tion of sorbose [2—7], however, these have no industrial importance, because
the end product is obtained in the form of a dilute solution (4—6 % (w/w))
after a long reaction time (180 hours) and in a poor yield (25 —50 %).

During an investigation ofthe catalytic oxidation of diacetone-sorbose [8]
we have developed a palladium catalyst, which is suitable for oxidation under
industrial conditions. The use of this catalyst has now been investigated in the
oxidation of sorbose, too.

The quantity of the products formed was investigated as a function
of reaction conditions with the aim of determining the optimal parameters.

Oxidation was carried out in water, in the presence of Pd-on-charcoal
catalyst, with air, in the apparatus shown in Fig. 1. The composition of the
reaction mixture was determined by the conductiometric and polarographic
methods developed by us earlier [9].

Effects of temperature

The composition of the reaction mixture was the following:

Sorbose 59
NaHCO03 35 ¢g
Pd/C (10 %) 1g
W ater 50 ml
Air flow rate 3 1/m
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cir

Fig. 1. Apparatus for the oxidaton of sorbose

The reaction temperature was varied between 20 and 90 °C. The results are
shown in Table | and in Fig. 2.

From the data it can be seen that under the given reaction conditions
the optimal temperature is 60 —70 °C, at which a KGA production of about
50 % can be attained in 4 —6 hours, while 80 —82 % of the sorbose is converted
into the desired product. The results of a reaction carried out under these near-
optimal conditions are summarized in Fig. 3.

Reaction time (hour)

Fig. 2. Oxidation of sorbose into ketogulonic acid (KGA) at various temperatures
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Table 1

The effect of temperature on the composition of the reaction mixture

Temperature,
°C

20

30

40

50

60

Time,
hr.

o OB W N o U AW N o o1 B W N o g B~ ow N

o g A W N e

Sorbose con-
sumption,

%

10

15
17

10
26
38
44
50

27
41
50
53
54
56

28
45
55
60
63

KGA
yield,

10
10

20
30
35
40

23
33
4
44
45
46

25
37
45
50
51

Oxalic acid +
threonic acid,

%

© 0 0 o N

© © ©O© oo b

10
10
12

Selectivity
for sorbose
KGA reaction,

%

80
7
79
80
80

85
81
82
83
83
82

82
82
82
83
81

215
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Table 1 (continued)

Selectivity

Temperature, Time, Sorbose con- KGA Oxalic acid +  f4r ‘sorhose’ -»
°C hr. sumption, yield, threonic acid, KGA reaction,
% % % %
| 37 30 7 81
2 49 41 8 84
3 54 44 9 81
70
4 59 48 11 81
5 63 50 12 79
6 67 51 16 76
1 42 30 12 72
2 60 28 32 57
3 66 25 41 38
80
4 72 23 49 32
5
6
1 47 28 19 60
2 72 25 46 35
3 76 23 53 30
90
4 78 20 58 26

Effect of concentration

The concentration of the solution in which the oxidation can be carried
out, is important from the technological point of view. Therefore, keeping
the sorbose : NaHCO03: catalyst ratio constant, the effect of the increase in
sorbose concentration investigated at 70 °C.

The results are summarized in Table Il and Fig. 4.

It can be seen from these data that increase of the sorbose concentration
up to 20 % does not substantially affect either the reaction rate or the attain-
able yield. This concentration range (10 —20 %) is already acceptable for a
possible industrial process.
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Reaction time (hour)

Fig. 3. Oxidation of sorbose at 70 °C

Fig. 4. Oxidation of sorbose solutions of various concentrations

Effect of the quantity and the nature of additives
on the oxidation

The catalytic oxidation of sorbose into ketogulonic acid can be carried
out only in mildly alkaline medium. In the literature sodiumacetate, potassium
oxalate, sodium hydrogen carbonate, sodium carbonate and various sodium
phosphates are mentioned as additives. We used potassium oxalate, NaHCO03
and Na2C03. Potassium oxalate was tried because it may suppress the for-
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Table M

Oxidation of sorbose solutions of different concentrations

Lo Selectivi
Sorbose KGA Oxalic acid foresg%:}\g&t&_
hr. consump- yield, + threonic i
9/100 ml tion, % % acid. % KGA :]/eoactlon,

| 41 35 7 85

2 48 42 6 87

3 55 49 6 89

4 60 50 10 83

5 63 51 12 81

6 65 53 12 81

1 37 30 7 81

2 49 41 8 84

3 54 44 9 81
10

4 59 48 11 81

5 63 50 12 79

6 67 51 16 76

1 37 38 2 95

2 47 43 5 91

3 52 46 6 88
15

4 56 47 9 84

5 57 48 9 84

6 59 48 11 82

1 41 38 3 92

2 49 42 6 86

3 53 45 8 85
20

4 57 46 11 81

5 57 46 11 81

6

1 39 22 17 62

2 46 23 24 50

3 52 25 27 48
25

4 57 26 31 46

5 57 26 . 46

6
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mation of oxalic acid and provide for a pH of 7—8. As contrary to data in
the literature, practically no oxidation occurred in the presence of potassium
oxalate, whether used alone or in combination with NaHCO03.

It has been found that the quantity of NaHCO03 should not be reduced
below 1.5 molar equivalent, because when the pH of the reaction mixture
decreases after a certain time below 7, the oxidation stops. If the pH of the
initial mixture is increased, this increases the danger of undesired additional
oxidation. Our detailed results are summarized in Table Il1.

Table 111

Composition of the reaction mixture after 4 hrs of oxidation at 70 °C in the presence
of different additives

Additive
pH at Sorbose KGA Oxalic acid - Selectivity for
Quniy.  UETID crump VD O obee | KGA
molar equ.
K oxalate 15 ~7 - - - -
K oxalate +
+ NaHCO03 1+1 ~7

NaHCO03 1.0 ~ 8 45 40 5 89
NaHCO03 1.5 ~8 59 48 11 81
NaHCO03 2.25 ~ 8 54 40 14 74
Na2C03 1.5 ~10 70 42 28 60

Effect of the quantity and Pd content of the catalyst
on the oxidation

A further increase of the quantity of catalyst (sorbose: Pd/C < 5) did
not increase the reaction rate. On changing the palladium content of the cata-
lyst, it was found that the reaction rate was scarcely reduced and the lifetime
of the catalyst became shorter when a catalyst of lower Pd content (e.g.
5 % (w/w)) was used. An increase of the palladium content did neither increase
the reaction rate, nor improve the yield, and the lifetime of the catalyst was
not substantially longer. Thus, the use catalysts with a palladium content of
about 10 % (w/w) seems to be optimal.
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Data on adsorption and 11 1) exchange in CH4 and C2H6 were compared with
hydrogenolysis on Co, Ni, Rh, Pd, Ir and Pt blacks. It was found for all catalysts that
wex > whand Eex - Eh. The activity sequence for hydrogenolysisis Rh - Ru - Ir -
> Ni > Co > Pd = Pt, which considerably differs from that for exchange. A parallel-
ism between the activity in hydrogenolysis, chemisorption and the multiple to single
exchange ratio has been found with ethane.

These considerations reveal the importance of the strong interaction of hydro-
carbons with the metal in the process of hydrogenolysis. However, the formation of
C = M or C(M)2structures in the rate-determining step of hydrogenolysis, put forward
earlier should be rejected on the basis of the comparison of respective activation energies.

The analysis of all data (exchange, chemisorption and hydrogenolysis) suggests
that the rupture of the C—€ bond in chemisorbed ethane is the rate-determining step.
This was supported also by energy calculations.

Introduction

Several papers have been published recently on the mechanism of hy-
drogenolysis of hydrocarbons. Their authors have approached the problem
mainly from a kinetic viewpoint. Sinfelt’swork is of basic importance [1—3]
because he developed further the kinetics proposed by Cimino, Boudart and
Taylor [4]. A new version of the kinetics of ethane hydrogenolysis has been
put forward by Boudart [5].

Similarly to other catalytic reactions, it seems that the approach and
interpretation of the mechanism from a merely kinetic viewpoint is not suffi-
cient for final and unambiguous conclusion. This statement is supported by
the wide criticism of the works mentioned [6—9]. It has been shown earlier
[10, 11] that the character of the kinetic equation in itself cannot be regarded
as evidence for the mechanism of a heterogeneous catalytic reaction. Later,
a similar conclusion has been drawn also by Boudart [5].

The above facts stimulated us to carry out wide, comparative studies
on the adsorption of methane and ethane, on their hydrogen deuterium
exchange and on ethane hydrogenolysis. These studies have been carried out
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over nickel [12], platinum and cobalt [13, 14], palladium [15], ruthenium,
rhodium and iridium [16] catalysts. Pure unsupported metal blacks were used
as the catalysts, in contrast to the works of Sinfelt, in order to avoid eventual
support effects.

Data obtained as a result of these studies permit to draw generalized
conclusions on the correlations between adsorption, exchange and hydro-
genolysis. This allows us to make certain statementswith respect to the mecha-
nism of hydrogenolysis. It has to he remarked, however, that these conclusions
are valid only for the low temperature range of hydrogenolysis (below 573 K),
and further, that both exchange and hydrogenolysis were studied in consid-
erable excess hydrogen of i.e. in the range of negative hydrogen exponents.

1. Comparison between exchange and hydrogenolysis

The initial step of both hydrogen-deuterium exchange and hydroge-
nolysis of ethane is hydrocarbon adsorption, therefore, it is reasonable to com-
pare these metals with respect to their activity shown in exchange and hydro-
genolysis. Every metal studied (except for cobalt) shows such a temperature
range where hydrogen—deuterium exchange takes piacéin ethane but no hydro-
genolysis occurs. This is illustrated by the comparison of the so-called “thresh-
old temperatures” that is at the same time suitable for comparison of the
catalytic activities of the respective metals in these processes (Table I).

Table 1
Data on hydrogen-deuterium exchange in CH4 and C2H6 and hydrogenolysis of C2H6

Reaction
Catalyat CH, + a2 C.H, + d2 C2He+ H2- 2CH4 \wh 3
4(°C) wex N(ge] ™y 4(°C) NA
Co 310 4.34X101 - - 269 8.73X 1012 -
Ni 164 2.07 X101 64 3.01x10* 210 2.55x10* 1.38X10°
Ru 103 5.25X 1015 39 5.66XHO 16 126 5.25XH0 17 6.03XH01
Rh 94 2.39x10* 17 5.64x 1016 107 1.68 XI10 17 5.39X10*
Pd 151 1.93XH04 67 2.88X 1016 297 1.27X10“ 5.86 X103
Ir 97 1.97 X1017 103 7.52XH0 16 186 1.20x10“ 8.21x10*
Pt 95 1.54x10* 37 4.99x10* 321 1.85x 1011 3.74X104

LL temperature for 0.5 %h-1m-2 conversion; wex, wh: rate of exchange and hydro-
genolysis in mol s-1 in"“2 units, at 165 and 250 °C, respectively; tx: ratio of ethane ex-

change and hydrogenolysis at = 1015 mol s-1~n~2
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It can be seen from the data in Table | that the rate of ethane hydro-
genolysis reaches avalue comparable with that of exchange only at much higher
temperatures; in other words, the rate of exchange at the same temperature
is much higher than that of hydrogenolysis. No direct correlation can be found
between exchange and hydrogenolysis; this can he seen if the activity orders
in the two reactions are compared (the activities are characterized here by the
reciprocal threshold temperatures):

Exchange: Rh > Pt > Ru > Ni > Pd = Ir.

Hydrogenolysis: Rh > Ru > Ir > Ni > Co > Pd =- Pt.

The corresponding activation energies also show that hydrogenolysis is
a more hindered process than exchange (Table Il1). The activation energies
for hydrogenolysis are, as a rule, two (for Pd and Pt three) times higher than
those of H—B exchange in ethane. -

Interesting observations can be made concerning the activation energies
of methane exchange. These values are higher than the corresponding ones for
ethane but do not reach those of ethane hydrogenolysis, and neither do the
even higher activation energies for multiple exchange of methane, with the
exception of cobalt.

Table M

Activation energies (fej mol ’) of the reactions quoted in Table |

Catalyst EX EdX Ex
Co 92 113 88 - 113
Ni 121 138 125 88 167
Ru 71 102 97 59 119
Rh 72 103 94 71 156
Pd 111 180 112 73 222
Ir 96 113 111 82 163
Pt 79 105 105 79 222

Ej,: activation energy of CH3D formation; E(ii: activation energy calculated from

ClI2Dj, CHD3 and CD4 formation; Eac, E?x*- activation energy of methane and ethane ex-
change, calculated from the consumption of “light” hydrocarbons; Efl: activation energy of
ethane hydrogenolysis

The differences in activation energy can be readily interpreted, consid-
ering the energy requirement for the rupture of various bonds, applying the
method of Rarandain [17].

The energy requirement for the rupture of the C-C bond over a metal
surface is

Qcc,m — Qcc —2Qcm @
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where Qcc denotes the energy of the C—€ bond, equal to 364 kJ mol-1 [18];
QCM is the energy of the carbon-metal bond which is between 83 and
96 kJ mol-1 for the metals studied, according to spectroscopic
measurements [19].
Consequently, the energy requirement for the rupture of the C—€ bond varies
between 170 and 200 kJ mol-1, depending on the nature of the metal.

The slowest step of the exchange reaction in a saturated hydrocarbon is,
in all probability, the C—H bond rupture, because the adsorption of hydrogen
(and also deuterium) as well as the H2-D2exchange are well-known, very rapid
processes with much higher rates than H—B exchange in hydrocarbons [20, 21].
The energy requirement of C—H bond rupture is:

Qch,M= Qch — Qcm - Qhm (2)

Considering that the average value of QCH is 413 kJ mol-1 [18], and that
Qhm 1S between 266 and 280 kJ mol-1,depending on the natureof
[19], thus QCH Mshould be between 37 and 64 kJ mol-1, i.e.much below the
energy requirement for the rupture of the C—€ bond on metal surfaces. This
explains the very considerable difference between the energies of activation
of ethane exchange and hydrogenolysis.

We explain the difference between the exchange of methane and ethane
by the possibility of a 1,2-interaction in the case of the latter hydrocarbon,
which is more favourable from a geometrical and even more from an energetic
point of view than the 1,1-interaction, being the only possibility with methane.
This is demonstrated by the individual bond energies [22]:

Qch,-h = 7235 kJ Qch,-h= 413 kJ

Qch2 h — 435 kI Qc,h,-h — 173 kI

The more favourable character of the 1.2-interaction is demonstrated
also by the fact that deuterium uptake by ethane over nickel and platinum
below 473 K takes place in symmetrical positions and only at higher temper-
atures do appear also asymmetrically deuterated species [14].

Table Il shows that the formation of multiply deuterated methane is
much more hindered than that of the singly exchanged CH3D. Kemball
interpreted [23] the higher activation energy in terms of different mechanisms
for the two processes, i.e. by the higher energy requirement for the formation
of species (1) and (Il) necessary for multiple exchange:

\
and C

/ Q I
M M M

Q) (ii)
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It should be noted, however, that the actual difference between Ed and Ed
over various catalysts shows large variations.

To interpret these facts, it can be considered that the formation of struc-
ture | requires probably a higher energy of activation than that of structure I1.
This is supported by the predominantly linear adsorption of CO [24]; at the
same time bridged species represent the stronger, hardly removable adsorp-
tion. The higher activation energy follows from the strained character of the
bridged structure (the value of the M —C—M angles is between 123 and 132°
on (100) planes and between 76 and 80° on (111) planes, depending on the
atomic diameter of the metal). No unambiguous correlation can be found
between the geometry, chemical nature, electronic properties of the metal
and the corresponding Ed —Ed values.

This is probably due to the fact that the “weight” of structures |
and 11 is different for various metals in producing multiply deuterated hydro-
carbons. Their role is determined mainly by the proportion of low Miller index
planes in polycrystalline metals. Experimental data show [24] that the for-
mation of bridged structures is more probable on (100) planes since their
strain would be very high on (111) planes. The relative amount of structure |
and Il is also influenced by the various contents of edges and corners (i.e.
the relative amount of low coordination number atoms) in different samples.
This is supported by the fact that the structure of the adsorbed layer depends
on the stepwise character of platinum single crystals [25]. We conclude that
the ratio of singly and multiply deuterated species must depend considerably
on the preparation and pretreatment of individual catalyst samples.

Structures | and Il must play a role also in ethane hydrogenolysis since
the rupture of the C—€ bond of dissociatively chemisorbed ethane results
necessarily in the formation of species:

H,,C-CH2 CH,, CH2
11 -41 or [/ \ (>
M M M M M

This is evidenced by the formation of multiply deuterated methane from
ethane in the presence of deuterium under such conditions where no H-D
exchange takes place in methane [12]. Accordingly, over those catalysts that
are more active in hydrogenolysis, more extensive multiple exchange can be
expected than in the case ofless active metals. In order to check this suggestion,
the rates of wddj and wds_d have been calculated on the basis of the initial
product distribution of the H-D exchange of ethane. This calculation was
based on the assumption that the formation of ethane containing one or two
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D atoms can be attributed to “weak’4interactions:

CH2-CH, D
/ \ + 2 I —CHXD-CHD (V)
M M M
and
CH2-CH3 D
1 + 1 - CH,D—CH3 V)
M M

On the other hand, the precursors of multiply deuterated hydrocarbons are
hydrocarbon radicals with multiple carbon—metal bonds. Data have been
calculated at identical total reaction rates (1015 mol m 2s_1). The values of
the ratio wda_dt/wem, f°r vari®us metals are as follows

Rh Ru Ir Ni Pd Pt
3.86 3.13 2.29 1.18 0.75 0.55

This order is fully identical with that observed for the hydrogenolysis activity.
This is in agreement with Kembat1’s finding [23], who demonstrated a similar
parallelism between multiple exchange of methane and the rate of butane
hydrogenolysis.

2. Adsorption of methane and ethane and hydrogenolysis

Very marked differences have been found between the adsorption and
especially the chemisorption properties of various metals with respect to
methane and ethane adsorbates. No parallelism could be observed between
the adsorptivity and hydrogenolysis activity. For example, platinum does
adsorb much higher amounts than nickel, yet, it is less active in hydrogenolysis
(Tables I and 11 [14]).

The situation is different when the irreversible adsorption of methane
and ethane is compared with the hydrogenolysis activity of the corresponding
metal. Typical data are shown in Table Ill. On the basis of this, the following
order can be established with respect to the ratio of irreversible adsorption
(chemisorption) of ethane within its total adsorption:

Rh > Ru > Ir > Co > Ni > Pd > Pt

This corresponds to the order of hydrogenolysis activity, again with
the exception of cobalt. It should be pointed out also thatthe threshold temper-
ature of chemisorption is below 195 K for the metals most active in hydro-
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genolysis; cobalt and nickel with medium activities have threshold temper-
atures between 213 and 273 K, whereas the corresponding values for the least
active Pd and Pt are between 273 and 373 K (Pt is exceptional: no methane
chemisorption could be observed even at 573 K).

Table 111

Data on Irreversible Adsorption of ( If and C2He

0 [ 9irr/9l

Catalyst CH4 CMH,, CH4 CH, ife)
Co -30 -60 0.75 0.69 290
Ni - 6 -40 0.22 0.31 190
Ru -c-78 < -8 0.81 0.91 120
Rh =-78 <L 3 0.81 0.93 100
Pd 60 27 0.09 0.11 227.
Ir < -78 <~ 8 0.78 0.85 130
Pt >300 90 - 0.90 360
tt: threshold temperature (°C) for irreversible adsorption; ratio of irreversibly ad-

— 4t
sorbed amount to total adsorption at 120°C; t °C: starting temperature of the rapid increase
of irreversible adsorption

The comparison of the threshold temperature of hydrogenolysis and the
starting temperature of rapidly increasing chemisorption (Tables I and IIl)
illustrate also the parallelism between chemisorptivity and hydrogenolysis
activity. This parallelism shows that a tendency to strong interactions between
metals and hydrocarbons is related to properties which are favourable for
hydrogenolysis. This is supported also by the shift of the H—D exchange of
hydrocarbons towards multiple exchange (requiring multiple, i.e. stronger
interactions) over metals more active in hydrogenolysis.

3. Evaluation of exchange and hydrogenolysis data from
mechanistic aspects

The above evidence together with that reported earlier can be summed
up with respect to the hydrogenolysis mechanism as follows.

The significant differences between the rates and other kinetic param -
eters for exchange and hydrogenolysis (with the exception of cobalt) suggest
that the rate-determining step is different in these reactions.

Several facts permit to conclude that the rate-determining step for
hydrogen—deuterium exchange in methane and ethane is the dissociative
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adsorption of the hydrocarbon with the rupture of one C—H bond, at least for
the majority of metal catalysts. The isotope effect found for the exchange of
perdeuterated hydrocarbon should be mentioned here [14]. Further evidence
isprovided by the lack ofisotope effects in the hydrogen—deuterium and hydro-
gen-tritium exchange ofethane [21]. The rate-determining character of adsorp-
tion is supported also by the identical activation energies of methane and
ethane adsorption and their H-B exchange over platinum. Another fact
supporting this conclusion is that the adsorptivity of methane is lower on all
metals than that of ethane [14 —16], similarly to the higher barrier and lower
rate of methane exchange as compared with that of ethane.

Since, on the other hand, hydrogenolysis has much lower rates and
a higher activation energy than H-D exchange, it can be concluded that
hydrocarbon adsorption is not rate-determining in hydrogenolysis. Neither is
rate-determining the desorption of reaction products, at least when the partial
pressure of hydrogen exceeds that of ethane. The desorption of hydrocarbon
radicals is promoted by the increase of hydrogen partial pressure. Therefore,
if desorption were rate-determining, positive hydrogen orders should be
obtained. In fact, negative hydrogen exponents are found in the range of
higher hydrogen pressures [12, 13, 15, 16]. This excludes desorption from the
possible rate-determining steps. Cobalt is again an exception in this respect,
showing a positive hydrogen order. Another evidence against rate-determining
desorption is the marked difference between the rates of hydrogenolysis of
different hydrocarbons even under such conditions when the reaction is strongly
shifted towards methane formation.

Special experiments have demonstrated [12, 13] that the rate of ethane-»
methane conversion is independent of whether the process is carried out in
the presence of hydrogen or deuterium. Thus, associative product desorption
with hydrogen (or deuterium) uptake may not be rate-determining, which
at the same time proves that hydrogen desorption does not participate in the
rate-determining step, either. The same follows from the fact that the rate of
hydrogen adsorption — as shown by the isotope effect studies cited — is
much higher even than that of isotope exchange which, in turn, takes place
more rapidly than hydrogenolysis. The much higher rate of H2D 0 exchange
relative to that of isotope exchange in hydrocarbons is another argument
against the rate-determining role of hydrogen desorption [20]. All these permit
us to conclude that the rate-determining processin hydrogenolysis is the surface
reaction. The much lower entropy of activation in the case of exchange as
compared with hydrogenolysis also points to this assumption (Table V).

The question is now what the rate-determining elementary step may
be in the surface reaction. The formation of multiply deuterated methane
from ethane in the presence of deuterium [13] evidences the existence of
multiple carbon—metal bonds in hydrogenolysis. This is supported also by the:
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Table IV

Activation Entropies of the exchange and hydrogenolysis of C2H6

—<dS(J mol-1 K -1)

Catalyst
Exchange Hydrogenolysis

Co - 239
Ni 261 127
Ru 248 148
Rh 220 100
Pd 225 47
Ir 193 83
Pt 194 63

parallelism between the tendency of ethane to undergo multiple exchange and
hydrogenolysis as discussed in Section 1 as well as by the correlation between
the chemisorptivity of metals and their activity in hydrogenolysis (Section 2).
It can be concluded, therefore, that the formation of a surface species with
multiple metal—arbon bonds from an adsorbed hydrocarbon radical is impor-
tant in the surface reaction. This process may take place either via the rupture
of the carbon-carbon bond (Reaction Il11) or by dissociation of further hydro-
gen atom(s) from the surface radical:*

HX-CKU HC-CH2
[ S VAR | (V1)
M M MMM
and the carbon-carbon bond of the multiply bonded ethane breaks very
rapidly:

HC - CH,I - HC and CH.,
VY P A A

If Reaction (VI) were rate-determining, the values of Ed( and Eh ought to be
very close to each other, or at least should show a close correlation. As far
as apparent activation energies permit to draw reliable conclusions, it can be
stated that the data shown in Table Il disprove the rate-determining character
of Reaction (VI), with the exception of cobalt. This follows also from the more
detailed comparison of data obtained for exchange and hydrogenolysis.
Table | demonstrates that Pd and Pt, very active in exchange, are the
least active catalysts in hydrogenolysis. The highest difference between the

* Multiply bonded surface complexes may have either structure (1) or (I1).
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activation energies of exchange and hydrogenolysis of ethane manifests itself
in the case of these two metals. This renders it improbable that the catalytic
activity in hydrogenolysis, similarly to exchange, would be determined by
the reactivity of the metal in breaking C-H bonds. The difference Ed—Edi is
only 26 kJ in the case of platinum, which is very close to the value
measured for Ru and Rh, being much more active in hydrogenolysis.
The Ed-E di difference is identical in the case of nickel and iridium, latter
being much more active in hydrogenolysis.

On this basis, the previous suggestion [23] that the hydrogenolysis
activity is determined exclusively by the ability of the catalyst to produce
structures with multiple metal—earbon bonds should be rejected. The paral-
lelism between the ratio of rates of multiple and single exchange and the rate
of hydrogenolysis has no decisive role in this respect, because this has been
determined by relating two reaction rates at a given temperature disregarding
the energies of activation.

Of course, the occurrence of Reaction (V1) cannot be excluded since this
process is a precondition of the formation of multiply deuterated species,
which is experimentally proven. It should rather be suggested that the surface
species produced in Reaction (VI) reacts with adsorbed hydrogen and either
desorbs in its original form or breaks down:

CH- CH2  H e * C.H6
rmwm T (Vi)
M M M Mo\

2H2C
/ \
M M

In can be concluded that the catalytic activity of various metals in hydro-
genolysis depends on their activity in breaking both C-H and C—€ bonds.
The extent of activity is, however, influenced also by the tendency of formation
of multiple carbon—metal bonds, as demonstrated by the parallelism between
the ratio of wdi_d/wdj dj and hydrogenolysis activity, and supported by the
parallelism between hydrogenolysis and chemisorption tendency.

In summary, Reactions (111), (VI) and (VIIl) can be combined as fol-
lows, to characterize the pathway of conversion of adsorbed ethane to give
methane:

HX-CH, HC - CH2 /HC-CHIN H
[ I\ 11 +1
M M M MM [ m m ] m
(1X)
CH CH2
/ o\ or 1
M M M
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The above considerations cannot be applied to cobalt, over which
exchange is not faster than hydrogenolysis, Eh being equal to Edk

It is possible that the reactions over cobalt are influenced by too strong
product adsorption. This is also supported by the fact [14] that ethane chemi-
sorbed at 473 K can be recovered from cobalt in the form of methane only.
The situation is entirely different with platinum and nickel, where ethane
chemisorbed under such conditions can be partly desorbed by treatment
with hydrogen.

4. Energy barrier calculations

In order to check this concept for the mechanism of hydrogenolysis,
Balandin’s method [17] was used to calculate the energy requirement for
the formation of surface complexes from the bond energy values, and the
results were compared with the activation energies for exchange and hydro-
genolysis.

The first step of methane exchange is process:

CH4+ 2M - CH3M + HM

Following Balandin [17] and Eley [26], the energy requirement of the above
process can be given as

AUex — Qch,-h ~ Qcm ~ Qhm (3)

The calculation of zJUex has been carried out on the basis of QOM and QHM
values determined earlier for similar catalysts [27]. Bond energy values used
for the calculations as well as the resulting zJUex values are given in Table V.
From the latter, using Barandin’s approximation:

E % 0.75 AXJ (4)

the energy of activation can be estimated. Thus, on the basis of AUex values
we calculated the approximate activation energy of single methane exchange
(E<uaic), asguming that adsorption is the rate-determining step of exchange.
Comparison of the values thus obtained with those collected in Table 11,
shows that the agreement is within 10 —20 % for the majority of the catalysts
and nickel is the only metal where the difference is unacceptably high. (Here
it has to be remarked that the calculated value is close to the activation energy
of methane adsorption, which is 72 kJ mol-1 [14].) In any case, the calculations
support the statement for most catalysts that the rate-determining step of the
exchange is adsorption with the dissociation of one C—H bond.
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Similar calculations can be carried out for ethane exchange, too, but a
much higher uncertainty can be expected since no experimental data are
available with respect to single exchange in ethane; the activation energies
refer to the overall exchange rate, thus the comparison is not possible.

Calculations concerning ethane hydrogenolysis are of particular interest.
On the above basis, the overall energy effect is written for the following reac-
tion:

CH3-CH3- 2CH2M2 + 2HM

W hen the expression for the energy barrier is written, apart from the energy
values of the bonds broken and formed, the additional fact should also be
considered that the surface complex forms a multiple bond with the surface,
as depicted by structure | or Il. The difference between the formation of
singly and multiply deuterated methane demonstrates that the latter involves
a higher activation energy. The difference between the activation energies can
be used to define the energy requirement of the creation of multiple surface
bonds:

dQ= = A (Edi_E di) (5)

D ata on this correction term are summarized in Table Y. Its value is different
for various catalysts. Since the method of preparation of the catalyst may
significantly influence the ratio of singly and multiply exchanged products,
it can be concluded that the Ed—E di values depend strongly also on the prep-
aration and pretreatment of the catalyst.

Considering the above facts, the following expression can be written for
the energy barrier of the surface complex participating in hydrogenolysis
according to Eq. (I1X):

= QcjH.-h + QcjH.-h + Qc-c + 2zIQ —2QHM —4QCM  (6)

Table V

Energy effects (kJ mol 1) of the formation of surface complexes

Catalyst (HMe CcMe AU, AQ- AUh [Gale
Co 217 100 120 90 28 162 122
Ni 253 79 105 79 23 164 123
Ru 242 92 103 7 41 170 128
Rh 242 78 111 83 41 226 170
Pd 233 87 117 88 92 310 233
Ir 256 87 94 71 23 126 95
Pt 234 82 121 91 35 214 161
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Considering the bond energy values given in Section 1:

Uh= 940 + 2AQ- - 2QHM- 4QCM (7

ZlUh values calculated on the basis of Eq. (7) and Efalc values (calculated
from equation (41)) are listed in Table V. On comparison of these values with
those in Table Il, an agreement within 20 —35 % can be found between cal-
culated and experimental data. Since the values of QHM and QCM have been
determined for catalysts prepared by an analogous method but in a different
batch, and since expression (4) is of an approximate character and its validity
is different for various reactions or catalysts, the agreement can he regarded
as sufficiently good for stating that it supports the correctness of the proposed
mechanism.

The closeness of experimental and calculated values, of course, cannot be
regarded as an exclusive proof for the given mechanism. This is indicated
also by the example of cobalt, where the difference is about 35 %. Hydro-
genolysis over cobalt involves probably a mechanism different from that dis-
cussed above, and yet the difference mentioned is about the same as in the
case of ruthenium, where the rate-determining character of step (I11) seems
to be more probable.

Data in Table Y and Eq. (6) indicate that zIQ= values contribute consid-
erably to the energy barrier: the values of 2ZIQ are about 20 —50 % of the
total Z2Uh values. This may explain why various authors have found hydro-
genolysis to be very “structure-sensitive” [5, 28]. The method of preparation
may change the activity of metal powders used here by several orders of
magnitude [29]. We have pointed out the fact that the values of Edj—Edi are
strongly affected by the relative amounts of various index planes, edges,
corners in different samples. This, in turn, influences the ratio of linear and
bridged species, which is ultimately reflected in the ZIQ= correction terms and
in the dependence of ZIUh on the method of preparation.
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A series of stable tetra-, tri-, and di-co-ordinated complexes of some pyridine
derivatives with copper(l) perchlorate have been prepared and characterized. The per-
chlorate groups are ionic in all the tetrakis, tris and some bis complexes. As indicated
from the IR results, the formally di-co-ordinated complexes attain a higher co-ordination
number than two through different ways depending upon the nature of the substituent
group. It may be due to the formation of n-complexes, metal clusters or electron de-
ficient bonds when the substituent is an electron releasing group. For meta-, and para-
carbomethoxy or carboethoxy derivatives (i.e. electron attracting groups), the higher
co-ordination number is attained through the co-ordinated perchlorates. In case of ortho-
carbonyl substituted pyridines, the copper(l) ion attains the tetrahedral geometry
through the coordination via the nitrogen atom and carbonyl group in the bis com-
plexes. In the complexes studied, the apparent co-ordination number of copper(l) de-
pends upon the steric requirements and the base strength of the ligand.

Introduction

Until recently the coordination number in copper(l) complexes was
generally assumed to he two (linear) or more often four (tetrahedral) in the
presence of soft donor atoms [1]. Although the number of structural determi-
nations of copper(l) complexes is still small, a definite example oflinear co-ordi-
nation is known for [CuCI2]~ anion [2], while examples of tetrahedral co-ordi-
nation are known for the monomer L2CuX (L = PPh3 X = a bidenta anion
such as NO,f or BH”~ [3]), for the dimer [(PPh3)2CuN3]2[4], and for the mono-
mer tetrakis(pyridine)copper(l) perchlorate [5, 6]. Recently tri-co-ordinated
copper(l) were found in the anion [Cu(CN)2]~ [7], [Cu(etu)3]2S04 (etu =
= ethylene thiourea) [8], and tris(2-picoline)copper(l) perchlorate [9] by
means of X-ray single crystal analysis.

To provide more information on the structural types and the co-ordina-
tion numbers preferred by copper(l) with the heterocyclic nitrogen bases,
the following investigation was undertaken. A prelimenary report has appeared
[10]. However, during the course of this work, some of the complexes men-
tioned here have been reported by Lewin et al. [6]. The ligands taken in this
later study, were pyridine and alkyl pyridines. In our study two types of sub-
stituted pyridines have been used, namely; electron attracting substituents
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236 GOHER: TETRA-, TRI- AND DI-CO-ORDINATED COMPLEXES

e.g. ortho-, méta- and para-carbonyl derivatives, and electron releasing sub-
stituents e.g. mono, di- and tri-alkyl pyridines. These ligands have been chosen
in order to study not only the effect of the position of the substituent in pyri-
dine ring on the overall coordination number of copper(l), but also the effect
of the nature of the substituent.

Experimental

All ligands were GLC purified, and the other chemicals were analytical gradel and com-
mercially available.

Magnetic measurements were made by the Faraday method at room temperature.
Conductivity measurements were carried out at 25 °C on 10"3F solutions in chloroform and
acetone under dry nitrogen with a Radiometer conductivity bridge model CDM 2e. Electronic
spectra were recorded on a Unicam spectrophotometer SP 800. Reflectance spectra of the solids
were measured over 220—1000 nm range on a VSU-1 (Zeiss, Jena) instrument with MgO as
a standard and diluent. IR spectra in the regions 4000 —400 cm-1 and 500—200 cm-1 were
measured on a UR-20 (Zeiss, Jena) and a Perkin—ElImer 325 spectrophotometer, respectively.

Analysis

Microanalysis of C, H and N were carried out on the Perkin—EImer 240 elemental ana-
lyzer. Copper was determined gravimetrically as CuSCN after degradation and oxidation of
the complexes with boiling mixtures of concentrated H2S04 and 30 %H2 2

Preparation of the complexes

The complexes were generally prepared and recrystallized according to the procedure
described previously [11] by mixing CuS04 solution with the ligand in question then ascorbic
acid and sodium perchlorate solution are added. When more than one complex were obtained
by the same ligand, an excess of the ligand and a little lower amounts were added for complexes
with the highest and lowest ligand contents, respectively. Care must be taken for the inter-
mediate complexes.

Results and discussion

The isolated complexes, their elemental analysis, and some of their
physical properties together with the pKa’s of some ligands [12, 13] are given
in Table 1.

The use of ascorbic acid as a reducing agent for the synthesis of copper(l)
complexes has enabled us to isolate a variety of the complexes in which cop-
per(l) could be tetra-, tri- and di-co-ordinated as seen from Table I.

The stability of the isolated complexes against air oxidation depends on
both the nature of the substituent group and the number of ligands per copper
atom in the complex molecule. Thus those derived from ligands with electron
attracting substituents in pyridine are generally more stable than those derived
from ligands with electron releasing groups. On the other hand, for a series
of 1:4, 1:3 and 1:2 complexes of the same ligand, the stability decreases
in the same order.
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Table 1
Analytical data and some physical properties of the complexes

Analysis% Found
Complex Color M-*La  pK* g Calcd.
Cu C H N
(EtIN)* CuC104 red 375 8.25 49.99 4.94 7.25
(767.4)" orange 8.28 50.07 4.73 7.30
(MelIN)4CucC1o0, red 475  3.29 8.82 46.98 3.89 7.55
(711.4) orange 8.93 47.27 3.97 7.87
(Py)4CuC104 canarian 420  5.30 13.08 49.92 4.14 11.62
(479.4) yellow 13.30 50.10 4.20 11.73
(4-pic)4CuC104 light 6.10 11.54 52.10 5.10 10.17
(535.4) brown 11.86 53.82 5.27 10.46
(EtIN)3CuC104 yellow 420 10.22 47.23 4.62 6.88
(616.3) crystals 10.30 46.76 4.41 6.81
(MelIN)3CucC10, yellow 420 11.45 42.90 3.58 7.11
(574.2) crystals 11.85 43.90 3.68 7.31
(MeN)3CuC104 canarian 420 11.62 43.23 3.72 7.23
(574.2) yellow 11.85 43.90 3.68 7.31
(3-Ac-py),Cu(10, canarian 420 11.76 47.36 3.95 7.80
(526) yellow 12.07 47.92 4.00 8.00
(EtP)2CuC104 red brown 490 13.45 41.13 4.10 6.12
(465.2) crystal 13.65 41.30 3.90 6.02
(MeP)2CuC104 red brown 490 14.63 38.72 3.12 6.52
(437.2) crystals 14.53 38.54 3.23 6.40
(2-Ac-py)2CuC104 deep red 500 15.27 41.86 3.34 7.10
(405) brown 15.67 41,51 3.45 6.90
(2,5-lut).jCucC10, very light 7.55 13.01 51.66 5.47 8.56
(484.4) brown 13.13 52.06 5.62 8.67
(EtIN)2CuC104 white 13.36 40.83 4.04 5.92
(465.2) 13.65 41.30 3.90 6.02
(MelIN)2CuC104 white 14.25 38.33 3.22 6.20
(437.2) 14.53 38.54 3.23 6.40
(EtN)2CuC104 white 13.47 41.91 3.82 5.87
(465.2) 13.65 41.30 3.90 6.02
(4-pic)2CuC104 white 17.92 43.05 4.19 8.20
(349.2) 18.19 41.26 4.04 8.02
(2,4-lut)2CuC104 white 6.80 16.58 44.56 4.87 7.56
(377.3) 16.84 44.56 4.80 7.42
(2,5-lut)2CuC104 white 16.53 44.76 4.89 7.34
(377.3) 16.84 44.56 4.80 7.42
(2,6-lut)2CuC10, white 6.72 16.53 44.16 4.88 7.39
(377.3) 16.84 44.56 4.80 7.42
<s-coll)2CuC104 white 7.63 15.87 46.97 5.58 6.80
(405.3) 15.68 47.42 5.47 6.91

*EtIN = ethyl isonicotinate, MeIN = methyl isonicotinate, Py = pyridine, 4-pi9 =
picoline, lut = lutidine, coll — collidine, Kt\ = ethyl nicotinate, M(\ = me_thyl nico-
tinate, EtP = ethyl picolinate, MeP = methyl picolinate, Ac-py = acetyl pyridine; “/ is
given in nm, from the reflectance spectra of the solids, bthe values given are the formula
weights

(i) Magnetic properties and conductivity

Since some copper(l) complexes have been reported [5, 6], as paramag-
netic compounds with relatively high magnetic moments, the molar magnetic
susceptibilities of the isolated complexes at room temperature are listed in
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Table I, together with their conductivities. For all complexes the corrected
magnetic susceptibilities are calculated based on the summation ofthe individ-
ual magnetic susceptibilities of the elements [14]. As seen from the Table,
all the isolated complexes had corrected molar susceptibilities in the range
+40X10® c.g.s. This corresponds to a magnetic moment of £0.3 BM. W ithin
the experimental error, such a low susceptibility is indicative of diamagnetism
as expected from the d10 configuration. The results given here for complexes
of pyridine, 4-picoline and 2,4-lutidine are comparable with the reported
data [2]. For the 1:2 complexes of 2,6-lutidine and sym-collidine the molar
susceptibilities for our samples are much higher than those reported (see
Table 1). The small magnetic moments observed for some complexes could be
due to the formation of some copper(ll) species from air oxidation.

All the complexes behave as 1 : 1 electrolytes in acetone [15] and nitro-
benzene [16]. Accordingly, in solutions, these tetrakis, tris and bis complexes

Table 11
Magnetic properties and conductivitiesa of the complexes

Conductivity -1 cm2 mole-1

Cation LI ®ioS *m""’ d m10'

A NB
(EtIN)4Cu+ -289 + 39 137.5 28.0
(EtIN)3Cu+ -215 + 37 142.0 31.0
(EtIN)2Cu+ -145 + 23 132.0 29.5
(MelN)4Cu+ =276 + 16 141.0 28.0
(MelN)3Cu+ -189 +30 137.0 29.0
(MeIN)2Cu+ -168 0.0 118.0 27.5
(EtN)2Cu+ -140 + 28 126.0 28.0
(MeN)3Cu+ -240 -21 131.0 29.0
(3-Ac-py)3Cu+ -234 -39 136.0 29.0
(EtP)2Cu+ -189 -21 129.0 31.0
(MeP)2Cu+ -186 -29 138.0 32.0
(2-Ac-py)2Cu+ -178 -34 140.0 30.0
(Py)4Cu+ -205 (—216)c  + 36 (+25) 130.0 29.0
(4-pic)4Cu+ =245 (-269) +38 (+14) 136.0 28.0
(2,5-lut)3Cu+ -219 (-258) +38 (+1) 134.0 27.5
(4-pic)2Cu+ —169 =27 128.0 28.5
(2,4-lut)Cu+ - 153 (-179) +25 (-9) 135.0 26.5
(2,5-lut)2Cu+ -148 + 30 142.0 29.0
(2,6-lut)2Cu+ -187 (-119) + 1 (+69) 138.0 30.0
(s-coll)2Cu+ -249 (-159) -38 (+52) 141.0 32.0

aThe conductivities given are based on the formula weights, b In c.g.s. units/mole.
cvalues between parenthesis are given from ref. [6], d corrected magnetic molar susceptibilities
in c.g.s. units. A = acetone, NB = nitrobenzene
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may be formulated as (L4Cu)+C104, (baCun)+CHO4 and (L2Cu)+C104, respec-
tively. Copper(l) ion, therefore, attains tetrahedral and trigonal geometries in
the first two formulas, respectively. For the bis complexes, copper(l) ion is
tetrahedrally co-ordinated when the ligand is a-carbonyl substituted pyridine
(see later) and attains linear geometry for the other ligands.

(i) M —L charge transfer spectra

In acetone and chloroform the spectra of the colored complexes are
quite similar to those ofthe parentligands in the UV and visible regions giving
rise to an absorption band around 270 —280 nm due to the n — n* transitions
of the ligands.

In the reflectance spectra of the solid samples, copper(l) complexes
derived from methyl and ethyl nicotinate, isonicotinate and picolinate and
the corresponding acetyl derivatives (see Table I and Figure 1) i.e. ligands with
electron attracting substituents, show an intense absorption in the visible
region. These intense absorption is due to M L charge transfer transitions
from d10-orbitals on copper(l) to an empty jr*-orbitals on the ligands [17].
The Amax of the M > L absorption shifts to longer wave length as the number
of ligands per copper atom is increased in the complex molecule for the series
of the same ligand. This behaviour is reasonable, since increasing the number
of ligands per copper ion leads to increasing the power of the reducing part in
the complex molecule which in turn shifts the Amaxto longer wave length [18].

W ittiams [18] and K rumho1z [19] pointed out that the conjugation and
chelation of di-imine to Fe(ll) and Cu(l) are the factors causing the M—kL

Fig. 1. a — Electronic spectrum of (MeIN)3CuC104 (10 4 M) in chloroform solution, b —re-
flectance spectrum of solid (MeIN)3CuC104; C — reflectance spectrum of solid (MelN)4CuC104
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charge transfer transition. That the*the a-carbonyl substituted pyridine form
chelate compounds with copper(l) ion, may explain why the 1:2 complexes
of these ligands show M “mL bands at higher wave lengths than the 1:4
copper(l) complexes of the other carbonyl pyridine ligands e.g. MeN and MelN.
These latter ligands do not form chelates with the copper(l) ion.

(iii) Infrared absorption spectra

The IR spectra of all the isolated complexes showed that the funda-
mental vibration modes of the ligands are shifted to higher frequencies upon
complexation as expected for nitrogen bonded ligands [20, 21]. Only for the
a-carbonyl substituted pyridine ligands, the IR spectra indicate a co-ordination
via the carbonyl group in addition to the heterocyclic nitrogen [22]. Since de-
tailed analyses of the ligand spectra have been examined for related compounds
[23 —25], these spectral properties are not concerned here. Table 111, therefore,
contains only the vibration frequencies related to the perchlorate groups in
the isolated complexes. Figure 2 shows the IR spectra of 1 :2 and 1 :4 cop-
per(l) perchlorate complexes of MelIN, in the region 1200 —600 cm1 In Table
IV the far IR spectral data for some complexes are collected.

I (cm-1)
Fig. 2. IR spectra, a - of (MelIN)4CuC104; b - of (MelIN)2CuC104
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Table 111
Vibrational frequencies (cm 1 of the perchlorate groups in complexes

C104

Complex
s V4
(EtIN)4CuC104 932 w 1120-1090 vs 627 s
(MelIN)4CuC104 935 sh 1110-1090 vs 627 s
(Py)4CuC104 925 vw 1115-1090 vs 627 s
(4-pic)4CuC104 932 w 1110- 1095 vs 627 s
(EtIN)3CuC104 - 1115 vs 627 m
(MelIN)3CuC104 930 w 1110 —1085 vs 627 s
(MeN)3CuC104 935 w 1115—1090 vs 627 s
(3-Ac-py)3CuC104 930 w 1110—1090 vs 625 s
(2,5-1ut)3CuC104 932 w 1110—1090 vs 625 s
(EtP)2CuC104 930 w 1115 vs 627 s
(MeP)2CuC104 930 w 1110-1095 vs 627 s
(EtIN)2CuC104 935 wm 1115 vs 635 s
1080 vs 628 s
1058 m 620 m
(MelIN)2CuC104 930 wm 1120 vs 635 s
1090 vs 625 s
1050 m 618 m
(EtN)2CuC104 930 m 1105 s 638 s
1080 s 625 m
1050 s 625 m
(2-Ac-py)2CuCl104 930 w 1110-1095 vs 625 vs
(4-pic)2CuC104 932 w 1110-1095 vs 627 vs
(2,4-1ut)2CuC104 932 w 1110-1080 vs 627 vs
(2,5-lut)2CuC104 932 w 1110s 627 s
(2,6-lut)2CuC104 - 1115—1080 vs 627 vs
(sym-coll)2CuC104 — 1110-1090 vs 627 vs

w: weak, m: medium, s: strong, v: very,

The perchlorate group can act as an ion, monodentate and bidentate
ligands, with successive lowering in symmetry. According to which the number
of IR active vibrations are increased from two to six to nine modes, respec-
tively [26, 27]. As seen from Table 111, except the 1:2 complexes of EtN,
EtIN and MelIN, the perchlorate groups act as an ion in all other complexes
showing the antisymmetrical stretching v3 mode around 1100 cmV1, anti-
symmetrical bending v4 mode at 627 cm-1 and the IR inactive v4 vibration
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mode at 930 cm-1. In the solid state, therefore, these complexes have the same
formulations given above for them in solution. One of the 1:4 complexes;
the tetrakis(pyridine)copper(l) perchlorate, has been studied by X-ray anal-
ysis, which showed the complex to consist of the tetrahedral cation (Py)4Cu +
[5]. The trigonal structure of the tris(2-picoline) copper(l) complex has been
confirmed by X-ray analysis [9].

For the formally di-co-ordinated complexes of MeIN, EtIN and EtN,
the vibration modes v3 and r4 split into three components for each as seen
from Fig. 2. Such splitting is consistent only with bidentate perchlorate groups.
Copper(l) ioninthese complexesis, therefore, proposed to be four co-ordinated
and adopting approximately tetrahedral geometry. This formulation differs
from that proposed for these complexes in solution, and from the 1 : 2 com-
plexes of the other ligands.

Far IR spectroscopy has been used to study substituted pyridine com-
plexes of copper(ll) halides. The absorption frequencies for the copper—itrogen
and copper-halogen bond stretching modes have been reported [28]. For
copper—hnitrogen, the stretching frequency was observed in the range 230 —
270 c¢cm '], for copper—chloride it was 230 —330 cm-1 and for copper-bromide
the range was 190 —260 cm 4

As seen from Table IV and in accordance with Lewin et al. [6], the
complexes (Py)4CuC104 and (4-pic)4CuC104 prepared by us are transparent in
the region of 200—375 cm 4 In order to be certain that the transparency is
not due to the cation [(Py4Cu)] +, we prepared a complex ofthe formula (Py)Cul
and measured its far IR spectrum. This compound too is transparent in the
region of 200 —375 cm ]. The tetrakis complexes of MeIN and EtIN showed
only one band associated with the stretching copper—itrogen vibrations. The
assignment of this band as the copper—nitrogen stretching was given is accord-
ance with the calculated and observed values which have been reported [29]
for the isoelectronic zinc(ll) complex of methyl isonicotinate MelN.

For the di-co-ordinated complexes of methyl and ethyl-isonicotinate and
ethyl nicotinat, two very strong bands are observed in their far IR spectra
as seen from Fig. 3. These bands are twice as strong as the band associated
with copper-nitrogen stretching vibrations in the spectra of these complexes.
Since these two bands are not observed in the spectra of all the halo, cyano
and thiocyanato complexes of variable stoichiometry derived from the same
ligands [30], one could not assign them as the nitrogen—opper stretching
vibrations. These two bands are, therefore, assigned as the copper-oxygen
stretching frequencies. Since for the formula;

\ [e N Ie
/oA 1 CI
L 0 o]
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i (cm'l)

Fig. 3. Far IR spectra, a — of (MelIN)2CuC104; 6 — of (MelIN)4CuC104

two IR active copper-oxygen frequencies are expected, the appearance of
these two bandsin addition to at least one band associated with copper—nitrogen

stretching vibrations

suggested that copper(l) ion has an approximate

tetrahedral geometry in these complexes. This result confirms our previous
conclusion which attained from the splitting of v3 and v4 modes of the per-
chlorate groups. It is clear from Table 1V that the position ofthe copper—exygen

Table TV

Far IR spectral data of some complexes

Complex

(EtIN)4CuC104
(MelIN)4CuC104
(Py)4CuC104
(4-pie)4CuC104
(2,5-hit)3CuC104
(MeN)3CuC104
(MelIN)2CuC104
(EtIN)2CuCl104
(EtN)2CuC104
(2,4-lut)2CuCl104
(2,5-lut)2CuC104
(2,6-lut)2CuC104
(s-coll)2CuC104

vCu—N vCu—0

206 m

203 m

transparent

transparent

312 m (306)

225 s

230 m 264 vs, 251 vs
210 m 262 vs, 246 s
280 s, 240 m 348 s, 335 vs
315 w (315), 266 s (266)

343 s, 3125

343 m (345), 259 (259)

327 s (325), 300 s (298)

The values between parenthesis are given from Ref. 6; m = medium, w = weak, s =

= strong, v = very
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frequencies is dependent upon the substituent group and more upon its
position in the pyridine ring.

Our results for some of the formally di-co-ordinated complexes are in
excellent agreement with those reported by Lewin et al. [6]. The appearance
of two bands in the copper—itrogen region leads to the conclusion that these
complexes definitely do not have local symmetry containing N—€u-N arrange-
ment. Such deviation from N—€u—N arrangement may be due to a tendency
to increase the co-ordination number of copper(l) ion.

(iv) The effect of the steric requirements and base strength of the pyridine ligands

on the stereochemistry of the copper (1) complexes

The co-ordination number of the synthesized copper(l) complexes of the
pyridine derivatives can be related to the steric recjuirements and base strength
of the ligands. Thus complexation of copper(l) with pyridine or 4-substituted
pyridine leads to the formation of complexes with the maximum co-ordination
number of four. The para-substituent group on pyridine ring do not exert
any effect onthe co-ordination number of copper(l) though the pKa changes
from 3.26 for MeIN to 5.30 for pyridine to 6.10 for 4-picoline.

The meta-substituted pyridines, on the other hand, gave complexes
with co-ordination number three for MeN and formally co-ordination number
two for EtN. Since 3-picoline forms a complex with co-ordination number of
four [31], so the variation in co-ordination number of copper(l) with such
ligands is due to the steric requirements.

2,6-Lutidine and sym-collidine yield di-co-ordinated copper(l) complexes
which is undoubtedly due to the steric hindrance of the two orf/io-methyl
groups. The copper(l) perchlorate complex of 2,5-lutidine is tri-co-ordinated,
as expected from both the steric effect and pKa. However, 2,4-lutidine which
has essentially the same steric effect as 2,5-lutidine gave a di-co-ordinated
copper(l) perchlorate complex, may be due to its slightly greater basicity
(HpKa = 0.25).
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The absorption spectra of 24 merocyanines have been investigated by the use
of Free Electron Molecular Orbital Model employing two procedures: (i) by the method
developed by Kunn [J. Chem. Phys., 17, 1198 (1949)] with appropriate modifications
with respect to the box length and the number of pi-electrons and (ii) by the use of first
order perturbation theory developed by us. Both methods give results that are in ex-
cellent agreement with experiment. The latter method is shown to have an additional
advantage over the former in not making explicit use of any empirical parameters.

Recently we have become increasingly interested in the applicability of
the simple one dimensional free electron gas model to the spectral investigation
of organic dyestuffs. This model describes the pi-electron wave function of
conjugated system in terms of standing sine and cosine functions. In our earlier
communications [1—4], we have reported that this crude yet simple and ele-
gant quantum mechanical scheme gives good results with respect to the pre-
diction of the intense long wave length transitions in organic dyestuffs with a
judicious choice of certain parameters involved in the FE equations.

In the present paper, we report a few more calculations on the absorption
spectra of some merocyanine dyes, and suggest some improvements about the
choice of the box length for this particular class of dyes. We also report here
the investigation of the absorption spectra of merocyanines by the use of first
order perturbation theory employing the free electron wave functions. The
results are interesting for the quantitative prediction of spectra, as they do not
involve any adjustable parameters.

Results and discussion

(1) Method involving length and Vo

(i) Although it has been customary to use the value of 1.39 A as the
average bond length in the free electron calculations, we prefer to take the
C—C=C length as 2.82 A (1.34 + 1.48), as in case of butadiene, since we
consider that in the ground state, the merocyanines resemble the polyenes in
their electronic structure. Average bond length of 1.39 A (benzene) would be
more appropriate in case of symmetrical dyes, where the two extreme structures
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are degenerate. By taking the merocyanines to be systems of unequal bond
lengths, an elastic o-bond framework is implicit in our calculation. The pi-elec-
trons always tend to deform the originally equal c-bonds in order to produce
alternatingly longer and shorter ones. This trend is counteracted, however,
by the need of strain energy and the increase in the interaction energy between
pi-electrons. But since the change in the ground state energy on account of
these parameters are almost same as that in case of the excited state [5],
these terms cancel each other and presumably will have no material effect
on the transition energy.

Kuhn et al. [6] have found out the wave functions and energy levels of
the polyenes on the basis of simple sine curve potential model and found that
they compare quite well with those given by more refined methods, viz.,
in which the pi-electrons are treated as electrons in a (a) one-dimensional
wave-shape potential and (b) two dimensional potential trough models with
nuclear charge and shielding effects. The results of all three treatments are
in good agreement, and by considering the electron density distribution along
the chain, each treatment leads to the same conclusion, that each single bond
and each double bond in a long chain polyene must have, respectively, the
same length as the single bond and the double bond in butadiene. The values
of the absorption maxima given by the three models are in good agreement
with the experimental values.

It is well known that the equilibrium positions of the nuclei in optically
excited molecules differ from those in the ground state. Thus, for a more
accurate description of the spectra, it is desirable that the change in the total
length is to be incorporated in the calculations. Labhakt [7] has reported the
theoretical values of the changes in the bond length (AL = Le —Lg) on optical
excitation and has shown that for singlet transitions, there is a convergence
in the ZIL values. The values reported are much too small (~0.08 A) forn > 10
(as in case of di-, tetra- and hexa-methine merocyanines considered here)
to have any appreciable influence on the calculations. We have, therefore,
not considered such changes in the molecular dimensions in our calculations.

(ii) As in previous calculations, the free electron path is assumed to ter-
minate one bond length beyond the end atoms [8] the extension being in
keeping with the conjugated system, i.e., contributing an additional 2.82 A
to the geometrical length. The total length L can thus be written in a con-
venient mnemonic form as:

L = 2.82 «n,

where 2n = no. of pi-electrons.
(iii) In case of dyes derived from quinoline-2, the chromophoric chain
is taken to be the intermediate of the following two [3]:
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The absorption spectra of merocyanines may be considered similar to
those of polyenes, in the sense that the lowest energy electronic transition of
these dyes occur at a shorter wave length than the corresponding isoenergetic
wave length derived from the parent cyanines and oxonols. In case of polyenes
this has been explained in the electron gas model by introducing a periodic
potential which partly localises the pi-electrons into the potential throughs
at the double bonds. A satisfactory agreement between observed and calculated
electronic transition energies of polyenes has been obtained [9, 10].

It is apparent from the results in Table 1 that there is an excellent agree-
ment between the calculated and experimental values of the electronic transi-
tion energies of merocyanine dyes, in fact much better than one would expect
from such a simple model.

The results reported in Table | have been derived from the approximate
solution of the one-dimensional Schrédinger equation for a system of varying
potential by an appropriate adjustment of the parameters L and V0. Some of
the recent papers have reported improved wave functions using an iterative
procedure [10—13] for the calculations of the spectral properties of polyenes
and cyanine type aggregates and some asymmetrical systems like corrinoids
and pseudo isocyanine aggregates. The gain in the accuracy in the calculated
absorption frequencies is far superseded by the mathematical complexity.

(2) Method of perturbation

The periodic potential (Vp) introduced by Kuhn [14], which has the
following form, may be taken as the perturbing component on a chosen zero
order system and the changes in the energy levels due to this perturbation
may be calculated by using first order perturbation theory.

2nnx
Vp= VO0cos (1)
L \Y
We consider the energy levels derived from the isoenergetic wave length ofthe
merocyanine as those corresponding to the unperturbed system. Since there
are 2n number of pi-electrons, the ground state energy level is described by
the nth quantum state and the change in en due to perturbation is given by,

L L
n n AV 2 nnx 2 nnx
Aen= <PnVpgndx = I siin-------mmm- COS§---—--- —ax: (2)
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Table 1

,~———N—CHz3 0=C-

=CH—CH=CH—CH=('

rs](|): NatuB of Natw of Vo A(r?re#) Aﬁ)r%e) |nCa1r%ObB|
. Quinoline-2 3-Phenyl isooxazolone 2.57 521 626 5
2. -do- 2-Phenyl-5-oxazolone 1.98 642 640 2
3. -do- I-Phenyl-3-methyl pyrazolone 2.65 617 618 1
4. -do- Diphenyl thiobarbituric acid 2.37 628 625 2
5. -do- 4-Hydroxy coumarin 3.28 596 592 4
6. -do- 2-Benzyl thiothiazolone 1.64 655 650 5
7. Quinoline-4 3-Phenyl isooxazolone 0.57 709 685 24
8. -do- I-Phenyl-3-methyl pyrazolone 0.33 711 692 19
9. -do- 2-Benzyl thiothiazolone 0.17 719 685 34
10. Benzoxazole-2 I-Phenyl-3-methyl pyrazolone 1.09 555 547 8
11. -do- 4-Hydroxy coumarin 0.96 594 550 44
12. -do- 2-Benzyl thiothiazolone - - 590 -
13. Thiazoline-2 I-Phenyl-3-methyl pyrazolone 2.36 530 522 8
14. -do- Diphenyl thiobarbituric acid. 1.62 550 529 21
15. -do- 4-Hydroxy coumarin 1.55 551 525 26
16. -do- 5,6-Benzchroman-2,4-dione 1.50 552 535 27
17. -do- 3-Phenyl thiohydantoin 1.26 559 505 54
18. -do- 7,8-Benzchroman-2,4-dione 1.03 566 537 29
19. -do- 3-Phenyl rhodanine 0.92 569 552 17
20. -do- 4,7-Dihydroxy coumarin 3.78 544 525 19
21. Cyclopentadienylene-
triphenyl phospho-
rane-2* Indane-I,3-dione 4.83 538 565 27
22. -do- Diphenyl thiobarbituric acid 4.83 538 570 32
23. -do- 3-Phenyl rhodanine 3.94 561 550 11
24. -do- I-Phenyl-3-methyl pyrazolone 5.74 517 550 33
*Values refer to trimethine merocyanines, already reported in Ref. [2]
Similarly, the change in the energy levels in the first excited state,
L n
Aen+i = I =0 (3)
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Therefore, the net energy change from the isoenergetic transition energy (AEt)
due to the perturbing potential will be,

that is,

(Zle,, +1) -

AE - AE,-=1A

(Aen) = b -

The results obtained by this method are given in Table II.

Dye no.*

o~ wn

o

9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.

*The dye numbers refer to the SI. no. given in Table 1 vo values have been calculated
by using the experimental values of the lower homologue, i.e. dimethin merocyanines for dyes

Y,
(k.K)
-0.18

0.26
0.36
0.92
1.20
-0.82
-0.10
1.60
2.18
-0.94
0.82
1.90
1.46
-0.14
-0.36
3.58
-0.54
3.08
1.4
0.60
0.84
1.58
1.50

Table 11

A<nm

622.5
640
625
625
620
665
672.5
685
715
570
555
600
540
542.5
537
542.5
577.5
542
582.5
547.5
578.5
578.5
608.5
568.5

AcCalc. nm
Eq. 4(b)

626
640
620
626
602
643
691
687
684
537
570
586
514
522
539
539
523
550
535
527
568
565
581
545

AObs
nm

626
640
618
625
592
650
685
692
685
547
550
590
522
529
525
535
505
537
552
525
565
560
550
550

1—20 and monomethine merocyanines in case of dyes 21 —24

10*
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The perturbation method apparently is quite straightforward and simple.
The predicted wave lengths are in much better agreement with experiment,
without one having to use any empirical parameters explicitly. Nevertheless
the method still suffers from the disadvantage of an arbitrary choice of the
zero-order system.

The perturbation affects only the highest occupied MO (tpn) by an amount
yio)
2
however, create any anomaly in the energy level spacings, that is, g%is still
greater than 9®r

It is also possible to avoid the explicit use of L and VOby K unhn’s method
for this method in terms of the isoenergetic transition energy becomes,

equivalent to leaving all other energy levels unaffected. This does not,

1

| ©

(TV=2n = no. of pi-electrons)

This procedure yields a value of VO, which is different from that obtained

by the perturbation method by a factor of 2 1 -——--- 1that is approximately

by a factor of 2 for large values of TV, so that both methods should yield results
very close to each other, when used for the purpose of prediction (Table IIl).

Table LW

Comparison of the absorption maxima calculated by Eqgs 4(b) and 5

Dye no. Eq. 4(b) Eq.5
| 626 626
2 640 640
3 620 620
4 628 626
5 603 602
6 644 643
7 691 691
8 687 687
9 683 684

The absorption data have been taken from the ph. D. theses of Dr. P. B. Tripathy,
Dr. p. C. Rath and Dr. D. C. Pati (Utkal University).

The authors are grateful to the University Grants Commission, New Delhi, India for
the award of a research grant to LNP.
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ACTA CHIMICA

TOM 97-Bbl . 2

PE3IOME

OnpefeneHve LMPKOHUSA MyTeM 3KCTPaKLUMOHHON (hoTomeTpum
¢ apceHaso Il

B. K. AKUMOB, 1. T. TBEJNECUAHW, A. N. BYCEB n N. HEHHWHT

LInpkoHWii Bbl 9KCTparnpoBaH AMX/10P3aTaHOM M3 CEPHOKMCNIOro pacTeopa nocne jobas-
Kn KSCN 1 aHTunupuHa. Nocne 06paTHOI IKCTPaKuUn LMPKOHUIA onpegensietca oTopMeTpu-
YECKU B BUe ero Komrekca ¢ apceHaso I11.

HekoTopble XMMWYECKME peaKUUn B 3/1IEKTPOAHONM LWeNn U MxX posb
B CrekTpoxmmMmuyeckom aHanuse, XXVIII

MoBefeHne OKWUCMOB MET10B B Ayre C aTMOC(epoit NpOTOYHOro
aproHa. Ponb BpemeHW TFOpeHWs LyrM U CUnbl TOKa B Cydae
NofCobHbIX anekTpogoB RW I

3. 1. CABO u X. LOBONN-®ENEPAN

Mccnepysa nopolikoBble cMec CnO + C, 6b110 HalAeHo, YTO BbIXO4 OKWC/IOB Yriepoja B
[yre Bo3pacTaeT C yBe/IM4YeHVEeM BPEMEHN FOPEHUS Y C NOBbILLEHNEM CUNbl TOKa. B aByX pasnmy-
HbIX C/ly4asX OTHOLUEHMe CKOPOCTEe HarpeBaHus 1 OXNaXAeHUS 3MeKTPOA0B pas/ivyHbI, a Mo-
3TOMY 1 pa3MyaloTca CKOPOCTM 06pasoBaHns OKUCNOB Yriepofa. 310 0CO6eHHO Harns4Ho, ecnm
n306paxaTb ANA ABYX Pas/IMUHbIX CllyvaeB 3/1eKTPUYECKYyl0 paboTa gyrv B 3aBUCMMOCTU OT
Npoun3BeAeHNs BpeMs Ha cuny Toka. C npoTeKaHVeM peaKkuMu B KaHase 3/1eKTpoja-HocuMTens
HakannBaeTCcs MeTannyeckas Medb, KOTopas MNpPenAaTcTBYeT AasibHelillei peakumn, T. K.
YXyALIAeTCca AOCTYN K HUXXHUM CNOSIM NMOPOLLIKOBOW cMecy. M03TOMY CO BpeMeHeM YMeHbLLIAeTCs
1 [oNsa ncnapeHus. Mcxoga v3 M3MeHeHWs 06BbEMHOr0 OTHOLWeHUst obpasytowmxcs C02 n CO,
MOXHO 3aK/II0UUTb, YTO Te OKUC/UTENbHbIE U BOCCTAHOBUTE/bHbIE TEHAEHLMN 3/1EKTPUYECKOrO
NPOUCXOXAEHUSA, KOTOPble HAMPaBASAYT peakUMn Mexay rasoBoi aTMOoc(epoi 1 MaTepuasioM
3/1eKTPOLa Ha NMOBEPXHOCTU 3/1EKTPOLA, He CripaBefIMBbI AN1A PeakL il BHYTPU MaTepuana anek-
Tpoza.

HekoTopble XMMWYECKUe peakuMu B 3MEKTPOAHOM LWenm u Ux ponb
B CNeKTpoxXMMmyeckom aHanuse, XXIX

MoBeaeHMe OKWC/IOB METAINOB B Ayre C aTMOC(epoii MpOTOYHOro
aproHa. Ponb OTHOLEHUS OKWUCb MeTanna/MopoLLOK Yriepoja B Ciydae
nofco6HbIX 3nekTpogos RW 11

3. 1. CABO u X. JOBO/IN-®ENEPAW

BbINN MOBTOPEHbI UCCMEAOBAHNS C U3MEHSIEMbIM OTHOLLIEHMEM OKWCb MeTass1a/MopoLUloK
yrnepoja ¢ Toli pasHULEi, UTo BMECTO aTMOCKEPbI C HEMOABUXKHLIM aproHOM MCMO/b30BaNIN at-
Mocepy € NPOTOUHBLIM aproHOM. B corfiacm ¢ paHHUMK pesynbTaTaMu, MakKcMMasbHasi CKOpOCTb
peakummn 6bina MnosyyeHa, Korga OTHOLLUEHME OKUCb MeTasna/rMopoLwloK yriepoja HaxoauTcst B
MHTepBasie MONAPHBIX OTHOLLEHN 1 :1 1 2 @1, SBNAIOLWMXCS ONTUMAIMHLIMKM ANS 06pa3oBaHNUs



CO n CO02 T. e., ABe peakUuMn NPOTEKAKOT napasisiesibHo. cxoas U3 U3MeHEHUS MHTEHCUBHOCTU
CNeKTpanbHbIX IMHWIA, 6bI10 0606LLIEHO TO 3aK/THOHEHME, YTO B OTCYTCTBUM XMMMUYECKNX peaKL il
KaToAHOe BO36Y>XJeHWe faeT 6051ee UHTEHCUBHDbIM CNeKTP. A ecv B 30He UCMapeHus noTekaeT
XMMMyeckas peakLms ¢ BblgefieHVeM Tena, To aHOAHOe BO3bYXAeHWe 6051ee NHTEHCUBHO.

HekoTopble XMMWYECKME peakuMW B 3M1EKTPOAHONM LWenn M UX ponb
B CMNEKTPOXMMMYECKOM aHanmse, XXX

MoBefieHVe OKWCNOB METaNN0B B Ayre C aTMOCHEpPOi MPOTOYHOrO aproHa.
BnvsHve peakLMOHHOW CNOCOBHOCTY OKUC/IOB METaiIoB B C/y4ae
NoAco6HbIX 3nekTpogoB RW 11

3. 1. CABO u X. LOBONVN-GENEPAN

BAUsiHME peakuyOHHO CMOCOGHOCTM OKWUC/IOB METa/I/IOB MPOSBIAETCS Kak B peakuusax
B Yr0/1bHbIX MOPOLLUKOBbIX CMECSIX, TaK M Ha pe3y/ibTaTax CreKTPasibHOro aHa/In3a aTUX peaKLimii.
Moz BAUSIHUEM TOPEHUs AyTY, B Cllydae 60/1ee peaKTUBHbIX OKUC/IOB METasI0B, 0CBOGOXKAaeTCs
Pa3sHOCTb MeXAy TensnoToN OKWUCNEHNs yriepoaa 1 TenioTol pasnoXeHnst OKUCNa MeTanna, uto
NPUBOAMT K NOBbILLEHHOMY Pa3orpeBy cMecu. BcneacTBMe 3TOro peakums yCKOpSeTes 1 ycunu-
BaeTCsA MHTEHCMBHOCTb CMEKTPaSbHbIX SIMHWIA. McXoas U3 pe3ynbTaToB MCCNefoBaHUiA, MOXHO
[enaTb 3aK/IHOUYEHUs OTHOCUTENIbLHO MPOTEKAIOWMX PeakLMii, UX MocnefoBaTe/lbHOCTM U MecT
npoTeKaHus.

MogenbHas peanusauusi uaeanbHOro MoIMMETUHOBOFO COCTOSIHUS
C MOMOLLbIO M3MEHEHWI, UHAYLUPOBAHHBIX PacTBOPUTENSIMY
B 9/1EKTPOHHOW CTPYKTYpe CO/IbBATOXPOMHbIX KpacuTenei

C. AEHE uw K.-[l. HONbTE

BbInn cuMynmnpoBaHbl HENOMAPHbIE Y MONSPHbIE BAUIEHTHbIE CTPYKTYPbI MEPOMOIMMETUHA
Ha ocHoBe Teopun MO, nonaras cyrneprnoHMpoBaHne peakLMOHHOI0 Nos yBeMUmMBatoLLelics no-
NSAPHOCTM Ha MOfeKyny. CUMMETPUYHOE COCTOSIHME, 4Yepe3 KOTOpOoe NPOXOAUT MOJeKyna, 06-
nagaet BCEMU TUMUYHBIMWN XapaKTepuCcTUKaMn NaeanbHOro noIMMETUHOBOIO COCTOAHNUSA, TaKUMKU
KaK MUHUMYM nepexoga aHeprum N -* VV1( cooTBETCTBYHOLWMIA VB TeopeTMUecKnM 3aKNoHeHNAM
T. ®épcTepa, MakCMMyM BEPOSATHOCTM Mepexoja, MaKCUMyM YepeoBaHUA S-3/1eKTPOHHOW NioT-
HOCTW, YepefioBaHVe MUHMMYMa MOPsiAKa /1-CBA3WN KakK B OCHOBHOM COCTOSIHUM, TaK U B MeHbLUel
CTerneHu, B NepBOM BO3OYXXAEHHOM CUHIIETHOM COCTOSHUK. Mpun cBeTONOrNaLleHnn, 3-31eKTPOH-
Hble NAOTHOCTM B nepexofax N -> V, sKCnpemManbHO 06paTHbI B MAeabHOM MO/IMMETUHOBOM CO-
CTOAAHUN, B TO BPEMSA KakK WU3MEHeHWs B MOpsifKe N-CBA3U MUHUMASIbHbI.

KuHeTuKa 1 MexaHunsm peaKLl,VIVI 3aMeLleHna Kommniekcos, V

ConbBataumns [Cr(MCB8)46eH3unamnHa)2]- B CMecsiX aueToHa C BOgOiA

M. )XAKO, Y. BAPXEW, . ONPECKY u W. TOHECKY

Bbina wnccnegoBaHa KuHeTMKa conbBataumm [Cr(LLIC(4(6eH3nnamuHa)Z]_ B cMecsax
aueToHa c BoAol. Monekynbl GeH3MNaMMHa He 3amellieHbl, TO/IbKO MOHbl NCS- 06MeHeHbl Ha
MOMIeKy bl pacTBopuTens. Peakuusa (1) 3aTpyfHsieTcsi C YBe/IMYEHMEM COAEpXKaHWs aLeToHa
yKasblBasi Ha BaXKHYI0 PO/Sib MOMEKY/ pacTBOpPUTENst B MexaHu3Me peakuuun. Peakuus (1) 3a-
TPYAHSAeTCA Takxke MOHaMK Bogopoaa. KoHcTaHTa cKopocTu peakuumm (1) He 3aBUCUT OT NPUPOAbI
aMuHa B CMecy 3TaHo/a C BOAOMW, HO B CMeCsIX aleTOHa C BOZOW KOHCTaHTbl CKOPOCTW, MOyYeH-
Hble 4151 NPOU3BOAHOI0 GEH3UNaMMHA, 3HAUUTE/IbHO OT/IMYAOTCS OT KOHCTaHT CKOPOCTeld nMpouns-
BOAHbIX MUPUAMHA W aHWU/IMHA, COOBLLEHHbIX paHee.



O Komnekcax a-AUOKCMMUHA C MNepexofHbiMuU MeTannamu, V

Xenatbl K06anbT(LU)-HMOKCUMWHA C OKCOKMCACTaMW Cepbl

Y. BAPXEW, A. BEHKE, M. WLOMAW u A. KOX

HoBble KOMMneKcHble aHuoHbl Tuna [Co(niox.H)2XV]~3 (rge niox.H2 = 1,2-umkno-
reKcaH-guoH - guokeum, X = ¥, X ¥ = S03 1 SD 3 6biAM nonyyeHbl NyTeM OKUCIEHUSA Ha
BO34yxe cmeceit Co+2-HMOKCUM-X Y, NNM60 C NOMOLLLIO peakunii NMraHgHoro o6MeHa U3 cooT-
BETCTBYIOLLMX raioreHoaKBo-He3NeKTpoNnToB. Mepexod oT akBagopmbl [Co(niox.H)2(HD)X]
B aMMHOCOPMY C NMOMOLLLbIO aPOMATUUECKNX Y FeTEPOLMKANYECKMX aMUHOB NPUBOAUT 27 COMew,
K o6paszoBaHutio [Co(niox. H)2QamuH)X]~. Bbina n3onnpoBaHa M oxapaKTepu3oBaHa cepusi 13
HekoTopble CTPYKTYpHble NpobaeMbl 6b1IM UccnesoBaHbl ¢ MOMOLWbLIO Y® 1 UK cnekTpasbHbIX
M3MepeHnii. [lpyrne OKCO-aHMOHbI cepbl, Takne kak S04-2 n S,,06 (n = 2—5), He NPUrOAHbI
[ONA 3TUX peakumnini BCNeACTBUE CTEPUUECKNX 3aTPYLHEHWA WAN OTCYTCTBUS LOHOPHbLIX aTOMOB
cepbl.

MccnefoBaHue CniaBOB >KeJe€30-HUKeNb U XKene30-XpoM € MOMOLbIO
MCBW, |

WccnepoBaHns B CBAI3U C MOHHBLIM pacribliieHNeM

M. puaeEnL, T. HEHALOBWY n 6. MEPOBWY

VoHHOe pacnbliieHne [BYXKOMMOHEHTHbIX Xee3HbIX CnaaBoB ¢ NpocTol (ha3oBol
Anarpammon, a Takxxe MX aTOMHas U KOMMEeKCHas MOHHas ammccus 6binm nccnefoBaHbl Macc-
CNEeKTPOCKOMMeN co BTOPUYHOI noHmsaumen (MCBW). CrnnaBbl Fe—Ni 1 Fe—Cr ¢ nHTepaniom
KOHUeHTpauuin 0—100% noaBepranmcb 6ombapanpoBke noHamu Kr+ c aHepruein 4 Kss. Mogu-
(hrumpoBaHvieM UCTOUHMKA MOHOB B MCBW 1 aHanM30M C NMOMOLLbHO 3/1EKTPOHHOI0 MMKPO30HAA
OTKPbIBAETCH BO3MOXHOCTb CUMY/IbTAHHOI0 UCCMEf0BaHNA MOHHOIO pacrblfieHUs 1 BTOPUYHOM
WNOHHOI amumccum.

B nepBoM coobLeHnn 06¢cyxaanack 3aBUCUMOCTb pacnblieHns cnnasos Fe—Ni n Fe—Cr
0T cocTaBa. bbln onpegeneHbl OTHOLLEHUS CKOPOCTEN pacnbliieHnsl, He0bXoAUMble AN OLEeHKMN
MCCNef0BaHNA BTOPUYHON MOHHOM 3MUCCUK, @ TaKXXe UX 3aBUCUMOCTb OT cocTaBa. OTHOCUTESb-
Hbli KO3(I(MLMEHT pacnblieHNs KOMMOHEHTOB CnjaBa paBeH MPUGAUSUTENBHO eavHULE; B
UYMCTOM COCTOSIHMMN BELLECTBO C MEHbLUMM KO3P(HULIMEHTOM pacnblieHns 60/1ee MHTEHCMBHO pa-
CNblNSieTCA B CMiaBe, M B TOXKE caMoe BpeMsi Habntoaanock yMeHbLUeHMe CKOPOCTM pacnbl/ieHns
LPYroro KOMMOHEHTa.

ViccnegoBaHue CNaHOB XKeJ1€30-HUKETb U XKE/1e30-XPOM C MOMOLLbIO
MCBW, I

VccnegosaHue amMMUCCUMU BTOPUYHBIX OAHOATOMHBLIX U OAHO3apsALHbIX
MOHOB B 3aBMCMMOCTW OT COCTaBa

M. PMOAENbL, T. HEHALOBWY n 6. MEPOBUY

Cpeay MHOIOYMC/IEHHBIX NOHOB, MOSAB/ALWMXCA B CMEKTPE BTOPUYHbBIX WMOHOB BbICOKO-
KOHLIEHTPMPOBAaHHbIX CMaBOB Xefe30-HUKe/b W XKene3o-XpoMm, Obiv MUccnefoBaHbl nLlb
0fHOATOMHblE W OAHO3apsifHble MOHbI MeTannoB. CorfacHo WccnefoBaHWAM, OTHOCUTENbHbIN
BbIX0[, BTOPUYHbBIX MOHOB CU/IbHO 3aBUCUT OT KOHUeHTpauun. C noMoLbio CUMY/IbTAHHOIO M3Me-
peHns pacnblIeHNs U MOHHOW aMuccuy bblna onpefenieHa OTHOCUTeNIbHAS CTeneHb MOHWU3aLMN,
KOTOpas NpUHMMAET NpefenibHOe 3HAaYeHWe Npu cocTase, OTHOCALLEMCH K MUHWMa/IbHON TOUke
nnaBfneHns cnniaeoB. CornacoBaHue mogenein LTE n ASI, onucbiBaloWmMX BTOPUYHYH MOHM3a-
LN, C 3KCNEePUMEHTa/TbHLIMW JaHHBIMK ObL/10 BO3MOXHO /IULLIb C OFPaHNYeHHON TOYHOCTbI0. JTO,
B CBOIO 0Yepefb, YKa3bIBaeT He TO, YTO ryuyllee onucaHve KOHLEHTPaLNOHHOM 3aBUCUMOCTY UOH-
HOWM 3MUCCUW BO3MOXKHO NWLLb NPU NYYLLINX NPUGANKEHUAX.



MccnepgoBaHue CniaBoOB XXKesle30-HUKENb W HKene30-Xpom € MOMOLbIO
MCBW, 1l

3aBMCUMOCTb 3IMMCCUM ABYXaTOMHbIX KOMM/IEKCHbIX MOHOB OT COCTaBa
cnnasa

M. puageEnb, T. HEHALOBWY u B. MEPOBUY

B cnekTpe BTOPWYHbLIX MOHOB KOHLIEHTPUPOBaHHbIX cniaBoB Fe—Ni n Fe—Cr, noasep-
rHyTbIX 60M6GapanpoBke MoHamMu Kr+, Habn4anncb MHTEHCUBHBLIE MUKW MOHOB, COCTOSILLMX U3
ognHakoBbix (Fe,+, Ni2+, Cr2+) n pasnmyHbix atoMmoB (FeNi+, FeCr+). O6pa3oBaHune KOMM/IeKc-
HbIX MOHOB CU/IbHO 3aBUCUT OT KOHLIEHTPALMK, a CU/la ToKa C/I0KHbIX MOHOB YBE/TMUMBAETCS NpU
yBeIMYEHUN MSIOTHOCTU TOKa MEPBUYHbIX MOHOB. Ha 0CHOBe onpefeneHnst 0THOCUTEIbHOW CTe-
MeHN MOHU3ALUN KOMMJIEKCHbIX WOHOB, Gbl1 MOCTPOEH MeXaHW3M 06pa30BaHMsi KOMMIEKCHbIX
VIOHOB.

[MonvaToMHble KaTUOHbI TENNYPUA C HU3IKUM BasIeHTHbIM COCTOSAHWEM

C.A. A. 3AUAWN, 3. A. CULANKN n H. A. AHCAPMU

KOHALYKTOMETPUYECKNE W3MEPEHUS W CMEKTPOCKOMMUYECKME WCCNefoBaHUSa B YbTpa-
(h1oneToBOM B BMAVMON 06/1aCTAX PacTBOPOB TeNypus B X/10PUCTOM CyNbypusie yKasbiBaloT
Ha TO, 4YTO KpacHbIl LBET pacTBopa, NpUrotoBneHHoro B umctom HSOaCl, Bbi3BaH KaTWMOHOM
Te4+2. Bbl/10 TakXKe NokKasaHo, YTo KpacHble MOHbI Ted+2MOoryT 6bITb OKMC/EHbI C MOMOLLIbIO TaKMX
oKMCNAWMX peareHToB, Kak K520 8 nTe02 [0 XeNnTbix MoHOBTe4+4.B NpucyTCcTBUM M36bITKA
OKUNCNAKLWEro peareHTa obpasyetcs Te02

MccnegoBaHe KaTalMTUYECKOro OKMUCNEHUA C0p603bl

A. NEHABEN-MECAPOLW, B. NOWOHUWN, . NETPO n N. PYCHAK

[eTeporeHHoe KaTaIMTUYECKOe OKMCNeHWe Cop60o3bl A0 2-KeTOrys0HOBOM KUCNOTbl 6bU10
MCCnefoBaHO C KatamsaTopoM nannajuini Ha HocuTeNle aKTUBUPOBaHHbIN Yronb. Bblio HaigeHo,
yto B 20% Bec.%-om pactBope npu 60—70°C 3a 4—6 YacoB Obl1 AOCTUIHYT MPUBAN3NTENBHO
50%-bli1 BbIX0, 1 CENEKTUBHOCTb 47151 COp603bl paBHa 80%. TakMM 06pa3om, 3TOT MeTOA MOXeT
6bITb MCMO/Mb30BaH W 415 MPOMbILMEHHbIX Lefei.

MexaHn3Mm rmgporeHosnM3a ataHa Ha MeTa/l/IMYECKUX KaTanmsaTopax

M. TETEHW, N. TYUN n A. WWAPKAHb

[JaHHble aacopbumm n obmeHa H —D B CH4 n C2He cpaBHMBanuch € AaHHbIMU rMaporeHo-
nunsa Ha Co, Ni, Rh, Pd, Ir n Ha nnaTWHOBOI YepHW.

Bbl/10 HalgeHo, UTo AN BCex M3y4deHHbIX KaTanmsaTopoB vex > Wh, n Eex< Eh. Mocne-
[0BaTeNbHOCTb MO akTMBHOCTM MeTanHoBM: Rh, Ru, Ir, Ni, Co, Pd Pt, uTo 3HauMTeNbHO OTNYa-
eTcsa OT paga HabnaeHHOM Npy 0bMeHe MocnefoBaTeNbHOCTU. Bbin HalfeH Napaniennsm mexay
aKTVBHOCTbIO B TMAPOreHo/IM3e, XeMoCop6LMeli U COOTHOLLEHNEM MHOMOKPATHOrO K OfHOKpaT-
HOMY 06MeHY B 3TaHe.

3Tn co0bpaKeHUS MOLTBEPXKAAIOT BAXHOCTb CU/IbHBLIX B3aMMOAENCTBIUIA Yr1eBOA0POL0B
C MeTal1lamn B npoLecce ruaporeHonunsa. OfHaKko, NonoXxeHne, NpeanoXxeHHoe Kemb6aniom ot oM
yT0;06paszoBaHne cTpykTyp C= Me unn C(Me)2aBNseTcs CTYNeHblO, ONpeaensioLLeil CKOpoCcTb
rMaporeHonn3a, He NOATBEPXAAETCA MPU CPaBHEHUS BE/IMYMH 3HEPTUA aKTUBaLUW UCCNef0BaH-
HbIX peakuuii.

AHanmanpys Bce AaHHble (06MeH, XeMocopoumsi, rmaporeHonuns), 6bI10 3aKIOYEHO, YTO
paspbiB cBsi3u C—C xeM0CopbMpPOBaHHOI0 3TaHa ABMSETCA CTYNEeHbIO, ONpeAensoLLei CKOPoCTb
npotecca. 370 ObII0 TAKXe NOATBEPXKAEHO IHEPreTUHECKMMUN pacHeTamu. ,



TeTpa-, TpU- U AUKOOPAMHUPOBAHHbLIE KOMMMIEKCbl HEKOTOPbIX
Npou3BOAHbIX MUPUAMHA C nepxsopaToM meau[l]

M. A. C. TOXEP

BbI/M NPUIrOTOB/EHbI M 0XapaKTepU30BaHbl CEPUN CTabU/bHBLIX TeTpa-, TPU- U ANKOOPAM-
HMPOBAHHBLIX KOMIM/IEKCOB HEKOTOPbIX MPOM3BOAHBLIX NUpUAMHA C Nepxiopatom Mean(l). IMep-
X/710paTHble rpynmnbl ABASIOTCS MOHHLIMU BO BCEX TETPAKMC-, TPUC- U BUCKOMMIEKcax. CoracHo
CrneKTpam WK, (hopmasibHO AMKOOPAMHMPOBAHHbIE KOMM/EKCbl 06/1a4aloT  KOOPAUHALMOHHBIM
yMcnoM GosbLLIMM, YeM ABa. 3TO NMPOUCXOAUT, B 3aBUCUMOCTY OT NPUPOAbI 3aMeCcTUTENS, pas/in-
YHbIMW NYTAMU: NM60 B pesynbTaTe 06pasoBaHUA N-KOMMIEKCOB, NMbo uepe3 o6pasoBaHuvie
METa/I/TIMYECKMX KNacTepoB WM 31eKTPOHHOOGEHEHHbIX CBA36H, KOraa 3amecTUTe/lb NpejcTaB-
NsIeT co6oii 3NeKTPOHOAOHOPHYO rpynny. Ans MeTa- U napa-Kap6oMeToKCU- UK KapGoaToK-
CU-NPOM3BOAHBIX (T. €. 3/EKTPOHOAKLENTOPHbLIX Tpynmn) 60/ee BbICOKOE KOOPAVHALIMOHHOE
uMcno AOCTUrAeTCs uYepe3 KOOPAMHMPOBaHHbIE Mepx/iopaTbl. B ciyyae OpPTOKApPB6OHW/BbHBIX
nMpUanMHOB voH Meay (1) NPUHUMAET TeTPasaPUUECKYIO FeOMETPUIO 3a CUET KOOPAMHMPOBAHMS
yepes aToM asoTa M KapBOHWbHYH Tpynny B 6UCKOMMeKce. Kaxyleecs KoopavHaLMOHHOe
uncno mean(l) B M3yuyeHHbIX KOMMJ/IEKCAX 3aBUCUT OT CTEPUYECKUX YC/IOBUIA U OCHOBHOCTM

nmraHpa.

PacuyeTbl abCcOpOLUMOHHbBIX CMEKTPOB MepoumaHuHa meTtogom FEMO

H. MUWWLIPA, N. H. TATHAWK n M. K. POYT

ABCOPOLMOHHBbIE CNEKTPbI 24 MepoLMaHUHOB BblM MccnefoBaHbl ¢ MomoLbio Mogenu
CB060HO-INEKTPOHHbIX MonekynsipHbix Opbutanein (FEMO), npumeHsia aBe npoueaypbl: 1) ¢
NnomoLLbI0 MeToAa, paspaboTaHHoro KyHom [J. Chem. Phys., 17, 1198 (1949)] n c coOTBETCTBY-
HOLWLYMY MOAUNKALMSAMU — C YYeTOM A/IMHbI MOPO6KM U YKCna Tr-3/1EKTPOHOB U 2) UCMOMb3yst
TEopuro BO3MYLLEHMSI NePBOro NopsiAka, paspaboTaHHyto asTopamu. Oba MeToda faloT pe3ybTa-
Tbl, HaxoAsLUMeCcs B MPEBOCXOAHOM COF/1aCMM C 3KCMEPUMEHTOM. [locnegHuiAi MeTog, MOMUMO
3TOr0, MMeeT TAKXEe U TO MPEMMYLLECTBO MO CPaBHEHMIO C MEPBbIM, YTO M36eraeT SKCMAMLUTHOE
MCMNO/Ib30BaHNE AMNUPUYECKMX MapaMeTPOB.
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RECENT DEVELOMENT

IN THE CHEMISRTY
OF NATURAL

CARBON COMPOUNDS IX.
Edited by Cs. Szantay

This volume contains three important papers relating to
natural carbon compounds. — The Japanese Kenji Mori’s
study entitled Synthetic Chemistry of Insect Pheromones and
Juvenile Hormones includes a large number of synthetic
schemes and equations utilizing all the achievements of mo-
dern organic chemistry. — In the review: Composition of the
Bulgarian Rose Flower Concrete; the Structure and the Bio-
genesis of its Components, B. Stoianova-lvanova reaches new
conclusions on the biosynthesis of natural plant waxes. —
Chalcone epoxides, deemed to be important intermediates in
the biosyntheses of flavonoids, are reported on by Gy. Litkei
(Hungary). Investigations on the Algar-Flynn-Oyamada
reaction are separately discussed and a new mechanism is put
forward for interpretation.

In English - Approx. 200 pages - Cloth
ISBN 963 05 1632 2

AKADEMIAI KIADO
Publishing House of the Hungarian Academy of Sciences, Budapest
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Pataki, Laszl6-Zapp, Erika:

BASIC ANALYTICAL
CHEMISTRY

This book consists of four comprehensive chapters. The first
deals with the theoretical principles of analytical chemistry,
and, beyond this, it provides solid fundamentals to chemistry
in its entirety. In the second chapter qualitative analysis is
treated on the basis of group reactions; instead of hundreds
of reactions, detailed descriptions of 8—10 reaction types are
given thereby providing a reliable survey of qualitative chem-
ical analysis. Different quantitative methods are discussed
in Chapter 3. The fourth chapter summarizes physico-chemi-
cal measuring techniques of analytical chemistry.

In English - Approx. 400 pages - 93 figures — 89 tables —
Cloth

ISBN 963 05 1543 4

AKADEMIAI KIADO

Publishing House of the Hungarian Academy of Sciences, Budapest
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Maser, Miklos:
MICROSTRUCTURES 01 CERAMICS,

Stricture and Properties of Grinding Tools

This monograph gives a summary of the results of fun-
damental theoretical and technological researches into
ceramics. The term ceramics is used a wide and up-to-
date sense glasses, binding materials etc. The results
achieved by the author are demonstrated by means of

the most appropiate model material, viz. grinding tools.

In English - Approx. 390 pages - 580 figures - Cloth
ISBN 962 05 1576 8

AKADEMIAI KIADO
Publishing House of the Hungarian Academy of Sciences, Budapest
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RADIOLYSIS OF AQUEOUS IRON(III)-EDTA
SYSTEMS

M. Weber, G. Fordiak and E. Kocsis

(Training Reactor, Technical University, Budapest)
Received September 30, 1976*

To investigate the possibility of partial substitution of stainless steel, the major
construction material of nuclear power plants, by the less expensive perlitic steel, the
radiolysis of the Fe'~-edta system has been studied, in aqueous solutions. It has been
found that an equilibrium is established between the radiolyses of Fe,!,-edta and
Fe*l-edta. The influence of formic acid and methanol as secondary additives, as well
as that of the edta complexes of alloying chromium and nickel has also been studied.
The basic radiolytic process was found to be the radiolysis of water, the products of
which interact with dissolved substances. There is a competition between the radiolysis
products of water and the solutes.

Introduction

Heat exchange systems of power plants are made almost exclusively of
stainless steel. These construction materials, however, — due to the high price
of certain alloying components, such as titanium, chromium, nickel —increase
capital investment costs considerably. Therefore, it would be of great economic
importance if stainless could be substituted by perlitic steel in some parts of
the power plant equipment. There is some indication that this is possible [1]
by creating a good quality magnetite layer over the surfaces exposed to cor-
rosion with aqueous Felll—edta solutions or by keeping the metals formed
upon corrosion in solution by complexation.

In addition to fossile fuels, nuclear power plants gain more and more
importance in energy production. No unambigous data are available so far as
to whether the above complexation process can be used in nuclear power plants,
in which the proportion of stainless steel structures is rather high, therefore,
the economic importance of the problem is greater as compared with traditional
power plants. In order to elucidate this technical-economical problem, it is
necessary to know the behaviour of edta complexes under the effect ofionizing
radiation [2].

A short literature survey as well as the initial stage of our experiments
will be reported in this paper.

* In final form December 16, 1977.
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1. Literature survey

Search ofthe literature has not revealed papers dealing with the radiation
chemistry of the ironin-ethylenediamine-tetraaeetic-acid complex (Feln—
edta) under the effect of mixed neutron-y radiation.

The batch type experiments aimed at investigating the decomposition
of Fell'-edta under the effect of X-rays are bearest to our study although a
few reports have appeared on y-radiolysis with 137Cs [3]. These studies have
been carried out at room temperature and atmospheric pressure. Some of the
experiments were performed in solutions saturated with air, others in deaerated
solutions, saturated with argon.

Figure 1 shows that a linear correlation exists between the dose and the
extent of decomposition of the complex at pH = 1, in the given dose range
which is, however, very small compared with those encountered in radiation
chemistry and reactor technique. The relatively low G-values indicate that the
decomposition is not a chain reaction.

Dose 10'8 eV ¢'1)

Fig. 1. Dose dependence of the radiolysis of a 3 mM Fe~'-edta solution containing 0.5 M
H2S04 in systems saturated with air (0) and argon (O) (Ref. [3])

The correlation between the dose and G-values has also been studied
with degassed neutral [Cr en3]CI3.3.5 HOO solutions containing the complex at
different initial concentrations (Fig. 2): the curves show that radiation chemical
yields decrease with increasing dose as well as with increasing initial concentra-
tions of tris(ethylenediamine)chromium (I11) [4]. Thus, under the conditions
met in nuclear reactors, the decomposition is relatively small.

Aqueous solutions of Fe'"-edta have been studied to some extent, using
y-radiation rather than X-rays (Fig. 3). The G-value increases up to about
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1 2
Dose (1018V g')

Fig. 2. G(Cr2+ )values as a function of the dose in solutions of [Cr en3]CI33.5 H2 of different
concentrations; 1 :5XK>-3 M; 2: 10"2 M; 3: 5x10%“2 M (Ref. [4])

Fig. 3. The variation of G(-Fell,-edta) as a function of the initial concentration of air contain-
ing aqueous solution (Ref. [3])

10-3 M in solutions saturated with air, but above this value, the initial con-
centration has no influence on the extent of decomposition [3]. The G(-FeUl—
edta) of decomposition may reach 3.50 + 0.30 as a limiting value in solutions
saturated with air; on the other hand, the analogous value in deaerated but
argon-saturated solutions is 5.85 + 0.20 molecule per 100 eV. The difference
may, presumably, be attributed to the rapid reoxidation of at least a part ofthe
product Fen-edta complex into the initial complex containing trivalent iron
in the presence of water radiolysis products and oxygen. It has been shown
that the majority of products are chemically stable.

In the absence of radiation edta complexes decompose at about 250 °C.
No direct data have been published so far with respect to the temperature
dependence of radiation chemical decomposition. However, since the process is

1* Acta Chim. Acad. Sei. Hung. 97, 1978
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connected with primary decomposition reactions of water, some assumptions
can be made on their basis. An increase in temperature generally (athough not
always) decreases the G-values of water and aqueous solutions [5].

The effect of pH has also been studied. According to the data obtained,
minima are observed in the values of both G(H + e”) and G(OH') in neutral
solutions (G = 2.7 and 2.2, respectively); the corresponding values at pH = 1
are 3.7 and 3.8, while at pH = 13, G = 3.2 and 3.2 have been found [3].

It is important from the viewpoint of nuclear reactor technique that
added Fe2+ ions influence the radiolysis of aqueous Fe 1—edta solutions since
they interact in a competitive manner with OH' radicals formed in water
radiolysis (Fig. 4).

Fig. 4. Kinetic curve of the reaction of OH' radicals with Fe2+ and Fell'-edta (Ref. [4])

Some data indicate that the radiolysis of complexes can be suppressed by
means of appropriate additives (methanol or formic acid which react compet-
itively), in other words, the Fell'-edta can be‘protected’ by added chemicals
(Table 1).

Table |

Radiolysis of aqueous solutions of [Cren3CI3.3.5 HD (oxygen-free, concentration:
10~2M) in 'the presence of secondary additives at concentrations of 1.6 M
(Dose: 52X O17eV g'l1= 8.3 krd (From Ref. [4])

Secondary additive None NaNOa HCOONa Na2C03 CH30H

G(-[Cr en3lCI3 3.89 1.84 1.6 1.46 1.27

Presumably, the edta complexes of the alloying metals of steel (mainly
Cr and Ni) decompose in a manner similar to that of the analogous Fe-com-
plexes (Table Il). Probably, the ions of alloying metals can be considered —to a
first, crude approximation — as competitive factors similarly to the case of
Fe2+ ions (Fig. 4) [3].
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Table 11

G-values of decomposition of metal complexonates

Oxygen
Complex pH Ref.
absent present
Felll- edta 5.85+ 0.20 3.50+ 0.30 1 [3]
Colll- edta 4.75+ 0.25 2.65% 0.30 1 161
Ni“edta 1.2+ 0.1 2.1+ 0.2 7 71
[Creng]CI335 HD 3.9 9 7 [4]

2. Experimental

Chemicals of p. a. and pss. grades supplied by REANAL as well as bidistilled water
have been used in the experiments.

Irradiations have been carried out in the “K-120000" 60Co -/-irradiation source of the
Institute of Isotopes of the Hungarian Academy of Sciences with a nominal activity of 3x 1015
Bq (80 000 Ci) [8]. The dose rate applied was, as a rule, 3.5X1016eV g_1s-1 (2 Mrd h_1). The
doses have been monitored by chlorobenzene dosimetry using oscillometric titration [9]. The
temperature during irradiation was 30—35 °C.

All experiments were carried out in commercial borosilicate ampules (volume 10 cm3
diameter 12.5 mm, wall thickness 1 mm) [10]. These have been heated to 300 —400 °C prior
to use in air, in order to oxidize or decompose any possible organic impurities.

Ampoules containing the test solutions were, in general, irradiated in an open state;
in experiments for studying the effect of nitrogen and oxygen, the ampoules were closed with
rubber caps and the gas was bubbled through two injection needles led through the rubber cap.

The radiation chemical decomposition of the samples was followed on a Beckman DB-GT
spectrophotometer at the wavelength corresponding to the absorption maximum of Feln-edta
(258 nm).

3. Results and discussion

The primary purpose of the experiments was to study the effect of
various factors on the radiation chemical decomposition.

3.1. Effects of Feul—edta concentration, dose and dose rate

The effect of concentration has been studied at a dose of 3.1 X1019eV g_1
(0.5 Mrd). As shown by Fig. 5, the G-value of the decomposition of Fe” —edta
is constant above 2X 10~3 M and equals ~ 2.7 molecules per 100 eV.

Considering the concentrations used in caloric energetics for the cleaning
of boilers (i.e. for producing an appropriate magnetite layer on their heat
transferring surfaces) as well as the above statements [1], the studies on the
influence of dose and dose rate have been carried out with a FelH-edta solution
of 3.5X10-3 M concentration. Irradiations were performed in air as well as
with solutions flushed with oxygen and nitrogen prior to irradiation. The
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duration of irradiation was between 3 min and 10 hrs, corresponding to doses
of (0.1 —20 Mrd) 0.6 —125X1019eV g-1 considering the constant dose rate of
3.5XI10le eV g-1s-1 (2 Mrd h_1). The radiation chemical decomposition and
the concentration dependence for the complex are shown in Figs 6 and 7.

[Fel-edlal TIO3 M

Fig. 5. Variation of G(-Felll-edta) as a function of the initial concentration of air saturated
aqueous solution

Fig. 6. Dose dependence of G(-Fe'll edta) in systems containing air (O), nitrogen (x) and

oxygen (0)

On comparing our data for the radiolysis of air-saturated solutions with
those obtained by Bhattacharyya and Kundu (who applied X-rays with

doses between 3.7 —7.5X108 eV g-1, i.e. 6 —12 X104 rd) some differences

can be observed. The above authors have found G = 3.5 as opposed to our
G =

2.8, which can be attributed to the different experimental conditions
although our measurements indicate that the G-value is independent of the
dose rate up to 1016 eV g-1s_1 (0.6 Mrd h _1).
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Fig. 7. Concentration of Fe*!l-edta as a function of the dose in systems containing air (O),
nitrogen (x) and oxygen (0)

It is conspicuous that the concentration vs. dose curves have local
minima and maxima with all three gases (Fig. 7).

No significant differences can be observed between the radiolyses of
solutions saturated with air, oxygen and nitrogen at lower doses; this pre-
sumably indicates that the overall process in this dose range is limited to the
interaction of water and Fe —edta and the effect of oxygen is negligible
(Fig. 6).

In the range of more intensive reoxidation, the behaviour of the system
can be better characterized by the concentrations vs. dose curves (Fig. 7).
According to this, reoxidation of Fe"-edta is promoted by higher oxygen
concentrations. As opposed to this, above doses of 5—6x 1020 eV g-1 (8 —10
Mrd), no differences can be observed (within the limits of experimental error)
for different gases above the solution.

Although no final conclusions can be drawn on the basis of the experi-
ments carried out so far, the following working hypothesis can be put forward:

— in the radiolysis of aqueous Feln-edta solutions, the latter reacts
with the radiolysis products of water (e.g. H) and is reduced to Felledta.
If the G-value were independent of the dose, then a dose of 6 x1019 eV g-1
(~ 1 Mrd) would decompose 1 g of Fe'-edta in 1 litre of solution;

— from the beginning of irradiation, also such reactions take place
which increase the concentration of Fell'—edta by oxidizing Fe"-edta accord-
ing to a nearly exponential function. The existence of the latter processes is
supported not only by the fact that the concentration of Fe'"—edta in aqueous
solutions irradiated by doses higher than the above-mentioned 6 X1019eV g-1
(~ 1 Mrd) is significant (10~3 M), but also by the observation that this con-
centration is practically not affected by further irradiation, i.e. some kind of
equilibrium is maintained between the two processes;

Acta Cliim. Acad. Sei. Hung. 97, 1978



262 WEBER et al.- RADIOLYSIS OF AQUEOUS IRON(III)-EDTA SYSTEMS

— in principle, the radiolysis of pure (dry) FelU-edta should also he
taken into consideration but this proved to he negligibly small: in order to
observe decomposition with certainty, doses of 2.5 X102l eV g_1 (40 Mrd) had
to be applied; thus G(-FeHl-edta) was lower than 0.01.

3.2. Effect of secondary additives

H art has shown that in the presence of formic acid, a fraction of Fe2+
ions is oxidized under the conditions of irradiation into Fe3+ [11]. If this effect
occurs also in aqueous solutions of FelU-edta, formic acid ought to decrease
the value of G(-Feln-edta). On addition of 0.002—0.1 M formic acid to a
1 g 1"1(0.002 M) solution of Felll—edta, the curves depicted in Fig. 8 are
obtained. It can be seen that whereas the decomposition of FeHl-edta defi-
nitely decreases with increasing secondary additive concentrations at absorbed
doses of 3.1 XIO19 eV g-1 (0.5 Mrd), slightly increasing G-values are observed
at 6.2 X102 eV g-1 (10 Mrd). The latter phenomenon can, presumably, be
attributed to the more rapid radiolysis of formic acid.

Fig. 8. Variation of GI-Fe'!'—edta) in the presence of secondary additives

Dose

Additive
3.1Xl018eV g"1= 0.5Mrd 6.2x1020 eV g-»= 10 Mrd
Formic acid 0 O
Methanol

The effect of methanol is also shown in Fig. 8: whereas at doses of 3.1 X 1019
eV g_1 (0.5 Mrd) the monotonically increasing “protecting” effect of the
secondary additive is apparent, the effect is not unambiguous at 6.2 X102
eV g-1 (10 Mrd) since the maximum barely exceeds the experimental error.
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W ithout drawing far-fetched conclusions from these preliminary experi-
ments, it can be established that the radiolysis of FelU-edta can be decreased
by appropriate additives in aqueous solutions, which — if suitable systems
will be developed — may improve the economics of the complexonate method.

3.3. Effect of steel alloying elements

If steel interacts with aqueous solutions of edta, not only iron but also
the alloying metals will form edta—metal complexes. Since the only metals
present in considerable amounts in stainless steel are chromium and nickel, the
aqueous solutions listed in Table Il were also irradiated in the presence of air.
The data indicate that the presence of alloying metals decreases the G(-Feu —
edta)-value since part of the radiolysis products of water reduces the Cr3+ and
Ni2+ edta complexes instead to Fe3+ ions. As a result, competition is observed
between the different metal ions.

Finally, in addition to chromium and nickel ions, the effects of formic
and methanol have also been investigated in the radiolysis of FelU—edta.
Preliminary experiments show that in such systems secondary additives also
influence the radiolysis of the ironm -edta complex.

Table 111

Data on the radiolysis of Feiil-edta solutions containing ions of steel alloying metals

Ratio of metal ions Absorbed dose Felll- edta concen- . Ac G(—Felll- edta)
Fe3+ Cr3+  Ni2+  (109eVg-1)  (Mrd) tLZt'sZ”m'pnuemé&fr?ﬁn'f" Fe(lolgel\%a (molecule per 100 eV)
100 — - 3.1 0.5 2.1 1.7 2.70

80 20 - 3.1 0.5 1.8 1.0 1.56

90 - 10 3.1 0.5 1.7 1.4 2.29

70 20 10 3.1 0.5 1.3 1.1 1.78
100 - - 62 10 1.1 2.7 0.21

80 20 - 62 10 1.0 1.8 0.15

90 - 10 62 10 0.8 2.3 0.18

70 20 10 62 10 0.6 1.8 0.15

The authors are indebted to Mrs. G. Kedik (Radiation Chemistry Data Center, Notre
Dame, Ind., USA) for her kind help in compiling the literature as well as to Dr. J. Mink and
Mr. V. stenger (Institute of Isotopes of the Hungarian Academy of Sciences, Budapest) for
their help in the experimental work.
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Cluj-Napoca, Romania)
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The statistical treatment of the electrode function allows to estimate the follow-
ing fundamental parameters: the limit value (pc)i of the linear domain, the detection
limit (OC)d, the determination limit (PC)P and the background concentration (PC)(. The
statistical estimation of the detection limit and the determination limit, by using the
statistical theory of signal detection, allows the use of the electrode function in the non-
linear domain, too.

Introduction

Being a component part of an analytical system, an ion-selective mem-
brane-electrode (ISME) functions as an information system, as seen in Fig. 1.

Fig. 1. Scheme of an informational system: a) separate variables; b) unified variables

Considering the transfer function, namely the correlation between the
concentration of a species u, and the corresponding signal yk

vk = [HO Q)

the total signal Y, in the case of a selectivity for a certain species i will assume
the form:
y = Y0+ /(«) )

in which YO0, the background noise, corresponds to relation:

Ya=yU+ W, + o004 = /(«i) + [(«2) + see+ [(Up-1) - 72_1)/] (3)
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Further expression (2), i.e. the calibration function of an analytical system will
be:

Y = Jo + /(<2) (4)

wherey isthe analytical signal, yOthe background noise and cthe Concentration-

Taking into account the fact that the analytical signal is a random
variable, the statistical methodology is the only efficient approach to evaluate
the calibration function of an ISME:

E = f(Pc) = £0 + bpc (5)

The following characteristics of the function of an ISME will be statis-
tically treated: the limit value (pc)l of the linear domain, the detection limit
(pc)d, the determination limit (pc)D, the background concentration (cp)b and
the stability of the electrode function.

Estimating the limit value (pc), of the linear domain [1]

Considering that the parameters of the electrode function (5) have been
calculated by the least squares method, it may be admitted that the differ-
ences

| E calc. E exp. |: IE exp. "Kb (pC)exp] [ (A)

have a normal distribution. Accordingly, as seen in Fig. 2, the deviation from
linearity will correspond to that (pc), value for which the value 6, = |E — [EO
+ b(pc),] [assumes a character of extreme value which can be eliminated based
on a certain statistical criterion and considering a certain probability P.

As can be seen in Fig. 2, the §value corresponds to the half-width of the
confidence band limited by the two hyperbola arcs [2] in the point on the
calibration straight line with the \E,, (pc),] coordinates. Considering now the
expression of the two hyperbola arcs:

YSPD Vsao+ re[(pc), —pc]2
i *(P,n-2) (7)
Yn(n—2) YSx

there results:

YSPP YSoc+ n[(pc), pcl2

TAT(n-2) VKT ©

d.= «(pn-2
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Fig. 2. Scheme of the statistical procedure for estimating the extreme value (pc)/ of the linear

domain [1]
In expression (7): pc |2-i (pc) SPD = Syy bScy ;
n 2 .
‘ Soy = wey, El -~ ey,  Et n;
i=i V%=i E 1 &4 1=1 Li=i i=i

Sec= 2 (PO - 2 (po)

According to Eq. (8) the estimation of the (pc)l value requires the estimation
of the dl value. For this purpose, it is possible to use all the criteria permitting
the acceptance of hypothesis HI : dt =» &G The t criterion (Student) will be used
below. Therefore, the first to be calculated are the d values obtained from
relation (6) in which the parameters of the calibration equation were calculated
from n value pairs (E, pc) belonging to the linear domain.

For this purpose, the graphical representation of the (E, pc) values per-
mits to estimate the n number of (E, pc) values having a linear correlation and
which are then used to calculate the parameters of the calibration equation (5).
By means of relation (6) one proceeds then to calculate the n d values as well
as the mean of 6 values (< and standard deviation (sd). Further on, one verifies
if the n + 1 experimental value belongs to the linear domain, too. For this,
the value dn+l = \En+l — [EOQO + +1]| is calculated and it is subjected
to the hypothesis Hx :adn+l > § by means of the t (Student) test:
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N +| N
t n 4p; (n+1)-2I (9
™ +1

If hypothesis Hx is not accepted, the parameters of the calibration
equation (5) will be calculated now from the series of e + 1 values (E, pc) and
the above described procedure is applied to the following experimental value
until the hypothesis ff\ will be accepted.

If mis the number of values (E, pc) which belong to the linear domain,
the expression of 0; will be:

6/1=0 m-lgx ) (10)

where d and sOare calculated from the m values. The (pc)tvalue will be estimat-
ed based on expression (8).

Considering the data listed in Table | and also Fig. 3,the linear domain
has been estimated to extend up to approximately (pc)7 = 3.30. From the 7
value pairs (E, pc) there results:

E = - 722 + 557 pc (11)

Fig. 3. Electrode function obtained by using the data from Table I
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Table 1

Data for the analytical electrode function (MV-85 potentiometer) obtained with
a nitrate-selective membrane electrode [3]

No. (rn;:lll) pc (mEV) n=7 n=8 /1£E1_7M2} Iloogg//E£ -_17uz//
1 2 3 1 4 5 6 7 8

i 10 1 1.00 -17 0.48 0.60

2 5.0x 10-2 1.30 2 2.18 1.72

3 2.5x 10-2 1.60 15 1.89 1.96

4 10~2 2.00 40 0.89 0.80

5 5.0x 10-3 2.30 54 1.86 1.88

6 2.5X1K0-3 2.60 75 2.43 2.44

7 10~3 3.00 94 0.84 0.80

8 5.0X10-4 3.30 111 0.61 0.48

9 2.5X10 4 3.60 124 4.16 48 1.681
10 zo-R 4.00 140 32 1.505
11 5.0XkKO0*“ 6 4.30 151 21 1.322
12 2.5x 10-5 4.60 155 17 1.230
13 10~6 5.00 162 10 1.000
14 5.0X 10-6 5.30 164 8 0.903
15 0 -e 6.00 167
16 5.0XK0*“7 6.30 166.8
17 2.5x10_" 6.60 167.2
18 107 7.00 167.0

Obs. Results 1 —14 are the mean of two measurements (+1 mV precision), approximated
to upper value. Results 15 —18 are the mean of 5 measurements

The 7O values calculated by means of expression (6) are listed in column

5 and for them d — 1.50 and sO = 0.62. Since d7+l1 = 0.61 < $= 1.50 it

makes no sense to consider it as an extreme value, respectively, to apply it the

t test according to expression (9). Therefore, the point of co-ordinates (111, 3.30)

must he included in the calculus of the parameters of the calibration equation.
Thus one obtains:

E = —72.0 + 55.6 pc (12)

The 6 values obtained on the basis of this equation are listed in column 6, and
O= 1.34 and sO= 0.72. Since B+l = 4.16 (£exp <CEcalc) in agreement with

expression (9) one obtains: t = (4.16 —1.34)/0.72 [9/8 = 3.78 > 2.37 = f(093.,).
In conclusion, the 9th value pair (124, 3.60) cannot be included in the cal-
culation of the parameters of the calibration equati on.
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Considering i(0%8-i) = 2.37 there results from expression (10), § =
= 1.34 + | 9/8 X0.72x2.37 = 3.15 and from the 8 value pairs (E, pc) one
obtains: ~ = 2.138; Syy = 14.3315; Scy = 257.7; S = 4.64; SPD = 18.9.
Since (0.8 2 = 2.45, expression (8) will have the form:

3.15 = 0.714j/4.64 + 8 [(pc), - 2.138]2 (13)

whence (pc)b = 3.50, respectively, G = 3.16xI0-4M and in agreement with
equation (12), Et = 122.6. The results are also given in Fig. 4.

Fig. 4. Scheme of the statistical procedure for estimating the limit value (pc)i of the linear
domain (data from Table 1) [1]

Estimating the detection limit (pc)d [4]

To estimate this fundamental parameter, the detection limit was consid-
ered to be that pc value for which the E—pc correlation deviates from linearity
[5] (Fig. 5a) or the value corresponding to the intersection of the prolonged
linear domain with the background line [6] (Fig. 5b). It has also been suggested
[7, 8] to consider as detection limit that pc value for which J-Ebackground —s®ukt. ~

Acta Chim. Acad. Sei. Hung. 97, 1978



LITEANU et al.: STATISTICAL APPROACH 271

= 18 mV (Fig. 5c) which corresponds, for a monovalent ion, to the ratio
cdet./cbackground = 2. Evidently, all these procedures for estimating the detection
limit have nothing to do with the statistical theory of signal detection.

Considering the fact that the analytical signal is a random variable, it is
natural to treat the problem of detection by means of the ISME potential on
the basis of the statistical theory of signal detection, a theory in which the sig-
nal to background noise ratio plays the central part.

Since one of the two equiprob'able alternative is eliminated in the detec-
tion process, in agreement with Britlouins’s formula [9] an amount of infor-
mation Id = log2P UP = 109g22/1 = 1 bit will be obtained.

Based on such considerations, i.e. taking into account a certain overlap-
ping degree of the fluctuation field ofthe background noise to the signal fluctua-
tions, a correct estimation of the detection limit in the ISME case, as in fact in

the case of any analytical system, must rely on a mechanism such as that
presented in Fig. 6.

1 2
/Sample to \ / Results of\ /
I investigate J measure- ] .
\ ments ) \ Decisions |1
Space of Space of Space of
hypot heses results decisions

Fig. 6. Mechanism of the analytical detection process [11]

Figure 7 shows the statistical relation between the ISME signal and the
background noise based on a two-step model [4, 10, 11] where for E > (Efod
values one accepts the hypothesis, namely that the component is detected
(present), hypothesis to whifh a false detection probability P 10 and a true
detection probability Pn, are associated.
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Fig. 7. Two-step statistical model for defining and estimating the detection limit [10]

Considering the expression for the false detection probability P 10:

by normalization, for the (EK)d detection level there results:
(Ek)d = E,, + (zk)d abb (15)

in which (zkl}d ==& (zk)d = 0.5 - P 10.
Considering the expression for the correct detection probability Pn:

n1= r P(Ed)dEd (16)

therefore, for the potential corresponding to the detection limit we obtain:
Ed = (Ek)d + zd aH a7

in which zd =®(rif) = Pn —0.5.
From expressions (15) and (17) it follows:

Ed — Eb + (zk)d obb + zdaEd m (18)

By considering the oE ~ aHEl approximation, for the detection signal from
equation (18) one obtains:

Ed —Eb+ [(zAd + zd] akd — Eb + kdoEi (19)

based on which from the calibration function (5) one obtains the (pc)dvalue of
the detection limit.
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Considering equations (15) and (17), the following relation can be written:
(p-c)d = f[(P 10)d, (Pn)d] (20)

which, by analogy with the detection characteristics of a detector [12] can be
termed detection characteristic of an ISME [4].

In view of estimating the detection limit, as resulted from equation (18),
it is necessary on the one hand, to consider the two probabilities Pn and P10
based on which one obtains the Laplace function values ®(rk) and 0(zd), and
by which we can get the zk and zd values by tabulation [13]. On the other
hand, it is necessary to know both the mean value Eband the standard devia-
tion abBb of the background as well as the standard deviation of the detection
signal, akEd.

Taking into account the fact that Eb® Et, to estimate the Eb, aBband
aEd values, it is necessary to know the form of data from Table I, for values
pc >m(pc)i = 3.50, we get:

E = 172 - 2274 e- 10" (21)
respectively:
log IE - 172 1= 3.35677 - 0.4664 pc. (22)

Since for ¢ < 10~eM the E values remain practically constant, based
on the 20 value pairs (E, pc) (Table Il) one obtains Eb= 167.0 mV and
sEt = 0.827.

Table 11

Signal values (MV-85 potentiometer) used for the background estimation [4]

(mc)lll) pc (mEV) (mEV)
1(r=* 6.00 167 166 166 168 168 167.0
5.0X 10-7 6.30 166 167 166 167 167 166.8
2.5X 10-7 6.60 167 168 166 167 168 167.2
10-7 7.00 168 166 167 166 168 167.0

Considering the true detection probability Pn = 0.975, d(ra) = 0.975 —
— 0.5 = 0.475; zd = 1.96, as well as the false detection probability P10 =
= 0.025; ®(?k)a = 0.5 —0.025 = 0.475; (zk)d = 1.96 and admitting the
approximation aBb  aEd, respectively sBEb skEd = 0.827, in agreement with
expression (19), there results: Ed = 167.8 — 3.92x0.827 = 163.76 mV. In
conclusion, based on the calibration equation (21) the estimated value of the
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detection limit will be: (pc)'d = 5.23, respectively ¢d = 5.89X10-6M. Hence,
it results that the detection limit defined and estimated by the statistical
theory of signal detection corresponds to a concentration of c/c® = 3.16 X
X10~45.89X10~6 54 times lower than that corresponding to the limit
value of the linear domain. The result is given in Fig. 9.

Estimating the determination limit (pc)D

Since in the determination process more indefiniteness is removed than
in the detection process, the amount of information obtained is always ID > 1
bit. In conclusion, the fluctuation field of the determination signal is again
correlated to the fluctuation field of the detection signal by a two-step statis-
tical model.

Taking into account the correlation of detection to the background noise,
according to the two-step statistical model (Fig. 7), the determination limit
can also be defined and estimated in the ISME case by using a four-step statis-
tical model [14] (Fig. 8), where for E = {Ek)Dvalues one accepts the hypothe-
sis, namely that the signal belongs to the fluctuation field of the determination
hypothesis to which a false detection probability P 10 and a true probability

~k'o EO E
Fig. 8. Four-step statistical model for defining and estimating the determination limit [14]
Hence, considering a correct determination probability (PyY)E and a

false determination probability (P10)d, in relation to the determination level
(EK)D, proceeding in a similar manner to the detection case, one obtains:

®d = Ed + (zk)D aHl + zDaEn (23)
an expression from which, if one considers the akEi aER approximation, it
results:

= Ed + [(290 + :4\0Ea = Ed + kDaEo (24)

From expressions (18) and (24) it follows:

Ed = Eb + kdcfEi + kaaEs (25)

Acta Chim. Acad. Sei. Hung. 97, 1978



JirEANU et al.: STATISTICAL APPROACH 275
so that considering the aBb aEl <Eo approximations one obtains:
Ed — Eb + (kd + kD)aE (26)

In agreement with equation (25), by analogy with the detection character-
istics [12], the expression below can be written for the determination charac-
teristics in the ISME case:

(&)d =f[(Pio)a, (Pu)a, (Pio)d, (Pii)d] 27)

Considering (Pw)d ~ 0.025, (zD = 1.96 and (Pu)0 = 0.975, zD = 1.96
and since sEi = 1.033 and E'd= 163.76, admitting sEd~ sEo, in agreement
with equation (24), E'D = 159.72 so that, based on relation (21) (pc)'D = 4.86,
¢D = 1.38X 10~5M. In conclusion, the determination limit corresponds to a
concentration of c/ég = 3.16X10~41.38xH -5 23 times lower than that
corresponding to the limit value of the linear domain. The result is shown in
Fig. 9.

Estimating the background concentration value (pc)s
This is the concentration value for which signal E = Eb, and since, as

was shown, Eb= 167.0 mV agreement with expression (21) one obtains
(pc)’b = 5.70 and ¢cb — 2x10~6M. The result is presented in Fig. 9.
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Stability of the electrode function [15]

The functional instability of any analytical system may lead to serious
analysis errors. Hence, the necessity to verify the stability in time of the param-
eters of the transfer function y = /(c), respectively, of the calibration
equation. In the case of the ISME electrode function, i.e. of equation (5), the
stability in time will be treated by the method of serial correlation [16].

To do this, considering the value series:y155y2 ..., ynobtained at various
time intervals, the serial correlation coefficient Rh will be calculated:

n I n \21
_21yiji+h- lisi \1Nn
i= i=i
” n in (28)
2 ft -
i=i 1=1
in which h is the gap between the y,- values (h = 1, 2, ..., n—1).

For a sufficiently large number of Et values normally distributed and
variable, Rx has a normal distribution [17] with parameters:

M (RI)A n' . (29)

and
n 2
(n-1)2

(30)

In view of estimating the stability of the analytical system, the R"txp>
values are compared to the tabulated R values:

a) If: jR,95 < R1(exp) -= R0.0% the system is stable

b) If: R09%B > ~Kexp) > R 095 or if Rn02= < Ri(exp) < Ro0005 the system
is of doubtful stability

c) If: Ni(exp) < 70.995 or if R I(exp) > ~0.005° the system is unstable.

Based on the data obtained with a liquid nitrate selective electrode [15],
for the series of i = 13 E values, corresponding to b, one obtains R1(exp) =
= —0.225 so that, since R09/ = —0.417 < R\(exp) < 0.341 = RO!),5 the con-
clusions reached is that the system is stable from the standpoint of the slope
of the electrode function. This is observed in Fig. 10 ¢ wdiich shows that the
oscillations of b values are less frequent and more reduced in amplitude.
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n

Fig. 10. Time stability of the electrode function [15]

Conclusions

The statistical treatment of the electrode function, apart from estimating
the most probable values of the parameters of the calibration equation (5)
by the least-squares method, is apt not only to largely extend the ISME utili-
zation possibilities but also to permit the estimation of new functional param -
eters. Thus, the limit value of the linear domain, (pc)t, the detection limit
(pc)d, the determination limit (pc)D, the background concentration (pc)b, the
stability of the electrode function, represent the fundamental characteristics
of the electrode function. The statistical estimation of the detection and the
determination limit, allows the extension of the ISME utilization domain and
enables an analytical use of the non-linear domain of the ISME electrode func-
tion as well. The stability of the electrode function was treated statistically by

the method of serial correlation.
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A comment oil “Statistical approach of the electrodic function”
by Liteanu

G. E. Veress

In their paper Liteanu etal. [1] have studied one of the most important
problems of the data processing, i.e. the determination of the limit value of the
linear domain for electrode functions. The purpose of this note is to call atten-
tion to their disputable approach.

Using the author’snotations, they introduce the calibration function of an
electrode function

E — EO+ b(pc)

and the deviations of the measured points |E,-, (pc),} from the calibration
function
&= IEI- [E0+ bpo)il 1 i=1...,N.

It is assumed that the points i = 1, ... n belong to the linear domain
and based on these points we can calculate the parameters of the calibration
function by means of the least squares method. Having these parameters, the
deviations 6I5..., bn can be calculated, and their average and standard
deviation, too.

The authors disputable statement is the following: the (re + I)th point
belongs to the linear domain, if the hypothesis Hx: &+l > d is rejected by
means of the t (Student)-test, where the statistics tis the following:

Acta Chim. Acad. Sei. Hung. 97, 1978



VERES: A COMMENT 279

{ = A+l — A

n-j-1

The author’s approach seems to be inefficient. Namely, on the one hand,
their approach is based only on the value dn+l, that is, only one on measured
point, so it is very slight from the point of view of statistics, and on the other
hand, their approach is not based on the fact that there is a relationship among
the measured points, so it should be based on the (non-linear, monotonous)
trend of the measured points.

The application of the i-test seems to be inadequate, because neglecting
the problem of absolute value, the author’s t-test can be regarded as a special
case of a two-sample i-test, where one sample has only one element. Even if
the author’si-test is admitted, one point will be approximately outlying only if
the inequality

~n+i n 2-1L

b

holds, but this occured only by very strong nonlinearity.

The purpose of this paper is not to solve the above problem, but only
direct the attention on that the determination of the limit value of the linear
domain which should be based on the trend of the deviations G#+1, ..., G,
where Kk > 1, so the statistical principles and approaches used for the time
series analysis should be applied for solving this problem (see e.g. [2]).
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ANSWER, to the comment on the paper “Statistical processing of the electrodic
function” by G. E. Veress

C. Liteanu, E. Hopirtean, J. C. Popescu

It is the case only of the procedure for the calculation of the limit value
of the linear domain, procedure which is mentioned at the bibliography [1]
[C. Liteanu, |I.C. Popescu, E. Hopirtean, Anal. Chem., 48, 2010 (1976)],
paper which is annexed and which describes in detail the procedure.
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a) Before to formulate the hypothesis HI :dn+l d, one examinates

the figure E = f(pc); figure reveals that the linear domain is extended up to
about pc = a. This value is not used yet to calculate the parameters of the
calibration equation.

Therefore, the departure from the value dn+i, is based on the examina-
tion of the figure E = f(pc), namely the point n -j- 1, is supposed to be remov-
able, considering its graphycal position.

For example, let us consider only the first 5pairs of points E,pc (columns
4 and 3). Using the least square method one obtains: £ = —70.77 -f- 54.62 pc,
respectively: d4= 0.85, d2= 1.76, d3= 1.62, d4= 1.53, d5= 0.86, respec-
tively, d6= 3.76 are obtained. Further on from the first five d values results
d= 132 and s6= 0.436 so that for d6= 3.76:

t = —mmeee- . = 511> 2.78 = t,nqvo is obtained.
0.436 1/6/5 ( 5#

So that in this case point 6 (E = 75 mV, pc = 2.60) does not belong
to the statistic population of the first five points, thatis, it should be-
long to the non-linear region.

b) Starting from the first five points, let us examine now the situation
of point 7 (E = 94 mV, pc = 3.00) for which according to the equation calcu-
lated for these five points: E = 70.77 -f- 54.62 pc and d7 = 0.91.

We obtain:

132 0.91 _
—0.86 <C 2.7 8—i(0954)
0.436 Y6/5

Consequently the point 7 belongs from the statistic point of view to the first
five point groups, consequently it belongs to the linear region.
Then point n—1, that is 7—1 = 6, also belongs to the linear region.

In conclusion, it is necessary to examinate the figure E = f(pc), before
to formulate the hypothesis Hr: d!+1 > O

Therefore, considering the fluctuations field of the d values from the
linear domain, there is the possibility that the expression having the form (9)
(Y. V. Nalimov, “Primenenie matematicheskoi statistiki pri analize vesch-
estva”, Gos. izd. fiz-mat. lit, Moskov, 1960, p. 172), namely,

(P, n—=2)

to be valid for d values from the begining of the linear domain, too. It is evi-
dent that hypothesis Hx: dn-fi. Z>d, that is an expression of the type (9),
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to be verified successively only for b values which result from E —pc values
from the linear regression domain, E = f(pc), which connects with the non-
linear regression range E —f(pc).

Considering this situation, as well as the fact that from expressions (9)
and (10) it results that always §< <m+l, one considers that the procedure
presented, which is based on the i-test is justified.

Concerning the inequality namely <$+1 — b > 2sj,

the value dn+1, would be “eliminable approximately”, if 6n+l & -f- 2sg.
Since it is the case of a sampling (selection) one operates with not with
Og, the value <n+1, would be eliminable approximately, based on the t distri-
bution, therefore only if &+l > &+ t [p=095;(n+i)—i] * S6-

it was considered P = 0.95 because for r = 2, P = 0.9545 [z = stan-
dard normal deviate: ®(r) —f(P)].
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The e. m. f. of the Pt/H2gas)/HCl-alcohol/Hg2CIZHg electrode system was in-
vestigated in the temperature range 20 —40 °C. The normal potential of the alcoholic
calomel electrode was determined in methanol, ethanol, 1-propanol and 1-butanol.
A study was made of the concentration dependence of the mean ion activity coefficient
at concentrations above the range of validity of the Debye —H ucker theory. It was
found that the deviations from this theory can be interpreted by the assumption of the
strong interaction of the ions and the solvent. The interaction between the ions and the
solvent increases with the increase of the molecular weight of the solvent. This phenom-
enon also provides an explanation for the finding that the solubility of gaseous hydro-
gen chloride in the alcohols increases considerably with the increase of the molecular
weight of the alcohol.

In connection with investigations of alcohols and alcohol-containing
liguid mixtures, we have studied the ion-solvent interaction in a higher
range of ion concentrations than usual, i.e. considerably beyong the limits of
validity of the Debye-Huckel theory. A number of authors [1—5] have
dealt with the question, approaching the problems from the aspect of the
ion activity, but the data to be found in the literature mainly relate Only to
methanol and ethanol, and generally, to only one temperature in each case.
Accordingly, we have carried out studies in systems of hydrogen chloride
with methanol, ethanol, 1-propanol and n-butanol in the temperature range
20-40 °C.

Experimental

The alcohols used for the measurements were of analytical purity, and were carefully
freed from water. The alcohol-hydrogen chloride mixtures were prepared in the apparatus
shown in Fig. 1, by introducing dry hydrogen chloride into the alcohol. The concentration of
the mixture was determined afterwards by titration with 0.1 or 0.01 N NaOH. Before being
passed into the alcohol, the gaseous HC1 was flushed out of a concentrated aqueous hydrochloric
acid solution by a stream of nitrogen, purified by passage through sulfuric acid and then over
silica gel, and finally, freed from water.

The alcohol-hydrogen chloride mixture prepared in this way was placed in the cell
illustrated in Fig. 2, and was examined by measuring the potential difference between a
Pt/H2(g) and a calomel electrode. The partial pressure of hydrogen was 1 atm. In every measure-
ment the calomel electrode was filled with the electrolyte to be examined. A Radelkis type
OP-205 Precision pH-meter was used for the measurements.
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gaseous

Fig. 1. Preparation of anhydrous alcohol-hydrogen chloride mixture; (1) agueous HC1, (2) 80 %
H2504, (3) silica gel, (4) anhydrous alcohol-hydrogen chloride

1 2

Fig. 2. The measuring cell

The measuring cell was placed in an ultrathermostat and the introduction of H2 was
begun. After the establishment of thermal equilibrium the e. m. f. was measured; then, a
sample was taken from the alcohol-hydrogen chloride solution and its HC1 concentration was
determined by titration with 0.1 or 0.01 N NaOH solution. It was necessary for the analysis
to be performed at the end as the prolonged bubbling of H2to the hydrogen electrode slightly,
but perceptibly, carried off HC1 from the solution.

Results

The e.m.f. of the cell was determined at 20, 25, 30 and 40 °C in mixtures
of hydrogen chloride with methanol, ethanol, 1l-propanol and 1-butanol.
The concentration of hydrogen chloride in the examined mixtures varied from
0 to 1 M. The experimental results are listed in Tables | —IV.

Discussion

The diffusion potential arising between the calomel-saturated alcoholic
hydrogen chloride solution and the calomel-free solution was disregarded in
the evaluation of the experimental results [6]. We feel that this neglect does
not affect the essence of our conclusions.
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Table |

E.m.f. of the Pt/H”~g"', aim™-methanol HCI (c)-calomel cell

c E.m.f. mV)

(mol/dm) 20 °C 25 °C 30°c 40 °C
0.934 121.0 119.5 116.0 110.5
0.690 134.5 130.5 127.5 12.05
0.467 148.0 144.0 142.0 140.5
0.233 167.5 163.5 161.0 154.5
0.140 181.5 178.5 175.0 169.5
0.093 194.5 191.5 188.5 183.0
0.069 210.5 207.5 204.0 199.0
0.047 212.5 209.0 206.5 200.5
0.023 252.5 250.0 247.0 242.0
0.019 252.0 250.0 248.0 243.0
0.014 266.0 259.0 255.5 252.0
0.009 289.5 284.5 287.0 284.5
0.008 283.0 282.0 281.0 278.5
0.007 300.0 298.0 296.0 292.0
0.004 319.5 317.0 3135 310.5
0.002 346.0 3455 345.0 343.5
0.0008 401.0 399.5 398.5 397.0

The e. m. f. of the measuring cell is:
eem.f. :Eca - EH; 1)

where, in the case of the use of gaseous H2 at a pressure of 1 atm:

EH, —“Z'I;Fln [H+]y (2)
and

E(ai:E"ca]-"Ifn[CI-]y (3)
z

where the E values are the electrode potentials, E°caiis the normal potential
of the calomel electrode, y is the mean ion activity coefficient, [H +] and [CI-]
are the concentrations of the ions, and RT and zF are the well-known quantities
of the Nernst Law.

Assuming that, in the concentration range in question and in the given
medium, hydrogen chloride is present completely in the dissociated state,
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Table 11
E.m.f. of the Pt/H4ges t atm)-ethanol HCI (c)-calomel cell

c E.m.f. (mV)

(mol/dms) 20°C 25 °C 30°¢ 40 °C
0.704 111.0 108.5 106.5 101.0
0.524 113.0 111.0 106.5 101.5
0.382 117.5 115.5 113.0 108.0
0.234 1395 137.0 1345 128.5
0.215 131.0 128.5 126.0 121.5
0.196 144.0 142.0 139.0 133.0
0.115 174.0 171.5 169.0 165.0
0.082 150.0 148.0 145.5 142.0
0.080 156.5 155.0 153.0 148.0
0.070 183.0 179.5 177.0 170.0
0.052 180.5 179.0 175.0 170.0
0.027 169.5 193.5 189.0 183.0
0.025 194.0 192.0 190.5 185.5
0.014 212.0 211.0 208.5 204.0
0.012 215.5 213.0 210.5 204.5
0.007 249.0 2475 2445 239.5
0.005 250.0 247.5 246.5 241.5
0.003 264.0 262.5 261.5 257.5
0.002 292.0 289.5 286.5 282.0
0.0009 328.0 325.0 322.0 316.0

the hydrogen chloride concentration (c) of the solution will be the same as the
concentration of the chloride or hydrogen ions.

c- [H+] = [CI-]
Using this:

eem.f.= E°al—2 in Qg 4)
zF

In the range of validity ofthe Debye —H ucker theory, the activity coefficient
can be calculated in the knowledge of the ionic strength and the dielectric
constant of the solvent. Thus, in the case of an electrolyte consisting of uni-
valent ions, if the ionic strength is defined by the correlation
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Table 111
E. m.f. of the Pt/H24did , amypropanol HCl (c)-calomel cell

c E.m.f. (mV)
(mol/dm3 20 °C 25 °C 30°c orc

1.144 66.5 64.0 62.5 58.0
1.025 58.5 57.5 56.5 52.5
0.650 66.5 64.5 63.0 61.0
0.549 71.0 69.5 68.0 66.0
0.377 78.0 77.0 76.0 72.0
0.226 94.5 93.0 91.5 89.0
0.137 108.5 107.0 105.0 101.0
0.076 118.0 117.0 116.0 113.0
0.053 103.0 128.5 126.5 122.5
0.030 153.5 152.0 150.0 143.5
0.017 167.5 164.0 162.0 157.0
0.009 192.5 192.0 192.0 189.5
0.008 185.5 184.0 182.5 179.0
0.005 220.0 218.0 216.0 211.0
0.004 220.0 219.0 218.5 2155
0.002 244.0 243.0 243.0 2425
0001 252.0 250.5 249.0 2455
0.0004 315.0 313.0 311.0 306.5

the definition I = 2c is less frequent in the literature [3]), the theory leads

to the relation

logvD = - Afc" ()

where yDis the mean ion activity coefficient that can be calculated from the

Debye —H ickel theory:

1 1.8246 x 106
~ (eT)3’2

where e is the dielectric constant of the solvent and T is the absolute tem -
perature.

The actual activity coefficient may be resolved into the product of two
factors. Let

Y = rDr* (6)
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Table 1V

E mf. of e PjH g ¢ aomy-Ldand HO (0) ol

c E.m.f. (mV)

(moJ/dm3 20°C 25°C 0°c 40°C
0.640 87.0 85.0 83.5 77.0
0.380 84.0 83.0 84.5 84.5
0.260 88.5 87.0 86.0 82.5
0.200 98.0 97.0 94.0 92.0
0.160 104.0 103.0 102.5 98.5
0.130 117.0 115.0 115.0 111.0
0.096 129.0 127.5 125.5 121.0
0.070 153.5 151.0 149.5 143.0
0.060 145.0 143.0 139.5 1345
0.040 152.0 150.5 148.0 146.5
0.022 158.0 157.0 156.5 151.5
0.021 175.5 1745 173.0 169.0
0.017 188.0 185.5 183.5 179.5
0.013 161.5 160.0 158.0 153.0
0.009 192.0 191.0 189.0 184.0
0.008 197.0 195.5 192.5 188.0
0.006 200.0 200.5 199.5 197.0
0.004 220.0 217.0 214.5 215.5
0.002 245.5 245.5 243.0 235.0
0.0008 267.5 272.0 270.0 263.5
0.0005 294.5 299.0 L 310.0 303.0

where y* shows the deviation from the theoretical value. Utilizing this and
taking logarithms to the base 10:

e.m.f. = .Ecai 2 RT 2.303 logc-flogy* A lc (7)

zF
It can be seen from this relation that if the e. m. f. is plotted as a function
of _ (fogc —A . 1c),acurveisobtained which, in the range of dilute solutions
for which the Debye —H acker theory holds, approximates to a straight line
of slope 4.606 RT/zF intercepting the ordinate at the point E°.

Our results were plotted in accordance with this (Figs 3—6) and the
normal potential of the calomel electrode was determined by extrapolation to
the e. m. f. value relating to the abscissa value —(logc —A. ¢ ) = 0. The
evaluation is facilitated by the fact that the slope of the straight line used
for extrapolation is known to be 4.606 RT/zF. The results are given in Table 5.

Acta Chim. Acad. Sei. Hung. 97, 1978



3*

RATKOVICS, BARATI-DESI: STUDY OF ION-SOLVENT INTERACTIONS 289

Table V

Eq3] as a function of temperature in various alcohol-hydrogen chloride systems

Solvent
20°C
Methanol 25
Ethanol -39
1-Propanol -89
1-Butanol -99

Ecal (my)
25°C

13
-49
- 103
- 108

30°c o=

9 0
-55 —64
-107 -113
-116 -122

Fig. 3. Experimental results in methanol solution at 25 °C

Fig. 4. Experimental results in ethanol solution at 25 °C
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Fig. 5. Experimental results in 1-propanol solution at 25 °C

Fig. 6. Experimental results in 1-butanol solution at 25 °C

It can be seen that the normal potential of the calomel electrode depends
appreciably on the nature of the solvent, and varies to only a slight extent
as a function of the temperature (Fig. 7).

In the knowledge of the normal potential, we calculated some thermo-
dynamic characteristics of the reaction 1/2 H2@S + 1/2 Hg2CI2(Soiid)
— H(iiquid) + HCI(dissoivedp These data are listed in Table VI.

It can be seen from the data of the Table that with the increase of the
molecular weight of the solvent the absolute value of dS° increases slightly?
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Fig. 7. Normal potential of the calomel electrode as a function of the temperature; X in metha-
nol, A in ethanol, o in 1-propanol, * in 1-butanol

Table VI

Standard thermodynamic characteristics of the reaction 1/2 H2(gasj + 1/2 Hg2CI2(solid) “m
-Nid(liquid) r ~M-(dissolved) 25 °C

AG® AsS® AH®
Solvent
(I/mol) (cal/mol) (I/mol K)  (cal/mol K) (I/mol) (cal/mol)
Methanol -1254 .4 -299.8 -134.2 -32.1 -41246.0 -9865.6
Ethanol 4728.2 1130.0 -152.3 -36.4 - 40649.9 -9717.2
1-Propanol 9939.8 2375.4 -162.6 -38.9 -38516.0 -9216.8
1-Butanol 10432.0 2490.7 - 162.8 -38.9 -38082.0 -9101.5

and in every case —TzISO makes a positive contribution to the standard-free
enthalpy of the reaction. The value of ZIH® is negative in every solvent, and
its absolute value; decreases to a slight extent with the increase of the molec-
ular weight of the solvent.

Since both changes result in the increase of the standard free enthalpy,
the value of AG*® rises very rapidly with the increase in the molecular weight
of the solvent. The equilibrium constant of the reaction in question is very
small in the higher alcohol homologues.

The quantity y* in Eq. (6) deserves special attention, because it involves
those effects not taken into consideration by the Debye —Huckel theory.
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Figure 8 presents the values oflog y* measured at 25° as a function of the
concentration in various systems. It can be seen that at a fixed concentration
log y is the larger, the higher the molecular weight of the solvent.

Figure 9 shows the results measured in 1-propanol as a function of the
temperature. As the temperature rises, log y* decreases. Its value is positive
everywhere in the examined cases. As concerns deviations from the ideal
behaviour, therefore, in the reference system with the infinitely dilute solution
regarded as ideal (asymmetric reference system), the ions form a of solution
positive deviation with the alcohol.

Fig. 8. log y* as a function of the hydrogen chloride concentration at 25 °C; X in methanol,
4 in ethanol, O in 1l-propanol, ¢« 1-butanol

Fig. 9. log y* as a function of the hydrogen chloride concentration in 1-propanol; X at 20 °C,
A at 25°C, O at 30°C, « at 40°C
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Table VII

logy* as a function of concentration and temperature in methanol solution

C log y*

(mol/dms) 20°C 25°C D°c 40°c
0.934 1.16 1.09 1.03 0.94
0.690 0.89 0.86 0.85 0.74
0.467 0.65 0.60 0.57 0.47
0.233 0.37 0.33 0.31 0.28
0.140 0.25 0.21 0.20 0.19
0.093 0.18 0.14 0.13 0.12
0.069 0.23 0.20 0.20 0.185
0.047 0.13 0.11 0.11 0.11
0.023 0.04 0.03 0.03 0.02
0.019 0.15 0.13 0.13 0.14
0.014 0.02 0.02 0.03 0.02
0.009 0.08 0.06 0.09 0.09
0.008 0.03 0.03 0.03 0.02
0.004 0.01 0.00 0.03 0.04
0.0008 0.00 0.02 0.00 0.03

The log y* vs. ¢ data are listed ill Tables VII —X. The activity coefficient
y* takes into account the effects attributable to the mutual influence of ions
arising from interactions other than those of the ionic charges (these are not
taken into consideration by the Debye —Huckel theory). It, therefore, ap-
peared reasonable to interpret the concentration dependence of y* not in terms
of the asymmetric activity convention used in electrochemistry, but by the
symmetric activity convention used much more widely in the thermodynamic
treatment of mixtures. In this latter reference system the activity coefficient
of the pure component is unity, and a positive value of log y* means a negative
deviation from ideality, for

where yc is the activity coefficient written in accordance with the symmetric
convention, while y°°° is the same in the infinitely dilute solution. Use of the
symmetric activity convention has the advantage that empirical or semi-
empirical relations describing the dependence of Iny°® on the concentration
(mole fraction) are available in large numbers. An example is the relation
Iny® —B(1 —x)2 which can be derived for regular mixtures, but which can
also be employed as a semiempirical relation for non-regular mixtures too.
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Table VIII

logy* as a function of concentration and temperature in ethanol solution

c log y*

(mol/dm) 20 °C 25 °C 30°c 40 °C
0.704 1.40 1.29 1.23 1
0.524 1.07 0.98 0.95 0.84
0.382 0.94 0.86 0.82 0.72
0.215 0.60 0.54 0.51 0.43
0.196 0.39 0.34 0.30 0.27
0.115 0.13 0.07 0.06 0.02
0.082 0.32 0.26 0.25 0.21
0.080 0.26 0.20 0.18 0.15
0.070 0.03 0.01 0.01 0.02
0.052 0.08 0.02 0.02 0.02
0.027 0.02 0.01 0.02 0.04
0.025 0.06 0.03 0.01 0.02
0.014 0.05 0.01 0.01 0.02
0.012 0.06 0.03 0.03 0.05
0.005 0.01 0.00 0.01 0.00
0.003 0.05 0.03 0.03 0.04
0.002 0.02 0.01 0.04 0.06
0.0009 0.06 0.05 0.00 0.01

The constant in the equation gives information on the magnitude of the inter-
molecular interactions, as it determines the apparent value of the exchange
energy (4110) (defined in the theory of regular mixtures) characteristic of the
mixture:

AU®°
RT

since, in the sense of the foregoing, Iny* = Iny® —Iny°”
Iny* = B(1 - x)2- B

It can be seen that, to a first approximation, In y* and Iny° are both linear
functions of (1 —x)2 where x is the mole fraction of the ions. Our results
in this plot are presented in Fig. 10.

It can be seen in the Figure that the deviation from ideality increases
considerably with the increase of the molecular weight of the solvent. According
to the symmetric activity convention, the mixture displays a negative deviation
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Table IX

logy* as a function of concentration and temperature in 1l-propanol solution

¢ log 7*

(mol/dms3) 20°C 25 °C 30 °c 40°C
1.144 2.79 2.74 2.55 2.47
1.025 2.71 2.63 2.52 2.36
0.650 1.98 1.94 1.87 1.73
0.549 1.76 1.73 1.66 1.52
0.377 1.26 1.27 1.19 1.10
0.226 0.88 0.86 0.83 0.77
0.137 0.55 0.56 0.53 0.48
0.076 0.35 0.36 0.33 0.31
0.053 0.21 0.22 0.23 0.22
0.030 0.05 0.05 0.05 0.06
0.017 0.06 0.05 0.05 0.06
0.009 0.08 0.08 0.10 0.04
0.008 0.06 0.05 0.10 0.06
0.001 0.03 0.03 0.02 0.10

Fig. 10. log y* as a function of the square of the alcohol mole fraction at 25 °C; X in methanol,
A in ethanol, O in 1-propanol, ¢ in 1-butanol

from ideality. The interaction between the ions and the solvent molecules is
increasingly stronger with the increase of the molecular weight of the alcohol.
The value of B, characteristic of the strength of the interaction, is negative,
and therefore, the exchange energy typical of the mixture is exothermic. This
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phenomenon is in agreement with our experience that the solubility of gaseous
hydrogen chloride in the alcoholhomologues increases significantly with increase
of the molecular weight of the solvent.

The B values calculated from the experimental data are given in Table X1I.

Table X

logy* ns a function of concentration and temperature in 1-butanol solution

c log
(mot/dm3 20 °C 25 °C 30 °c 40°C
0.640 * 2.58 2.50 2.38 2.20
0.620 2.71 2.69 2.56 2.33
0.380 1.89 1.83 1.70 1.49
0.260 1.68 1.52 1.41 1.29
0.200 1.20 1.09 0.99 0.89
0.170 1.23 1.21 1.11 1.00
0.130 0.89 0.87 0.78 0.69
0.096 0.63 0.61 0.56 0.46
0.070 0.32 0.31 0.25 0.21
0.060 0.45 0.43 0.39 0.35
0.040 0.26 0.25 0.19 0.17
0.022 0.21 0.20 0.14 0.12
0.017 0.10 0.08 0.14 0.13
0.008 0.00 0.01 0.00 0.00
0.006 0.10 0.09 0.07 0.06
0.004 0.03 0.00 0.04 0.04
0.002 0.00 0.01 0.00 0.05
0.0005 0.01 0.01 0.01 0.06

Table XI

Values of constant B in hydrogen chloride alcohol systems

Alcohol R
20 °C 25°C 30 °c 40 °C
Methanol -21.42 - 19.35 - 18.54 - 16.81
Ethanol -24.41 -22.34 -21.19 -19.35
1-Propanol -28.44 -27.75 -26.60 -24.53
1-Butanol -42.00 -40.07 -37.31 -33.62
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It has been shown experimentally that oscillation phenomena at platinum elec-
trodes during the galvanostatic electro-oxidation of certain organic substances can be
produced also as oscillations of the rest potential of the electrode immersed into a solution
containing the organic substance and a redox system. The oscillations of the rest
potential were demonstrated on systems containing Ce4+ or Fe3+, and methanol, form-
aldehyde, formic acid, ethylene glycol, glycolaldehyde, glyoxal or isopropanol. It has
been shown that, in the potential range corresponding to the cathodic limiting diffusion
current of the oxidant, the conditions provided otherwise by the galvanostat are essen-
tially fulfilled. If the galvanostatic potential oscillations fall into this region, the oscilla-
tion of the rest potential will also take place. The galvanostatic potential oscillations were
compared with the rest potential oscillations in the case of ethylene glycol.

Periodic phenomena in electrochemical processes were first observed
150 years ago [1]. Since then, the sphere of known phenomena has been consid-
erably extended. The monograph of w ojtowicz [1] gives a survey on electro-
chemical oscillation phenomena and on attempts at their interpretation.

Essentially, these phenomena can be classed into three main groups if
the behaviour and changes of the two fundamental electrochemical param-
eters, current (or current density) and potential are taken into consider-
ation.

a) Galvanostatic potential oscillations.

b) Potentiostatic current oscillations.

¢) Periodic changes of the rest potential in the case of open circuits.

In the first two cases, it is rather important from the point of view of
the interpretation and discussion of the periodic phenomena that the proper-
ties of the external circuit may also determine the behaviour of the whole
system. Therefore, in many cases periodic phenomena cannot be unequivocally
assigned to processes occurring at the electrodes investigated. Numerous data
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are reported in the literature on periodic potential changes during the galvano-
static electro-oxidation of various organic substances (methanol, formaldehyde,
formic acid, isopropanol). On the other hand, potentiostatic current oscilla-
tions are often not even known for most of the systems investigated.

Incidentally, the question arises whether in the case of galvanostatic
potential oscillations the phenomena observed are characteristic of the periodic
processes at the electrode or of the whole electric system including the external
circuit and the main and auxiliary electrodes.

This question could be unequivocally answered if the oscillations observed
in galvanostatic investigations were produced without the external circuit used
in the galvanostatic process.This seems possible, at least in principle, in consid-
eration of the third type of oscillation discussed above.

Oscillations of the rest potential have been observed mainly in the
dissolution of various metals. Oscillation of the rest potential occurs in this
case as a result of periodic changes in the rate of the simultaneous anode and
cathode processes.

If it is assumed that, in the course of galvanostatic electro-oxidation of
organic substances at platinum electrodes, the role of the external circuit in the
periodic phenomena is limited to providing for the constant flow of electrons,
the external circuit can, in principle, be replaced by a redox system in the liquid
phase, capable of accepting electrons at a constant rate directly from the plati-
num electrode. In this case, the anode process, electro-oxidation, could be cou-
pleted with a cathode process (reduction ofthe redox system) without the use of
an external circuit.

If the anodpe rocess shows a periodic behaviour, this must be revealed
in the periodic changes of the rest potential of the platinum electrode immersed
into the solution of the two reacting components.

The redox system can perform a task equivalent to that of the galvano-
stat only if its reduction rate does not change with the electrode potential in
a rather wide potential interval. It is well known that this condition can be
readily realized in the potential range corresponding to the cathodic limiting
diffusion current of the redox system. As concerns practical realization, atten-
tion must be paid to the fact that the potential interval in which electro-oxida-
tion and potential oscillations occur, should fall within the potential range cor-
responding to the cathodic limiting current of the redox system. This precondi-
tion limits to a certain extent the number of usable redox systems; but it
was thought that, in the absence of other interfering factors, the system
Ce4+/Ce:i+ may, in all cases, meet the requirements.

The present communication reports on investigations undertaken on the
basis of the above considerations with the aim of producing potential oscilla-
tions at a platinum electrode immersed into the solution of various organic
substances, and Ce4+ or Fe3+ ions.
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Experimental

The behaviour of methanol, formaldehyde, formic acid, ethylene glycol, glyoxal, glycol-
aldehyde and isopropanol was studied. 1 M HC104 and 1 M H2504 were used as supporting
electrolytes. Periodic phenomena were investigated on both bright and platinized Pt electrod-
es. The geometrical surface of the electrodes used was 10 cm2 The roughness factor of the plat-
inized electrodes varied between 500 and 1000. All the electrode potentials given in this paper
were measured against a hydrogen electrode immersed into the supporting electrolyte.

Three-electrode cells were used in the experiments. The auxiliary electrode was a plat-
inized platinum electrode, which was used only in polarization measurements but had no role
at all in the investigation of the oscillations of the rest potential. The compartments for the
reference and auxiliary electrodes were separated from the cell of the main electrode by realed
ground stopcocks. The solution was stirred partly by a flow of argon, partly with a magnetic
stirrer. The flow of argon simultaneously provided for an inert gas atmosphere.

A Model PS-20 (Meinsberg) potentiostat was used for the potentiostatic investigations,
while the galvanostatic measurements were carried out with a galvanostat designed in this
laboratory. The electrode potentials were measured and recorded with a Model EMG-1363
digital voltmeter, a Model Radelkis OP-207 recording pH-meter and a Model Zeiss GI1B1
recorder.

Results

Figures 1—8 show the potential oscillations observed in various systems.
It is apparent from the figures that, as expected, oscillations of the rest poten-
tial can he produced with the aid of suitable redox systems.
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Fig. 1. Potential oscillations in the methanol Ce4+ system at a bright platinum electrode.
«methanol = 2 mol/dm3; Cee‘+ = 2.5x10-3 mol/dm3

When Fe3+ ions are used, the possibilities for the production of oscilla-
tion phenomena are considerably more limited than in the case of Ce4+. This
evidently follows from the fact that the standard redox potential of the Fe3+/
Fe2+ system (0.771 V) is substantially lower than that of the Ce4+/Ce3+ system
(1.61 V). Accordingly, the potential section corresponding to the cathodic
limiting diffusion current does not coincide for all substances with the potential
interval corresponding to potential oscillation. The fact that in certain cases
potential oscillations can be realized in the presence of both Fe3+ and Ce4+
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Fig. 2. Potential oscillations i n the formaldehyde-Ce4+ system at a bright platinum electrode,
«formaldehidé = 2 mol/dm3; cCe<+ = 1.2x10"* mol/dm3

Fig. 3. Potential oscillations in the formic acid-Ce4+ system at a bright platinum electrode,
«formic acid = 1 mol/dm3; eCe*+ — IX10 -4 mol/dm3

ions obviously testifies that the phenomena observed are independent of the
nature of the ions. Thus, the role of the ions is actually restricted to the accep-
tance of the electrons released during electro-oxidation.

Regrettably, certain interfering side effects must be faced also in the
case of Ce4+ions of otherwise advantageous properties. It is known from the
literature [2] that Ce4+ ions react in aqueous medium also in homogeneous
phase with different alcohols, aldehydes, etc. (Certain cerimetric determina-
tions are based on this fact.)

However, the rate of these homogeneous reactions is so low under the
conditions used that they do not cause substantial changes in the Ce4+ con-
centration even after prolonged periods of time although this concentration
is sometimes not very high. Naturally, the concentration of Ce4+ is not con-
stant even in the absence of this side-reaction, as it must decrease also on
account of the reduction process at the platinum electrode. (Evidently, the
same is valid for Fe3+ ions.)
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Fig. 4. Potential oscillations in the glycolaldehyde-Ce4+ system at a platinized platinum
electrode. Cgiycolaldehyde = 0-5 mol/dm3; cCe'+ = 2.5X 10~2 mol/dm3

Fig. 5. Potential oscillations in the isopropanol-Ce4+ system at a bright platinum electrode
Isopropanol = °-5 mol/dm3; cCe<+ = 1.5X10-* mol/dm3

In this case, the concentration of the oxidant decreases exponentially
with time, because in the range of the diffusion limiting current the quantity

of oxidant arriving in unit time at the electrode surface can be expressed
in the following way:

dt dF

Acta Chim. Acad. Sei. Hung. 97, 1978



304 HORANYI et ol.: POTENTIAL OSCILLATIONS AT PLATINUM ELECTRODES

where ij is the density of the limiting diffusion current, referred to the geo-
metrical surface, A is the geometrical surface area of the electrode, kD is the
apparent rate constant of diffusion process referred to unit geometrical surface
of the electrode, c is the concentration of the oxidant in the solution, n is the
stoichiometric number of electrons in the equation describing the reduction
(ox + ne = red), and F is the Faraday constant.

Sinceg = ¢, where vis the volume of the solution phase, the relationship
v

dc kD
dt v

si valid, from which follows the relationship

A*S-
C=CI’]eASt

where c,, is the initial concentration of the oxidant in the solution at time
t = 0. Thus, the density of the limiting diffusion current changes with time ac-
cording to the relationship

“A-N-
nFKp o A-n-t

The trivial statement follows unequivocally that, under given diffusion condi-

A
tions, the smaller the — ratio, the slower the concentration of the oxidant
v

changes with time. However, it is important that the above relationships are
valid for both bright and platinized electrodes, because only the geometrical
surface plays a role in the diffusion process. Naturally, there will be a great
difference in current densities referred to the “true” surface If the roughness
factor of the bright electrode is denoted by vs and of the platinized electrode
by vk and it is assumed that the magnitude of the “true” surface has been deter-
mined in both cases by the same method (e.g. from the charging curves), then
the current densities referred to the “true” surface in the case of identical
values will be

h
Vs K

On the other hand, it follows from the above relationships that in the
case of the platinized electrode, the oxidant must be applied at a concentration

by ----- times higher than in the case of the bright electrode, if identical true
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Fig. 6. Potential oscillations in the ethylene glycol-Fe3+ system at a platinized platinum
electrode. Supporting electrolyte 1 mol/dm3 11C104;
cethylene glycol = 0.5 mol/dm3; Cpe3+ = 0.05 mol/dm3

Fig. 7. Potential oscillations in the glyoxal—+e3+ system at a platinized platinum electrode.
Supporting electrolyte 1 mol/dm3 HC104;
Cgiyoxai = 0.2 mol/dm3; cFes+ = 1.2x10~2 mol/dm3

current densities are to be provided (presuming that kD is identical in both
cases).

Thus, it follows from the aforesaid that, depending on the experimental
conditions, the oscillation phenomena observed can be assigned to approxi-
mately steady states only in a certain time interval. This interval may some-
times be as long as 30 min or even 1 h, and within this interval potential
oscillations can be conveniently observed. At the systems investigated only
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Fig. 8. Potential oscillations in the ethylene glycol-Ce4+ system at a bright platinum electrode,
«ethylene glycol = 1 mol/dm3; cCe*+ = 3xkO "' mol/dm3

in the case of glyoxal was the difficulty encountered that owing to the homo-
geneous oxidation reaction with Ced+, no oscillations permanent over a longer
period could be observed. However, in this case oscillations could be produced
with Fe3+ ions, as shown in Fig. 7. The consumption of Ce4+, i.e. the decrease
in its concentration could be visually followed through the decolouration of
the solution and the change in intensity of the yellow colour of the solution.
It should be mentioned that in our preliminary investigations experiments
were carried out also with ions. The use of the Cr207~/Cr3+ system had
to be given up for the reason that the rate of homogeneous oxidation was too
high. Not more than one or at the most two potential oscillations could be
observed up to the consumption of the chromate ions, indicated also by the
colour change of the solution. No redox system seems to exist for which the
homogeneous oxidation reactions can be completely disregarded.

When it has been established that oscillation phenomena can be realized
also in the case of open circuits in the systems discussed above, a closer inspec-
tion of the relationship between the oscillations of the rest potential and the
galvanostatic potential oscillations seemed to be appropriate. Results of these
investigations will be shown on the example ofthe electro-oxidation of ethylene
glycol at a platinized platinum electrode.

Figures 9, 10, 11 and 12 show galvanostatic and Ce4+-induced potential
oscillations for various ethylene glycol concentrations, current densities and
Ced4+ concentrations, respectively. Currents belonging the galvanostatic cases
(1) may be correlated with the limiting rate of reduction of Ce4+ ions. Informa-
tion on the magnitude of the limiting diffusion current (Ij) could he obtained
from the potentiostatic polarization curves recorded for the system containing
Ce4+ ions and ethylene glycol. Curves of this kind are shown in Fig. 13. From
the long limiting current section belonging to the cathodic part of the polar-
ization curve, the limiting current can be unambiguously determined. (In fact,
it is sufficient for this purpose to determine the current at a single potential
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Fig. 9a. Galvanostatic potential oscillations at a platinized platinum electrode. I = 15 mA
9b. Rest potential oscillations with Ce4+. 11 = 13 mA, cethyiene glycol = 0.2 mol/dm3
Fig. 10a. Galvanostatic potential oscillations at a platinized platinum electrode. | = 11 mA

10b. Oscillations of the rest potential with Ce4+.
h = 10.5 mA, cethylene glycol = 0.4 mol/dm3

inside the potential range corresponding to the limiting current section.)
When Fe3+ ions and other organic substances are used, similar polarization
curves are obtained, as can be noted from Fig. 14. The similarity of oscillations
produced by the galvanostatic and the redox systems at similar I and f)
values can be clearly seen. By the increase or decrease of ethylene glycol con-
centration, changes of similar character are produced in the periodic phenom-
ena in both cases. The same is relevant to changes in the galvanostatic
current and the limiting diffusion current.

It has been known since long in conjunction with galvanostatic potential
oscillations that under given experimental conditions oscillations do not begin
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Fig. 11la. Galvanostatic potential oscillations at a platinized platinum electrode. I = 11 mA
lib. Oscillations of the rest potential with Ce4+
I\ ~ 10.5 mA, “ethylene glycol “ mol/dm
r
Fig. 12a. Galvanostatic potential oscillations at a platinized platinum electrode, | = 16.5 mA

12b. Oscillations of the rest potential with Ce4+
1r — 17 mA, cethylene glycol = 1-~ mol/dm
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Fig. 13. Potentiostatic polarization curves of a platinized platinum electrode in the ethylene
glycol-Ced+ system. cep,ylere glycol = 0.3 mol/dm3; ce'+ = 0.3 mol/dm3: cCe<t = 1X10~2 (1);
18X 102 (2); 2.5X 10™2 (3) mol/dm3

Fig. 14. Potentiostatic polarization curve of a platinized platinum electrode in the glyoxal-Fe3+
system. Cgiyoxal = 0.1 mol/dm3; Cpc5+ = 5X 10~3 mol/dm3

below a certain current value and cannot be observed above a certain current.
The same is true in the case of oscillations produced by redox systems with
respect to the magnitude of the limiting current, so that also here a close paral-
lelism exists between the two methods.

In view of the fact that the magnitude of the limiting diffusion current
can be changed by varying the stirring intensity, a relatively convenient
method is available for the changing of periodic phenomena. This procedure
is essentially equivalent to the changing of current intensity in the galvano-
static method.

Conclusions

Our initial assumption that galvanostatic potential oscillations can be
simulated by the oscillation of the rest potential of systems containing a redox
system and an organic substance, could be proved on the basis of the experi-
mental material presented in this paper. These observations cast doubt on the
assumptions according to which, the external circuit plays a decisive role in
the production of galvanostatic potential oscillations, at least in the cases
investigated.
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The results permit further to conclude that the number of systems in
which oscillations of the “rest” potential can be produced, may be considerably
increased. It is sufficient for the production of potential oscillation, if only
one of the coupled cathode and anode processes reveals a periodic behaviour.

After the exclusion of the possible role of the external circuit, the question
arises what processes at the electrode surface are responsible for the periodic
potential oscillations. In many of the cases investigated, oscillations occur in
a potential interval in which no oxide layer has yet been formed on the plati-
num surface, so that the phenomenon cannot be explained by oscillation models
involving the assumption of an oxide layer.

It seems rather more likely that the development of oscillation phenomena
should be attributed to the behaviour of the chemisorbed layer of the organic
substances. Attempts have been made to take this factor into consideration in
the interpretation of potential oscillations occurring in the galvanostatic
electro-oxidation of isopropanol [3].

During oxidation the organic substance can participate in the following

processes:

(la) Chemisorption, involving dehydrogenation, the rupture of bonds,
possibly the splitting of the molecule and considerable charge transfer. Essen-
tially, this is an oxidation process, too.

(1b) Oxidation of the products of chemisorption and removal of the
oxidation products from the electrode surface.

(I1) Oxidation of the organic molecule yielding some definite end-
product, which proceeds on free sites not involved in chemisorption (e.g. for-
mation of formaldehyde or formic acid from methanol, of glycolaldehyde or
glyoxal from ethylene glycol). Processes (la) and (Ib) are well-known from the
literature [4—8]. The oxidation of chemisorbed molecules takes place only
above certain potential values, so that at potentials more negative than these,
the surface is virtually completely covered with chemisorbed molecules. This
chemisorbed layer forms a barrier to reactions of type (Il1) and behaves as a
passive layer. Accordingly, the oxidation of the chemisorbed layer increases
the reaction rates, because it increases the number of free sites. A change in
coverage with chemisorbed molecules affects therefore the rate of processes
proceeding by route (I1). In steady-state galvanostatic cases the current is
distributed on the basis of the aforesaid between three processes:

I —la+ li + %%

where la, Ixand 12 are the currents corresponding to chemisorption, to the oxi-
dation of chemisorbed molecules and to the actual oxidation processes, respec-
tively. In the steady state, all three partial currents are constant. If potential
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oscillations can be observed, the charge involved in charging and discharging
of the electrode must also be taken into account in the charge balance. If the
capacitance of the electrode is C, then the above equation will have the fol-
lowing form:

= h{Et)+ h (E.t)+ I, (E,) + C

where it is indicated that la Ixand J2depend on the potential (E) and on time
(f), their magnitude and ratio changing as a function of time. | is naturally
constant. To these equations, the equation describing the variation of the
coverage by chemisorbed molecules with time must be added:

ol (la h
dt p Fna Fnl

where F is the Faraday constant, na and nx are the stoichiometric numbers of
the electron in the equations describing chemisorption and oxidation of the
chemisorbed molecule, and p is the amount of the chemisorbed molecules
(mol) at the surface in the case of complete coverage. On the basis of various
models, la Ix and J2 can be given as a function of 0 and E. Actually, the
system of differential equations obtained in this way should be analyzed to
determine whether periodic solutions do exist. The selection of suitable models
is the subject of further investigations.
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It has been shown that during the oxidation of ethyleneglycol in acidic media
on platinized platinum electrodes, among other products, compounds are formed which
are reduced at appreciable rates at potentials slightly more positive than the potential
of the equilibrium hydrogen electrode. To interpret the phenomena observed, the electro-
hydrogenation and the catalytic hydrogenation of the oxidation products of ethylene
glycol (HOCH2-CHO. OHC-CHO, HOCH2-COOH, OHC-COOH, HOOC-COOH)
at the platinized platinum electrode and on a platinum powder catalyst in an acidic
medium have been investigated. Appreciable reduction rates were found only in the
case of the oxo compounds. It has been shown that hydrogenation reactions can be ob-
served only if definite experimental procedures are used. For the rate of electrohydro-
genation or hydrogenation the following order has been established: HOCH2—CHO -
=OHC-CHO ¢g> OHC-COOH. As a result of the electrohydrogenation or hydrogen-
ation of glycolaldehyde and glyoxal, mainly ethane is formed, presumably via acet-
aldehyde as an intermediate.

Experimental results unequivocally show that glycolaldehyde or glyoxal, or
both compounds may be formed in substantial amounts during the oxidation of ethylene

glycol.

The electrochemical behaviour of ethylene glycol and its oxidation prod-
ucts (HOCH,-CHO, OHC-CHO, HOCH2-COOH, OHC-COOH, HOOC-
COOH) at the platinum electrode has been discussed in several papers [1 —18].
The papers cited deal primarily with problems ofelectro-oxidation and adsorp-
tion. In spite of this, with the exception of oxalic acid, little information is
available on the actual route of oxidation of these compounds. Information
is even more limited on the electroreduction of these compounds; indeed, on
the basis of the literature the conclusion might be drawn that they are essen-
tially not reduced at the platinum electrode. Certain doubts arise in conjunc-
tion with the justification of this latter assumption, as earlier investigations
[19 —21] have shown that simple aliphatic oxo compounds (acetone, methyl
ethyl ketone, acetaldehyde, propionaldehyde) can be reduced in acidic media
at an appreciable rate at the platinum electrode, and the respective hydrocar-
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bons sometimes form a considerable part of the products obtained. Doubtless,
the existence of these reactions has long escaped attention because of aging
phenomena due to the strong chemisorption of the starting materials and
by-products possibly formed in small amounts. Presumably, similar phenom -
ena exist also in the case of oxo compounds derived from ethylene glycol.
Starting from this assumption, the possible reduction of the oxidized deriva-
tives of ethylene glycol will be investigated in this paper.

The elucidation of problems related to the reduction of these compounds,
besides possibly extending our knowledge on their electrochemical properties,
seems to be important also because during certain operations in oxidation
studies, e.g. during cathodic regeneration, the electrode may attain potentials,
at which possible reduction products may distort the results of subsequent
oxidative investigations.

Experimental

1M HC104 and H2504 were used as supporting electrolytes. Potentiostatic measure-
ments were carried out with a PS-20 (Meinsberg) potentiostat. A three-electrode cell, well-
known from electrochemical literature, has been used. The reference electrode was a hydrogen
electrode immersed into the supporting solution. All potential values reported are referred to
the potential of this electrode.

Hydrogenation experiments were carried out with platinum powder of about 10 m2g
specific surface. A hydrogenator fitted with a thermostating jacket was used in combination
with a shaker of variable oscillation number. Hydrogenations were carried out at 25 °C.

Reduction of the oxidation products of ethylene glycol

As already mentioned the route through which electro-oxidation ofethyl-
ene glycol proceeds is essentially unknown. As a working hypothesis, let us
start from the following simple reaction scheme:

, CHO
—1 vV
CH,OH . CHO ; CHO \CHO 6 COOH
S I —1 —co2
CH20H CH20H COOH /COO0HA COOH

3> 1 )
3 CH20H

It should not be forgotten that other reaction routes are also possible.
Thus, for example, by analogy to homogeneous oxidation reactions, it may be
presumed that formic acid is also formed as an intermediate in the electro-
oxidation of hydroxy or oxo acids, from which carbon dioxide is formed, simi-
larly as from oxalic acid.
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The electro-oxidation of ethylene glycol proceeds on the platinized plati-
num electrode already at moderately positive potentials at appreciable rates,
as can be seen from the section of the potentiostatic polarization curve shown
in Fig. 1. It is known from earlier investigations [14] that in the potential

— b — |

] 1
400 500 600 700 800
E (mV)

Fig.\l. Polarization curve of ethylene glycol (0.2 mol/dm3)in 1 IIf HC104 as supporting electro-
lyte

interval corresponding to this section oxalic acid is either not oxidized or only
at a very low rate. Thus, presumably, the complete oxidation of ethylene glycol,
yielding C02 need not be taken into consideration. When polarizing the elec-
trode over a longer time at a given potential, between 500 and 700 mV, then
rapidly decreasing the potential to 0 mV, then depending on the amount of
charge having passed through the system during oxidation, a considerable
cathodic current can be observed in the potential interval from 0 to 100 mV.
Cathodic polarization curves observed after anodic polarization of different
extents are shown in Fig. 2. This phenomenon shows that products are formed
during oxidation which undergo reduction at potentials more negative than
100 mV.

Fig. 2. Cathodic polarization curves after anodic polarization for different periods. Magnitud
of charge passed during anodic polarization: 0 (1); 85 (2); 145 (3); 320 (4); 560 (5)C
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It should be mentioned that inrecording the cathodic polarization curves
we always started from 0 mV and proceeded towards more positive potentials.
In the opposite case a substantially lower current was obtained. In the deter-
mination of current values belonging to given potentials, we waited only
for 3—5 min, because the current decreased with time. These problems will
be discussed later on. The set of curves presented unequivocally shows that,
within an identical procedure the magnitude of the cathodic current at a given
potential is a function of the amount of charge having passed through the
system during anodic polarization.

Since no data are available concerning the reduction of the assumed
intermediates under the given experimental conditions, it seemed necessary to
investigate in detail the reduction of the compounds involved in the scheme
for the oxidation of ethylene glycol.

Electroreduction of the assumed intermediates

Observable cathodic processes have been encountered in the case of
glycolaldehyde, glyoxal and glyoxylic acid, i.e. in the case of oxo compounds.
Essentially, this is in agreement with the statement that neither acids nor
alcohols are reduced at the platinum electrode [22]. (The reduction of oxalic
acid, e.g., to glycolic acid takes place at the mercury or lead electrode, at poten-
tials considerably more negative than those investigated by us.) However,
definite experimental methods are needed to make the electroreduction or
electrohydrogenation of these compounds actually observable. It is known
from the literature [2, 3, 9] that glycolaldehyde, glyoxal and glyoxylic acid
are strongly chemisorbed on the platinum surface via dehydrogenation. The
extent and rate of chemisorption depend on the electrode potential. At poten-
tials more negative than 100 —150 mV, the process is slow and, accordingly,
at these potentials relatively low coverages by the organic substances can be
observed even after rather long times. At potential values ranging from 200
to 500 mV chemisorption is rapid, the molecules already adsorbed can be re-
moved from the electrode surface only by oxidation. At potentials around 0 mV,
the products of chemisorption remain also on the electrode surface, i.e. they
are resistant to hydrogenation or reduction. This calls attention to the fact
that great care is needed in the investigation of the hydrogenation reaction.
The chemisorbed layer may constitute a substantial barrier for the hydrogena-
tion reaction to be investigated. This assumption is the more justified, because
it is known to be the case in oxidation reactions [23, 24]. Consequently, chemi-
sorption should be minimized if the reduction process is to be investigated.

Accordingly, the test substance was added to the system with the elec-
trode adjusted in the supporting electrolyte to 0 mV or more negative poten-
tials. Figure 3 shows the phenomena observed in the case of glycolaldehyde.
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Fig. 3. Investigation of the reduction of glycolaldehyde as a function of the life-history of the
electrode. For detailed explanation see text

Passing argon through the system at 0 mV, a cathodic current corresponding
to hydrogen diffusion can be observed (section 1). Glycolaldehyde was added
to the system at the moment indicated by an arrow. The current increased
by almost an order of magnitude (section 2), which unequivocally indicates
that a reduction process is taking place at a considerable rate.

To prove that the chemisorbed layer formed by dehydrogenation inhibits
the reduction process, the potential of the electrode was changed to 250 mV
and kept for some time at this value (section 3). In this section, chemisorption
is accompanied by an anodic current decreasing in time. After this (section 4)
at 0 mV, current is but slightly higher than before the addition of glycolal-
dehyde.

Moreover, it is known from the literature that the oxidation of chemi-
sorbed molecules begins already at 500 —600 mV and, following this, the oxida-
tion of the organic substance in the solution proceed at the liberated sites.
Accordingly, keeping the electrode at 600 mV (section 5) an anodic current
of substantial magnitude can be observed. The decreasing coverage by chemi-
sorbed molecules is shown by section 6,inwhich a perceptible cathodic current
is flowing again at 0 mV, i.e. the reduction process takes place again.

The same is proved by sections 7 and 8. At 700 mV a greater fraction of
the chemisorbed layer can be removed than at 600 mV. As a result of this,
a higher cathodic current can be observed at 0 mV than before.

The reduction rate of glycolaldehyde may considerably decrease with
time at a given potential. This phenomenon depends on the concentration of
glycolaldehyde, as shown by Fig. 4. At low concentrations only slight “aging”
is revealed. It can be concluded from this that the decrease in rate is caused
either by the concentration dependent slow chemisorption of glycolaldehyde or
by the chemisorption of some impurity. It seemsvery important that an approx-
imately steady state can be attained rather easily at low concentrations, at
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Fig. 4. Variation of the reduction rate of glycolaldehyde with time at various glycolaldehyde
concentrations. (1) 6x10~2; (2) 3xM -2; (3) IXIO-2 mol/dm3

Fig. 5. Cathodic polarization curves in the presence of glycolaldehyde at 3x10-2 (1) and
5x 0 _3 (2) mol/dm3 concentrations, starting from 0 mV. Curve 3 was plotted starting from
90 mV, at 5x10-3 mol/dm3 concentration

least at potentials of 10 —30 mV, provided that the decrease in concentration
of the solution due to the reaction need not be taken into consideration.

At the same time, difficulties are met in the recording of steady-state
polarization curves, because the rate of aging (deactivation) phenomena
increases too upon changing the potential in the positive direction. Starting
from 0 mV, in the 0 —100 mV interval the polarization curves shown in Fig. 5
are obtained at two different concentrations (curves 1 and 2). Current values
belonging to the given potentials were determined after 5 min of waiting.
Proceeding in the opposite direction, substantially lower values are obtained,
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as shown by curve 3, which has been recorded for the lower concentration,
starting from 90 mV and proceeding in the negative direction.

In the case of glyoxal, similar phenomena have been observed, but the
rate of reduction, under otherwise identical conditions, is considerably lower
than in the case of glycolaldehyde. This is shown by the polarization curves
in Fig. 6, recorded under identical conditions.

In the case of glyoxylic acid, the rate of reduction is very low, reduction
at an appreciable rate could be observed only at relatively high concentrations.
Curve 3 in Fig. 6 is the polarization curve of glyoxylic acid at a concentration
5 times higher than those of glycolaldehyde and glyoxal. The deactivation of
the electrode was more marked than in the two previous cases.

Fig. 6. Cathodic polarization curves of glycolaldehyde (1) and glyoxal (2) at 3X10 2mol/dm3
concentration, and of glyoxylic acid (3) at 1.5X 10-1 mol/dm3 concentration

During the reduction of glycolaldehyde and glyoxal, vigorous gas evolu-
tion is observed. Mass spectrometric analyses (for which we wish to thank
Dr. K. Ujszaszy) have shown that the gaseous product formed is ethane,
i.e. the oxogroup is converted into a CH3group according to expectations.
In the case of glycolaldehyde, a few per cent of methane was also present besides
ethane, its amount changing from experiment to experiment. When the volume
of the gas evolved is plotted against the amount of charge passing through
the system, the straight line shown in Fig. 7 is obtained. These experiments
were carried out at 30 mV. For comparison, hydrogen was made to evolve
from the background solution under identical conditions but at —20 mV.
The ratio of the slopes of the lines is approximately H2: glyoxal : glycolalde-
hyde = 1:4:3, i.e. the reactions described by the overall equations

HOCH2-CHO + 6H+ + 6e - CH3-CH3+ 2H2

and
OHC-CHO + 8H+ + 8¢ - CH3-CH3+ 2HX

may be assumed to occur at the electrode.
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Fig. 7. Volume of gas evolved as a function of the amount of charge having passed the system.
(1) H2; (2) HOCH2- CHO; (3) OHC-CHO

Further information relevant to the reaction products is obtained from
the results of catalytic hydrogenation. In the following, these investigations
will be described.

Investigation of catalytic hydrogenation

Earlier experiments [26] have shown that an investigation of direct
catalytic hydrogenation may be very helpful in the study of processes during
electrohydrogenation. Under similar experimental conditions, hydrogenation
and electrohydrogenation are necessity equivalent to one another, i.e. the
reactions of the organic molecule are identical in both cases so that identical
products should be obtained. Thus, the hydrogenation of glycolaldehyde,
glyoxal and glyoxylic acid was investigated on a platinum catalyst. Similarly
as in electrohydrogenation, special care had to be observed in the realization
of hydrogenation, because at a relatively high concentration of the organic
substance the rate of the reaction considerably decreases. This happens also
if the catalyst, before saturation with hydrogen, is in contact with the solution
containing the organic substance. If the shaking of the hydrogenator is stopped
when the reaction rate is still substantial, and after some time (10 —20 min)
shaking is started again, a considerably lower hydrogen uptake rate is observed
or the reaction may even stop altogether. Therefore, the compound to be
hydrogenated was added to a system previously saturated with hydrogen,
and shaking was immediately started.

The phenomena observed can be unequivocally interpreted on the basis
of findings in the investigation of electrohydrogenation. If the hydrogen
supply is inadequate, the reaction proceeds at the expense of hydrogen ad-
sorbed on the catalyst. As aresult of this, the potential of the catalyst becomes
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gradually more positive. The rate of chemisorption increases with increasing
potential and, as has been seen, the rate of hydrogenation decreases because
of increased chemisorption. Therefore, when carrying out the reaction, care
should be taken to ensure a near equilibrium state in the whole system
(gas-liquid boundary phase) with respect to hydrogen, to realize a state similar
to that attainable in electrohydrogenation at potentials only somewhat more
positive (10 —20 mV) than 0 mV.

In Figs 8a and 8b hydrogen uptake rates are plotted against time for
glyoxal and glycolaldehyde. It can be noted from curves 1 that the rate of
hydrogen uptake very rapidly decreases with time. The fact that this phenom-
enon is not exclusively due to a decrease in the activity of the catalyst can
be seen from sections 2. At the time marked by an arrow, fresh quantities of
the organic substances were introduced into the system. In the case of glyoxal,
this amount was the same as that initially added, while in the case of glycol-

Fig. 8a. Rate of glyoxal hydrogenation as a function of time (for detailed explanation see text)
Fig. 8b. Rate of glycolaldehyde hydrogenation as a function of time (for details see text)

aldehyde, one half of the initial amount was added. The rate increase unequivo-
cally testifies that the change of the hydrogenation rate in time observed in
the first experiment is due to the change in concentration of the substance
hydrogenated. When the shaking of the hydrogenator was interrupted for
a brief period (15 min), i.e. the rate of hydrogen supply was considerably
reduced, the rate of hydrogenation became virtually zero (section 3 of Fig. 8b).

In both hydrogenations, the reaction seems to be approximately of the
first order along a fairly long initial section. When the rate of hydrogen uptake
is plotted against the volume of hydrogen absorbed, the initial sections are
linear up to rather high conversions, as can be seen from Figs 9a and 9b for
glycolaldehyde and glyoxal. Following the linear section, both curves exhibit
a break.
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Fig. 9a. Rate of apparent hydrogen uptake as a function of the amount of hydrogen (mol)
apparently taken up by 1 mol of glycolaldehyde (0.5 g Pt)

Fig. 9b. Same as in Fig. 9a, in the case of glyoxal (2.5 g Pt)

For glycolaldehyde the apparent hydrogen uptake referred to 1 mol of
the organic substance, is about 2 mol whereas for glyoxal it is about 3 mol.
It must be emphasized that we can speak only of apparent hydrogen uptake,
because when gaseous products are formed, the actual hydrogen uptake can
be calculated only is knowledge of the reactions taking place. On the other
hand, we have seen in conjunction with electrohydrogenation that the forma-
tion of gaseous products must be taken into consideration.

Mass spectrometric analysis showed also in this case the formation of
ethane. (Similarly as in electrohydrogenation, sometimes a few per cent of
methane was also formed, particularly in the case of glycolaldehyde.)
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Considering the apparent hydrogen uptake, it can be assumed that the
hydrogenation reaction proceeds mainly according to the overall equations

HOCH2-CHO + 3H2- CH3-CH3+ 2H2
and
OHC-CHO + 4H2- CH3-CH3+ 2H,0.

Moreover, it follows that in the cases investigated the transport or the
activation (dissociative adsorption) of hydrogen cannot be the rate-deter-
mining step in hydrogenation, because in this case the rate would not depend
on the concentration of the organic substance.

To prove that hydrogen transport cannot be the rate-determining step,
the reduction of Fe3+ ions has also been studied. Figure 10 shows the rate of
hydrogen uptake in the complete reduction of a given amount of Fe3+ ions.
In this case the rate of hydrogen uptake does not depend on the concentration
of Fe3+ ions in the solution, but remains practically constant until the uptake
of the required amount of hydrogen; indeed, it rather increases than decreases,
and only in the short section before the termination of the reaction can a
sudden drop of hydrogenation rate be observed. On the other hand, in this
case the rate of hydrogen uptake is considerably higher than in the case of
glycolaldehyde or glyoxal. (For comparison, the curve found for glycolaldehyde
is also shown in Fig. 10 by the broken line.)

Fig. 10. Comparison of hydrogenation rates observed in the presence of Fe3+ ions (1) and
glycolaldehyde (2), under identical experimental conditions

The maximal hydrogen uptake rate of 100 —150 ml/h found for organic
substances is also considerably lower than the rate of 350 ml/h measured in
the reduction of Fe3+ ions, so that it can be stated with certainty that in the
former cases neither the activation of hydrogen, nor the transport of hydrogen
is the rate-determining step.
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The rates of hydrogenation of glyoxylic acid are considerably lower than
those for the other two compounds, similarly to their electrohydrogenation.
1 mol of glyoxylic acid takes up about 1 mol of hydrogen. Owing mainly to
its low rate and uncertain reproducibility, this reaction has not been investi-
gated in detail.

Discussion

The experimental results unequivocally show that the reducible product
formed during the oxidation of ethylene glycol can only be an oxo compound.
Of the three possible oxo compounds, glycolaldehyde, glyoxal and glyoxylic
acid, only the first two show appreciable reduction currents, so that one of
these or both are formed in a considerable amounts during the mild oxidation
of ethylene glycol carried out at not too high potentials. As concerns the reduc-
tion of glyoxal and glycolaldehyde, from the available data it is rather difficult
40 draw conclusions on the mechanism of the process. The fact that ethane is
formed from glyoxal is actually not suprising in view of what is known about
the reduction of simple oxo compounds. In the case of glycolaldehyde, this
finding is not easily understood since, beside the conversion of the CHO group,
the reductive elimination of the OH group should also occur. Under the con-
ditions investigated by us, the reduction of alcohols is not to be expected.
However, the OH group of glycolaldehyde is loosened, as has been proved by
the investigations of Giteadi et al. [25]. In the reduction of glycol aldehyde
at the mercury electrode at high negative potentials, resulting pinacol, the
found acetaldehyde as intermediate product.

If we assume that acetaldehyde is the first reduction product on the pla-
tinum electrode, the formation of ethane can be considered already as inevi-
table. Accordingly, the acetaldehyde intermediate can be assumed also in the
reduction of glyoxal. However, in this case the formation of glycolaldehyde
in the first step of reduction cannot be excluded. Taking all this into consider-
ation, a possible route of the reduction of glyoxal and glycolaldehyde to
ethane can be given by the following scheme:

CHO

CH20H
\C H 3 CH3

CHO/7' CHO CH3

|/
CHO

Proof of the assumed reaction route requires further investigations.
However, on the basis of the experimental results reported in this paper,
it can be stated with certainty that the electrohydrogenation and hydrogena-
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tion of oxo containing bifunctional compounds with two carbon atoms can
be realized at the platinum electrode. The electroreduction of glyoxal and
glycolaldehyde serves as a further example of the fact that the conversion of
the oxo group into a CH3group does not require the use of electrodes at which
the hydrogen overvoltage is high.
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The Hg/HgO electrode, used only as a reference electrode, was modified so that
it proved suitable in a broad concentration interval for measurement of the changes in
hydroxide ion activity of concentrated alkaline solutions. The hydroxide ion activity
in alkaline aluminate solutions was measured with the aid of two such electrodes con-
nected as a galvanic cell. A method of determining the diffusion potential arising in the
system was also elaborated. Calculations based on the data thus obtained supported the
literature finding that the tetrahydroxoaluminate ion predominates in systems with
reasonably low aluminium contents. The formation of dimeric or oligomeric species
may be assumed in systems with higher alkali and aluminium contents, but with this
experimental method in itself quantitative data were not obtained.

Introduction

The formation of hydroxo complexes can in general be followed by mea-
suring the pH change of the system. This method cannot be employed in
concentrated alkaline solutions because of the alkali sensitivity of the custom -
ary electrodes. This may be the reason of the many contradictory data in
the literature [1—9], for example, in connection with the compositions and
structures of the complexes present in aluminate-containing alkaline solutions.
In order to solve this problem, we have transformed the mercury—mercuric
oxide electrode, previously used exclusively as a reference electrode [9—14],
so that it is also suitable for the accurate measurement changes in hydroxide
ion activity in concentrated (several molar) alkaline solutions.

The mercury-mercuric oxide indicator electrode

The material of the electrode was prepared from a mixture of metallic
mercury of analytical purity, further purified by distillation, and yellow
mercuric oxide of analytical purity. The components were ground to a homo-
geneous paste in small portions in a porcelain mortar, and the resulting paste
was packed above a few drops of metallic mercury in the indicated part of
the pipe-shaped electrode vessel to be seen in Fig. 1. Via the small platinum
wire soldered into the glass, the electrode-holding part of the pipe is connected
to the mercury contact, and to the millivoltmeter via the wire projecting
into it.
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Fig. 1 The scheme of the electrode cell

A study was made on the effect of the mercury—mercuric oxide ratio on
the electrode function. A 2 : 1 weight ratio of the two components was found
to be optimum. If this ratio is increased, the response time of the electrode is
lengthened, but the value of the electrode potential does not change. Decrease
of the ratio, on the other hand, results in a too hard, friable paste, which is,
therefore, difficult to handle.

The response time of the electrode depends not only on the composition
of the paste, but also on the hydroxide ion concentration of the solution into
which the electrode is immersed before measurement. If the hydroxide ion
concentration of the solution to be measured differs by more than 1 mol/dm*
from that of the solution with which the electrode was previously in contact,
the appropriate potential value of the new solution is established within
about 5 min.

The reproducibility of the measurements is +0.3 mV, and a Nernst
electrode function was found in the concentration interval 10~2—10 M.
The slope of the electrode potential vs. pOH curve proved to be 59 mV.

As reference electrode, a mercury—mercuric oxide electrode was similarly
used. As Fig. 1 shows, this was situated in the tap-containing, pipette-like
vessel employed for the calomel reference electrode in potentiometry. In this
way, it was simple to ensure aconstant ionic strength in the entire system;
this was generally maintained at 6 M.

If the compositions of the solution to be measured and the solution in
the reference electrode are exactly the same, the e. m. f. of the system is 0
or a value differing only very slightly from 0. The difference is constant for
a given electrode pair, and hence, it can easily be corrected for. (The difference,
which is at most 1—2 mV, stems from the different geometries of the elec-
trodes.)
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Fig. 2 E.m.f. data vs. the logarithm of the hydroxide ion concentration

To present the applicability of the cell for concentration measurement,
in Fig. 2 the e. m. f. data on a series of sodium hydroxide solutions adjusted
to an ionic strength of 6 M with sodium nitrate are plotted as a function of
the logarithm of the hydroxide ion concentration. The reference electrode
contained 1 M sodium hydroxide, naturally, also with an ionic strength of 6 M.

The analytical plot deviates from linearity at low and high hydroxide
ion concentrations. The cause of this is the diffusion potential arising because
of the different compositions of the solution under study and the solution in
the reference electrode.

Study of the diffusion potential

In spite of the constant ionic strength, a diffusion potential arises in the
galvanic cell system because ofthe appreciable difference between the mobilities
of the nitrate and hydroxide ions. Barcza et al. [15] demonstrated how the
diffusion potential due to hydrogen ion—ation exchange can be taken into
account on the basis of conductivity measurements. The diffusion potential
due to hydroxide ion-anion exchange in our case was corrected for in an
analogous manner. In the knowledge of the concentrations and the equivalent
conductivities, the diffusion potential can be expressed as follows [15]:

59.15 log j  ,NaOH___ NaNO,

(1)
M « AN NaNO,
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At constant ionic strength, the values of the activity and conductivity coeffi-
cients are constant, and thus the following simplification may be introduced:

K = A NaOH — ~M, NaNO, (2)
‘IM, NaNO,
k= A ©

Hence, the diffusion potential can be described by the following equation:
Ed= EO+ 59.15log (1 + K[OH-]) (4)
The measured electrode potential is comprised of two parts:
Em= Ep+ Ed= EO+ 59.15 log [OH"] + Ed (5)

By substituting Eq. (4) in place of Ed in relation (5), we obtain the following
formula:
[oH-]

Em-E d= 59.15 log
1+ JC[OH-]

(6)

The values of k and K determined in accordance with the above in sodium
hydroxide solutions adjusted to ionic strengths of 2, 4 and 6 M with sodium
nitrate are listed in Table I.

Table 1

Data necessary for correction of the diffusion potential

1 NaNo03 NaOH K K

2M 63.7 142.4 1.234 0.617
4M 44.2 96.2 1.175 0.293
6M 31.9 62.6 0.963 0.160

The plot of log [OH-] vs. the electrode potential corrected by the diffu-
sion potentials calculated with the above data is presented in Fig. 3, together
with the experimental curve. It can be seen that correction for the diffusion
potential straightens the curve. The corrected electrode potentials can be uti-
lized for direct equilibrium evaluation purposes.

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABO et al.. MEASUREMENT OF THE HYDROXIDE ION ACTIVITY 331

Fig. 3. The measured (-x-) and the corrected (-O-) e.m.f. data vs. the logarithm ofthe hydroxide
ion concentration

M,NaOH
Fig. 4. The dependence of the e.m.f. data on the ionic strength

Study of other factors influencing the measurement

A study was made on how the e. m. f. of the cell depends on the ionic
strength. The data measured in systems with ionic strengths of 2, 4 and 6 M
are presented in Fig. 4.

The calibration curve of the electrode was recorded in solutions thermo-
stated at 25 and at 60 °C. It can be seen in Fig.5 that elevation of the temper-
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Fig. 5. The temperature dependence of the e.m.f. data

ature changes the electrode potential in accordance with the Nernst relation-
ship, but the functioning of the electrode is not restricted at all. This permits
equilibrium studies to be made above room temperature.

The oxygen sensitivity of the cell was also studied. In contrast with
mercury—mercury halide electrodes, the present electrode is not sensitive to
atmospheric oxygen. In spite of this, the solutions were mixed with oxygen-
free nitrogen during the investigations.

After establishment of the electrode potential, its value remains un-
changed during several hours. Hence, the electrode is also suitable for kinetic
investigations.

Study of hydroxo complexes of aluminium

The electrode system described was employed primarily to study the
aluminate complexes present in concentrated alkaline solution. To avoid errors
due to the inertness of the aluminium complexes, every solution examined
was prepared individually not by dilution from standard solutions.

A weighed quantity of high-purity (99.99 %) aluminium was dissolved
in a solution of known concentration of analytical grade sodium hydroxide.
After complete dissolution of the metal, the appropriate ionic strength and
final volume were adjusted, for equilibration the solutions prepared in this
way were kept in a closed plastic vessel in a 100 °C water bath for 60 min.

The concentrations of aluminium and sodium hydroxide were varied in
wide intervals, and an effort was made to attain a high aluminium-sodium
hydroxide ratio.
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On the basis of the calibration curve, the free hydroxide ion concentra-
tion was determined from the potentials measured in the aluminium-containing
solutions. In the knowledge of the total hydroxide ion and the initial alumi-
nium concentration, it was possible to calculate the average number (n) of
hydroxide ions bound to one aluminium ion. The results of the first series
of measurements are listed in Table II.

Table 11

Formation data on the aluminium hydroxo complex

Composition
(ml/dm3 * measured lbrium bound -l}y bound
(AT [NaOH]T [OH]- Al(OH)s [OH]
0.1 0.6 18.3 0.49 0.11 0.41 4.1
0.1 i 0.8 1.01 0.09 0.39 3.9
0.1 1.6 8.7 1.51 0.09 0.39 3.9
0.1 2.1 -15.5 2.04 0.06 0.36 3.6
0.1 3.1 -24.0 3.05 0.05 0.35 3.5
0.2 0.7 17.3 0.51 0.19 0.79 3.95
0.2 1.2 0.0 1.04 0.16 0.76 3.85
0.2 1.7 -9.2 1.58 0.12 0.72 3.60
0.2 2.2 -16.1 2.09 0.11 0.71 3.56
0.2 3.2 -24.1 3.08 0.12 0.72 3.60
0.5 0.9 19.9 0.45 0.45 1.93 3.90
0.5 1.0 11.5 0.57 0.43 1.95 3.85
0.5 1.5 -1.9 1.06 0.44 1.94 3.87
0.5 2.0 -11.2 1.73 0.27 1.77 3.54
0.5 2.5 -17.4 2.27 0.23 1.73 3.45
0.5 3.0 -22.5 2.88 0.18 1.68 3.35
0.5 3.5 26.0 3.40 0.10 1.60 3.20

Surprisingly, with the increase of the sodium hydroxide concentration,
the n values decreased, which contradicts with all considerations of coordina-
tion chemistry. Analysis ofthe experimental data revealed that if the measured
potential values were increased by a value proportional to the aluminium
concentration, then in all cases the calculated n values proved to be very close
to the value of 4, which corresponds to [A1(0H)4]~ ion which presumably
predominates in the system. It was concluded from this that the n values
differing from 4 in Table 1l are caused by the diffusion potential due to alu-
minium-containing ions.

To clear this assumption, i.e. for the experimental determination of the
diffusion potential due to the tetrahydroxoaluminate ion, cells were employed
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n which the aluminium concentration varied, but the free hydroxide ion
concentration was constant at 1.0 M in every solution. The results of such
series are presented in Table IlI.

Table 111
Diffusion potential caused by the [AI(OH)i] ion

Analytical Equilibrium Reference
“omerany g, B N o B =V LB
mol/dm3
[Al]e [NaOH]T [NaAI(OH).] [NaOH] [AI(OH)D
0.3 1.3 0.3 1.0 1.0 4.5 2.5 6.66
0.5 1.5 0.5 1.0 1.0 5.7 2.5 6.4
1.0 2.0 1.0 1.0 1.0 8.0 2.3 5.5
1.5 2.5 1.5 1.0 1.0 10.0 2.5 5.0
2.0 3.0 2.0 1.0 1.0 14.2 2.5 5.85
average
6 mV

The data indicate that the value of the diffusion potential due to 1 M
aluminate ion is on average of 6 mV. In the knowledge of this, the diffusion
potentials caused by the aluminate ion were corrected for, and the n values
were recalculated (Table 1V).

The data of Table IV show that in the systems examined the number of
hydroxide ions bound by one aluminium atom is 4. On the basis of literature
data, it may be assumed that with the increase of the aluminium content of
the solution and with the decrease of the alkali concentration, dimeric and
possibly oligomeric ions [8] may be formed in addition to the monomeric
aluminate ion. In the following series, therefore, the aluminium concentration
was increased further. The data thus obtained show that corrections for the
diffusion potential in these systems, containing higher alkali and aluminium
concentrations, do not lead to a linear correlation between the potential
difference and the aluminium concentration. This is apparent from the data in
Table V and from Fig. 6. This indicates that the aluminium content changes
the e. m. f. not only via the creation of a diffusion potential, but also by other,
presumably coordination chemical means (the formation of dimeric or oligo-
meric aluminate ions, and possibly other associations).

From the analysis of a large number of experimental data, we have
concluded that, merely from measurement of the e. m. f., it is not possible
to decide what factors are responsible for the potential difference arising in

Acta Chim. Acad. Sei. Hung. 97, 1978



SZABO et al.. MEASUREMENT OF THE HYDROXIDE ION ACTIVITY 335

Table TV

Corrected n values determined in alkaline aluminate solutions (ionic strength
adjusted to 6.0 M with NaN03J

co?nolegtsii?inon ' |<Eq~u - Bound

(mol/dmg) —"n(]ﬁ]a\slljred '(3,9]'\'/5 E(?ﬁ)\r/r ] Eor:-lql n]1 [OH-] n nuncorr.

B (mol/dm*) (mol/dm@
[Alji [NaOH]T
0.1 0.6 18.3 18.9 0.48 0.12 4.2 4.0
0.1 l.i 0.8 1.4 1.00 0.10 4.0 3.9
0.1 1.6 -1.7 0.6 -8.1 1.50 0.10 4.0 3.9
0.1 2.1 -15.5 -14.9 2.00 0.10 4.0 3.4
0.1 3.1 -24.0 -23.4 3.00 0.10 4.0 3.5
0.2 0.7 17.3 18.5 0.49 0.21 4.05 3.95
0.2 1.2 0.0 1.2 1.00 0.20 4.0 3.80
0.2 1.7 -9.2 1.2 -8.0 1.50 0.20 4.0 3.60
0.2 2.2 -16.1 -14.9 2.00 0.20 4.0 3.35
0.2 3.2 -24.1 -2.29 2.96 0.24 4.2 3.6
0.5 0.9 19.9 22.9 0.40 0.50 4.0 3.9
0.5 1.0 14.5 17.5 0.50 0.50 4.0 3.85
0.5 1.5 - 1.9 1.1 1.0 0.50 4.0 3.87
0.5 2.0 -11.2 3.0 -8.2 1.50 0.50 4.0 3.54
0.5 2.5 -17.4 -14.7 2.03 0.50 4.0 3.45
0.5 3.0 -22.5 -19.5 2.51 0.49 3.98 3.35
0.5 3.5 -26.0 -23.0 3.00 0.50 4.0 3.20
0.4 1.0 11.6 14.1 0.61 0.39 3.97 3.79
0.4 1.5 -3.6 -1.1 0.98 0.42 4.02 3.68
0.4 2.0 -12.5 -10.0 1.58 0.42 4.02 3.60
0.4 2.5 -18.5 2.5 -16.0 2.05 0.35 3.87 3.50
0.4 3.0 -23.5 -21.0 2.59 0.41 4.01 3.18
0.4 3.5 -27.2 -24.7 3.10 0.40 4.0 3.0
0.6 2.0 -10.5 -6.9 1.39 0.61 4.01 3.64
0.6 2.5 -17.3 3.6 -13.7 1.86 0.64 4.06 3.53
0.6 3.0 -22.4 -18.8 2.35 0.65 4.06 3.37
0.6 3.5 -26.5 -22.9 2.83 0.67 4.1 3.20
0.8 1.5 4.0 8.8 0.75 0.75 3.93 3.73
0.8 3.0 -23.2 4.8 -18.4 2.10 0.90 4.1 3.15
0.8 3.5 -15.9 -21.1 2.56 0.94 4.15 3.25
1.0 2.0 -6.95 -0.95 1.09 0.91 3.91 3.59
1.0 3.0 -21.5 6.0 -15.5 2.0 1.0 4.00 3.35
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Table TV (continued)

Solution Equi-
composition ; librium Bound
t- d Edifl. wCorT.
(mol/dra3) m(er%%))re (mIV) (mV) [OH-] [OH-] n nuncorr.
(mol/dm3) (mol/dms)

[ALT [NaOH]T
1.0 3.5 —26.2 -20.2 2.5 1.0 4.00 3.13
0.6 1.5 -3.2 0.4 0.92 0.58 3.97 3.72
0.6 2.2 -16.0 3.6 -13.4 1.57 0.63 4.05 3.58
0.6 3.2 -26.6 -23.0 2.56 0.64 4.05 3.32
0.6 4.0 -31.4 -27.8 3.24 0.76 4.25 3.18
0.8 2.0 -10.7 -5.9 1.19 0.81 4.0 3.69
0.8 2.5 -17.8 4.8 -13.0 1.63 0.87 4.09 3.60
0.8 3.0 -23.8 -19.0 2.12 0.78 4.08 3.44
0.8 4.0 -31.1 -26.3 3.09 1.0 3.98 3.26
1.0 2.5 -16.5 -16.5 1.45 0.95 3.95 3.61
1.0 3.2 -24.8 6.0 - 18.8 2.14 1.06 4.06 3.41
1.0 4.0 -31.4 -26.4 3.0 1.0 4.0 3.21
1.2 2.5 -14.2 -7.0 1.24 1.26 4.05 3.67
1.2 3.0 -26.0 7.2 - 15.1 1.78 1.22 4.02 3.45
1.2 3.5 -32.3 -18.8 2.12 1.38 4.15 3.47
1.4 2.5 -13.1 -4.7 1.11 1.39 3.99 3.63
1.4 3.0 -21.1 8.4 - 12.7 1.60 1.40 4.00 3.49
1.4 3.5 -26.0 -16.6 1.93 1.57 4.10 3.39
1.4 4.0 -29.7 -21.3 2.48 1.52 4.06 3.32
1.8 3.0 -21.0 -10.2 1.42 1.58 3.88 3.38
1.8 3.5 -26.5 10.8 -15.7 1.80 1.70 3.94 3.27
1.8 4.0 -30.4 -19.6 2.20 1.80 4.00 3.18
1.6 3.5 -25.5 9.6 -15.9 1.85 1.65 4.03 3.38
1.6 4.0 -29.7 -20.1 2.26 1.74 4.04 3.28

solutions of the same free alkali concentration. There is no doubt that part of
the potential difference stems from the diffusion potential caused by the alu-
minate ions. In addition, the e. m. f. values are changed by all processes
accompanied by a change in the hydroxide ion activity, e.g. formation of
dimeric or oligomeric ions. Thus, it is also conceivable that the change in the
e. m. f. due to these processes and the effect of the diffusion potential caused
by the aluminate ion feature together in all the experimental data.
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Fig. 6. The corrected e.m.f. data for AI(OH)4. lonic strenght 6 M, free [OH-] 1.0 M

Table V
Effect of the aluminium content on the e. m.f. measured in alkaline aluminale
solutions
Analytzcmaélj:gmmgosilion Calcuclgtrzt:)oestmiolinbrium Reference
(mol/dms) molrms s
[NaOH]T [Al]e [OH-] [AiI(OH)7] [NaOH]
3.0 1.0 2.0 1.0 2.0 -21.2
4.0 1.0 3.0 1.0 3.0 -26.8
5.0 1.0 4.0 1.0 4.0 -32.9
6.0 1.0 5.0 1.0 5.0 -42.6
2.5 2.0 0.5 2.0 0.5 +9.2
3.0 2.0 1.0 2.0 1.0 -7.6
4.0 2.0 2.0 2.0 2.0 -20.9
5.0 2.0 3.0 2.0 3.0 -25.5
5.0 3.0 2.0 3.0 2.0 -24.8
6.0 3.0 3.0 3.0 3.0 -30.6

Experimental data suitable for quantitative determination of the extent
of aluminate dimer or polymer formation, and for calculation of the equilibrium
data describing these, may thus be obtained only if the two above effects
can be separated.

Accordingly, we plan in the future to study the hydroxo complexes of
aluminium via conductometric, viscosity, density and solubility measurements.
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CONVERSIONS OF TOSYL AND MESYL
DERIVATIVES OF THE MORPHINE GROUP, XXI*

C-6 HALOGEN DERIVATIVES OF DIHYDROCODEINE
G. Somogyi, S. Makleit and R. Bognar

(Institute of Organic Chemistry, Kossuth Lajos University, Debrecen)

Received December 6, 1976

6-O-Mesyldihydrocodeine was converted into 6-chlorodihydrocodide; also the
new compounds 6-fluoro- and 6-bromodihydrocodide have been synthesized. The re-
action of 6-O-mesyldihydrocodeine with sodium iodide did not give the 6-iodo derivative,
but the product was deoxycodeine-C.

Of the possible C—6 halogen derivatives of dihydrocodeine, only the
chloro derivative has been described in the literature; this was prepared by
the hydrogenation of a-chlorocodide under controlled conditions or by the
treatment of dihydrocodeine with phosphorus pentachloride. The compound
has structure 3 (3-methoxy-4,5a-epoxy-6/3-chloro-17-methylmorphinan) [1].

On the basis of our earlier results [2a—f], 6-O-mesyldihydrocodeine (1)
was chosen as the starting material in the preparation of halogen derivatives
of dihydrocodeine.

The investigations are summarized in Scheme 1 and Table I.

As shown in the Scheme and Table, the chloro derivative (3) was prepared
from 1 in a new reaction route, and the fluoro (2) and bromo (4) derivatives
unknown up to now have also been synthesized. According to our experiments,
the iodo derivative cannot be prepared in this way: conversion occured only
under the conditions specified in Experimental, when deoxycodeine-C (5)
was obtained. The same compound was formed, in addition to the bromo
derivative (4), at higher temperatures, and this was the only product of the
reaction of 1 and bromide anion when the reaction time was prolonged.

Deoxycodeine-C (5) can be synthesized from 6-chlorodihydrocodide with
sodium methoxide at 140 °C in 24 hrs [3], and this is the only known chemical
reaction of chlorodihydrocodide. The resistance of chlorodihydrocodide to take
part in reactions has been discussed by Stork [4] with reference to the very
slow reactions of /3-halogen ethers in S”I type processes. According to our
experience, the same holds for reactions of Sn2 type, too: no conversion was
observed with 3 and azide anion in dimethylformamide, even when applying
very long reaction times.

*Part XX: Makteit, S.,, Bebényi, S., Bognar, R., Etek, S.: Acta Chim. (Budapest)
94, 161 (1977) and Magyar Kém. Folyoéirat 83, 327 (1977).
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Table 1
Reac- Analysis, %
Com- tion Temp,, . Yield, M. p..
pound Solvent time, o Anion % [«Id
hr. ealed. found
2 CH3CN 12 b.p. F- 872 154-6 -108° CHCL, F 6.28 F 577 8Hz

c = 0.671

3 DMF 1 bp. CI" 759* 174-5* - 177° CHCL], Cli11 Cl 1051 8 Hz

c = 0.5* 10.48

4 DMF 43 100 Br* 261 167-8 - 190.4° CHCL, Br21.7 Br2158 8Hz
c= 05 21.51

4 DMF 4 b.p. Br- 121 Identical with the former

5 DMF v bp. I- 29.2 103-5** - 202.8° CHCI3, N 496 N 5.07
c = 0.5** 5.02

5 DMF 4 bp. Br- 631 Identical with the former

5 DMF 7 b.p. Br- 485 Identical with the former

* Literature data: yield: 52%, m. p. 172.5—174 °C, [a]D —177.8° [1].
** Literature data: m. p. 104—105 °C, [a]D —199.4° (EtOH, e = 1.745) [3].
*** |n the PMR spectrum the doublet at 4.6 ppm confirms the C-6 position of the halo-
gen atoms; Js,t = 8 Hz substantiates the irans axial relation of the C-5 and C-6 protons, i.e.
the iso steric position (C-6 equatorial) of the halogen atoms; in compound 5 the two olefinic
protons are seen at 5.6 ppm.

Deoxycodeine-C is probably formed from 1 with sodium iodide through
the intermediate iodo derivative (which cannot be isolated), although the
mesyloxy group and the C—7 proton are in lrans diaxial position in 1; this
route is indicated by the fact that in the preparation of the bromo derivative
the reaction is shifted to give deoxycodeine-C when longer reaction times and
higher temperatures are used, furthermore, the bromo derivative isolated
can be converted into 5, whereas 1 remains unchanged in a similar treatment.

Thus as an extension of our earlier results [5], it has been found that the
C —6 axial tosyloxy and mesyloxy groups are suitable for accomplishing
nucleophilic substitution reactions also with halogen anions, unlike the practi-
cally non-reactive C—6 equatorial chlorine.

The reactions achieved in dipolar aprotic solvent are of Sn2 type, in view
of the conditions of the reaction and the structure of the products.

Experimental

M. p.’s were determined in open capillaries; they are uncorrected. The m. p. of 6-fluoro-
dihydrocodide (2) was measured on a Koffler apparatus.

Homogeneity of the substances was cheeked in each case by TLC, using Silica gel G
(Merck) adsorbent, benzene-methanol 8 : 2 developing agent and Dragendorff reagent for de-
tection.
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The PMR spectra were recorded with a Jeol 100 MHz instrument at room temperature
in deuterochloroform solution using TMS internal standard.
The IR spectra were recorded with a Unicam SP 200 G spectrophotometer in K Br

pellets.

6-O-Mesyldihydrocodeine (1)

The substance was prepared as given in Ref. [5a, b]. CI9H205NS (379.47).

|
6-Fluorodihydrocodide (2)

6-O-Mesyldihydrocodeine (1) (0.5 g; 0.00132 mole) and tetrabutylammonium fluoride
(3.31 g; 0.018 mole) were dissolved in anhydrous acetonitrile (25 ml). After refluxing the so-
lution for 12 hrs, it was poured into water (70 ml) and extracted with chloroform (3X20 ml).
The combined chloroform solution was washed with water (2x15 ml) and dried over magne-
sium sulfate. After evaporation to dryness a syrupy substance was obtained; this was dissolved
in ether (15 ml). The solution was filtered from a small amount of brownish impurity, and the
filtrate was evaporated to dryness. The yellow crystals were recrystallized from methanol to
obtain white crystals (35 mg; 8.72 %), m. p. 154—156 °C, [d]q —108° (chloroform, c = 0.671).

CI18H220 2NF (303.37). Calcd. F 6.28. Found F 5.77 %

6-Chlorodihydrocodidc ( 3)

6-O-Mesyldihydrocodeine (1) (1 g; 0.00264 mole) and lithium chloride (1.15 g; 0.0264
mole) were dissolved in anhydrous dimethylformamide (25 ml). After refluxing for 1 hr, the
solution was poured into water (80 ml) and extracted with benzene (3X 20 ml). The combined
benzene solution was washed with water (2x15 ml), dried over magnesium sulfate, filtered
and evaporated to dryness in vacuum. The solid product was recrystallized from ethanol to
obtain 3 (0.64 g; 75.9 %), m. p. 174—175 °C, [a]Jo —177° (chloroform, ¢ = 0.5).

CI18H20 2NC1 (319.8). Calcd. Cl 11.1. Found Cl 10.48, 10.51 %,

6-Bromodihydrocodide (4)

(a) 6-O-Mesyldihydrocodeine (1) (1 g; 0.00264 mole) and lithium bromide (1.06 g
0.0106 mole) were dissolved in anhydrous dimethylformamide (30 ml). The solution was heated
at 100 °C for 43 hrs, then poured into water (80 ml) and extracted with benzene (3x20 ml).
The combined benzene solution was washed with water (2x15 ml), dried over magnesium
sulfate, filtered and evaporated to dryness in vacuum. A sticky brown substance was obtained,
which was purified on a chromatographic column (Silica gel H, benzene-methanol, 9 : 1). The
combined fractions were concentrated to obtain a solid product; this was recrystallized from
ethanol. The pure product (0.25 g; 26.1 %) had m. p. 167 —168 °C, [a]D —190.4° (chloroform,
c = 0.5).
()?1&42202NBr (364.28). Calcd. Br 21.7. Found Br 21.58, 21.51 %

(6) 6-O-Mesyldihydrocodeine (1) (1 g; 0.00264 mole) and lithium bromide (2.02 g;
0.021 mole) were dissolved in anhydrous dimethylformamide (30 ml). After refluxing the so-
lution for 4 hrs, it was poured into water (80 ml) and extracted with chloroform (3 X 20 ml).
The combined chloroform solution was washed with water (2x15 ml), dried over magnesium
sulfate, filtered and evaporated to dryness in vacuum. A sticky brown product was obtained,
which crystallized on standing. The product was recrystallized from ethanol (0.09 g; 12.1 %).
The product was identical with that prepared according to (a).
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Deoxycodeine-C (5)

(a) 6-O-Mesyldihydrocodeine (1) (3 g; 0.00792 mole) and sodium iodide (12.18 g;
0.0792 mole) were dissolved in anhydrous dimethylformamide (100 ml). After refluxing for
7 hrs, the solution was cooled and poured into water (250 ml), extracted with chloroform
(3X 60 ml) and the combined chloroform solution was washed with water (2 X50 ml), dried
over magnesium sulfate, filtered and evaporated to dryness. A sticky brown residue was ob-
tained, which solidified on rubbing with ether. The brown crystalline substance was dissolved
in water and made alkaline with 10 % ammonium hydroxide (pH 9—10). The solution was
extracted with chloroform, washed with water and dried over magnesium sulfate. After filter-
ing of the drying agent, the filtrate was evaporated to dryness in vacuum. A yellow sticky ma-
terial was obtained which solidified on rubbing with ether (0.65 g; 29.2 %), m. p. 103—105 °C,
[a]D —202.8° (chloroform, ¢ = 0.5); the product contained no iodine.

C18H2002N (282.35). Calcd. N 4.96. Found N 5.07, 5.02 %

The substance gave no melting point depression with deoxycodeine-C prepared accord-
ing to Ref. [3]; the physical constants, PMR and IR spectra were identical.

(b) 6-O-Mesyldihydrocodeine (1) (1 g; 0.00264 mole) and lithium bromide (2.02 g;
0.021 mole) were dissolved in anhydrous dimethylformamide (30 ml). After refluxing for 4 hrs,
the solution was processed as in the case of preparing 6-bromodihydrocodide (b). The mother
liguor of the chloroform extraction was made alkaline (pH 9—10) with 10 % ammonium hy-
droxide and extracted with chloroform; the combined chloroform solution was washed with
water and dried over magnesium sulfate, then evaporated to dryness in vacuum. A yellow
sticky material was obtained, which was crystallized from ethanol to give 0.47 g (63.1 %) of 5.

The product was identical with that obtained according to Ref. [3].

(c) 6-O-Mesyldihydrocodeine (1) (2 g; 0.00528 mole) and lithium bromide (5.0 g; 0.042
mole) were dissolved in anhydrous dimethylformamide (50 ml). After refluxing the solution
for 7 hrs, it was poured into water (140 ml) and extracted with chloroform (3x30 ml). The
combined chloroform solution was washed with water (2 X 20 ml), dried over magnesium sulfate
and evaporated to dryness in vacuum to leave a brown sticky material. This was dissolved in
water and filtered from a small amount of impurity; the filtrate was made alkaline (pH 9—10)
with 10 % ammonium hydroxide and extracted with chloroform. The chloroform solution was
washed with water, dried over magnesium sulfate and evaporated to dryness in vacuum; the
residue was crystallized from ethylacetate. A solid product was obtained, which was identical
with the substance (deoxycodeine-C) prepared according to Ref. [3].

The mother liquor of the chloroform extraction step was made alkaline (pH 9—10) with
10 %ammonium hydroxide and extracted with chloroform. The combined chloroform solution
was washed with water and dried over magnesium sulfate, evaporated to dryness in vacuum
and crystallized from ethyl acetate. The product was found to be identical with deoxycodeine-C
prepared according to Ref. [3]. Total weight of 5: 0.722 g (48.5 %).

*

The authors’ thanks are due to Department | of Hungarian Academy of Sciences and
to the Alkaloid Works, Tiszavasvari, Hungary, for supporting this research.
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The synthesis of phenyl 2-deoxy- and -3-deoxy-/?-D-glucopyranoside (5) and (10)
is reported. The synthesis were performed via LiAlIH,, reduction of the appropriate p-tol-
uenesulfonyl derivatives (4) and (9). Investigations on the conceivable role of epoxid-
intermediates have shown that no epoxides are involved in the reductions.

During an investigation of the formation of the enzyme-substrate com-
plex in the case of sweet almond emulsine, phenyl 2-deoxy- and 3-deoxy-/3-D-
-glucopyranoside of high anomer purity were needed.

There are methods for the synthesis of 2-deoxy- [1], [2], [3] and 3-deoxy-
-D-glucose [1], [4], [5] but when starting from these compounds, it is difficult
to attain the desired anomer purity, especially in the case of the 2-deoxy
derivative, owing to the lack of a suitable “participating group” at position 2.
Furthermore, it is tedious to prepare 2-deoxy- and 3-deoxy-D-glucose, too.

Therefore, the syntheses were performed by an other method, starting
from phenyl /?-D-glucopyranoside derivatives with high anomer purity.

It is well-known that in the case of the LiAIH4 reduction of tosyloxy
groups attached to a secondary hydroxyl group O-S bond cleavage takes
place. In some cases [6], [7], [11], [20], however, the deoxy function could
be obtained by LiAlH4reduction of secondary tosyloxy groups.

Vis and Karrer [8] prepared methyl 4,6-0-benzylidene-3-deoxy-/?-D-ribo-
-hexopyranoside by the LiAlH4reduction of methyl 4,6-0-benzylidene-2,3-di-
-0-j>-tolylsulfonyl-/J-D-glucopyranoside, Allerton and Overend [9] obtained
methyl 2-deoxy-/3-L-erythropentopyranoside by treatment of methyl 2-O-p-
-tolylsulfonyl-/?-D-arabinopyranoside with LiAIH4 Methyl 4,6-0-benzylidene-2-
-deoxy- and -3-deoxy-/?-D-glucopyranoside could be synthesized in yield of
30 % by LiAIH4 treatment of methyl 4,6-0-benzylidene-2-0-p-tolylsulfonyl-
and -3-0-y-tolylsulfonyl-/S-D-glucopyranoside, as reported by Umezawa et
al. [10].

Continuing the investigation of the LiAIH4 reduction of secondary
tosyloxy derivatives, a method has been evolved for the synthesis of phenyl
2-deoxy-/9-D-glucopyranoside and phenyl 3-deoxy-/S-D-glucopyranoside in bet-
ter yields than those obtained by Umezawa et al. [10]. The reaction routes are
summarized in Scheme 1.
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O f Ho CH20H

OH OH

Fig. 1

In the synthesis of phenyl 2-deoxy-/3-D-glucopyranoside (5) the readily
available phenyl 4,6-0-benzylidene-/?-D-glucopyranoside (1) [12] was used as
the starting material; benzoylation of 1 with N-benzoylimidazole according to
Chittenden [13] gave predominantly the 3-O-benzoyl-derivative (2) as it
was shown by TLC; recrystallization from alcohol yielded pure 2. Treatment
of 2 with tosyl chloide in dry pyridine afforded phenyl 4,6-0-benzylidene-3-0-
-benzoyl-2-0-p-tolylsulfonyl-|3-D-glucopyranoside (3). The reaction was moni-
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tored by TLC. Compound 3 was treated with LiAIH4 in boiling anhydrous
THF for 20 hrs. to obtain phenyl 4,6-0-benzylidene-2-deoxy-/9-D-glucopyra-
noside (4). The structure of 4 was identified by the multiplicity of the NMR
signal due to the anomeric proton being coupled with the equatorial and axial
proton on C2 and giving two doublets at 5.2 and 5.3 ppm with the coupling
constants of J12e — 2.4 Hz and J12a = 9.7 Hz.

In view ofthe sensitivity of 2-deoxy derivatives to acids, the benzylidene
group was eliminated by catalytic hydrogenation to obtain phenyl-2-deoxy-
-/S-D-glucopyranoside (5).

1,2,4,6-Tetra-0-acetyl-3-0-p-tolylsulfonyl-/?-D-glucopyranose (6) was the
starting material in the synthesis of phenyl-3-deoxy-/S-D-glucopyranoside.
Phenyl 2,4,6-tri-0-acetyl-3-0-p-tolylsulfonyl-/3-D-glucopyranoside (7) was ob-
tained from 6 according to Helferich [14]. Compound 7 was saponified by
Zemplén’s method [15], [16] and the product after evaporation without
isolation was treated with benzaldehyde and ZnCl2 to obtain 8. Compound 8
was then treated with LiAlIH4in the same manner as above, to yield 9. The
benzylidene group was eliminated with trifluoroacetic acid to obtain phenyl
3-deoxy-/?-D-glucopyranoside (10). The structure of 10 was prooved by per-
iodate oxidation; as expected, there was no periodate consumption. The physical
constants of 10 were in good agreement with that described in literature [23].

Investigating the mechanism of the LiAIH4 reduction of secondary
tosyloxy groups, Vis and Karrer [8] suggested that the reaction proceeded via
an epoxide intermediate. Later the problem was reinvestigated by Overend
et al. [7]; they proposed that LiAIH4 direct reduction of secondary tosyloxy
groups to deoxy function takes place only when there are unsubstituted or
acylsubstituted hydroxyl groups in the vicinity of the tosyloxy group. In these
cases an alkoxyaluminium hydride derivative can be formed followed by intra-
molecular hydride displacement of the p-tolylsulfonyloxy group [10] (Fig. 2).

In order to decide whether the reaction proceeds via the epoxide inter-
mediates, the two possible epoxide derivatives, phenyl 2,3-anhydro-4,6-0-
-benzylidene-/?-D-mannopyranoside (11) and phenyl 2,3-anhydro-4,6-0-benzyli-
dene-/?-D-allopyranoside (12) were prepared [17] and treated with LiAIH4 in
the same manner as tosyl derivatives. The reaction mixtures and pure 4 and
9 were investigated by gas chromatography, after acetylation, on a 10 % UCW
982 column. The RT values are summarized in Table I.

It is seen that from 11 only one product was formed which was not
identical with 4 on the basis of the RT values; thus, of the two possible deoxy
derivatives [18], it is phenyl 4,6-0-benzylidene-3-deoxy-/?-D-arabinohexopyra-
noside [13], [19]; however, in the case of 12 both possible [18] deoxy deriva-
tives, phenyl 4,6-0-benzylidene-2-deoxy-/?-D-ribohexopyranoside (14) and
phenyl 4,6-0-benzylidene-3-deoxy-/J-D-ribohexopyranoside (9), were formed in
ratio of 65 : 33; yet in the LiAlH4reduction of 8 only 9 was formed.
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Table 1
RT

Phenyl 2,3-anhvdro-4,6-0-benzylidene-/j-i>-

-alloside (12) 14.41; 15.78
Phenyl 2,3-anhydro-4,6-0-benzylidene-/?-D-

-mannoside (11) 15.51
Phenyl 4,6-0-benzylidene-2-deoxy-/?-D-

-glucoside (4) 14.88
Phenyl 4,6-0-benzylidene-3-deoxy-/?-D-

-glucoside (9) 15.82

It is obvious from these results that no epoxide intermediate played a
part in the LiAlH4reductions of 3 and 8.

Experimental

M. p.’s were obtained on a Kofler apparatus and are uncorrected. Optical rotations
were measured with a Polamat A (Zeiss) automatic photoelectric polariméter. NMR spectra
were recorded on a Jeol MH-100 instrument in CDC1s and deuterated DM SO solutions, with
TMS internal standard. The reactions were monitored and the purity of the products assessed
by TLC on Kieselgel G Merck. Kieselgel G was also used for short column chromatography [21].

Phenyl 4,6-O-benzylidene-R-D-glucopyranoside ( 1)

This was synthesized according to McCioskey and Coteman [12].

Phenyl 3-0-benzoyl-4,6-0-benzylidene-R-D-glucopyranoside (2)

Compound 1 (34.4 g; 0.1 mole) was benzoylated according to Chittenden [13] to ob-
tain pure 2 after crystallization from ethanol-acetone (250 ml); the yield was 19.2 g (42.8 %),
m. p. 203-206 °C; [a]!? -56.8° (c = 1; CHC13).

C26H 2407 (448.47). Calcd. C69.63; H 5.39. Found C 69.72; H 5.42 %.

Phenyl 3-0-benzoyl-4,6-0-benzylidene-2-0-p-toluenesulfonyl-B-D-
-glucopyranoside (3)

Compound 2 (2.6 g; 0.012 mole) was dissolved in dry pyridine (50 ml); 2.8 g (0.015 mole)
of p-toluenesulfonyl chloride was added and the mixture was kept at 45—50 °C for two days,
whereafter the reaction was complete as shown by TLC. (solvent : benzene—acetone 9 : 1). The
reaction mixture was poured into ice-water and extracted three times with CHC1s (120 ml).
The extract was free from pyridine with 0.5 N sulfuric acid and then with water until neutral.
After drying over Na:S04, the solvent was evaporated. The residue was crystallized from etha-
nol (100 ml) to give 3 g (86.3 %) of 3; m. p. 179—180 °C; [a]Jof —34.5° (c = 1; CHC13).

CssH3009 (602.58). Calcd. C65.77; H 5.02. Found C 65.68; H 5.0 %.

Phenyl 4,6-0-benzylidene-2-deoxy-B-D-glucopyranoside (4)
LiAlIH4 (0.75 g; 19.8 mmoles) was suspended in anhydrous tetrahydrofuran (10 ml)

and the mixture was stirred at 65—70 °C for 2 hrs. Compound 3 (2 g; 3.3 mmoles) was added
jn solid form and stirring was continued for 20 hrs. The excess of LiAlHs was destroyed by
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adding 7 ml of ethyl acetate. The mixture was poured into 100 ml of ether, filtered, the filtrate
was washed with 10 % solution of potassium sodium tartrate and water. Compound 4 crystal-
lized from the ether, 0.6 g; (55.1 %), m. p. 174—176 °C; [<]g —47.6° (c = 0.2; pyridine). R.T.
14.88

NMR: 87.3(m, 10 H, aromatic protons); 5.59 (s, 1H, benzylidene proton); 5.31 (dd, 1H,
anomeric proton, Jj 22 2.4 Hz, J42a9.7 Hz);4.3(dd, 1H, C-4 proton); 3.6 (m, skeleton protons);
2.57 (ddd, 1H C-2e proton, J23 ¢ Hz, J2%22a 12.87 Hz); 1.94 (ddd, 1H C-2aproton, J2as 11.2 Hz,
J2a 2 12.87 Hz).

CisH200s (328.36), Calcd. C69.49; H 6.13. Found C69.58; H 6.21 %

Phenyl 2-deoxy-B-D-glucopyranoside (5)

Compound 4 (0.4 g) was dissolved with stirring in ethyl acetate (25 ml) and it was hydro-
genated in the presence of Pd/C (70 mg). The reaction was monitored by TLC which showed
that the elimination of the benzylidene group was complete in 5 hrs. The catalyst was filtered
off and the filtrate evaporated to give crystalline 5 in quantitative yield (0.3 g); m. p. 143-
146 °C; [a]Jo - 75° (c = 0.5; water).

Ci2H1605 (240.25). Calcd. C59.99; H 6.71. Found C60.21; H s.6s %

Phenyl 2,4,6-tri-0-acetyl-3-0-p-toluenesulfonyl-B-D-glucopyranoside (7)

1,2,4,6-Tetra-0-acetyl-3-0-p-toluenesulfonyl-/?-D-glucopyranose (s) (17.5 g; 0.034 mole)
[22] was converted according to Helferich [14] to obtain 13 g (67.9 %) of 7; m. p. 160—161 °C;
[a]-g -50.2° (c = 1; CHC13).

C2sH280uS (536.56). Calcd. C55.97; Il 5.22. Found C55.86; H 5.10 %

Phenyl 4,6-0-benzylidene-3-0-p-toluenesulfonyl-B-D-glucopyranoside (8)

Compound 7 (10 g) was deacetylated according to Zemplén [15] and the solution was
concentrated in vacuum. After two evaporations with benzene, the residual syrup (7.7 g) was
shaken with freshly distilled benzaldehyde (25 ml) and freshly fused zZnCl. (8.5 g) for 18 hrs
at room temperature. Water (100 ml) was added, the benzaldehyde layer was separated in a
separatory funnel, and petroleum ether was added. The crystalline material was filtered off
and recrystallized from ethanol (450 ml) to obtain 7.2 g (82.3 %) of s : m. p. 204—205 °C;
[a]f? -87.4° (c = 0.5; CHC13).

C26H 26085 (498.56). Calcd. Cs 2.65; H 6.22. Found C62.5; H 6.2 %

Phenyl 4,6-0-benzylidene-3-«leoxy-R-D-glucopyranoside (9)

LiAIH4 (1.12 g; 32 mmoles) was suspended in dry tetrahydrofuran (20 ml) and the mix-
ture was stirred and refluxed for 2 hrs. Compound s (4 g; s mmoles) was added, and stirring
and refluxing was continued for 20 hrs. The excess of LiAIH4 was decomposed with ethyl acetate
(15 ml) and the mixture was poured into ether (200 ml). After filtration the filtrate was washed
with 15 % potassium sodium tartrate solution and then with water five times. Crystallization
gave 29 (70 %9 of 9, m. p. 212 —215 °C; [a]p —76.3° (c = 1; pyridine), R. T. 15.82.

NMR: 87.3(m, 10H, aromatic protons); 5.75 (s, 1H benzylidene proton); 4.98 (d, 1H, ano-
meric proton, Jj2 s Hz); 3.6 (m, 4H, skeleton protons); 2.3 (m, 1H C-3 equatorial proton);
1.7 (m, 1H, C-3 axial proton).

CioH2,,05 (328.36). Calcd. C69.49; H 6.13. Found C69.62; H 6.2 %

Phenyl 3-ileoxy-B-n-glucopyranoside (10)

Compound 9 (2 g) was suspended in chloroform (100 ml) and 10 ml of trifluoroacetic
acid containing 1 % water was added. The reaction was monitored by TLC (solvent: benzene-
acetone 9 : 1) and when hydrolysis was complete, the mixture was evaporated to dryness. Traces
of the trifluoroacetic acid were eliminated by evaporation with toluene. The residue was
crystallized from 15 parts of hot water to give 1.2 g (82.2 %) of 10, m. p. 188 °C (lit. [23] m. p.
183—185 °C); [ade> —85° (c = 0.4; water) (Lit. [23] [a]Jo —94° (c = 0.27; water).

Ci2H1605 240.25. Calcd. C59.99; H 6.71. Found C59.9; H 6.64 %
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Treatment of phenyl 2,3-anhydro-4,6-0-benzylidene-B-D-allopyranoside
[17] with LiAIH4

The title compound (0.5 g; 0.0015 mole) was treated with LiAlH4in the same manner
as 3. After the usual processing, gas chromatographic examination 10 % UCW 982 column,
temp. pr. 180 °C—220 °C, heating speed 5°/min flamme ionization detector showed the product
to consist of two components. One of them was phenyl 4,6-0-benzylidene-2-deoxy-/?-D-ribo-
hexopyranoside, RT 14.41; the other product was 9, RT 15.78 see Table I.

Treatment of phenyl 2,3-anhydro-4,6-0-benzylidene-B-D-mannopyranoside
[17] with LiAIH4

The epoxide (0.5 g; 0.0015 mole) was treated with LiAlH4 and the reaction mixture pro-
cessed as described above. Gas chromatographic examination in the same manner as above
showed that only one deoxy derivative was formed with RT 15.51, which was not identical
with 4, RT 14.88. According to the literature [19], phenyl 4,6-0-benzylidene-3-deoxy-/?-D-
-arabinohexopyranoside was formed.
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A new multistep synthesis of (+ )-8- and (+ )-a-hydrastine has been achieved by
the use of I-cyano-2-benzoyl-6,7-methylenedioxy-l,2-dihydroisoquinoline and methyl
opianate.

Several methods are known for the synthesis of phthalideisoquinoline
alkaloids [1—12]. These have also been employed in synthesizing hydrastine
in various ways [2—5, 10, 12].

The use of Reissert compounds in the total syntheses of isoquinoline
alkaloids and related compounds has been summarized in a review published
recently [13], which, however, does not mention the preparation of phthalide-
isoquinoline alkaloids in this way.

In our present work the application of Reissert compounds has been
extended to the synthesis of phthalideisoquinoline alkaloids; the other reagents
used are the methyl ester of phthalaldehydic acid and its substituted deriv-
atives.

In this paper, the synthesis of (x)-/3- and (zx )-a-hydrastine is dis-
cussed.

I-Cyano-2-benzoyl-6,7-methylenedioxy-l,2-dihydroisoquinoline (I) was al-
lowed to react with 2,3-dimethoxy-6-formylbenzoic acid methyl ester (methyl
opianate) (Il) in dimethylformamide, in the presence of sodium hydride. The
diester (I11) obtained in this way was subjected to saponification with potas-
sium hydroxide in aqueous ethanol, and subsequently lactonized by boiling
in acid. The product, I-[1,-(4,,5,-dimethoxyphthalidyl)]-6,7-methylenedioxy-
isoquinoline (IV) was hydrogenated at 3 atm. pressure to obtain a mixture of
(£)-/S- and (+ )-a-norhydrastine (V and VI); the components were then sepa-
rated by fractional crystallization. N-Methylation of the nor-compounds
yielded (+ )-/?-hydrastine (VII) and (+ )-a-hydrastine (VIII).

The structures of the nor-erythro- (V) and nor-three- (VI) compounds were
confirmed, on one hand, by the structures of the - and a-hydrastine prepared
from them by methylation; on the other hand, the structures were established
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unambiguously on the basis of the characteristic chemical shifts of the ortho
doublets with coupling constant ofJ = 8 Hz, due to the 6°,7” aromatic protons
of phthalideisoquinoline alkaloids [7, 11, 15].

Synthesis of other natural phthalideisoquinoline alkaloids and related
compounds with different substitution patterns are in progress.

Experimental

M. p.’s are uncorrected. The infrared spectra were recorded with a UNICAM SP 200 G
instrument in KBr pellets; the PMR spectra were obtained with a JEOL Minimar 100 MHz
instrument in deuterochloroform solution. Chemical shift values, referred to TMS internal
standard, are given in ppm (<) units.

I-(a-Benzoyloxy-2-methoxycarbonyl-3,4-dimcthoxy-benzyl)-6,7-
-methylenedioxyisoquinoline (111)

Sodium hydride (0.26 g) was added to a solution of the Reissert compound | (3.04 g;
10 mmoles) [14] in dry DMF (40 ml) under a nitrogen atmosphere at —20 °C, with stirring.
Stirring was continued for 15 min, then methyl opianate (I1) (2.46g; 11 mmoles) dissolved in
dry DMF (7 ml) was added dropwise. The reaction mixture was stirred further for 3 hrs at
—20 °C, then poured into ice-water (200 ml); the raw product was filtered and washed with
water until neutral. The substance was dissolved in chloroform (100 ml), and filtered from a
small amount of insoluble, yellow-coloured residue. The chloroform solution was washed with
water, dried over sodium sulfate and evaporated, the residue was crystallized from ethanol
(40 ml). The product was twice recrystallized from ethanol to obtain 2.4 g of the product; pro-
cessing of the alcoholic mother liquors gave another 0.46 g of Ill. Yield: 2.86 g (57 %), m. p.
169-171 °C.

CesH23N 08 (501.47). Caled. C67.06; H 4.62; N 2.79. Found C67.23; H 4.66; N 2.81 %.

IR: jy-O 1725 cm-1.

I-[1’-(4°,5’-Dimethoxyphthalidyl)]-6,7-methylenedioxyisoquinolme (I1V)

A mixture of the diester Ill (2.26 g; 4.5 mmoles), ethanol (54 ml), KOH (0.77 g) and
water (10.8 ml) was refluxed for 5 hrs. Then 10 % HC1 (22.5 ml) was added to the mixture and
refluxing was continued for 1 hr. Ethanol was removed in vacuum, the residue was diluted
with water and basified with dilute NHsOH. The raw product (1.55 g) was crystallized from
CH2Cl.-re-hexane to obtain 1.46 g (89 %) of IV, m. p. 204 —207 °C with decomposition.

C20H1sNOs (365.33). Calcd. C65.75; H 4.14; N 3.83. Found C66.76; H 4.13; N 3.81 %.

IR: O 1765 cm-1.

(i)" P * an<l (+)-tt-Norhydrastine (V and VI)

A solution of the phthalideisoquinoline (1V) (2.01 g; 5.5 mmoles) in a mixture of aqueous
ethanol (500 ml) and 70 % HC104 (1.38 ml) was hydrogenated in the presence of Pt02 (300 mg)
under 3 atm initial pressure for 4 hrs. The catalyst was filtered off and the solvent evaporated
in vacuum. The residue was diluted with water (100 ml), made alkaline with dilute NH40H
then extracted with chloroform (3X50 ml). The chloroform solution was washed with water
(2 X 50 ml), dried over M gS04 and evaporated to dryness. The residue was subjected to fraction-
al crystallization from ethanol. The component less soluble in ethanol is (i)-a-norhydrastine
(VI1). Yield: 0.67 g (32 %): m. p. 202-205 °C.

C20H19NOs (369.36). Calcd. C65.03; H 5.19; N 3.79. Found C 65.28; H 5.35; N 3.96 %.

IR: ve-(j 1761 cm-1.
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PMR: 156 (1H, s, -N-H ), 2.4-3.2 (4H, m, C-3 and C-4 H’s), 3.9 (3H, s, - OCHJ),
4.1 (3H,s, - OCH3),59 (2H,s, - 0CH2 - ), 442 (1H, d,J = 4 Hz, C-l H), 569 (1H, d,J =
= 4Hz, C-I'H), 71 (1H, d, J = s Hz, C-s’H), 7.21 (1H, d, J = s Hz, C-T'H), 6.56 (1H, s,
C.s H), 6.71 (1H, s, C-5 H).
The alcoholic mother liquor was evaporated to dryness and the residue was crystallized
from ethanol to obtain (%)-/?-norhydrastine (V)* (0.54 g; 27 %), m. p. 168—173 °C.
C20H1sNOs (369.36). Calcd. C65.03; H 5.19; N 3.79. Found C65.29; H 5.26; N 3.99 %.
IR: Pc.o 1765 cm-1.
PMR: 1.88 (1H,s, -N -H ), 2.3-2.8 (4H, m, C-3 and C-4 H’s), 3.84 (3H, s, -OCH 3),
4,07 (3H, s, -OCH3), 595 (2H, s, -0CH20-), 4.61 (1H, d,J = 4 Hz, C-1 H), 5.62 (1H, d,
J = 4 Hz, C-I'H), 6.19 (1H, d,J = s Hz, C-7"H), 7.0 (1H, d, J = s Hz, C-s’H), 6.59 (1H, s,
C-5H), 6.72 (1H, s, C.s H).

(£)-B-Hydrastine (VII)

A mixture of the nor-compound (V) (0.37 g; 1 mmole), formic acid (0.6 ml) and 35 %
formaldehyde (0.8 ml) was refluxed on a water bath for 4 hrs, then evaporated to dryness in
vacuum. The residue was dissolved in dilute hydrochloric acid, clarified with decolourizing
carbon, filtered and made alkaline with dilute N fi«OH. The crude product (0.35 g) was purified
by chromatographic separation on a preparative layer (eluent : chloroform : methanol, 9 : 1)
then crystallized from methanol (6.5 ml), to obtain 0.26 g (68 %), of VII, m. p. 137 —139 °C
(lit. [4] m. p. 138-139 °C).

C21H2:N0s (383.39). Calcd. C65.78; H 5.52; N 3.65. Found C65.63; H 5.51; N 3.76 %.

IR: ~c-O 1760 cm-1.

PMR: 253 (3H, s, - NCH3), 2.0-3.0 (4H, m, C-3 and C-4 H’s), 3.87 (3H, s, - OCH3),
4.04 (3H, s, -OCHJ), 588 (2H, s, -OCH20-), 3.95 (1H, d,J = 4 Hz, C-l H), 5.46 (1H, d,
J = 4Hz, C-I'H), 652 (1H, d,J = s Hz, C-7’H), 7.09 (1H, d,J = s Hz, C-s’H), 6.39 (1H, s,
C-sH), 6.57 (1H, s, C-5H).

(£)-«-Hydrastine (VIII)

The nor-compound VI (0.37 g; 1 mmole) was methylated as described above. The raw
product (0.3 g) was crystallized from methanol (6.5 ml) to give 0.25 g (65 %) of VIII, m. p.
148-150 °C (Lit. [4] m.p. 151- 152 °C).

C21H21N 06 (383.39). Calcd. C65.78; H 5.52; N 3.65. Found C65.59; H 5.39; N 3.65 %.

IR: fc-o 1762 cm-1.

PMR: 252 (3H, s, - NCH3, 2.2-3.1 (4H, m, C-3 and C-4H’s), 3.82 (3H, s, - OCHYJ),
3.96 (3H, s, -OCH?3), 5.76 (2H, ABg, -OCH 20 -), 3.97 (1H, d, J = 4 Hz, C-1H), 5.52 (1H,
d,J = 4Hz, C-I'H), 7.31 (1H,d,J = s Hz, C-7’H), 7.06 (1H, d,J = s Hz, C-s’'H), 6.34 (1H,
s, C-sH), 6.64 (1H, s, C-5H).
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‘Cis-antheraxanthin’, the main pigment of the pollen sacs of Lilium
candidum, which also occurs in L. regale, L. Maxwill, etc., has long been known
as the first natural carotenoid epoxide with a mono-cis configuration [1, 2].
The stereochemistry of ‘cis-antheraxanthin’, however, has not been established
yet. We shall now report some evidence for a tentative configurational assign-
ment.

The mass spectrum confirms the formula C40H 5603 and indicates the
presence of two hydroxyl groups and one epoxy group [m/e 584.4288 (100%;
M), 568 (7%; M -16), 566 (6%; M-18), 221 (85%), etc.] [3]. All-irans-an-
theraxanthin formed by iodine-catalyzed stereomutation [4] of‘cis-antheraxan-
thin’ (ex Lilium candidum) has the same physical and chemical properties,
including the CD spectrum, as natural antheraxanthin (1). The complete
absolute stereochemistry of the chiral centres of ‘cis-antheraxanthin’ can
therefore, he described, as 3S,5fi,6S,3’f? [5].

Considering the visible light absorption properties of ‘cis-antheraxan-
thin’ [Amax(emax): 483 (97.500), 453 (111.400) and 430 nm (76.900) in benzene;
Amax shift = 5 nm, edS peai5= 9.700] [4], the cis double bond must occupy
a peripheral position 9- or 9’. Theoretically, the spatial forms 9- and 9’-cis
may be supposed to be stable isomers [6] but they have not been isolated
separately from the stereoisomeric set of antheraxanthin before. Quite recently,
we have succeeded in isolating four mono-cis isomers formed by iodine-
catalyzed stereomutation of natural antheraxanthin. On a calcium carbonate
column, developed with benzene, the zones in the order of decreasing adsorp-
tion affinities were as follows: neo A, neo A*, neo B and neo B*.Thus, there are
two mono-cis isomers of antheraxanthin, neo A and neo A* with the same
UY light absorption properties (Q = 2.1, Amax shift = 7 nm in benzene) [7],
and two others, neo B and neo B* with the same Amax shift (5 nm), but almost
without a cis peak (Q =11). Evidently, neo B and neo B* represent the periph-
eral mono-cis forms (9 or 9’), and the cis double bond occupies a more
central position (13 or 13’) in neo A and neo A*.
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a(3'R) b(3S, 5R, 6S) c
I X = b Y = a
I X ==c6 Y = a
I X = b, Y = a(i-ts)
IV X = b, Y = a(9-cis)

The difference in behaviour between the neo B and neo B* forms was
significant; acid treatment of neo B* gave a furanoid oxide derivative with
Amax characteristic of all-trans-mutatoxanthin (M), whereas neo B yielded
cis-mutatoxanthin (Amax shift = 5 nm). These findings might be resolved by
reasoning that 9-cis-antheraxanthin, in which the 5,6-epoxy group and the
cis 9—10 double bond are in close vicinity, is converted to all-trans-mutatox-
anthin under acid conditions (owing to simultaneous stereomutation and epoxy-
furanoid rearrangement), while 9’-cis-antheraxanthin gives 9’-cis-mutatoxan-
thin. So, it can be assumed that neo B is the 9,-cis (lIl), and neo B* the 9-cis
(IV) spatial form. No similar wave length difference was observed during acid
treatment of neo A and neo A*.

Considering that in a mixed chromatogram ‘cis-antheraxanthin’ (ex Lilium
candidum) proved to be identical with neo-antheraxanthin B* (neo B¥*), we
tenatatively concluded that natural ‘cis-antheraxanthin’ has a 9-mono-cis
geometrical configuration, i.e. natural cis antheraxanthin is (3S,5R,6S,3’ii)-9-
-cis-5,6-epoxy-5,6-dihydro-/?,/?-caroten-3,3’-diol.

The occurrence of 9-cis-antheraxanthin in Lilium candidum is similar
to that of 9-cis-violaxanthin [8] in Viola tricolor (both in large quantities),
which demonstrates the stability of the 9-cis type configuration of 5,6-epoxy-
carotenoids in nature. Moreover, the absence of 9’-cis-antheraxanthin in Lilium
candidum shows that the production of ‘cis-antheraxanthin’is a stereospecific
process.

Acta Chim. Acad. Sei. Hung. 97, 1978



TOTH et al.: STEREOCHEMISTRY OF NATURAL ‘CIS-ANTHERAXANTHIN’ 361

The authors wish to express their thanks to Gydrgy Bujtas (Central Research Institute
for Chemistry of the Hungarian Academy of Sciences, Budapest) for the mass spectrum.
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A. L. Ternay: Contemporary Organic Chemistry

W. B. Saunders Co., Philadelphia-London —Toronto, 1976

Organic chemistry — for a long time regarded as the art of the cooking-pot — has in
the last two decades made spectacular advances towards becoming a science with an exact
gqualitative framework. Teaching organic chemistry must keep level with this development
and actually if one compares the accepted organic textbooks of the late fifties with those appear-
ing nowadays, the progress is obvious. Ternay’s book is again an important step forward in
this direction.

The material of the book is fundamentally organized according functional groups, the
experimental facts and observations are consistently and successfully explained, however, on a
theoretical basis. Reaction mechanisms are systematically treated in detail, the electronic
structure of molecules is constantly kept in the mind of the reader and the frequent use of
energy diagrams significantly helps the understanding of kinetical phenomena. Even FMO
theory is used where regarded as necessary.

Three further features of the book deserve appreciation: the systematic discussion of the
IR and NMR spectral features of organic molecules (supported by many clear reproductions
of spectra), the collection of important terms following each chapter in which these have been
treated, and finally, the problems incorporated right into the text thus stimulating the creative
application of acquired knowledge immediately (the answers to these questions are compiled
at the end of the book).

There are also a lot of problems listed at the end of each chapter, the book does not
contain the answer to these, however. Obviously, these are partly meant as a help for the teacher
to control his students.

As stated by the author right at the beginning, this book is originally meant mainly
for students with biological interests and the selection of material clearly reflects this effort.
Accordingly, several topics usually regarded as belonging to biochemistry are treated in detail
whereas the industrial applications of organic chemistry are strongly neglected. These two
characteristics will probably — and unfortunately — prevent this otherwise excellent book
to become a basic text in organic chemistry.

L. Marke

lon-Selective Electrodes, Second Symposium
Held at Matrafiired, Hungary, 18 21 Oct. 1976. pp. 263

Ed. E. Pungor, Akadémiai Kiadd, Budapest 1977

Both theories on the function of ion-selective electrodes have developed and the fields
of their application expanded considerably during the past years. For this reason symposia
and colloquia are organized more frequently both on national and international levels. The
Second Symposium held at Matrafiired gave a good opportunity for researchers from Hungary
and many European countries active on this field to discuss a large variety of theoretical and
experimental problems.

The five plenary lectures presented at the Symposium focused the attention to novel
results on neutral carrier ion-selective membrane electrodes and their transport properties
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(W.Sinon,W.E.Morfand A. P. Thoma),on ion-sensing membranes based on PVC matrices (G.J .
Moody and J. D. R. Thomas), on new methods for automatic analysis with ion-selective elec-
trodes (E. Pungor, K. Téth, G. Nagy and Zs. Fehér) and on the application of ion-selective
electrodes to enzymatic analysis (G. Johansson and L. Ogren).

The fifteen discussion lectures considered a variety analytical problems solved by the
use of ion-selective sensors (e.g. analysis of mixtures of gases, and rhenium and gold) the ques-
tion of sensitivity and selectivity of new types of electrodes, the application of ion-selective
electrodes in studying thermodynamical and kinetic problems.

The book contains also the major points discussed during the panel discussion. The
four selected topics were as follows:

Selectivity coefficients and detection limits in ion-buffered systems.
Response time of indicator electrodes and measuring systems.

What kind of new sensors are needed?

Application of sensors in automatic analysis.

rONE

The book can be highly recommanded to analytical chemists working both in research
institutes and universities, and in industrial laboratories.

E. KOROS

“Topics in Current Chemistry” Volume 69. Inorganic Biochemistry 11

Spinger-Verlag, Berlin, Heidelberg, New York 1977

The 69. volume of “Topics in Current Chemistry” similar to Volume 64 this series in-
cludes monographies on some topics of inorganic biochemistry.

The first monography written by K. Kustin and G. C. McLeod entitled “Metal lons
and Living Organisms in Sea Water” gives an account on the progress that has been made to
understand the impact of some heavy metals (V, Cr, Fe, Cu, Pb, and Hg) introduced in the
marine environment. Of the metal ions discussed by the authors iron, copper, chromium and
vanadium are essential elements for most of the living organisms including mammals; lead
and mercury, though not essential, are also accumulated by some marine organisms, enter
into the food chain and come ultimately also to human beings. After a brief introduction, the
second chapter describes the pathways metal ions are transported to the oceans and how they
become available for the biosystems. An important step is the interaction between the various
organisms and the environment, which is followed by the entry of metal ions into living sys-
tems. The latter includes chelation, ion-exchange and assimilation (regulated removal and
transport). The final chapter discusses the impact of metal ions on selected organisms (algae,
mollusks, tunicates). The monography is completed with 136 references.

The main significance of the very informative article is that it directs the attention
of the reader to a major problem mankind is going to be faced: toxic metal ions are passing
upward in the food chain at increasingly higher concentrations and the effects on man ultimate-
ly may be hazardous.

The second monography is on “Inorganic Metabolic Gas Exchange in Biochemistry”
and written by G. Renger. The author shows that two gaseous compounds play a central role
in the biosystems: 02 and C02 Carbon dioxide either as primary substrate in photosynthesis
for the anabolism of organic compounds or as terminal product of their catabolic degradation
is the cornerstone of the large variety of bioorganic chemistry in living systems. On the other
hand the 02/H20 systems provides the molecular basis for the fundamental processes in bio-
energetics. The topic discussed by the author is of extreme importance. Firstly he deals briefly
with “The Overall Counterbalance Reaction of Autrophic and Heterotropic Organisms”, i.e.

autotroph

CO2+ H2 — CH2 — + 0: reaction
heterotroph

Then he describes “The Role of Ozone as Atmospheric UV Shield”. In the following chapter
which is the backbone of the monography “Metabolic Processes in Autotrophic Organisms
Involving Gaseous Compounds” are discussed, i.e. the reduction of carbon dioxide, in one of
the two main regions of the chloroplast, in the stroma region, and the oxygen evolution in the
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other, the thylakoid region. “Non-oxygen Evolving Autotrophic Organisms” are also mention-
ed briefly. — In the next chapter the process of biological dinitrogen fixation is considered and
the molecular mechanism of nitrogenase catalyzed dinitrogen-fixation, as far as it is known at
present, is described. Finally, the author deals with “Metabolic Processes in Heterotrophic
Organisms Involving Gaseous Compounds” considering how biosystems are protected to the
toxic attack by oxygen, the oxygen transport systems and the metabolic chemical reactions
of oxygen. — 216 references close the monography.

The last monography of this volume written by W. Burgermeister and R. Winkler-
Oswatitsch is entitled “Complex Formation of Monovalent Cations with Bio-functional Li-
gands”. In biological systems alkali ions play important role in ozmoregulation, and in variety
of trigger reactions (e.g. nerve conduction). In order to understand the molecular basis of these
reactions which are coupled to the selective permeability of biological membranes for these
ions, a thorough knowledge as regards their coordination chemistry especially with bioligands
is required. — The authors provide an excellently compiled account on the results obtained
in this field mainly during the last ten years. They start by considering the selectivity and sta-
bility of complex formation and outline the methods which are used to determine the complex
stability constants. (The stability constant data are listed through 21 pages). In the next
chapter they deal with the kinetics and mechanism of complex formation, and with the methods
applied for the determination of rate constants. (The rate constant data are compiled in five
tables.) The following chapter is on “Carrier Mediated lon Transport through Artificial and
Biological Membranes”, both the carrier mechanism and the channel mechanism are discussed.
In the fifth chapter the authors provide detailed information about the chemical composition,
structure and conformation of ionophoric ligands and their complexes. This includes depsi-
peptides, depsides, peptides, nigericin and related open chain compounds, synthetic macro-
cyclic polyethers, synthetic macrobicyclic and — tricyclic ligands (cryptands), and synthetic
non-cyclic ligands. — The last chapter is “Applications of Alkali Cation Selective Ligands.”
The use of crown polyethers as lipophilizers, the analytical application (in ion-selective elec-
trodes) of some ligands, and their use for studying ion transport and related cell membrane phe-
nomena are mentioned. In the appendix the authors compiled recent publications on biomedical
applications of valinomycin. — 327 references are given.

Volume 69. of Topics in Current Chemistry can be highly recommanded to biochemists,
organic, inorganic and environmental chemists, biologists and also to undergraduates majoring
either in chemistry and biochemistry.

E. Kéros

Richard L. Keiter: Seminaranleitungen zum Lehrbuch
Modellvorstellungen in der Chemie

Ubersetzt und bearbeitet von Hans-Dieter Schenke. Walter de Gruyter,
Berlin—New York, 1977. 234 Seiten

Das Buch schlieBt sich eng an das von Hammond, Ostervoung, Crawford und Gray
verfallte Lehrbuch “Modellvorstellungen in der Chemie” (Verlag Walter de Gruyter, Berlin
1976) an. Die Zielsetzung ist, Professoren und Lehrassistenten Weisungen und methodologische
Hilfe zur Leitung von Seminaren zu geben, die sich an die einleitenden Chemie Vorlesungen
anschlielen.

In der Einfuhrung gibt der Verfasser vor allem allgemeine methodologische und péad-
agogische Ratschlage tber den Chemieunterricht. Darauf folgt eine kurze und klare Zusammen-
fassung der gebrauchlichen physikalischen und chemischen Einheiten. In der Einfiihrung sind
auch Ratschlage zu Durchfiihrung eines Seminars angegeben, dessen Thema der Platz der
Chemie unter den Naturwissenschaften sowie die Bestimmung ihres Gegenstandes ist. Nach
der allgemeinen Einleitung behandelt der Verfasser in 14 Abschnitten den Stoff des genannten
Lehrbuches in Seminarform. Die Abschnitte behandeln folgende Themenkreise:

1. Atome und Molekile. 2. Gase und die Avogadrosche Hypothese. 3. Periodizitat und
chemische Eigenschaft. 4. Die Bestandteile des Stoffes. 5. Die Elektronenstruktur der Atome.
6. Bindungen in Molekilen. 7. Molekiilgeometrie und Molekilorbitale. s. Flussigkeiten und
feste Stoffe. 9. Ldsungen. 10. Chemisches Gleichgewicht. 11. Chemische Reaktionen. 12. Pro-
tonsduren und Basen. 13. Geschwindigkeit und Mechanismus von chemischen Reaktionen.
14. Struktur und Reaktion der Verbindungen von Kohlenstoff und Silicium.
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Die Struktur dieser Abschnitte gliedert sich einheitlich und sehr Ubersichtlich in drei
Teile. Der erste Teil befaBt sich jeweils mit den prinzipiellen und praktischen Leitungsfragen
des Seminars Uber den gegebenen Stoff. Dem Stoff des Lehrbuches und der Reihenfolge der
Erorterung entsprechend wird auf die im vorangehenden bereits erkannten, grundlegend wich-
tigen Gesetze und Zusammenhénge hingewiesen, die zum Verstdndnis der aufgeworfenen Fra-
gen notwendig sind. Dadurch wird erméglicht, daB der Stoff der Vorlesungen im Seminar kurz
wiederholt und zusammengefaBt wird. Zugleich erweitert der Verfasser den vorgetragenen
Stoff, indem er auf Einzelheiten eingeht, die in der Vorlesung nicht behandelt werden konnten,
jedoch zum Verstandnis des gegebenen Themenkreises beitragen. Es werden auch vershiedene
Aufgaben und ihre Ldsungen behandelt. Der Verfasser lenkt die Aufmerksamkeit des Lehr-
personals auf die Probleme, deren Verstdndnis — nach seiner langjahrigen Erfahrung — den
Horern besonders schwerfallt, und gibt Ratschlage, wie diese Schwierigkeiten uberbrickt wer-
den kdnnen. Er z&hlt die Fragen auf, welche die Horer am hé&ufigsten stellen, und gibt die Ant-
wort dazu an. Er betont, dall das der Seminarstoff den Anspriichen und dem Niveau des Durch-
schnittshérers angepalit werden soll. Es ist falsch, sich mit den durch die hervorragendsten
Horern gestellten Fragen zu befassen, weil dann das Seminar nicht zu dem gestellten Ziel fuhrt,
dalR samtliche Hoérer sich das notige Wissen aneignen. Mit solchen tberdurchschnittlichen
Fragen soll man sich in besonderen Konsultationen befassen.

Der zweite Teil der Abschnitte gibt Literaturhinweise fur die jenigen die irgendeinen
Teil des gegebenen Themas naher kennenlernen méchten. Der dritte Teil enth&lt schlieRlich
die verstédndlich angegebenen, richtigen Ldsungen der im Lehrbuch gestellten Fragen und
Rechenaufgaben.

AbschlieBend enthalt das Buch im Interesse eines besseren Verstdndnisses des Lehr-
stoffes Kontrollfragen und nach der Auswahlmethode die darauf zu gebenden richtigen Ant-
worten.

Obwohl die “Seminaranleitungen” sich eng an das angefuhrte Lehrbuch anschlieBen,
kann das Buch, wegen seines modernen Stoffes und seiner guten Konzeption, mit Nutzen von
all denen gelesen werden, die ahnliche Seminare leiten. Infolge der klaren und ubersichtlichen
Behandlung des Stoffes und des reichen Beispielmaterials kann das Buch auch all den Horern
empfohlen werden, die ein grundliches Verstandnis der einleitenden Chemievorlesungen wiin-
schen.

A. Gergely

N. D. EI’iOTiS, W. R. Cherry, S. Saik, R. L. Yates F. Bernardi:
Structural Theory of Organic Chemistry, 250 pp.

Springer-Verlag, Berlin —Heidelberg —New York, 1977

The aim of this book is to give a unified, qualitative theory of organic chemistry based
on quantum mechanics. Molecules are constructed of small and transferable fragments which
interact in a relatively simple manner. These interactions determine molecular properties such
as geometry, conformation, reactivity, etc. After an outline of the theory in Part |, non-bonded,
geminal and conjugative interactions between molecular fragments are discussed in Parts II,
Il and 1V, respectively. Part V deals with bond ionicity effects. Ample evidence, theoretical
and experimental as well, is given to confirm the simplified treatment. Accordingly, 420 ref-
erences are cited, affording a useful survey of the literature.

Unfortunately, we feel, the book could not achieve its purpose. First, in order to pre-
sent a qualitative theory which is well understandable to the chemist at the bench, a clear-cut
theoretical foundation should be given. Part | does not yield such a theory. The equations,
given here, seem to be arbitrary, though the reader may have some idea that they have their
origin in quantum chemistry. Further, there are too many effects to be taken into account
when experimental trends are explained. For example, in the discussions in Sections 7 and s,
n-pi, sigma-pi and pi-pi interactions compete to determine molecular properties. It is not clear
in what manner their relative importance can be established. Further, at the bottom of page
54, the following is written: “However, due to the small hydrogen coefficients in these MO’s,...”
From where should the reader know whether the coefficients are really small ? A miscon-
ception: on page 63, acyclic N204 is called a “sigma aromatic system”. It is known that ar-
omaticity has a meaning in cyclic pi-systems only. A serious drawback is the not always
clear presentation; there are some parts of the book which need really hard work to under-
stand.

Acta Chim. Acad. Sei. Hung. 97, 1978



RECENSIONES 367

Despite the above objections, the authors have considerable merits in having developed
useful qualitative models of molecular structure. There is a wide variety of interesting ideas
and propositions for the specialist working on theoretical organic chemistry or quantum chem-
istry. However, the book cannot be recommended to non-specialists or to graduate students.

G. Naray-Szabo
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PE3FOME

Pagnonns BogHbIX cuctem xenesa(LU)-94TY

M. BEBEP, ' PENBbAVNAK w E. KOUYMLW

B nHTepecax ToOro, 4tobbl B CTA/IbHbIX KOHCTPYKLUMUSAX aTOMHbIX XTaHLWIA HepPXKaBetoLLLy0
CTa/lb 3aMeHNTb Ha 6onee AELIOBYI MEPNTHYIO CTaslb, OblM NPOBeAEHbl 1a6opaTopHble wUC-
CnefoBaHWsA y-pagnonusa BOAHbIX pacTBOpoB C gobaBkoi >xkeneszo(LL)-34TY. Bbino ycTaH-
0BJIEHO, 4TO Mexay pagHonmsom xenesa (LU)-3ATY wu xenesa(H)-3A4TY ycTaHa-
B/MBAETCA  pasBHOBecue. Bblno  MccnegoBaHO — BAMSHWE  MYPaBbIMHOA — KUCAOTbI U
MeTaHo/1a, Kak No6oYHbIX J06aBOK, a TaKXXe KOMMIEKCOB XpOMa MU HUKENS CTa/lbHbIX CM/aBoB C
SATY. Ans cuctembl Xxene3o(LU)-3A4TY nonaranocb, YTo Mexay OTAe/bHbIMW PacTBOPEHHbIMU
BeLLIeCTBaMM U MPOAYKTaMU UX PaANoNN3a UMeeT MECTO KOHKYPEHLNSA.

CTaTucTnyeckoe NpuBAMIKEHME 3/1eKTPOAHOM (DYHKLMN MeMbpaHbIX
3M1eKTPOAOB C WMOHHOW CeNeKTUBHOCTbIO

C. TNTEAHY, E. XONUPTEAH n N. C. NTONECKY

CraTucTmyeckas 06paboTKa 3MeKTPOAHON (hyHKLMM NO3BOJISET OnpejenieHne CneayLmx
(byHAaMeHTa/IbHbIX MapaMeTPOB: MpeAenbHY BeNYUHY 0611acTy JIMHEMHOCTU (pe)i, npegen
feTekTmpoBaHus(_pc)iA npegen onpegenumocTtn (pc)D 1 KoHueHTpaumio ¢oHa (po)& CratueTtu-
YecKOe OMpefesieHWe npefena LeTEKTUPOBaHUSI WM Mpedena ONpPefeIMMOCTU, WUCMOMb3ys CTa-
TUCTWYECKYIO TEOPUIO AETEKTUPOBAHUS CUTHaNA, MO3BOSIET UCMOMb30BaHWE 31EKTPOLHON (PYHK-
LM1 1 B Ha/IMHEHOW 06/1acTu.

WccnepoBaHnsa B3aMMOAeﬁCTBMF| MOH-PacTBOpPUTE/Ib B CUCTEMAX
CNNTPp — cCoNndHaA KucnoTa

®. PATKOBWUY n U-HE BAPATMU

DNeKTpoABMXYLLLAa cuna B cucteme anekTpogoB Pt/H2 ras/HCI cnHpT/Hg2CI2ZH g 6bina
nccnesoBaHa B TeMnepaTypHOM uHTepBasie 20—40°C. Bbin onpefeneH HOpMasbHbIA NoTeHUWan
CMMPTOBOIO KasloMe/IbHOro 3/1eKTpoJa B MeTaHosle, aTaHose, 1-nponaHone u 1-6ytaHone. Bbina
nccnefoBaHa KOHLEHTPALUMOHHAS 3aBUCMMOCTb CPEAHMX KO3(P(ULMEHTOB MOHHOW aKTUBHOCTU
NPV KOHLIEHTPaLMsIX, NPeBbILLIALLIMX 06/1aCTb CNpaBes/IMBOCcTU Teopum [le6asn=XKens, nébiio
YCTaHOB/IEHO, UYTO OTK/IOHEHUS! OT BbILLEYNOMSIHYTON TeOpUM MOTYT 6bITb 06bACHEHbI CUBHBLIMU
B3aMMOJEACTBUAMY MeXAY MOHaMU U C pacTBOpUTeNeM. B3anmMogeiicTBME WMOHOB C pacTBOpUTe-
NeM  YBENIMUMBAETCS C YBE/IMYEHMEM MOJEKY/IIPHOr0 Beca MOC/efHero. 310 06bSCHSET Takxke
1 TO SIB/IEHUE, UYTO PacTBOPMMOCTb X/IOPMUCTOr0 BOAOPOAA B CMUPTE 3HAUUTENLHO YBelMuMBae-
TCS C YBe/IMYEHMEM MOJeKY/ISIPHOT0 Beca crnvpTa.



ViccnefoBaHue MepuoOAUYEcKUX KoneGaHWii moTeHuMana Ha NaaTMHOBOM
3/1eKTPOAe, MOTPYXXeHHOM B pacTBOP OPraHMYecKUX BeLEeCTB C PefoKc
cucTeMamu

B0o36y)zaeHMe SBMEHWIA, NOAOGHbLIX OCLUMPOBAHUSM
raslbBaHOCTATMYECKMX MOTEHLMANOB, Ha6MOAAEMbIM B X0fe
3NEKTPOOKMUCIEHUS, B ClydYae PasOMKHYTOW 3M1EKTPMYECKOW Lenm

Ob. XOPAHW, Ab. UH3ENbLT n 3-HE CETEW

SKCMEPUMEHTANTLHO GbIN0 MOATBEPXKAEHO, UTO Te OCLM/INMPYIOLLMe SBNeHWs, Habnoaae-
Mble Ha NAaTVHOBOM 3/71EKTPOAE B XOfle Fa/lbBaHOCTATMUECKOrO 3/1EKTPOKMUC/IEHNS OTAeMbHbIX
OpraHyMyecKunX BELLECTB, MOTYT 6GbITb 06HAPYXKeHbI W 711 PABHOBECHOTO MOTeHLMana a/1eKTposa,
Norpy>KeHHOro B PacTBOpP, COAePXKaLL il OpraHMYecKoe BeLeCTBO U peaoKe cuctemy. OCLmMIImpo-
BaHMe PaBHOBECHOIO MoTeHLMana 6bl10 06HapYXeHO B cucTeMax, cogepkalimx Ced+, Fe3+ u
MeTaHos, (opMasibaerna, MypaBbUHYIO KUCMOTY, 3TWUNEHTINMKONb, FMKONbabAerng, ravnoK-
canb, msonponaHon. Bbifo NokKasaHo, YTo Ans UHTepBana MoTeHLMana, COOTBETCTBYIOLLEro Ka-
TOAHOMY AMKPY3NOHHOMY NpeaenbHOMY TOKY OKMC/AIOLLEr0 areHTa, B CYLLHOCTH, CrpaBeivBbl
Te YCNOBUS, KOTOpble MTaK 06ecrevmBaeT raibeaHocTat. ECnu ocLuMNNMpoBaHue ranbBaHocTaTy-
YecKOoro MoTeHLMana nonagaeT B 3Ty 06/71acTb, TO MPOUCXOAUT OCLUNIMPOBAHNE U PABHOBECHOTO
noTeHumana. B cnyyae STUNEHTNKONSA CPaBHMBA/IM OCLUU/NIMPOBAHME Ta/lbBAaHOCTATUUECKOrO
noTeHUMana ¢ oCLMIIMPOBAHMEM PABHOBECHOIO MOTeHLMana.

3]'IeKTpOXI/IMI/Il—IBCK06 noBefeHne 3TUJIEHT/INKONA N €ro OKWUC/IEHHbIX
NMPon3BOAHbLIX Ha NAaTtUHOBOM 3nekTpoge, |

JNeKTPOBOCTaHOBNEHNE GUDYHKLMOHAbHBIX OKCOCOEAUHEHWIA C ABYMS
YrNepoaHbIMK  aToMamm

Ob. XOPAHW, Ab. UH3ENbLT n E. CETEN

Bb110 NOKa3aHo, YTO B X0 OKUC/EHUS 3TUNEHT/IMKONA Ha 3/1EKTPOAEe NAaTUHOBOW YepHU
B KWCMOW cpefe 06pasyroTcs Takue MPoJyKTbl, KOTOPble BOCCTAHAB/INBAKTCA CO 3HAYMTENbHOM
CKOPOCTbIO MNPV NMOTeHUManax HeHaMHOro 6osiee NONOXUTESbHbIX, YeM PaBHOBECHbLIN NOTeHUMan
BOLOPOAHOr0 3nekTpoga. ANna 06bACHEHUS Hab/MfaemMoro SBMeHMS 6bII0 U3YYeHO 3M1eKTPOo-
rMapvpoBaHve U KaTaIMTUYeCcKoe TMAPMPOBaHUE OKMCNEHHbIX MPOU3BOAHbLIX 3TUIEHTINKONMA
(HOCH2 CHO, OHC CHO, HOCH2-COOH, OHC-COOH, HOOC-COOH) Ha anekTpoge
NNaTMHUPOBAHHOW NMAaTUHbI U KaTanu3aTope M3 NAaTUHOBOW YepHWU, COOTBETCTBEHHO, B KMC/bIX
cpefax. 3aMeTHble CKOPOCTU BOCCTAHOB/EHUS Habnoanncb NMb B Cy4Yae OKCOCOeAUMHEHWIA.
Bb110 NOKa3aHo, YTO peakLunn rMapupoBaHMa HabnLAITCA UL B cnyyae cobnogeHus onpe-
[eneHHoM aKCnepuMeHTaIbHOM MeToauKK. [N CKOPOCTel rmapupoBaHMs U 3M1eKTPOrnapupo-
BaHWA Obln HaigeH cnegywowmin  pag: HOCH2 CHO > OHC—CHO ;> OHC—COOH.
B pesynbTate rmapupoBaHUsA W 3MEKTPOrMAPUPOBaHUA T[NNKOMbanbiernja u ravokcans, B
OCHOBHOM, 06pasyeTcs aTaH, BEPOSATHO Yepe3 0bpa3oBaHMe aleTasnbiermga Kak npomexyToyHoro
npogyKTra.

3KCnepyMeHTa/IbHble JaHHble OfHO3HAYHO YKa3bIBalOT Ha TO, YTO B XOAE OKWUCMEHWS
3TUNEHTINKONA B 3HAYNTENbHBIX KOMYECTBax 06pasytoTca MMKONbaNbAerng v ramokcasnb,
nnn oba CoeauHeHUs.



MNpumeHeHne 3neKTpofa PTYTb-OKUCb PTYTU AN1A UIMEPEHUS aKTUBHOCTU
TMAPOKCU/TIbBHOI0 MOHa B KOHLUEHTPUPOBaAHHbLIX LWE/TI0YHbIX pacTBopax

3. . CABO, M. MANT®PANBU-POXAXEAN n M. OPBAH

AnekTpog Hg/HYO, MCnonb3oBaHHbINA [0 CUX MOP KaK CTaHAAPTHbIM 3M1eKTPO/, 0Kasancs
NpUrogHbIM 418 ONpeaeneHnsl M3MeHeHU aKTUBHOCTU TMAPOKCUIBHOIO MOHA B KOHLEHTPU-
pOBaHHbIX PacTBOpaXx LLEMoYN HATpUs. ITOT 3M1eKTPoa Bbl1 UCMOML30BaH AN U3MEpPeHUs aK-
TUBHOCTV NIMAPOKCU/BHBIX MOHOB B KayCTMUECKUX pacTBopax a/jloMuHaTa. MeTos, OCHOBaH-
HbIA HA U3MEPEHMsIX NPOBOAMMOCTH, 6bl paspaboTaH A1 onpefeneHns augdy3MoHHOro NOTeH-
umana cucTembl.

PacueTbl Ha OCHOBE JaHHbIX, NO/yUYeHHbIX TaKUM NyTem, NMOATBEPXKAAOT TO 3aK/l0UeHWe B
NUTepaType, UTO B CUCTEMAX C HU3KOW KOHLEHTpaLMei a/lloMUHUA MPeBaIMpyeT MOH TeTparu-
poKcoantoMuHaTta. B cucTemax ¢ Gofiee BbICOKOW KOHLIEHTpaLuel a/IloMUHUSE MOXHO MofaraTth
06pasoBaHVe AVMEPHbIX WU ONIMFOMEPHbIX YacTWLl, OfHAKO, flaHHbIA MeToA, caM Mo cebe, He
[aeT KOMMYECTBEHHbIX faHHbIX, MOATBEPXAAIOLLMX 3TO MPeAnoNioXKeHMe.

MCCﬂEAOBaHVIe TO3WUNOBbIX U ME3U/I0BbIX MPOM3BOAHbLIX B MOp(*)I/IHOBOM
pagy, XXI

C-6-rasioreHnpon3BoHble AUrMApPoOKoLenNHa

r. WoMoan, W. MAKNEWT n P. BOTHAP

Vcxoas u3 6-0-Me3nnauruapokosenHa 6biiv nosyueHbl 6-X10pAMrnapoKoana, a Takxke
[0 CMX MOp eLLe He Nosy4eHHble 6-Top- 1 6-6poM AMrMapoKoauabl. Peakumus 6-0-Me3nnauruapo-
KOfleMHa C MOAVIOM HaTPUS He NPUBOANT K 06pa30BaHMIO 0XKUAAEMOro 6-MoANPON3BOAHOIO, a 06-
pasyeTca [e30KCcUKoaenH-C.

CuHTe3 eHnn 2-geoKcu- u 3-geoKcu-p-O-rnoKonnpaHosngos

n. Kl

OnucbiBaeTcA CUHTE3 (peHnN 2-geoKcn- n 3-geoken-/3-IN)-rmokonnpaHosvgos (5 n 10).
CuHTe3 6bln OCYLLIECTB/IEH Yepe3 BOCCTAHOB/IEHNE COOTBETCTBYHOLLENO M-TO/Y0/1CY/Tb(OHMUI0BOIO
npoussogHoro (4 n 9) ¢ nomowbio LiAIH4 nccnegoBaHo, NponcxoguT v 06pasoBaHmne 3NOKCUA-
HOr0 MPOMEXYTOYHOro MPOAYKTa B peakuuun. OKasanoch, YTo B peakLu He 06pasyeTcsi Kakon-
6o anoKcug,

CuHTe3 anKanoujoB CO CKeeTOM (PTannN30CMHOMNHA C MOMOLLbIO
coefnHeHnii PeiicepTa, |
HoBbIn CMHTE3 rugpacTMHa
N. KEPEKEW, . XOPBAT, Ab. TAANT n P. BOTHAP

BbIn ocyLLecTB/IEH Yepe3 HECKO/IbKO CTYMeHe HOBbIN CUHTES (£ )-/?-- 1 (+)-a-rugpactm-
HOB C MCMONb30BaHWEM 1-LnaHo-2-6eH30uN-6,7-MeTUNEHANOKCN-1,2-AMTMAPON30XMHOINHA 1
MeTWM0BOro achmpa OnNMaHoOBOW KUC/OTbL.
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The U02CI2SBH22complexes have been prepared by mixing dioxouranium(VlI)
chloride in 1:2 mole ratio with the dibasic tridentate Schiff bases (SBH2) obtained by
the condensation of salicylaldehyde, 2-hydroxy-I-naphthaldehyde, o-hydroxyacetophe-
none, 2,4-pentanedione or I-phenyl-1,3-butanedione with hydroxylalkylamines (such
as 2-hydroxyethylamine, 2-hydroxy-l-propylamine and 3-hydroxy-l-propylamine)
or 2-hydroxyaniline. The resulting complexes have been characterized by elemental
analysis, conductance measurements and infrared spectra.

Introduction

In an earlier publication [1] from these laboratories, reactions of dioxo-
uranium (Y1) chloride with monobasic bidentate Schiff bases have been reported
and in these the Schiff bases are co-ordinated to the central uranium atom.
Such reactions with dibasic tridentate Schiff bases do not seem to have been
studied so far. The results of these investigations are discussed in the present
paper.

The Schiff bases used in these reactions can be structurally represented
as follows (I to 1V):

OH

OH N

=NX OH
CH3 H3C

" iy

(Where in, (I) X1= CH2CH2 CH2CHCH3, CH2CH2CH2 and 0-C6H4

(1) and (111), X1 = CH2CH2 CH2CHCH3 and CH2CH2CH?2

(1V) when Rt= CH3 X1l = CH2CH2 CH2CHCH3, CH2CH2CH2 and o-C6H4
Rj = CeH5 XIU = CH2CH2 CH2CHCH3 and CH2CH2CH2)
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Experimental
Materials

Absolute ethanol, dimethylformamide and nitrobenzene were dehydrated by chemical
methods as reported earlier [2, 3]. Dioxouranium(Y1) chloride was used without further purifi-
cation.

Preparation of Schiff bases

The Schiffbases, 2-hydroxy-I-naphthylidene-2-hydroxyethylamine, 2-hydroxy-l-naph-
thylidene-2-hydroxy-I-propylamine, 2-hydroxy-l-naphthylidene-3-hydroxy-I-propylamine, 1-
phenyl-1,3-butanedione-2-hydroxyethylimine, I-phenyl-1,3-butanedione-2-hydroxy-Il-propyl-
imine and I-phenyl-l1,3-butanedione-3-hydroxy-l-propylimine were prepared by mixing
equimolar amounts of aldehyde or /J-diketone and desired hydroxyamine in ethanol. These were
purified by recrystallization in the same solvent. The analysis and physical characteristics are
recorded in Table I.

The synthesis and physical characteristics of the Schiff bases, salicylidene-2-hydroxy-
ethylamine (C8HNnNO02), salicylidene-2-hydroxy-l-propylamine (C10H13NO2), salicylidene-
3-hydroxy-l-propylamine (C10H 13N 0 2),* salicylidene(2-hydroxyaniline)(C13Hn N 02), o-hydroxy-
acetophenone-2-hydroxyethylinine (C10H13NO2*, o-hydroxyacetophenone-2-hydroxy-Il-propy-
limine (CnH1NO02, o-hydroxyacetophenone-3-hydroxy-I-propylimine (CnHI16N02)*, 24-
pentanedione-2-hydroxyethylimine (C,H13NO02, 2,4-pentanedione-2-hydroxy-I-propylimine

Table |

Properties and analyses of dibasic tridentate Schiff bases

Analysis %
Schiffbase (SBH,) Characteristics '}’,ICP) c H N
Found Found Found
(Calc.) (Calc.) (Calc.)

2-Hydroxy-I-naphthylidene yellow needles 152-5 72.94 6.38 6.76
2-hydroxyethylamine (72.55) (6.09) (6.51)
(Ci3HI3N 02

2-Hydroxy-1-naphthylidene- yellow solid 150-51 73.61 6.77 6.08
2-hydroxy-l-propylamine (73.38) (6.59) (6.11)
(CUHIN D02

2- Hydroxy-l-naphthylidene- yellow solid 120 73.12 6.71 6.15
3- hydroxy-l-propylamine (73.38) (6.59) (6.11)
(CHUHIN 02*

1- Phenyl-1,3-butanedione pale yellow 88 70.39 7.41 6.79
2- hydroxy-ethylamine solid (70.27) (7.37) (6.83)
(CI2H15N 02

1- Phenyl-1,3-butanedione- pale yellow 110-12 71.32 7.72 6.48
2-hydroxy-l-propylimine solid (71.20) (7.81) (6.39)
(C1H,,N02)

1-Phenyl- 1,3-butanedione- pale yellow 78 71.33 7.84 6.33
3-hydroxy-l-propylimine solid (71.20) (7.81) (6.39)

(CI3H17N 02

* has been used to distinguish between the compounds of the same molecular formula
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(CeHI5N 02), 2,4-pentanedione-3-hydroxy-l-5propylimine (CsH15N 02* and 2,4-pentanedione-
2-hydroxyanil (CnH13N 02) have been reported in an earlier paper [3].

Preparation of dioxouranium (V1) complexes

To a solution of dioxouranium(VI) chloride in ethanol was added the ligand solution in
the same solvent in 1 : 2 mole ratio under constant stirring. An orange red solution was ob-
tained and in most of the cases an orange red precipitate separated out, which was filtered,
washed with ethanol and air dried. The details of these reactions and some important properties

of the resulting complexes are reported in Table II.

Table 11

Reactions of dioxouranium (V1) chloride with Schiffbases in 1:2 mole ratio and properties of the
resulting complexes

uo.c,
®

1.80
1.00

1.33

*

formula.

l*

Schiff base
(SBH,)(9)

CaHjjNOj
1.95
CiOH i3JNO2
1.58
C10H 13]NO2*
3.39
Ci3HNnJNO2
141
C13H 13INU2
2.09
ISVISTIYY)
2.42
Cl4HieN 0 2*
211
c10h 13n o 2*
1.48
CnHI16N 02
1.93
cuh 55no2*
1.83

c,h13ho?2
1.82

c8h 16no 2
1.37

c8h I5no 2*
1.29

2.02
A12A15AA2
1.20
A*13-417702
1.71
cl3n 1o 2*
1.60

has

been used to

Product and characteristics

U 02CIAZCHNN 022
yellow solid
UO2CIZC,0HIN 02)2
yellow solid
UO2CIZACI0H 13NO2)2*
orange solid
UO2CI2(CI3HNN 022
red solid
UO2CI2(C,3H13N 02)2
yellowish red solid
UO2CIACI4H BN 022
yellowish red solid
U 02C12(CI4H 1B\ 02)2*
yellowish red solid
UO2CIACI0H 13N 02)2*
yellow solid
U0 2CIZAC,jH18N 022
yellow solid
U 02CI2CnHIN02)2*
yellow solid
U 02CI2CTHIN 022
reddish orange semi-
solid
U 02C1ACsH jon 0 22
reddish orange-semi-
solid
U 02CIACgHIN 02)2*
reddish orange-semi-solid
U 02CIACuHIN022
brownish red solid
U 02C1IACJ]2HIBN 02)2
orange solid
U 02C1IAC13HIN 022
orange solid
U 02C12(CI13HIMN 02 2*
orange solid

distinguish between

Analysis %

u N Cl
Found Found Found
(Calc.) (Calc.) (Calc.)

4 5 6
35.53 4.40 10.63
(35.44) (4.17) (10.56)
33.87 4.19 10.02
(34.04) (4.00) (10.14)
34.27 3.96 10.03
(34.04) (4.00) (10.14)
31.60 3.39 9.63
(31.02) (3.65) (9.24)
31.13 3.45 9.43
(30.86) (3.63) (9.19)
30.31 3.19 9.03
(29.78) (3.50) (8.87)
29.53 3.63 8.60
(29.78) (3.50) (8.87)
34.17 3.99 10.65
(34.04) (4.00) (10.14)
33.51 3.61 9.99
(32.72) (3.85) (9.75)
32.73 3.99 9.40
(32.72) (3.85) (9.75)
37.39 4.62 11.06
(37.93) (4.46) (11.30)
36.64 4.14 10.63
(36.30) (4.27) (10.81)
36.40 4.49 10.46
(36.30) (4.27) (10.81)
32.69 3.92 9.40
(32.90) (3.87) (9.80)
31.85 3.63 9.73
(31.69) (3.73) (9.44)
30.41 3.67 8.99
(30.55) (3.59) (9.10)
30.73 3.45 9.17
(30.55) (3.59) (9.10)

the compounds of the

Mola con-
ductance in
(ohm-1  mole- )

cm” 1
Nitro- DMF
benzene
7 8
1.59 37.9
2.61 36.3
3.23 42.4
- 41.4
1.53 37.1
2.50 41.3
1.83 45.8
- 39.8
- 35.4
- 42.2
2.71 71.3
3.44 74.9
2.82 72.5
1.94 37.6
3.32 74.8
2.44 74.8
2.75 73.6

same molecular
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Analytical methods and physical measurements

Uranium was determined as uranium oxinate [4] nitrogen by Kjeldahl’s method,
and chlorine gravimetrically as silver chloride.

Molar conductance measurements of the resulting complexes were performed in di-
methylformamide and nitrobenzene at 30 + 1 °C using a Tesla RLC bridge with the cell having
a cell constant of 0.74 cm-1. Thermogravimetric analysis was carried out on a Stanton (Mass
flow type) Automatic Recording Thermogravimetric Balance.

Infrared spectra of the Schiff bases and their dioxouranium (V1) complexes were recorded
in nujol mulls using a Perkin-Elmer 337 grating infrared spectrophotometer with KBr optics.
The IR spectra of a few Schiff bases and their complexes were also recorded in the range of
650—200 cm-1 in nujol mulls using a Beckman IR —12 infrared spectrophotometer.

Results and discussion

Reactions of dioxouranium (V1) chloride with dibasic tridentate Schiff
bases (SBH2 (i.e. salicylidenehydroxyamines, 2-hydroxy-l-naphthylidene-
hydroxyamines, o-hydroxyacetophenone-hydroxyimines, 2,4-pentanedione-
hydroxyimines and I-phenyl-l,3-butanedionehydroxyimines) in 1 : 2 mole
ratio can be represented by the following general equation:

U02C12 + 2SBH, - UO02CI12(SBH2)?2

All the resulting complexes are stable in light and air, and most of
them have been obtained in solid state except the derivatives of the Schiff
bases of 2,4-pentanedionehydroxyalkylimines, which are viscous semi-solids.
The resulting complexes are soluble in DMF and pyridine, but insoluble in
benzene and chloroform.

The Schiff bases used in these reactions are potentially dibasic tridentate
in nature, but in the present investigations these behave as neutral bidentate
ligands as reported earlier [3]. The possibility of co-ordination through the OH
group of the amine residue of the ligand moiety is ruled out by the fact that
no reaction has been found to take place between the dioxouranium(VI)
chloride and the Schiff bases, benzylidenehydroxylalkylamines. The reason
of the inactivity of these Schiff bases is the absence of the OH group in the
ortho position to the azomethine group as reported by Kovacic [5] also in the
case of bivalent cations.

The behaviour of the alcoholic hydroxy group depends on the central
metal ion as well as the nature of the ligand. The crystal structure [6] of bis-
(salicylidene-2-hydroxyethylamine)copper(ll) shows that the Schiff bases
behave as bidentate ligands; the co-ordination takes place through the phenolic
oxygen and the nitrogen of the azomethine group. The donating tendency of
the alcoholic oxygen is comparatively weak compared to the phenolic oxygen
[6] and this is the reason that the alcoholic OH group doesnot co-ordinate the
metal ion in Schiff base complexes.

Acta Chim. Acad. Sei. Hung. 97, 1978



VIJAY, TANDON: SCHIFF BASE COMPLEXES, V 373

Conductance measurements

Molar conductance values of these complexes in DMF fall in the range
of35—75 o0hm-1 cm2mole“lindicating their partial dissociation in this medium
as reported earlier [7], However, the values of molar conductance in nitro-
benzene have been found to be below 6 ohm-1 cm2mole-1 indicating that the
complexes behave as non-electrolytes [8].

Thermogravimetric analysis

The thermogravimetric analysis of dioxouranium (V1) chloride bis(salicyl-
idene-2-hydroxy-l-propylamine) shows (Fig. 1)that the complex is quite stable
up to 160 °C. It loses the two Schiff base molecules up to 475 °C and finally is

0 200 400 600
Temperature , °C

Fig. 1. Thermolysis curve: U 02CI2HOC6HACH: NCH2CHOHCH?3)2W t. of the complex = 81 mg,
Wt. of the residue =35 mg, Calcd. Wt. for U308 = 33 mg

Infrared spectra

The IR spectra ofthe Schiff bases and their dioxouranium (VI) complexes
have been recorded and the important features are as follows.

(i) In the IR spectra of the Schiff bases, weak and broad absorption
bonds are observed in the region of 3400 —3200 cm-1, which are at lower wave
numbers than the stretching frequencies of free N-H or O-H group. This can
be attributed to the presence of both types of hydrogen bonding, intermolec-
ular (O-H ... 0) as well as intramolecular (O-H ... N) in these compounds
[9, 10]. However, in the resulting complexes, this vibration is shifted by 50
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to 250 cm-1 toward higher values; this may be attributed to the absorption
band of coordinated O—H or N—H vibration.

(ii) Some of these complexes also show absorption band at 3550 cm-1
and this may be due to the free O-H group of the amine residue of the ligand
moiety.

(iiif) The > C = N-stretching frequency appears in the region of 1625 —
1600 cm-1 in the Schiff bases, and this is shifted slightly to the higher wave,
numbers in the resulting dioxouranium (V1) complexes. A similar Schift has
also been observed in the dioxouranium (VI) complexes by Vidali et. al. [11].

(iv) The dioxouranium (V1) ions exhibit [12] three vibrational frequencies:
symmetric (jg) and asymmetric (v3) stretching and bending (v2) frequencies.
In the linear dioxouranium (V1) ion, only the asymmetric stretching is easily
observed in the normal infrared spectrum, while the bending frequency (v2)
appears in the lower region. The asymmetric (v3) stretching frequency has been
observed in the region of 915—900 cm-1 in the resulting complexes.

In a few derivatives, a weak or medium intensity band appears in the
region of 875—835 cm-1 and this may be assigned to the asymmetric stretch-
ing frequency of the dioxouranium (V1) group. Further, another band in the
far IR region (i. e. 265 —250 cm-1) has been attributed to the bending vibra-
tion (v2) of the dioxouranium (V1) ion.

(v) The far IR spectra of a few dioxouranium (V1) chloride complexes
of Schiff bases have been recorded to substantiate the bonding of uranium to
the chlorine atom. A new band appears at » 225 cm-1 and this may be due to
the vU-CI.

*
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The diffusion of cis- and tr<ms-2-butene, methanol and ammonia was studied by
infrared spectroscopic and gravimetric methods. The adsorption saturation controlled
by diffusion was found to obey Barker’s relation for mass transportin isotropic mono-
crystals. The relative values of the diffusion coefficients can be correlated with the
size of the diffusing molecules, the interactions between molecules and the zeolite pores
and with the free pore size.

Zeolites as catalysts and adsorbents have found increasing application
in the last 1—2 decades. Unlike in other materials with large surface areas,
the pore system of these crystalline aluminosilicates is perfectly regular as a
consequence oftheir crystal structure: cavities of well-defined shape are inter-
connected by a system of elementary channels.

This pore system is not accessible in natural zeolites because it is filled
with exchangeable cations and water, the partial or complete removal of
which is necessary to make the pore system permeable for smaller (with a
critical diameter of 3—10 A) molecules. The free cross section of elementary
pores in dehydrated zeolites depends on the diameter of the exchangeable
cations in the zeolite, it being the largest in the case of H +-zeolites.

Since the difference between the diameters ofthe pores and the molecules
entering is very small, mass transport in these pores is a particular kind of
diffusion: it takes place in crystal and the motion of diffusing material is
mainly influenced by the physical and chemical interactions with the wall of
the channel.

Such interactions should be taken into account in each practical case,
since of interest are only those systems in which there is adsorption (catalytic)
interaction between the diffusing molecules and the wall of zeolite pores. The
molecules coming to the crystallite pore are thus adsorbed according to the
adsorption equilibrium corresponding to the given external concentration.
Since the pores are of molecular size, the molecules enclosed within them are
located in a chainlike arrangement. The pores are filled gradually by the mi-
gration ofthese molecules. Therefore, the diffusion process can be traced by
observing the saturation of the zeolite crystal, which will be termed for sim-
plicity as sorption.

Strictly the process cannot be considered as adsorption since the fluid
phase molecules are not bound directly to the internal surface of empty pores.
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Instead, the molecules having bound at the pore entrance penetrate deeper
into the empty pores. Thus the process is more similar to absorption, its driving
force being the concentration difference inside the zeolite crystal.

Let us suppose an isotropic, homogeneous zeolite monocrystal in which
the diffusion equation is valid for any spatial direction:

— = -D(divgrad) C (1)
ol
where Cis the concentration of the adsorbate (its amount in unit crystal vol-
ume) at a certain point of the crystal; D is the phenomenological diffusion coef-
ficient. I1f sorption takes place at a constant external pressure of the adsorptive
on a zeolite consisting of spherical crystallites of radius r0, in which D is in-
dependent of C, the solution of Eq. (1) was given by Barker [1] using the fol-
lowing boundary conditions:
For any crystallite
C — in the external surface layer of the crystallite, if i > 0;
C = CO in the crystallite, if t = 0.
If the sorption equilibrium hasbeenreached the amount sorbed in the whole vol-
ume of the zeolite crystal is Q,,, the concentration being uniformly C,. At
time t after the start of measurement the sorbed amountis Qtand concentration
Cin the crystal differs from point to point; QO is the sorbed amount at the start
of the measurement.
W ith these quantities one form of the series solution of Eq. (1) can be
given according to [1] as:

Qt— Qo __j 6 - | Dnxn2t
Qz Q J nl nZeXP @

Since in Eq. (2) only the relative differences of the Q values occur, they
can be replaced by the overall sorbed amounts on samples of several spherical
zeolite crystals (with radii r0), which can even be bound together.

At large values of the quantity Dt/rj; all higher terms of the sum of ex-
ponentials are negligible compared to the first one [1]:

in Q Qt 6 Dn2
Q Qo n2 rl
Plotting the left-hand side of this equation againstt, and using the known

value ofr0, Dean be determined from the slope of the linear function. Another
form of the series solution of Eq. (1) is as follows [2]:

©)

Qt-Qo = 6(Dt)V2 3Dt 12(Dt)'12 - ,erfc nr0
<»- Qo ra2 r2 0 A (Dt)12
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which, with decreasing JADUrjf, becomes:

Q~ Q _ 4 Dt Y2 3Dt
Q-~-Qo nro%, F8 ©)
which further simplifies to [1]:
Q Qo _ "~ (-P
Qo — Qo \nrl

The slope of the left-hand side againts ]}/, in the knowledge of r0, gives
the value of D.

The diffusion measurements were carried out with ammonia for different
clinoptilolite derivatives and with n-butenes and methanol for H-clinoptilolite.
The knowledge of the diffusion process for these materials is important mainly
from the point of view of catalytic investigations. In connection with the iso-
merization of n-butenes [13] and the dehydration of methanol [14] it is not
clear to what depth of the clinoptilolite crystallite pore system the observed
catalytic transformation extends. In the investigation of active centers of
zeolite catalysts the observation of ammonia adsorption gives important in-
formation [11]. 'Jbe adsorptive saturation with ammonia is also a diffusion
controlled process.

In addition, the above compounds possess those characteristic properties
which basically influence the diffusion process in zeolite pores. Our investiga-
tions permitted an orientation concerning the effect of molecular size, the
role of interaction between the diffusing molecule and the zeolite lattice, and
the free size of zeolite pores. Diffusion has been examined by two methods.
In the first the weight increase of the sample was followed (upon NH3sorp-
tion), in the second the concentration of structural hydroxyl groups present
in the H-form, interacting with the sorbing molecules, was followed IR spec-
troscopically (during the sorption of methanol and n-butene). As a consequence
of these techniques, in the case of ammonia physisorption and chemisorption
were measured simultaneously, while in the cases of methanol and the n-butene
isomers only chemisorption was measured. In the latter case, the decrease of
the OH group concentration was recorded, which can be ascribed only to chem-
ical interactions.

Since the internal surface area of clinoptilolite is at least 10 times larger
than the external one, the contribution of the latter has been neglected.

Experimental
Clinoptilolites used

In the experiments we used clinoptilolite-containing rocks of Hungarian origin and of
American origin, as well (Horseshoe Dam, Maricopa Co., Arizona, USA). The former (NK)
contained 60 —70 % clinoptilolite, while the latter practically 100 % The Hungarian rock

Acta Chim. Acad. Sei. Hung. 97 1978



378 DETREKOY, KALLO: DIFFUSION IN THE ELEMENTARY CHANNEL SYSTEM

contained also quartz, tridimite, felspar and volcanic glass. The rocks were powdered and
fractionated before the experiments. Their different forms were prepared by ion exchange
refluxing with 2 M solutions two times, each for three hours. The H-form was prepared by
deammoniation of the NH4-form pumping for 1 hr at 400 °C.

Adsorptives

The three n-butene isomers used were Fluka purum products; methanol (Reanal) and
ammonia (J. T. Baker) were of analytical grade, the latter with 5 %inert contamination.

Gravimetric measurements

The gravimetric measurements were carried out on Mettler TAl type thermobalance.
The sample space could be evacuated and flushed with gas. Its temperature could he varied
from 25 to 600 °C, the highest attainable vacuum being 10 Torr. The sensitivity was 0.01 mg
for 50 —60 mg samples. The change of the sample mass against time during sorption is shown
in Fig. 1. (The initial inflection on the curve is due to the non-instantaneous introduction of
adsorptive into the adsorbent space.)

Fig. 1. Mass of sorbed ammonia as a function of time for Hungarian natural clinoptilolite;
PNHs = 760 Torr, T = 25 °C; pretreatment at 10-s Torr and 400 °C for 1 hr

Infrared spectroscopic measurements

The infrared spectroscopic measurements were carried out with a Beckman IR 12
double-beam grating spectrophotometer, producing absorbance vs. wave number curves. The
sample cell, supplied with a gas inlet, could be evacuated and heated.

The samples investigated were pellets 25 mm in diameter pressed from clinoptilolite
powder to a thickness of 10 mg/cm.:2

For the quantitative evaluation of spectra, the peak areas from the absorbance vs. wave
number curves were measured with a planimeter. The area under a band (F) belonging to a
given vibration was put into the integrated form of the Lambert —Beer law used by Hughes
and W hite [12]:

F = c.ejr,«dv=1Jlog (lo/T), dr (7)

where e is the mass per unit pellet surface (g/cm2), c is the concentration of the given group
of atoms or adsorbed molecule in the pellet (meq/g), F is the integrated absorbance for the
given band (cm-1), TO and T are the transmittances of the adsorbent samples in the absence
(C = 0) and in the presence of the given component, respectively, J«,Wdv is the integral ad-
sorption coefficient (cm _i/meq/cm?2). The stretching band of the structural OH groups of zeolite
shows a maximum at 3620 cm-1. Evaluation of the measurements shows that the band area
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is proportional to the maximum height of the band, thus the latter becomes proportional to
the OH group concentration in the sample.

This observation permits to carry out the measurements at a fixed wave length (3620
cm-1). After instantaneous filling of the sample space with gas, the band maximum t. time
diagram was recorded. In knowledge of the OH concentration belonging to the maximum peak
height, this could be transformed into a concentration vs. time diagram (Fig. 2). The decrease
of OH concentration was equal to the increase of the concentration of methanol chemisorbed
via H bonding, and to the increase of n-butene concentration during chemisorption in the
sample. Consequently, the values of Q,, and Qf are proportional to the decrease of OH con-
centration (referred to the starting value Cqgh 0) up to timet = and a finite time t, respec-
tively: ~ (COHo0 - cOH®/Coh,oand Qt ~ (COHo - COH,¢t)/c OH,0- (The value of QO was
zero in all cases.)

Fig. 2. The decrease of the peak height of the 3620 cm-1 band and the corresponding lattice
hydroxyl concentration, CoH with time for Hungarian H-clinoptilolite at PcH3OH = 6 Torr
and T = 160 °C.

Results and discussion

Before a more detailed evaluation of the experimental results let us
examine the validity of correlations and approximations derived earlier.

Solution (2) of starting equation (1) is valid if all zeolite crystallites in
the sample are spheres of radius r0, in which the concentration of the diffusing
material depends only on the distance measured from the center (spherical
symmetry), i.e. no diffusion anisotropy exists within the crystallites, and the
diffusion coefficient (D) is independent of the concentration of the diffusing
material in the zeolite lattice.

It is known, however, that the diffusion properties in clinoptilolite (or
in the isostructural heulandite) varies with the direction owing to its structure
[3, 4]; the crystallites do not constitute a completely homodisperse system;
they are not perfectly spherical, and D is presumably dependent on C.

In the evaluation of our experiments, we neglected these deviations from
the ideal case, because we wish to make comparisons only on the basis of rel-
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ative values; as regard the absolute values, we are satisfied with an order-of-
magnitude agreement.

For small and large Dt values (or if D is fixed, for short and long diffusion
times), Eq. (4) simplifies to Eqgs (5), (6) and Eq. (70) to (3), respectively [1].

The experimental results were evaluated according to both Eqgs (3) and
(6). In the first case the values of In (Q,, — Qt)l{Qx — QO) were plotted against
time, in the second the values of (Qt —QO0)I(Q,,, —Qo0) against the square root
of time. In both cases the points showed linear correlation with approximately
the same error. For trans-2-butene, from the first plot we obtained a D value
of 14 X 10~13 whereas from the second plot D = 3 X 10-13 cmX_1. As for
their orders of magnitude, these D values are in fair agreement.

Taking a mean value for D, we examined whether in our case the short
or the long time approximation is valid.

Rearranging Eq. (2) to

Qoo- Q, exp Dn2n2t | (2a)

Q--Qo )

and retaining only the first two terms of the right-hand side, one obtains

Q~-Qt 6 Dnh\ | 6 D4ji2|

“ (8)
Q- — Qo ) ftex"p rl)
For trans-2-butene sorption in H-clinoptilolite the value of D is, according to
the two types of approximation, 5 X 10~13 cmZX_1; r0 = 10~5 cm and the
minimum observation time t = 6 s. Upon introduction of these values into
Eq. (8), we get

Q.-Qo 42 e03  4a2el2 n21e03  4cl?] '

where the first term of the right-hand side equals 0.72, and the second 0.074.
Clearly, upon going to longer times, the neglect of the higher terms in the series
becomes more and more justified.

Let us now examine expression (5). The starting values are : D =5X 10_13
cm2_1, r0O= 10~5 cm and t = 200 s as maximum time. Inserting these
values into Eq. (5) the first term of the right-hand side becomes

1B T g 5XI0 -13x200 12

.rerl) 3.14 X10-10

Acta Chim. Acad. Sei. Hung. 97, 1978



DETREKOY, KALLO: DIFFUSION IN THE ELEMENTARY CHANNEL SYSTEM 381
beside which the second term

3Dt _ 3X5X 10~13X 200
"I - io A

cannot be neglected. Taking t = 10 s the first term becomes

Dt ¥ 15x 10~13X10

nrl [ 3.14 X 10- 10

0.78

while the second term

3Dt  3X5X10~13X 10 _
ri -~ 10~10

is still not negligible.

Summarizing the results of the above calculations it can be concluded
that within the range of our experimental conditions expression (3) applies
as a satisfactory approximation for the description of diffusion processes.

For the determination of the typical values of 71 0-13 cm2s_1, the ther-
mogravimetric and infrared spectroscopic methods applied give reproducible,
satisfactory results.

The diffusion of small, nonpolar molecules is determined by their crit-
ical diameter, the structure of the zeolite crystal lattice, and the interactions
arising. For example, the activation energy of helium and neon diffusion in
quartz, tridimite and crystobalite [5], and in K-mordenite [6]increases rap-
idly in the sequence of increasing crystal densities.

The longer the diffusing molecule and the greater its diameter, the small-
er is the resulting value for D. In the case of longer, chain-like molecules, the
flexibility of the chain and the friction between the molecules and the zeolite
assume significance. These effects can be observed mainly for paraffin diffusion
[1.7].

Unlike for nonpolar molecules the diffusion of polar molecules is mainly
determined not by dimensional factors, but rather by the interactions between
the zeolite lattice (or its particular sites) and the diffusing molecules.

The most typical example is perhaps the diffusion of water. It has been
found that diffusing water in a zeolite lattice is bound temporarily to bivalent
cations [1]. This manifests itself in the fact that, even if diffusion is sterically
unhindered, the energy barriers are higher than those measured in water, but
lower than in ice [8].

The binding observed in the case of polar molecules may be so strong
that they pratically become fixed to the zeolite lattice, which makes the latter
less permeable for other kinds of molecules.
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Table | shows the D values determined on the basis of Figs 3—5, ac-
cording to Eq. (3), for the diffusion of ra-butene isomers and methanol in H-
clinoptilolite.

Table |1

Diffusion and sorption of organic molecules in H-clinoptilolite, based on infrared spectroscopic
measurements (The uncertainty of D is * J in the second digit)

_ Comr - Con.oo D Conditions of sorption

Adsorptive feo - ‘éOH,* emfs.1) (Torr) ¢c)
Methanol 0.65 Ilxio-13 6 160
Xrans-2-butene 0.15 25 150
Trans-2-butene 0.23 23 125
Trans-2-butene 0.36 14X1O -13 24 100
Trons-2-butene 0.40 9 100
Trans-2-butene 0.40 51 100
Cis-2-butene 0.14 3.0X10"13 25 150
Cii-2-butene 0.23 4.3X10-13 30 127
Cis-2-hutene 0.36 3.3XH0-13 23 100
1-Butene 0.23 * 21 150

* The diffusion coefficient has not been determined

H-clinoptilolite contains four kinds of channels with different diameters
[9]. n-Butene isomers, having a critical diameter above 5 A, may only get
into the widest (3.5 X 7.9 A) channels. Owing to the ability of molecules to
undergo certain distortions, the critical diameter of the diffusing molecule can
be at most 10 % larger than the channel size of the zeolite in the size range
considered here. It isinteresting to note that when the molecular size approaches
the maximum value, the diffusion constant falls off rapidly (Table 1): the
increase in diameter (0.5 A) upon going from irans-2-butene (5.1 A) to cis-2-
butene (5.6 A) decreases the diffusion coefficient to 1/5 of its original value;
the difference 0f 0.7 A between the diameters of methanol (4.4. A) and trans-2-
butene does not change significantly the diffusion coefficient which even is
smaller for methanol than for trares-2-butene. In explanining the latter phenom-
enon it should not be overlooked that, for hindered diffusion, the energy bar-
riers are due not only to steric factors, but also to sorption interactions, which
have also a decisive influence upon the value of the diffusion coefficient. Thus
in the case of the polar methanol, such adsorption energy barriers may di-
minish the greater mobility corresponding to the smaller diameter. (Because
of its smaller size, methanol may occupy the less accessible active sites of the
pores, thus showing enhanced chemisorption.)
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Fig. 3. Sorption of methanol on Hungarian H-clinoptilolite at PcHsOH = 6 Torr and T = 160 °C
plotted according to Eq (3)

As shown by Fig. 4 the value of D practically does not change with
temperature in the case of irans-2-butene, which points to a small potential
barrier. No pressure dependence was observed either in the range investigat-
ed, because diffusion occurs by migration within the pores and if the coverage
does not change in the pressure range studied, then diffusion does not change
with pressure, even if D depends on the concentration.

In the case of cis-2-butene (Fig. 5) D was also shown — within the ex-
perimental errors —to be independent of the temperature between 100—150°C.

Since the diffusion of different molecules in zeolites is a process requiring
an activation energy [1], the diffusion coefficient should theoretically increase
with increasing temperature. In practice, however, in agreement with the data
of other authors, the value of D is nearly independent of temperature (see for
example the diffusion of propane and butene in Na-mordenite between 25—
140 °C [10]).
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Fig. 4. Sorption of trcms-2-butene on Hungarian H-clinoptilolite plotted according toEq. (3);
X 1100 °C, 9 Torr; o 100 °C, 24 Torr; O : 125 °C, 23 Torr; . : 150 °C, 25 Torr

The reason for the apparent temperature independence is probably that
the activation energy is so small that the changes are within the experimental
error.

The NH3molecule with its critical diameter of 2.86 A finds enough space
in any of the channel types of H-clinoptilolite. The free channel diameter de-
creases in the substituted derivatives and some channels become nonpermeable
for NH3.

The diffusion or sorption ofammonia in different clinoptilolite derivatives
is shown in Figs 6 —8. The results obtained in our experiments are summarized
in Table 1I.

Comparing the natural clinoptilolites originating from Hungary and the
United States (Table Il), we find that the ratio of the maximum sorbed a-
mount ofNH3(@_) is 0.67; this corresponds to the clinoptilolite content of the
Hungarian sample determined by other methods, which means that the sorp-
tion capacity of the non-zeolite phase is negligible.

The values obtained are 3—4 times higher than the amount of
chemisorbed ammonia based on the ion exchange capacity, which means that
physical and chemical sorption takes place simultaneously.
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Fig. 5. Sorption of cis-2-butene on Hungarian H-clinoptilolite plotted according to Eq. (3);
X 1100 °C, 23 Torr; «: 127 °C, 30 Torr; o : 150 °C, 25 Torr

Table M
Diffusion and sorption of NH 3 at 25 °Cin different clinoptilolite derivatives based on gravimetric
measurements
T=25°C pNHs = 760 Torr

(The uncertainty of D is 1 in the second digit)

Temperature D
Zeolite of prepara- (?00(meq/g) (cm2s-1)
tion

Natural

clinoptilolite (Hungarian) 400 °C 35 2.0X10-13
H-clinoptilolite (Hungarian) 400 °C 4.3 2.0X10-1S
H-clinoptilolite,
dehydroxylated (Hungarian) 550 °C 3.5 1.9X10-13
Natural

clinoptilolite (American) 400 °C 5.2 2.0X10-J3
Natural

clinoptilolite (American) 600 °C 5.1 2.7X10-13
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Fig. 6. Sorption of ammonia on Hungarian H-clinoptilolite partially dehydrated at 550 °C,
plotted according to Eq. (3); Pnh3= 760 Torr, T = 25 °C

Since sorption is not uniform, its quantitative evaluation would involve
great difficulties. On the basis of our experimental data, however, we may
develop certain notions about the interactions in the zeolite pores.

A comparison of the Q_ values for partially dehydrated natural clinop-
tilolite (c/, lines 1 and 2 in Table 11) shows that the degree of sorption is greater
in the H-form. Since the free channel volume is larger in the H-form owing to
the absence of metal cations, this phenomenon is not surprising; at the same
time, however, the chemisorption of NH3 on protons may also contribute to
the total sorption. The latter assumption seems to be further supported by
the observation that dehydroxylation leads to a decrease of (),, (c/, lines 2
and 3 in Table Il). The difference thus obtained is, however, smaller than ex-
pected (0.8 meq/g instead of 1.4 meq/g) but this can be attributed to the uncer-
tainty of determination.

The removal of water bound to cations from natural clinoptilolite at
400 —600 °C does not influence the NH3 sorption capacity as shown by the
agreement of the Q_ values (cf. lines 4 and 5 in Table I1).

Experiments with the American natural clinoptilolite prove, as expected,
that the decrease of water content (at higher pretreatment temperature) leads
to an increase of D (cf. 4 and 5 lines in Table Il). It is apparent that the D
value measured for fully dehydrated natural clinoptilolite (pretreated at 600 °C
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t,s

Fig. 7. Sorption of ammonia on American natural clinoptilolite plotted according to Eq. (3).
PNHs = 760 Torr, T = 25 °C, «: pumped off at 400 °C, o : pumped off at 660 °C

[11]) containing only metal cations, is greater than the D value obtained for
the fully dehydrated H-form (pretreated above 300 °C [11]) (cf. lines 5 and
2 in Table Il). This means that the fully dehydrated exchangeable cations do
not exert such hindrance against diffusion as the acidic OH groups, on which
ammonia can be chemisorbed. The cations are probably in such positions that
the channel diameter does not decrease below 3.0 A even in the narrowest ones.
The cations are located probably either in the widest channels only, or, which
is even more likely, they are situated at the boundary of two channelspenetrat-
ing in both.

From the comparison of Tables I and Il it appears that the diffusion
coefficient for the NH3 molecule with a critical diameter of 2.86 A is smaller
than that obtained for cis-2-butene, whose critical diameter is 5.6 A. This
phenomenon can be explained by the strong interaction between the NH3
molecule and the zeolite lattice. The interaction is much weaker in the case
of cis-2-butene, which is also supported by the observation that the effect
of temperature on the value of D is negligible.

*

Our thanks are due to Professor J. B. Uytterhoeven and Dr. P. A. Jacobs University
of Leuven, Belgium for their help in performing the IR experiments.
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Fig. 8. Sorption of ammonia on Hungarian clinoptilolite derivatives plotted according to Eq. (3).
Pnh3= 760 Torr, T = 25 °C; «: natural form pumped off at 400 °C; o : H-form
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The anodic dissolution of aluminium in a solution of LiCl in anhydrous acetic acid
has been studied. Experimental results suggest that the intermediate Al+ ions, whose
formation is supposed on the basis of the apparent charge number, are oxidized by acetic
acid molecules or by CH3COOH+2ions to stable Al3+ions. The anodic oxidation of the
hydrogen gas formed as a product was detected by voltammetric curves a platinum ring
electrode.

A method is described on the basis of which the variation of the effective charge
number neas a function of the electrode potential may give information on the mecha-
nism of the process. However, in the case discussed in this paper, various changes of
the electrode surface and its ohmic resistance preclude the application of this method.

In an earlier communication [1] it has been reported that when alu-
minium is anodically dissolved in anhydrous acetic acid the apparent charge
number of the dissolving ion is less than 3. With a rotating ring-disc electrode
in a 0.5 mol/dm3 solution of lithium perchlorate in acetic acid, the limiting
currents for the reduction of CICffions and to the oxidation of Cl- ions have
been identified at the platinum ring electrode.

Based on data in the literature [2], we explained this phenomenon by
the dissolution of aluminium via an Al+ intermediate, which is oxidized, in the
medium mentioned, by CIO”ions to the stable AI3+ product. In the reduction
of ClO”ions, besides chloride ions, also water is produced, which has been
detected and measured.

In preliminary experiments the dissolution of aluminium is anomalous
also in solutions of lithium chloride and sodium acetate. In the latter case the
formation of an insoluble layer adhering to the surface made further studies
impossible. In this paper we discuss some results concerning the anodic dis-
solution of aluminium in a 0.5 mol/dm3solution of lithium chloride in anhyd-
rous acetic acid.

Results and discussion

The disc of the rotating ring-disc electrode was made from 99.999 %
aluminium and the ring from pure platinum; the material ofthe plate electrode
was 99.999 % aluminium. The pretreatment of the plate electrode, the purifica-
tion of acetic acid, the analysis of the water content of the solution have been
described in earlier communications [1, 3].
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Voltammetric measurements were carried out with a RADELKIS OH-
405 type potentiostat suitable for the compensation of ohmic error. The elec-
trode disc was polarized galvanostatically. Potentials were measured against
a saturated LiCl acetic acid calomel electrode. Measurements were made at
room temperature in an atmosphere of nitrogen or hydrogen. Hydrogen was
generated by electrolysis; oxygen and moisture were removed from these gases
in the usual way. The water content of the initial solutions was always less
than 0.01 mol/dm3, and this did not change even after long periods of alu-
minium dissolution.

The apparent charge number ne determined in the course of galvano-
static dissolutionin 0.5 mol/dm3 LiCl in acetic acid varied between 1.3 and 1.8,
in the apparent current density range of 0.5 —5 mA/cm2. Owingto the contin-
uous change of the state of the surface, galvanostatic dissolution occurs at
continuously changing true current densities and potentials. At current den-
sities higher than 0.5 mA/cm2 a gas evoled on the surface of aluminium during
dissolution.

By voltammetry onthe bright platinum ring electrode, attempts were
made to determine the products formed in the anodic dissolution of the alu-
minium disc electrode using a rotating ring-disc electrode device.

Figure 1is a voltammetric curve plotted for the platinum ring electrode
during the dissolution of the aluminium disc at 2 mA. Above -f0.2 V on the
platinum ring electrode an anodic current is in evidence. The maximum of
this anodic current increases (Fig. 2) as a function ofthe current which polarizes
the aluminium.

This current cannot be due to the oxidation of Al+ ions since, according
to the literature [4] on aqueous media, this is to be expected only at much more
negative potentials.

Fig. 1. Voltammetric curve for the platinum ring electrode with the aluminium disc electrode
polarized by 2 mA (0.5 mol/dm3solution of LiCl in acetic acid). IR — intensity of current
through the ring; yR — potential of the ring electrode; speed of rotation / = 610 rpm
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Fig. 2. Limiting current I r on the platinum ring electrode as a function ofthe polarizing current
Ip through aluminium disc electrode (0.5 mol/dm3solution of LiCl in acetic acid; / = 610 rpm)

Fig. 3. Voltammetric curve for the platinum ring electrode in a 0.5 mol/dm3solution of LiC
in acetic acid saturated with nitrogen (1) and with hydrogen (2);/= 610 rpm

The evolution of a gas on the aluminium electrode was observed during
anodic dissolution. At the potentials applied here, the oxidation of the acetate,
a possible source of carbon dioxide, could not have occurred [5]. Therefore it
may he concluded that the oxidation of Al+ ions is accomplished by acetic
acid in the solution, or by the CHjCOOH”" ions produced by the rapid dissocia-
tion of acetic acid, consequently, the gas evolved during anodic polarization is
hydrogen. Based on this supposition, it seemed obvious to ascribe the anodic
current observed from + 0.2 V to the H2formed.

To prove this, voltammetric curves were recorded also with a bright
platinum ring electrode, without the aluminium disc, in solutions saturated
with hydrogen; such a curve is shown in Fig. 3. The oxidation of hydrogen
starts at + 0.2 ¥ and is represented by a curve abruptly declining right after
its maximum at 0.7 V. This slow down ofthe oxidation ofhydrogen is a phenom-
enon described also in the literature [6] and is due to passivation of the plat-
inum surface against the oxidation of hydrogen.

The diffusional character of the rate of oxidation of hydrogen is shown
in Fig. 4; the current recorded for the rotating ring electrode at the potential
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\2

Fig. 4. Limiting current Ip recorded on the platinum ring electrode at <py, = -f400 mV as a
function of the stirring speed, in a 0.5 mol/dm3 solution of LiCl in acetic acid; / —speed of
rotation of the electrode (rpm)

corresponding to maximum current increases with the speed of rotation of the
ring electrode.

Based on this it seems reasonable to suppose that when the aluminium
disc electrode is dissolved, the increase of the current on the platinum ring,
incipient at + 0.2 ¥, is due to oxidation current of molecular hydrogen formed
in the oxidation of Al+ ions.

A reaction scheme consistent with the results is

Al: A",-A1++ e (|)
A k§2I’AI3 2
ti<— + +  2e
kk2 )
K,
Al+ + 2AcH - »AI3++ H2+ 2Ac- (1)

where AcH is acetic acid. The concentration ofthis component at the electrode
surface is constant. Accordingly, the product Al3+ is the result of an electro-
chemical reaction (I1) and of a homogeneous chemical reaction (111) which
proceeds at the surface of the electrode, via oxidation of the intermediate
Al+. Since the concentration of AcH at the electrode surfaces is constant,
reaction (111) is of the first order.

In a generalized form the reaction sequence (1) —(I11) can be written:

M—->M>++ 2% (1a)
M2+ <- = Mr+ (- ree (Ha)
M+ -f- n2AcH ------- Mz+ -f- n2Ac- + —2H2 (ia)
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The rate constants ofthe electrochemical steps depend on the electrode
potential (p as follows [7]

) ) w n, Fep
Ki = Kiexp RT (1)
_ - (! —«9)niF(P
K{= Kt ex 2
{ p RT (2)

where Ka. and k'ki are the rate constants for @ = 0;

x,-is the transfer coefficient the other symbols have the usual meaning.
If the electrode process consists of two steps, i = 1, 2; for processes (I) and
(1), nr—1, re2= 2,22= nl+ n2= 3.

According to this reaction scheme, the effective charge number lower
than 3is due to the occurrence ofreaction (I11). It isknown [8] that conclusions
on the mechanism of a stepwise process can be drawn from the way neis af-
fected by various parameters.

Let us now examine what kind of information can be obtained from the
way neis affected by the potential, assuming that the mechanism is that shown
by the sequence (I) —(Ill). As stated, the intermediate will not be removed by
diffusion from the surface but will further react electrochemically or will be
oxidized, with one of the components of the solution, to the final product.
Starting from considerations suggested in the literature [8], in such a case the
relationship between ne and the electrode potential can he constructed as
follows.

The current density j from an external source through the electrode is [6]

j = raeFv 3)

where neis the effective charge number, v is the rate of formation (molcm-2
sec-1) of the product M2i+ ions.
Hence
ne (4)
Fv

In the case of reaction (I) —(IIl), and if the cathodic step of reaction (II)
is negligible in comparison with the other steps, then

j = Kr — KrQlo + Krco (5)

and the rate v can be given as

v. Kr~ KrcCl0

z,F (6)
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From Eqs (4)—(6)

*
ne=z 1+ A cto ?)
K, - kkIg

The concentration c10 of the intermediate at the electrode surface can be
calculated on the assumption that a steady state obtains when the balance of
formation and of consumption of M ZI+ is zero. Then

A .
a, kKcio ., Keow a 8)
1 7x n2
From this
c K
- ©)
T2

From Eqs (7) and (9), after rearrangement, the following expression results

ne—z1 "~ Kkat
(10
22  ne n23
Considering the dependence of kaionthe electrode potential as given by Egq.
(1) , the following relationship is obtained between ne and the electrode poten-
tial e

ne~*i K. n2a2r
z2 —ne nXs 2.303 RT

According to Eq. (11), if the value of neis determined at various electrode
potentials <9 then the term of the left-hand side plotted as a function of (p will
give a straight line, whose slope allows the calculation of the transfer coefficient
of step (I1), and the intercept represents the ratio of the rate constants of the
chemical and electrochemical steps. Equation (11) shows that as the electrode
potential increases, i.e. becomes more and more positive, the value of ne also
increases; when <9 00, ne N z2 Also, Eq. (10) shows that if kii<s:k3, ne A zv
and if kat s>fc3, ne ~ z2. 1fz3, = 3,z+= 1 and x2= 0.5, then, according to Eq.
(I1) anincrease of nefrom 1.1 to 2.9 requires potential more positive by 150 mV.

These qualitative experimental results, viz. that the value of neis 1.3 —
1.8 and hydrogen gas is evolved upon anodic polarization, can be explained
also on the basis of the negative differential effect [7]. According to this, the
anodic dissolution of aluminium activates the metal surface, on which not only
anodic but also spontaneous dissolution with hydrogen depolarization
occurs. Thus dissolution does not seem to proceed via a stepwise mecha-
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nism, and the fact that the effective charge number is less than 3 is due to
spontaneous dissolution. In such cases the following processes may take place

Al Al3+ + 3e (y)

Al + 3ACH - * Al3++ 3Ac~ + 1E H2. (Y)

Reaction (1V) is irreversible, reaction (V) consists of two coupled electro-
chemical steps, viz. anodic process (IV) and the evolution of hydrogen gas

AcH + e—Ull Ac+ yH 2 (Va)

where katand kkt stand for the potential-dependent rate constants of processes
(IV) and (Va), respectively. The rate of spontaneous dissolution is determined
by the rate of H2 evolution according to Eq. (Va). For the sake of generaliza-
tion, instead of reaction (IV), we may write

M = Mz+ + ze . (IvVa)

Relationships (1) —(4) are valid also here. However, currentj from the external
source, passing through the electrode is

i = ka, — kk, (12)

with the proviso that the concentration of AcH at the electrode surface is
constant. We have always ka*>kkt, and or kat=kfis ifj =  the case ka><kkt
is meaningless. Hence

v=+ + ib . (13)
zF zF
From Eqgs (4), (12) and (13)
Fooe (14)

Z-ne Rkl

According to the potential-dependence of rate constants kki and kki, i.e. Eqs
(1) and (2), we have the following relationship between neand e

Kks 2.303RT

where a4 and a5 stand for the transfer coefficients of the respective electrode
reactions. Also expression (14) shows that if = kK1, then ne — 0, and if
ka ™ k kijthan z ~ ne. According to Eq. (15), the increase of ne from 1.1to
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2.9 requires only a change of Aq@ 40 mV, ifz = 3, and a4 = as = 0.5. If ne
is changed from 0.1 to 2.9, the A(p needed is about 45 mV. According to Eq.
(15), the values of ne at various electrode potentials (pwere determined and the
left-hand term was plotted as a function of cp. A straight line was obtained,
from which the sum of the apparent transfer coefficients of electrode reactions
(IV) and (V) was calculated.

It follows from the above considerations that if the dependence of ne on
the electrode potential is determined with sufficient accuracy and the results
are treated according to Eqs (11) and (15), it is possible to decide whether a
stepwise process or the negative differential effect occurs.

An advantage of this method is that if neis measured at a constant po-
tential, the change with time of the true electrode surface does not affect the
results. This is also shown by Eq. (4), nebeing a dimensionless number.

Therefore we have determined the nevalues pertaining to given potentials
with a potentiostat. In view of the high cell resistance and density current a
JATE AFKEL 409/1 type potentiostat with high output voltage was used for
the control of the potential; the charge passing was measured with a copper
coulometer. Prior to adjustment of the desired potential, the passive surface
layer on the aluminium was broken up by heavy anodic current pulses. Around
the current-free potential (—600 mV), viz. at —500 mV the value for ne was
found to be 1.66 = 0.05; at +500 mV this value was 1.89 + 0.05.

This finding is in accord with relationships (11) and (15) only so far as the
value of neincreases with the electrode potential, but kinetic parameters cannot
be calculated. This is due to the circumstance that the state of the surface
changes continuously as dissolution proceeds. These changes consist in separa-
tion of the layer formed during pretreatment, formation of a bright or mat
deposit (depending on the potential), and at more positive potentials formation,
of insoluble precipitate, as well as in etching to a rough surface. Thus the ad-
justed potential cannot be accepted as the true potential of aluminium since
this includes also a large ohmic potential drop. Consequently, under the con-
ditions of these experiments, the ne values determined do not permit une-
quivocal conclusions concerning the mechanism of aluminium dissolution.
The facts that no value for ne lower than 1 was ever recorded and that in a
rather wide range of potentials this value never reached 3, point to a stepwise
mechanism.
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The processes occurring in the Cu/Cu+/Cu2+ system in the presence of a high
excess of Cu2+ ions relative to the equilibrium concentration (cCu+ 0), has been
studied in 1.0 mol/dm3 aqueous HC1 (20 °C) and 3.0 mol/dm3 agqueous HC104 (60 °C)
solutions.

It was found that in hydrochloric acid solution the rate of the process is deter-
mined by the diffusion of CuZb ions to the electrode surface. In perchloric acid solution
the equilibrium of the system is immediately established at the electrode surface, and
the slowest step of the process is the diffusion of the Cu+ ions formed away from the
electrode surface.

The results obtained can be readily interpreted by the relationships described in
an earlier communication [1].

In our previous communication [1] relationships were given which permit
to draw conclusions on the kinetics of spontaneous processes in the system
M-MZI+-M 2+. For a few characteristic cases, the dependence of the rate of
the processes and the steady-state potential of the metal (M) on the concentra-
tion of MZ+ and Mz,+ ions in the solution has been established: when a rotat-
ing disc electrode was used, their dependence on the speed of rotation of the
electrode was also studied.

In this communication wereport onthe investigation ofprocesses proceed-
ing under certain conditions in the Cu—€u(l)-Cu(ll) system. The following
two processes may proceed at the copper electrode:

ka\

Cu ekt 7Cu+ + e (|)
ka2

Cu+- A 7Cu2++ e ()]

where kQi, kki, kaa and kka are rate constants depending on the electrode po-
tential.

Molodov et al. [2] investigated this system in anhydrous methanolic
sulfate solutions. They have found that whenCu2+ is present in excess over
the equilibrium concentration, reverse disproportionation occurs at the cop-
per electrode, proceeding via reactions (I) and (Il) by an electrochemical
mechanism. Their results as already indicated [1], can be interpreted also
in terms of the relationships established by us.
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Pang et. al. [3] investigated the dissolution of copper under the action
of copper(ll) ions in acetonitrile-water solvent mixture in the presence of sul-
furic acid. They have found that under the experimental conditions used the
diffusion of copper(ll) to the electrode surface isthe rate-determining process.

We have studied the processes occurring at the copper electrode in solu-
tion containing chloride or perchlorate ions, and excess Cu2+ ions relative to
the equilibrium copper ion concentration (cCu+ ~ 0). In this case, process (I)
takes place mainly in the direction of the upper, while process (Il) in that of
the lower arrow.

As described in earlier communications, measurement with the rotating
ring-disc electrode may give useful information on the kinetics of spontaneous
processes on the copper surface under the action of Cu(ll) ions. For this
purpose, we should measure the dependence of the steady-state (current-free)
potential, est, of the copper electrode, and of the limiting current of the Cu (I)
ions formed (measurable on the ring electrode) on the Cu2+ concentration
and on the speed of rotation of the electrode.

Results and discussion

The equipment, methods and materials used in the experiments were the
same as those described earlier [4]. The ring electrode of the electrode system
was made of platinum. The Cu2+ ion concentration of the solution was deter-
mined photometrically.

Figures 1—3 show the results obtained at 20 °C in 1 mol/dm3 hydro-
chloric acid solution. Figure 1 shows the change of est, the steady-state poten-
tial, as a function of the logarithm of Cu2+ concentration at different speeds
ofrotation ofthe electrode. The points lie to a good approximation on a straight

Fig. 1. Dependence of the steady state potential, esj, of the copper disc electrode on the logar-

ithm of Cu2+ concentration (ccu,+) in 1.0 mol/dm3 HCl1 background solution at 20 °C, at

different speeds of rotation of the electrode. Speed was changed between 275 and 1080 min-1
Reference: normal calomel electrode
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Fig. 2. Limiting current of oxidation (IR) measurable at the platinum ring electrode as a func-
tion of Cu2+ concentration (cqu,+) at various speeds of rotation (/) of the electrode, at 20 °C,
in 1.0 mol/dm3HCL1. Speed of rotation (min-1); (1) 275; (2) 350; (3) 550; (4) 1080

Fig. 3. IR as a function of the square root of the speed of rotation (/) at 20 °C and various
cCu'+ concentrations, in 1.0 mol/dm3 HC1; ecu2+ values (mol/dm3; (1) 5.02 X 10-5; (2)
1.29 X 10-4; (3) 2.58 X 10-4

line, the slope of which is ~ 62 mV. In this case, the steady-state potential is
practically independent of the speed of rotation of the disc.

Figure 2 shows the limiting current (IR) on the ring electrode due to Cu+
ions formed at the disc electrode, as a function of Cu2+ ion concentration at
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different speeds of rotation of the disc electrode. In Fig. 3, the IR values are
plotted against the square root of the speed of rotation (/), for different Cu2+
concentrations. As will be noted, the points lie in both cases on straight lines
starting from the origin. Thus, the data show that the limiting current of oxi-
dation on the ring is proportional to cCu+ and f 112

Thus, data of Figs 1—3 unequivocally show that processes (I) and (Il)
do take place in HC1 solution in the presence of Cu2+ and case 1/d discussed in
the previous communication is realized. Accordingly, the rate constants of
Cu+ and Cu2+ diffusion (X4 and X2), and the relative values of the rate con-
stants of reactions (1) and (Il) are in the following order:

Xx kat kfrj X2 Kb, . (1)

According to the previous communication [1], the limiting current of
Cu+ formed at the disc, measurable in this case on the ring electrode, is

lr = yf]Qccu»+

and
on 12
y = 6N 0.62 D "2+ v- 16 2
60 (£)

where r, is the radius of the copper disc electrode, N the geometrical factor of
the rotating ring-disc electrode, DCu+ the diffusion coefficient of Cu2+
ions, vthe kinematic viscosity of the solution, and/the speed of the electrode
(min-1).

In Fig. 4, the value of IR is plotted on the basis of relationship (2) as
a function of cCus+ Z12 As can he seen, in this case too, the values measured
fall to a good approximation on a straight line, in accordance with case 1/d
discussed in our previous communication.

According to the results obtained, in the process occurring under the
action of Cu2+ ions at the copper electrode in an acidic solution containing
excess chloride ions, the slowest steps are the transport of Cu2+ ions (of the
chloro complex of Cu2+) to the metal surface, and the transport of Cu+ ions
(of the chloro complex of Cu+) from the surface. It has further been estab-
lished that in the given medium the exchange current of reaction (I) is much
larger than that of step (Il) (see inequality(l) ).

In the following, results obtained at 60 °C in 3.0 mol/dm3 ACO4will be
discussed. Figure 5 shows the change of the steady-state potential, est, as a
function of the logarithm of Cu2+ concentration. Measured points belonging
to the different speeds of rotation lie also in this case approximately on a
straight line. However, the slope of the straight line, 34.0 mV, differs from
that obtained in chloride solutions. The slope of the line and its independence
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Fig. 4. Ifj as a function of the product (cqu'+f 112) at 20 °C in 1.0 mol/dm3HC1 solution. Points
marked with different symbols belong to different speeds of rotation

Fig. 5. Dependence of the steady state potential, £st, of the copper disc electrode on the
logarithm of Cu2+ concentration at 60 °Cin 3.0 mol/dm3 HC104 background solution at speeds
of rotation of 275 and 1080 min-1. Reference: normal calomel electrode

of the speed of rotation indicate that case 1/e, discussed in the first communica-
tion, is realized. Hence:

Xi <lkkl > ka> and X2> kkt. )

Under these conditions equilibrium concentrations are established at the elec-
trode surface and the dependence of est on the Cu2+ concentration should obey
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Nernst’s relationship. The slope of the experimental estvs. Ig cCui+ agrees
well with the value of 32.5 mV, expected at 60 °C.

According to Eq. (25) of the preceeding communication, the limiting
current at the ring electrode is:

IR= y'/U2C&+ @)
where
1/2

[ = 1/2r$iNn 0.62DJgv-"e|j™ K12

K being the equilibrium constant of the coupled processes (1) and (Il), (see
Eq. (26) of the preceding communication).

Therefore, in Fig. 6 the relationship IR vs. f* 2has been plotted for dif-
ferent Cu2+ concentrations, while in Fig. 7 the relationship I Rvs. c*2r+for dif-
ferent speeds of rotation of the electrode. As can be seen from the Figuies, in
both cases the respective experimental points give straight lines starting from
the origin. However, in Fig. 6 there is a deviation from the straight line at
high speeds of rotation in the direction of the abscissa. In Fig. 7 deviations
from the straight line are exhibited at low concentrations, experimental points
being systematically shifted towards the abscissa. It can be further noted from
Fig. 5 that at low Cu2+ concentrations estis shifted by 1—2 mV in the negative
direction with increasing electrode speed. Figure 8 shows the IR values as
a function ofthe product f 2 ¢N2+. Points belonging to low speeds of rotation
lie on a straight line starting from the origin. Experimental points belonging
to a speed of 1080 min-1 considerably deviate from this line.

The systematic deviations from case 1/e found are indicative of the fact
that in these cases inequality (3) is not completely realized, X x < kaibeing
obtained instead of X4  kar. On increasing the electrode speed and on de-
creasing the Cu2+concentration (the latter shifts the potential in the negative
direction), the condition Xx "k at. This means that case 1/e approaches case
1/6 of the preceding communication. The steady-state potential shifts with
increasing electrode speed in the negative direction, and the limiting current
of Cu+ oxidation (IR) measurable at the ring electrode is proportional to the
2/3 power of the Cu2+ concentration and to the 1/6 power of the speed of ro-
tation.

The above results show that for electrode processes (1) and (1), occurring
at the copper electrode under the action of Cu2+ ions at 60 °C in 3.0 mol/dm3
HC104, the exchange current of the first process is high, while that of the second
lower. Moreover, it can be established that, due to the low rate constant of
the cathodic step of process (I1) and to the high exchange current of step (l),
the equilibrium of the system Cu/Cu+ /Cu2+ is approximately established at
the electrode surface during the process. In the case investigated, the ratio of
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Fig. 6. Relationship between Ip and /V 2at different cQu*+ valuesin 3.0 mol/dm3HC104, at 60 °C.
Values of cCu2+ (mol/dm3); (1) 1.69 X 10-2; (2) 4.22 X HO-2; (3) 8.44 X 10-2

Fig. 7. Relationship between Ip and cCut+ at different speeds of rotation of the electrode,
at 60 C°, in 3.0 mol/dm3 HC104. Speed of rotation (min-1): (1) 275; (2) 350; (3) 565; (4) 720,
(5) 1080
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Fig. 8. Ip as a function of cVu'+Z1/2 at 60 °C in 3.0 mol/dm3 HC104

the rate constants of reaction (Il) is kkr-“kar. The slowest step of the process
is the diffusion of Cu+ ions formed away from the electrode Surface.

It can he seen that the relationships given in the preceding communica-
tion can be used for the interpretation of the processes occurring in the Cu/Cu+/
Cu2+ system.
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The dielectric behaviour of nitrobenzene in carbon tetrachloride solution has
been studied at eight concentrations (in the range 0.01 —0.2 mole fraction) at 9.3 GHz
and 1.6 MHz at 27 °C. The molar polarization (P2 and dipole moment (ji) decrease non-
linearly with increasing concentration, while the reduced relaxation time (t/j?) increases.
It is suggested that for low concentrations of nitrobenzene in carbon tetrachloride the
negative solvent effect is predominant, while at relatively higher concentrations lateral
solute—solute interactions prevail.

Introduction

The purpose of the present study is to assess the molecular interactions
of nitrobenzene in carbon tetrachloride. Several studies of the solute-solvent
interaction based on static dielectric measurements have been reported [1,2,3].
In the present paper the static permittivity and dielectric relaxation behaviour
have been investigated. The dielectric relaxation time (r) of a polar molecule
in a nonpolar solvent depends on the temperature, viscosity (r]) and the inter-
molecular (dipole—dipole and solute—solvent) interactions. At low concentra-
tions, where the effect of strong dipole—dipole interaction is suppressed, the
reduced relaxation time (¢/7) should be constant and the molar polarization
(P2) should vary linearly with concentration. At relatively higher concentra-
tions, where intermolecular interactions come into play, the T/rj and P2 values
deviate from linearity. The variation of the dipole moment with concentration
also reflects the extent of ordering of molecules due to local and intermolecular
interactions. Thus, in view of the above, we have measured the relaxation
time (t), molar polarization (P2) and dipole moment (p) at constant temperature
(27 °C) as a function of the concentration. The distribution parameter (a) for
nitrobenzene in a nonpolar solvent [4] as well as in the pure liquid state [5]
is zero so that a single frequency can be successfully used for determination
of relaxation times.
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Experimental

Nitrobenzene was fractionally distilled and the fraction within the boiling range 206 —
207 °C was collected. The refractive index was found to be 1.547 (27 °C) while the reported
value is 1.550 [6] (25 °C). The carbon tetrachloride used was of A. R. grade. Both nitrobenzene
and carbon tetrachloride were dried using molecular sieves.

The permittivity (s') and dielectric loss (e") of nitrobenzene in carbon tetrachloride at
eight different concentrations were measured at 9.3 GHz. The accuracy of measurement for
e' and e"was + 2 %and * 5 9% respectively. At low concentrations (0.01 —0.037 mole fraction)
Smyth’s [10] method, while at relatively high concentrations (0.037 —0.2 mole fraction) Poley’s
[8] method was used. The static permittivity (e0) at 1.6 MHz, densities, refractive indices and
viscosities of these solutions were also measured at 27 °C.

The static permittivity (e0) was measured using a type ‘B602’, ‘Wayne Kerr’ bridge
with an accuracy of * 1 %

The viscosity was measured with an Ostwald viscometer, accuracy +0.5 % The
densities of solutions were measured by pycnometer, accuracy +0.2 % The refractive indices
of solutions were measured by Abbe’s refractometer and the values of refractive indices were
corrected to the third decimal

Theory

For a system having a single time, cor is equal to e"le' —e,,. When the
solvent has no loss, the dispersion equations are identical with those for the
pure liquids, provided e’ and e" are replaced by the corresponding increments
[9] of the permittivity and loss, so that

(1)
(£12 - £i) - («12- - E£i»)
The subscripts 12 and 1 refer to solution (with mole fraction x2 of the polar
solute) and solvent, respectively.
The apparent molar polarization (P2) of the solute is given by the following
equation [10, 11] (exactly valid for ideal solutions):

2= 1~ " pi12 —pP1)Ix2 2

where Pr — [(e[ — I)/(e] + 2)] (M Jdj), is the molar polarization of the solvent
and

p = (E12- D1 M Ix1+M 2

©)
that of the solution. M xand M2are the molecular weights xx and x2the mole
fractions of the solvent and solute respectively, and d12 is the density of the
solution.

The dipole moment (p) has been calculated from Onsager’s [12] relation
for a dilute solution

(E12 + 2). #12

. anly [(rao+ 2)p @
2= E2O it N 261+ £2o

where N is the concentration of the solution in molecules/cm3 units.
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Results and discussion

The variations of P2, 1/r? and /1 as functions of x2 are shown in Figs 1—3.
The molar polarization (P2), as obtained from microwave and static measure-
ments, has been found to decrease nonlinearly with increasing concentration.
This indicates intermolecular interactions as the concentration is increased.
Srivastava etal. [1] have studied the molecular associations in some substituted
anilines in dilute benzene solutions and concluded that the molar polarization
changes nonlinearly with increasing concentration. Srivastava et al. [2] have
studied various alcohols and halides in dilute benzene and carbon tetrachloride
solutions. They have found that in the case of alcohols the P2vs. X 2 curve is
a straight line showing the absence of any interaction. Halides showed no
interaction and confirmed the theoretical findings of Cook and Schug [13]
that benzene invariably reacts with halogen molecules, giving rise to some
complexes. Srivastava et al. have also found that in dilute carbon tetra-
chloride solutions such anomalies disappear. They were unable to give an
adequate explanation for the nature of these complexes, but confirmed that
at low concentrations, where solute—solute interaction is ineffective, exchange

Fig. 1. Variation of the molar polarization (P2 of nitrobenzene with the mole fraction (x2) in
carbon tetrachloride from microwave ¢« and static O measurements
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Fig. 2. Variation of the reduced relaxation time (r/rj) with the mole fraction (x2) of nitre
benzene in carbon tetrachloride

Fig. 3. Variation of the dipole moment (ji) with the mole fraction (x.,) of nitrobenzene in carbon
tetrachloride

interaction between benzene and solute molecules will enhance the molar
polarization (P3). Liszi [3] has explained the strong decrease in P2by dipolar
association with antiparallel arrangements. But this effect will play a dominant
role only at relatively higher concentrations, viz. 0.1 mole fraction and above.
But at low concentrations (0—0.1 mole fraction) the strong decrease in Pa
is due to the negative solvent effect [14] as solute—solute interaction is in-
effective. Higasi [15, 16] expressed dipole moments in solutions as

s ~ Pgas H’
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Fig. 4. Negative solvent effect

where Efj,j is the sum of the moments induced in the solute molecules. If an
ellipsoidal molecule, having its dipole directed along its major axis, is enclosed
in a spherical region containing solvent molecules, the induced dipoles outside
the sphere cancel and only those produce inside the sphere need be considered.
These induced dipoles reduce the effective dipole moment of the solute and
produce a negative solvent effect (as shown in Fig. 4). This effect has also
been measured in chlorobenzene, acetonitrile, etc.

In concentrated solutions, the solute-solute interactions become im-
portant. The molecular dipoles may align head to tail (4» -(*) or laterally (“}T).
The former configuration increases the effective molecular dipole moment and
produces solute polarizations which increases with increasing concentration, the
latter reduces the effective molecular dipole moment.

In our case the dipole moment decreases nonlinearly with increasing
concentration and thus indicates that for low concentrations of nitrobenzene
in carbon tetrachloride the negative solvent effect is predominant, while at
relatively higher concentrations lateral solute-solute interactions prevail.
These facts are also confirmed by the r/tj vs. x2curves, because with increasing
concentration the intermolecular interactions cause hindrance in the orien-
tation of the molecules and thus increase the relaxation time.
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The synthesis of di-4-(6-carboxyhexyl)-5-(3-hydroxy-I-tr<ms-octenyl)thiazole
and its 2-methyl analogueis described. I.r. and Ll-n.m.r. data and the mass spectral
behaviour of the new thiazole derivatives are discussed.

Great chemical efforts in the prostaglandin field are directed towards
synthesizing compounds which have more specific biological effects and are
more resistant to enzymatic inactivation than natural prostaglandins, or those
which regulate the prostaglandin biosynthesis and metabolism, or modify
the action of endogenous prostaglandins. The synthesis of compounds which
contain some of the essential structural parts of natural prostaglandins offers
a possibility for studying the structure—activity relationships and may result
in finding new therapeutic agents.

In the course of a synthetic approach to heterocyclic prostaglandin
analogues, we prepared several compounds in which side chains occurring in
natural prostaglandins are connected to a five-membered heteroaromatic ring
[1—4]. As several drugs and natural products contain a thiazole ring, we
decided to synthesize first thiazoles related to prostaglandins. Of the various
side chains occurring in natural prostaglandins, we have chosen the 6-carboxy-
hexyl and the 3-hydroxy-I-trems-octenyl chains. These can only be attached
vicinally to a thiazole ring at the carbon atoms 4 and 5. We succeeded in syn-
thesizing compounds with both possible arrangements of these side chains.
In the present paper the synthesis and spectroscopical properties of dl-4-
(6-carboxyhexyl)-5-(3-hydroxy-1-trans-octenyl) thiazole and its 2-alkyl deriva-
tives are discussed.

According to the Hantsch synthesis of substituted thiazoles, a-halo-
carbonyl substances are condensed with thioamides. Employing this favourable
procedure we synthesized methyl 4-(6-carbomethoxyhexyl)thiazole-5-carboxy-
late and its 2-methyl derivative. These compounds were transformed by methods
applied previously in the prostaglandin field into dZ-4-(6-earboxyhexyl)-5-
(3-hydroxy-l-ir<ms-octenyl)thiazole and its 2-methyl derivative, respectively.
The reactions involved are represented in Scheme 1.

The synthesis of dimethyl 2-chloro-3-oxosebacate (Il1), used as the
a-halocarbonyl reactant in the formation of the thiazole ring of intermediates
I, started from ethyl acetoacetate. From the latter compound dimethyl 3-
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oxosebacate (I) was synthesized by using a method described by Arosenius
et al. for the preparation of/?-ketoesters [5]. In this synthesis ethyl sodioaceto-
acetate and 7-carbomethoxyheptanoyl chloride [6] were condensed in benzene
to give ethyl 2-(7-carbomethoxyheptanoy])-acetoacetate, which was treated
with sodium methoxide in methanol, yielding dimethyl 3-oxosebacate, since
besides the removal of the acetyl group, transesterification ofthe carboethoxyl
group also occurred. Chlorination of dimethyl 3-oxosebacate at C-2 was effected
with S02C12 in carbon tetrachloride.

Methyl 4-(6-carbomethoxyhexyl)thiazole-5-carboxylate and its 2-methyl
derivative (llia, Illb) were readily formed when dimethyl 2-chloro-3-oxosebac-
ate was allowed to react with 1—1.2 mole of thioformamide or thioacetamide,
respectively, in methanol, at boiling temperature.

As regards the further reactions starting from Ilia, it was hydrolyzed
by refluxing with ethanolic sodium hydroxide. The carboxyl group in the side
chain of the resulting 4-(6-carboxyhexyl)thiazole-5-carboxylic acid (IVa) was
selectively esterified with methanol in the presence of p-toluenesulfonic acid
at room temperature. The 4-(6-carbomethoxyhexyl)thiazole-5-carboxylic acid
(va) was transformed into the acid chloride, which was reduced by sodium
borohydride in dioxane affording 4-(6-carbomethoxyhexyl)-5-hydroxymethyl-
thiazole (Via). Compound Via was oxidized with Co11ins reagent [7] in CH2CI12
to give 4-(6-carbomethoxyhexyl)-5-formylthiazole (Vila). W ittig reaction of
Vila with hexanoylmethylene triphenylphosphorane [8, 9] in CCl4 afforded
4-(6-carbomethoxyhexyl)-5-(3-oxo-l-ircms-octenyl)thiazole (Villa). This com-
pound can also be prepared using the sodium derivative of dimethyl 2-oxo-
heptylphosphonate as reagentin 1,2-dimethoxyethane [10]. The oxo group in
the side chain of compound Villa was reduced to hydroxyl group by sodium
borohydride in aqueous isopropanol. The best procedure for the removal of
the ester group of IXa proved to be a hydrolysis catalyzed by the lipase enzyme
of Rhizopus oryzae [11] resulting in rf/-4-(6-carboxyhexyl)-5-(3-hydroxy-I-
iraras-octenyl)thiazole (Xa). In the case of alkaline hydrolysis a partial decom-
position was observed. Compound Xb was prepared from Illb by a similar
synthetic route.

In order to perform a more extensive study ofthe spectroscopic prop-
erties, we prepared some additional derivatives. Enzymatic hydrolysis of
Villa and VUIb afforded 4-(6-carboxyhexyl)-5-(3-oxo0-I-trcms-octenyl)thiazole
(Xla) and its 2-methyl derivative (XIb), respectively. Acetylation of 1Xa and
IXb with acetic anhydride in pyridine gave dl-4-(6-carbomethoxyhexyl)-5-
(3-acetoxy-l-irans-octenyl)thiazole (Xlla) and its 2-methyl derivative (XlIb),
respectively. The 0O-deutero analogue (XIIl) of compound Xa was prepared
by direct deuteration. Reduction of Villa with sodium borodeuteride in di-
oxane resulted in dzZ-4-(6-carbomethoxyhexyl)-5-(3-hydroxy-3-deutero-I-trans-
octenyl)thiazole (XIV).
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Data and assignments of the i.r. and 'H-n.m.r. spectra of compounds
I11-X 11 are given in Tables | and 11, respectively.

In general, these spectra furnish evidence for the presence of the ap-
propriate structural parts in all of these molecules. Nevertheless, some spectral
features deserve particular attention.

In the i.r. spectra of compounds IV and V the bands pN+H and rasCOO-
(at 1600 cm indicate that a minor part of the molecules has a zwit-
terionic structure under the conditions applied [12].

In the YH-n.T.r. spectra of Ilia and Illb two separate ester-methoxy
singulets appear at 3.85, 3.60 and 3.82, 3.60 ppm, respectively. The signal
being at lower field can be assigned to the methoxycarbonyl group attached
to the thiazole ring. In accordance with this assignment, in the monoesters
Ya and Vb the respective signal appears at 3.65 ppm. As shown in Table 11,
the signal ofthe methylene group attached to C-4 of the thiazole ring is shifted
paramagnetically in compounds IIl, 1V, V and VII as compared with the
respective signal of compounds VI. This fact can be explained by the —I effect
of the carbonyl function in the C-5 substituents of the former compounds.

As regards the spectra of compounds containing a substituted I-irans-
octenyl side chain, the following comments are made. In the i.r. spectra of
Villa and VIlIb the ketone band is split and appears at 1660 and 1685 cm-1.
This is assumed to be due to the presence of s-cis and s-trans conformers [13].
In the i.r. spectra of VIII —XII a strong absorption appears at about 960 cm -1
corresponding to the y(= CH) band of the trans olefinic hydrogens. In the
41-n.m.r. spectra of compounds VIII and XI, the olefinic hydrogens of the
1,2-disubstituted, isolated ethylene group appear as an AB multiplet with
a coupling constant of 15.5 Hz, characteristic of trans configuration. The con-
siderable difference between the chemical shifts of olefinic protons (7.5 and
6.3 ppm, respectively) is due to the charge distribution of enones in which
the olefinic carbon being attached to the thiazole ring possesses a positive
polarity, and hence the signal of the corresponding hydrogen atom is shifted
downfield [14]. Accordingly, the chemical shift difference of the olefinic
protons in the spectra of IX, X, and XII is smaller. The signal being at higher
field in the spectra of these compounds is split into a double doublet in con-
sequence of coupling with the vicinal carbinol hydrogen (J = 6 Hz).

When comparing the 1H-n.m.r. data of the 2-H and 2-methylthiazole
series (Table 11), a systematic diamagnetic shift occurs in the signals of protons
attached to carbon atoms directly coupled with the thiazole ring in the case
of the 2-methyl compounds, which can be explained by the + / effect of the
methyl group.

The mass spectral behaviour of some heterocyclic prostaglandin analogues
has been studied in detail previously [15]. The mass spectral data of the com-
pounds discussed are given in Table I11I.
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Compound

Ilia

nib

1Va

Vb

Vb
Via
Vib
Vila
Vb
Villa

Vb

IXa
1Xb
Xa
Xb
Xla
Xlb
Xlla
XMNb

VOH band

~3320Mxo0
—2400D*°

3300—2200*x0
-2480%°
-2450%°

3600-3000%«

3600-3000%*«

3600-3000*«
3600-3000*«

3500 —2300**° «
3500—2300x*0«

—26000x0
3500—2400x0

I>N+H band

-1850

-1830
-1850
-1840

Table |

. data of compounds Illa.b XlJa.h (cm*1)

fC —O band
v(=CcU)
(Eha;r(;j)) ester carl;g;aylic
- 1740*B -
1715*B
- 1735* -
1720*

3080 - 1720x

1700*

- - 1685**

3090 1730* 1705*

- 1735* 1695*
- 1735x -
- 1735x -
3090 1730x -
- 1730x -
- 1735x -
- 1735x -
- 1735x -
- 1740x -

- - 1710x

— — 1710x

3095 - 1713x

- - 1720x
- 1735** -
- 1735** -

x in the side chain attached to C-4 of the thiazole ring
*in the side chain or in the substituent attached to C-5 of the thiazole ring
o carboxylic acid

« alcohol
v aldehyde

other

1660*V
1660*V

1685*T
1660*V

1685*T
1660*3t

1690*V
1685*T

T ketone

Group vibrations of t»C=N
and i/C=C character of the
thiazole ring and the con-
jugated double bond in the
side chain

1595

1592

1640+
1640
1635+
1640+
1590
1590
1642+
1640

1520

1525

1525

1530
1525
1540
1540
1545
1515
1520

1505

1515

1510
1530
1510
1525
1510
1510
1510
1520

1435

1435

1435

1435
1440
1435
1440
1435
1440
1435

1435

1435

1435
1440
1410
1435
1400
1435
1435
1435

0O maximum of a diffuse absorption
m overlapping band
+ very weak band

v(=CH)
and

970
965

955
955
955
955
985
970

950
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‘SNIANVI9VLSOYd 40 SINOO0TVYNVY OI1TOAD0HILIH

LTV



‘1as "pedY ‘wiyd ey

8.6T ‘Jg 'BunH

Compound

llia

mb

1Va

1Vb

Va

Vb

Via

Vib

Vila
Vilb
Villa

Vb

I1Xa

IXb

<SCH*
1 (3H)

0.90

0.95

0.90

0.90

<5CH,
(at C-2 of ring)
a (3H)

2.65

2.65

dOCH;
a(3H)

3.60x
3.85*

3.60x
3.82*

3.65x

3.65x

3.60x

3.62x

3.65x
3.60x
3.55x

3.60x

3.60x

3.55x

Table 11

H-n.m.r. data of compounds Illa,b—XTMa,b

<500CH,
*(2H)

2.25x

2.25x

2.25x

2.25x

2.30x

2.25x

2.22x

2.25x

2.35x
2.25x

2.20x
2.50*

2.25x
2.50*%+

2.25x

2.22x

iGjnhs™

Son)
3.15
3.05
3.20
3.08
3.25
3.20
2.65
2.60+

3.20
3.00
2.85

2.78
2.75

2.60+

(5H-2
(in ring)
5(1H)

8.70

dCH(OR)*
(R=H or Ac)
m (1H)

4.20

4.16

= Opjom)

d(=CH)*A

1H)

6.30A

6.22A

5.97°

5.70°

acAr(=cH)*

(1H)

7.54a

7.52a

6.67"

6.50"

<50H
. (broad)

~8.65°
(2H)

~9.0°
(2H)
11.45°
(1H)
11.45°
(1H)
4.35»
(1H)

~4.2»
(1H)

3.1»
(1H)

3.0
(1H)

Other
signals

4.72V

4.62V

10.2031
10.05V
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Xa 0.87 - -

Xb 0.90 2.62+ —
Xla 0.88 — —
Xlb 0.90 2.65+ —
XHa 0.90 — 3.60x
Xllb 0.90 2.60+ 3.60x

*in the side chain attached to C-4 of the
thiazole ring

*in the side chain or in the substituent
attached to C-5 of the thiazole ring

A vicinal to the ketone or to the carbinol
group

2.28* 2.75 8.55
2.28* 2.66+ —
2.32* 2.90 8.80
2.65*

2.25* 2.75+ -
2.45*

2.25* 2.75 8.45
2.30* 2.65+

° carboxylic acid

« alcohol

V CHZAOH)*, s (2H)

v CH (aldehyde)*, s (1H)
0 COCH3 s (3H)

A d (AB multiplet), J = 15.5 Hz

4.22

4.20

5.35
5.30

0 2xd (AMX multiplet), J = 6 and 15.5 Hz

5.90°

5.78°

6.52A

6.18*

5.76°
5.60°

6.65" +

6.55®

7.72*

7.45*

6.70®
6.55®

m d (AMX multiplet),
+ overlapping signals

s singulet
d doublet
t triplet
m multiplet

J

6.65°,+
(2H)

7.15°»
(2H)
10.9°
(1H)
10.4°
(1H)

2.000
2.050
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‘SNIANV19VLSO¥d 40 SINOOTVYNV J1TOAD04ILIH

to



420 AMBRUS et al.. HETEROCYCLIC ANALOGUES OF PROSTAGLANDINS,

Acta Chim. Acad. Sei. Hung. 97, 1978



AMBRUS et al.: HETEROCYCLIC ANALOGUES OF PROSTAGLANDINS, | 421

The mass spectral fragmentation of compounds 1Xa, IXb, Xa and Xb,
shown in Scheme 2, is governed by two main types ofprocess: one being initiated
by the interaction of the COOQ group with the hydroxyl group in the octenyl
side chain, which yields the rearranged molecular ion M x; the other resulting
from the interaction of the thiazole ring with the carboxy- (or carbalkoxy)

Table 111

Selected mass spectral data of compounds discussed in Schemes 2 to 4

Compound Data* M+ * fon symbels ?otzgr
a b c d e / g h
1Xa m/e 353 282 250 254 222 280 238 225 324 322
R.I. 26 14 11 100 15 5 8 3 4 8
1Xb mle 367 296 264 268 236 294 252 239 338 336
R.I. 33 34 17 100 10 14 17 12 3 15
Xa m/e 339 268 250 240 222 280 238 225 310 321
R.I. 22 20 32 100 38 20 23 12 3 7
Xb m/e 353 282 264 254 236 294 252 239 324 335
R.1 38 43 57 100 24 37 28 38 3 15
X1V m/e 354 283 251 255 223 281 239 226 324 323
R.I. 21 23 17 100 16 6 10 4 7 10
M+ * ¢ f g i j K i Other ions
Villa m/e 351 278 236 223 295 280 252 208 320 222
R.I. 100 16 32 12 28 53 60 48 25 20
VUlIb mle 365 292 250 237 309 294 266 222 334 236
R.I. 81 18 32 17 19 67 59 100 27 22
Xla m/e 337 278 236 223 281 266 238 208
R.I. 39 21 27 23 50 90 67 100
Xlb mle 351 292 250 237 295 280 252 222
R.I. 75 9 15 12 16 58 34 100
*R.l. = relative intensities in per cent

hexyl side chain. The separated radical site in ion M 1can cause the cleavage
of the adjacent bond, leading to the formation of ion a which can lose QOH
to give ion b**. On the other hand, it may interact with the adjacent jr-electron
system whereby the rearranged molecular ion M 2is formed. A [1,2]-hydrogen
migration can occur in ion M 2, followed by the loss of the 'COC5Hn radical,
yielding ion c, which gives rise to the base peak in all these spectra. lon ¢
can lose QOH to give ion d which can also be formed from ion b by the loss
of CO [16]. The prominent ions e, f and g arise from the interaction of the
thiazole ring with the carboxyhexyl side chain. The formation of both ions
e and ¥ can be rationalized as being a synchronous cyclization and bond fission
effected by the nitrogen atom of the thiazole ring.

** In the spectrum of the O-deutero compound XIIl only D20 is lost in this process, sup-
porting the mechanism proposed for the formation of ion Mv
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An interesting mass spectral process was observed in the case of com-
pounds IXa, IXb, Xa and Xb, which results in the loss of 'CHO radical from
their molecular ions. The mechanism proposed for this process is depicted in
Scheme 3. The formation of ion h is assumed to start with a [l,2]-alkyl migra-
tion in the rearranged molecular ion jVf2. Provable [l,2]-alkyl shifts have seldom
been observed in radical cations [17] and they were stated not at all to occur
in simple radicals [18]. Our assumption is based on the following evidence:
(i) according to high resolution mass measurements ion h of compounds IXa
and Xa possesses elemental compositions Ci8H3oN02S (2-1 ppm)* and CIHZ8
NO02S (2 ppm), respectively, indicating the loss of CHO from the molecular
ions; (i) in the case of compound XIV, the C-deutero analogue of IXa, a com-
plete loss of the deuterium label occurs in this process. The high rate of forma-
tion of ion M2 reflected in the high abundance ofion c, is also of importance
in making possible the observation of ion h which, of course, is much less
abundant (Table IIl).

The mechanisms proposed for the prominent fragmentation processes
of compounds Villa, VIllb, Xla and Xlb are depicted in Scheme 4. A McLafferty
rearrangement leads to the formation of ion i. The loss of ‘C5H U radical from
the molecular ions involves partly a direct cleavage at the carbonyl group,
yielding ion j. It can also proceed, however, in part after a cyclization step.
Analysis of the mass spectral data obtained for the process [M]+' ->/c has
revealed that this involves a ring closure as shown in Scheme 4. lon k can also
be formed from ion jr by elimination of CO. One of the most abundant ions in
the spectra of Villa, VIlIb, Xla and Xlb is formed by the loss of the carboxy-
hexyl side chain. We assume this process to involve a mesomeric structure of
the molecular ion, shown in Scheme 4, which can preferably exist in these
thiazoles. In this intermediate state a radical attack at C-4 can take place,
leading to the formation of ion I. Similarly to the corresponding hydroxy
derivatives, ions arising from the interaction of the thiazole ring with the
carboxyhexyl side chain also occur in the spectra of Villa, VIllb, Xla and
XIb (these are denoted with a prime in Table III).

*To resolve the H23S/34S doublet, a resolution of 16,500 was applied.
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Experimental

M.p.’s were measured with a Kofler hot stage apparatus. I.r. spectra were taken with a
Perkin Elmer 475 instrument in liquid films (Mla,b, Vla,b, Vllb, Villa,b, 1Xa,b, Xa,b, XlIb, and
XMa,b) and in KBr pellets (IVa,b, Va,b, Vila and Xla). "H-n.m.r. spectra were recorded on a
JEOL C-60 HL spectrometer. The following solvents were used: CCl4 for compounds llla,b,
Vla,b, VIIb, Villa,b, IXa,b, and Xlb; CDC13 for compounds Va,b, Vila, Xa,b, Xlla,b, Xla;
DMSO-de for compounds 1Va,b. Mass spectra were taken on a Varian MAT SM-1 instrument.

In preparative thin-layer chromatography a 2 : 1 mixture of Kieselgel G, Typ 60 (Merck)
and Kieselgel Typ 60 (Merck) was used as the adsorbent.

In enzymatic hydrolyses we applied a lipase enzyme (purity: 40 units), which was pre-
pared from the fermentation beer of Rhizopus oryzae (MNG 135) by using the method of Szabe
et al. [19].

Dimethyl 3-oxosebacate (1)

To a stirred solution of ethyl acetoacetate (13 g) in dry benzene (170 ml) sodium (2.3 g)
was added in small portions. After stirring for 4 hrs 7-carbomethoxyheptanoyl chloride (20.6 g)
was added dropwise to the suspension, which was then refluxed for 15 min. The mixture was
allowed to cool to ambient temperature and poured into ice and excess 10 %sulfuric acid. The
aqueous phase was separated. The benzene phase was washed with water, dried over anhydrous
sodium sulfate and evaporated in vacuo to give aresidue containing ethyl 2-(7-carbomethoxyhep-
tanoyl)acetoacetate. A solution of sodium (2.3 g) in anhydrous methanol (65 ml) was added to
this residue and the mixture was allowed to stand at ambient temperature for 16 hrs, and then
poured into ice and excess 10 %sulfuric acid. The resulting mixture was extracted with ether.
The ether extract was washed with water, dried over anhydrous Na2S04 and evaporated in
vacuo. The residue was distilled under reduced pressure to give | (14.9 g; b.p. 160 °C/0.4 mm).
l.r. (film); vC=0 1732 cm-1.
tH-n.m.r., (CCl4): <50CH3 3.70 (3H, s), 3.62 (3H, s), <5COCH2 3.35 (2H, s), 2.6-2.0 (4H, m)

ppm.

Dimethyl 2-chloro-3-oxosebacate (11)

To a stirred solution of | (14.6 g) in carbon tetrachloride (15 ml) cooled to —5 °C was
added dropwise a solution of sulfuryl chloride (8 g) in carbon tetrachloride (12 ml). The mixture
was stirred for 1 hr at ambient temperature, then for 30 min at 40 °C. After cooling to ambient
temperature the solution was diluted with carbon tetrachloride, washed with water, then with
5 %sodium carbonate and with water again; after drying over anhydrous Na2S04it was evap-
orated in vacuo. The residue was distilled under reduced pressure to give Il (11.4 g; b.p.
155°C/0.3 mm).

l.r. (film): rC=0 1735 cm-1.
iH-n.m.r. (CC14): <5CH(C1) 4.70 (1H, s), <50CH3 3.8 (3H, s), 3.6 (3H, s), 0COCH2 2.68 (2H, t),
2.25 (2H, t) ppm.

Methyl 4-(6-carbomethoxyhexyl)thiazole-5-carboxylate (1lia)

Compound Il (10.9 g) and thioformamide(2.9 g) were refluxed in methanol (60 ml) for
1 hr; the solvent was then evaporated in vacuo. The residue was taken up in water. The mixture
was neutralized with 5 % Na2CO03 solution and thoroughly extracted with ether. The ether
extract was dried over anhydrous Na2S04 and evaporated in vacuo to leave a residue (10.3 @)
containing the crude Ilia. An analytical sample of Ilia (oil) was obtained by preparative TLC
(solvent: ethyl acetate—re-heptane, 6 : 4).

Methyl 2-methyl-4-(6-carbomethoxyhexyl)thiazole-5-carboxylate (HIb)
A crude product of I1lb (9.8 g) was similarly obtained from Il (10.9 g) and thioacetamide

(3.23 g), as described for Ilia. An analytical sample of Illb (oil) was prepared by preparative
TLC using the same solvent mixture as applied in the purification of Ilia.
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4-(6-Carboxyhexyl)thiazolc-5-carboxylic acid (IVa)

Crude Ilia (10 g), obtained as an oily residue in the former reaction, was dissolved in
ethanol (30 ml) and refluxed with 10%aqueous NaOH solution (50 ml) for 30 min. After cooling
in ice-water, the mixture was acidified with dilute H2504, and then thoroughly extracted with
ethyl acetate. The ethyl acetate extract was washed with water, dried over anhydrous Na2504

and evaporated in vacuo. The residue was recrystallized from acetone to give IVa (5.9 g; m.p.
151-153 °C).

2-Methyl-4-(6-carboxyhexyl)thiazole-5-carboxylic acid (1Vb)

Crude Illb (9.5 g), obtained as an oily residue in the former reaction, was similarly hydro-

lyzed as described in the preparation of IVa to give, after recrystallization from acetone, IVb
(6.2 g; m.p. 147-149 °C).

4-(6-Carbomethoxyhexyl)thiazole-5-carboxylic acid (Va)

A solution of IVa (5.8 g) and p-toluenesulfonie acid monohydrate (6.4 g) in methanol
(250 ml) was stirred at ambient temperature for 3 hrs, then diluted with water (650 ml). The
resulting solution was saturated with ammonium sulfate and extracted with ethyl acetate
(three 250-ml portions). The organic extracts were combined, washed with water, dried over
anhydrous Na2S04and evaporated in vacuo. The residue was recrystallized from ether-re-hexane
to give Va (4.95 g; m.p. 113—114 °C).

2-Methyl-4-(6-carbomethoxyhexyl)thiazole-5-carboxylic acid (Vb)

Compound IVb (5.8 g) was similarly esterified as described in the preparation of Va
to give Vb (4.9 g; m.p. 106—107 °C) after recrystallization from ether-re-hexane.

4-(6-Carbomethoxyhexyl)-5-hydroxymethylthiazole (Via)

Oxalyl chloride (5 ml) was added dropwise to a solution of Va (4.7 g) in dry benzene
(60 ml). The resulting mixture was allowed to stand at ambient temperature for 16 hrs, then
benzene and the excess of oxalyl chloride were evaporated in vacuo. The residue containing
4-(6-carbomethoxyhexyl)thiazole-5-carboxylic acid chloride was dissolved in anhydrous
dioxane (12 ml). This solution was added to a stirred suspension of sodium borohydride (1.3 g)
in anhydrous dioxane (24 ml). The mixture was stirred at ambient temperature for 30 min,
then for additional 30 min at 80 °C. After cooling in ice-water, water (40 ml) was added drop-
wise. The aqueous mixture was stirred at ambient temperature for 2 hrs, and then extracted
with ethyl acetate. The ethyl acetate extract was washed with water, dried over anhydrous
Na2s04and evaporated in vacuo to give a residue (3.85 g) containing impure Via. An analytical
sample of Via (oil) was obtained by preparative TLC (solvent: ethyl acetate—re-heptane, 7 : 3).

2-Methyl-4-(6-carbomethoxyhexyl)-5-hydroxymethylthiazole (V1b)

Transformation of Vb (4.8 g) by the method described in the preparation of Via gave an
oily residue (3.55 g) containing impure VIb. An analytical sample of VIb (oil) was obtained by
preparative TLC using the solvent applied in the purification of Via.

4-(6-Carbomethoxyhexyl)-5-formylthiazole (Vila)

To a stirred solution of chromium trioxide dipyridine complex (22.3 g) prepared ac-
cording to Cortins et al. [7] in dichloromethane (460 ml), was added dropwise a solution of
crude Via (3.7 g) in dichloromethane (40 ml). The mixture was stirred at ambient temperature
for 30 min and then filtered. The filtrate was evaporated in vacuo. The residue was chroma-
tographed by preparative TLC (solvent: ethyl acetate-re-heptane, 1 : 1) to give homogeneous

Vila (2.45 g). An analytical sample of Vila (m.p. 60—62 °C) was obtained by recrystallization
from ether.
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2-Methyl-4-(6-carbomethoxyhexyl)-5-formylthiazole (V1Ib)

Oxidation of crude VIb (3.4 g), carried out by the method described in the preparation
of Vila, resulted in an impure VIIb, which was chromatographed by preparative TLC using the
solvent applied in the purification of Vila to give homogeneous VIIb (2.4 g, oil).

4-(6-Carbomethoxyhexyl)-5-(3-oxo0-I-frans-octenyl)thiazole (Villa)

A solution of Vila (2.3g) andhexanoylmethylene triphenylphosphorane (6.75 g) in carbon
tetrachloride (15 ml) was stirred under nitrogen at ambient temperature for 16 hrs and then
evaporated in vacuo. The residue was chromatographed on silicic acid (120 g) eluting with 250
ml each of 5, 10, 15, 20, 25 and 30 %ethyl acetate -n-heptane, collecting 50 ml fractions. From
the 25 %ethyl acetate-n-heptane fractions pure Villa (2.5 g, oil) was obtained.

2-Methyl-4-(6-carbomethoxyhexyl)-5-(3-0xo0-l-/rans-octenyl)thiazole (VIDIb)

A solution of dimethyl 2-oxoheptylphosphonate (5.57 g) in 1,2-dimethoxyethane (25 ml)
was added to a stirred suspension of sodium hydride (0.6 g) in anhydrous 1,2-dimethoxyethane
(8 ml) cooled to —15 °C. After stirring for 1 hr at —15 °C, the temperature of the mixture was
raised to 0 °C and a solution of VIIb (2.25 g) in 1,2-dimethoxyethane (25 ml) was added drop-
wise. The resulting mixture was stirred for 1 hr at 0 °C and for 4 hrs at ambient temperature
and then, after cooling in ice-water, it was diluted with water (75 ml). The aqueous solution
was exhaustively extracted with ether. The ether extract was dried over anhydrous Na2S04
and evaporated in vacuo. The residue was purified by preparative TLC (solvent: ethyl acetate-
n-heptane, 4 : 6) to give pure VIIIb (1.9 g, oil).

di-4-(6-Carbomethoxyhexyl)-5-(3-hydroxy-I-Lra»ts-octenyl)thiazole (I1Xa)

A solution of Villa (1.6 g) in isopropanol (25 ml) was prepared and sodium borohydride
(107 mg) in water (25 ml) was added. After stirring at ambient temperature for 2 hrs, the solu-
tion was diluted with water and extracted exhaustively with ethyl acetate. The ethyl acetate
extract was washed with water, dried over anhydrous Na2504 and evaporated in vacuo. The
residue was chromatographed on silicic acid (80 g) with 200 ml each of 5, 10, 15, 20, 25, 30 and
35% ethyl acetate-n-heptane, collecting 25 ml fractions. From the 30% ethyl acetate-n-heptane
fractions pure 1Xa (1.25 g, oil) was obtained.

di-2-Methyl-4-(6-carbomethoxyhexyl)-5-(3-hydroxy-I-frans-octenyl)thiazole (1Xb)

Compound VIlIb (1.0 g) was reduced as described in the preparation of 1Xa. The crude
product was chromatographed by preparative TLC (solvent: ethyl acetate-n-heptane, 1 :1)
to give pure IXb (0.76 g, oil).

dl-4-(6-Carboxyhexyl)-5-(3-hydroxy-I-frcms-octenyl)thiazole (Xa)

To a suspension of IXa (0.8 g) in 0.2M phosphate buffer of pH 7.5 (40 ml) were added
Rhizopus oryzae lipase (0.2 g), sodium taurocholate (20 mg) and gum arabic (0.4 g) in water
(10 ml). The mixture was shaken at 28 °C on a rotary shaker for 16 hrs, then diluted with water
(50 ml), acidified with citric acid and extracted exhaustively with ethyl acetate. The ethyl
acetate extract was dried over anhydrous Na2504 and evaporated in vacuo. The residue was
chromatographed on silicic acid (40 g) with 100 ml each of 10, 20, 30, 40, 50, 60, 70 and 80 %
ethyl acetate-n-heptane, collecting 20-ml fractions. The residue obtained on evaporation of the
70 %ethyl acetate-n-heptane fractions was recrystallized from ether—n-hexane to give pure Xa
(0.6 g; m.p. 73—74 °C).

J/-2-Methyl-4-(6-carboxyhexyl)-5-(3-hydroxy-1-fi'on.s-octcnyl)thiazole (Xb)
Compound IXb (0.4 g) was hydrolyzed by the method applied in the preparation of Xa.

The crude product was purified by preparative TLC (solvent: upper phase of the following mix-
ture: ethyl acetate—n-heptane—water-acetic acid, 11 : 5 : 10 : 2) to give pure Xb (0.28 g, oil).
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4-(6-Carboxyhexyl)-5-(3-oxo0-I-<rans-octenyl)thiazole (Xla)

Compound Villa (0.8 g) was hydrolyzed by the method described in the preparation of
Xa. The crude product was chromatographed on silicic acid (50 g) with 100 ml each of 10, 20, 30,
40, 50, 60, 70 and 80 %ethyl acetate-n-heptane, collecting 20-ml fractions. The residue obtained
by evaporation of the 60 %ethyl acetate-n-heptane fractions was recrystallized from acetone
to give pure Xla (0.54 g; m.p. 67 —68 °C).

2-Methyl-4-(6-carboxyhexyl)-5-(3-oxo-I-frans-octenyl)thiazole (XIb)

Compound VUIb (0.75 g) was hydrolyzed by the method described in the preparation
of Xa. The crude product was purified by preparative TLC, using the solvent applied in the
purification of Xb, to give pure Xlb (0.51 g, oil).

df-4-(6-Carbomethoxyhexyl)-5-(3-acetoxy-I-frens-octenyl)thiazole (Xlla)

A solution of I1Xa (350 mg) in anhydrous pyridine (4 ml) was mixed with acetic anhydride
(1 ml). The resulting solution was allowed to stand for 24 hrs at ambient temperature, then
diluted with water (50 ml) and thoroughly extracted with ethyl acetate. The ethyl acetate
extract was dried over anhydrous Na2504 and evaporated in vacuo. The residue was chroma-
tographed by preparative TLC (solvent: ethyl acetate-n-heptane, 4 :6) to give pure Xlla
(280 mg, oil).

d/-2-Methyl-4-(6-carbomethoxyhexyl)-5-(3-acetoxy-I-frans-octenyl)thiazole (XIlb)

Compound IXb (350 mg) was acetylated by the method described in the preparation
of XIla. The crude product was chromatographed by preparative TLC using the solvent applied
in the purification of Xlla to give XIlb (285 mg, oil).

O -Deuteration of compound Xa

Compound Xa (2 mg) was dissolved in a mixture of CH30D (1 ml) and D2 (0.5 ml).
The solution was kept for 48 hrs at room temperature. The O-dideutero analogue X111 was ob-
tained on evaporation of the solvent. To reduce back-exchange, D20 was introduced with the
sample of XIIl into the mass spectrometer.

</l-4-(6-Carbomethow hexyl)-5-(3-hydroxy-3-dentero-1-1i'O/i.N-octenyl)ttliazolc (X1V)

A solution of Villa (70 mg) and sodium borodeuteride (4.2 mg) in dioxane (5 ml) was
stirred at ambient temperature for 2 hrs, then diluted with water (30 ml) and thoroughly
extracted with ethyl acetate. The organic extract was washed with water, dried over anhydrous
Na2504 and evaporated in vacuo. The residue was purified by preparative TLC (solvent: ethyl
acetate-n-heptane, 4 :6) to give homogeneous XIV (32 mg, oil).

The authors are indebted to E. Mezs and E. 11k6y for technical assistance.
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Starting from tryptamine, a four-step synthesis resulted in the enamine of
structure 7a. On addition of ethyl a-acetoxyacrylate to this enamine, the derivative 8a
was obtained whose reduction gave two stereoisomeric products (9 and 10), their ratio
being dependent on the reaction conditions. The racemic ethyl apovincaminate (1) can
be obtained by oxidation of the derivative 9b, followed by dehydration.

The dextrorotatory enantiomer of ethyl apovincaminate (1) is commer-
cially available under the name Cavinton, an excellent vasodilator drug.

It was earlier prepared from natural vincamine by hydrolysis to vin-
caminic acid (2a) followed by dehydration and esterification of the resulting apo-
vincaminic acid with ethanol [2].

We intended to carry out the preparation of Cavinton (1) on the analogy
of our earlier vincamine synthesis [3].

The enamine of structure 7a was used again as the key intermediate;
the possibility of preparing this compound in a way differing from the earlier
synthesis was also investigated.

Synthesis of the enamine 7a

The reaction of tryptamine and butyric acid gave first the salt 3a from
which the acid amide 3b was formed on heating. On cyclizing 3b with phos-
phoryl chloride in benzene and liberating the base, the /S-carboline derivative
4 was obtained.

We desired to build up the fourth ring similarly to the reaction carried
out by Atta-ur-Rahman [4], with |-methyl-3,4-dihydro-7-methoxy-/?-car-
boline. Therefore compound 4 was allowed to react with methyl acrylate.
The reaction was carried out in a mixture of benzene and methanol under the
exclusion of light and atmospheric oxygen. The ketone of structure 5 precipi-
tated from the reaction mixture in a poor yield (12.5%), and on acidifying
the mother liquor with perchloric acid, the quaternary salt 6b could be isolated.

* For Part IV, see Ref. [1]
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2a: OH COOH
b: OH cooczul
c: COOC2H5 OH
d: OH COOCH3
1. POCI3
2. OH<->
(CH22
CH3
4 + CH2=CH—COOCH3
6a
OH(') Helo.

The presumption appeared to be obvious that further boiling of the base
6a, liberated from the salt 6b. in a mixture of benzene and methanol would
similarly lead to the ketone 5. However, even after prologed boiling under these
conditions no traces of the tetracycle 5 could be detected by chromatography
in the reaction mixture.
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COOC:2Hs
8a: R = COCHs3 9a: R = COCH3
b: R=H b: R =H

10a: R = COCHs
be,R =H
Fig. 2

However, the conversion 6 —m5 could be readily effected in benzene, by
means of potassium t-butoxide. The product obtained in this way wascomplete-
ly identical in all respects with the substance formed directly in the reaction
ofthe tetracycle 4 with methyl acrylate.

The unsaturated ketone 5 could be reduced in a Wolf-Kizhner reaction
to the desired enamine (7a) which was isolated as the perchlorate salt (7b).
Though this newly investigated route ofreaction could not technically compete,
owing to the poor yields, with the procedure described earlier [3], interest may
be attached to it from the chemical aspect.
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Synthesis of ethyl apovincaminate

Ethyl a-acetoxyacrylate [5], obtained by the acetylation of ethyl pyru-
vate, was allowed to react in dichloromethane with the enamine 7a. After
having allowed reaction mixture to stand two days at room temperature, no
starting material could be detected. The addition product 8a was isolated as
the perchlorate salt, which crystallized very readily from ethanol but the yield
was lower than in the case of the corresponding methyl ester.

Reduction of the hexahydroindoloquinolizine 8a either catalytically or
by sodium borohydride gave practically one single isolable epimer, 9a, which
afforded on deacetylation the readily crystallizing 9b.

When the hydrolysis of the acetoxy group of the ester 9a was effected
prior to the reduction, the stereoselectivity of the catalytic reduction changed
only slightly, but reduction with sodium borohydride gave the cis compound
9b as the sole trans derivative 10b appeared in a readily isolable amount even
at room temperature. The ethyl ester of type 8 could thus be reduced with
a higher stereoselectivity than the corresponding methyl ester [3].

All these observations support our earlier experience that the higher
the space requirement of the substituents attached to C-l of the indolo[2,3-a]-
quinolizidine ring, the higher the stereoselectivity in favour of the cis product
in the catalytic or sodium borohydride reduction ofthe C=N bond.

When the alcohol 9b was made to react with Fétizon reagent, according
to our earlier observations, oxidation and epimerisation took place; accord-
ingly two products (2b and 2c) were formed. The relation between the two
epimers is elucidated also by the epimerisation experiments. When boiled with
sodium ethoxide in ethanol, 2c iscompletely convened into the thermodynam -
ically more stable 2b, similarly to the observations [3] made in the conversion
of epivincamine into vincamine.

In order to prove the structure unequivocally, the ester 2b was hydro-
lyzed to the acid 2a and then esterified with diazomethane, affording thus
racemic vincamine prepared earlier. These reactions unambiquously confirm
also the steric structures previously suggested.

The fact that the compounds are epimers has been proved by a simple
dehydration reaction. Either 2b or 2c lost water when treated with acetic

anhydride, to give racemic ethyl apovincamate (1), the target compound of
the work.

Experimental

The infrared spectra were recorded in KBr pills or as liquid films with a Spektromom
2000 spectrophotometer; the NMR spectra were taken on a Perkin-Elmer R12 (60 MHz)
spectrophotometer, and the UV spectra on a Unicam SP 800 spectrophotometer.
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Tryptamine butyrate (3a)

Tryptamine (16.00 g; 100 mmoles) was dissolved in 320 ml of ethyl acetate and 9.50 ml
(103 mmoles) of re-butyric acid was dropwise added. The precipitation of crystals started
instantaneously and continued when the reaction mixture was allowed to stand in a refrigerator.
Separation of the crystalline product gave 24.5 g (98.8 %) of the salt 3a, m.p. 151 —153 °C.
Recrystallization from ethyl acetate raised the m.p. to 152 —153 °C.

C14H20N202(248.32). Calcd. C67.71; H 8.12; N 11.28. Found C67.64; H 8.16; N 11.12 %

IR(KBr): vmax 3240 cm-1 (indole-NH), broad band 1520—1565 cm-1 P>C=0 and
-NH+).

I-n-Propyl-3,4-dihydro-R-carboline (4)

Tryptamine butyrate (3a) (11.55 g; 46.5 mmoles) was melted, the melt was slowly heated
to 190—200 °C and kept for 45 min at this temperature. (Water formed during the reaction
was removed.) The melt after cooling was mixed with 120 ml of anhydrous benzene, 22 ml (242
mmoles) of freshly distilled phosphoryl chloride was added and the reaction mixture refluxed
for 4 hrs. The dark solution was evaporated in vacuum and the residual dark oil mixed with a
20 %solution of acetic acid (100, 80, 50 ml). The solid was filtered off, and the aqueous solution
neutralized to pH 7 with cone, ammonium hydroxide solution under cooling. After shaking
with 80 ml of dichloromethane, the organic phase was discarded, and the aqueous phase made
was alkaline (pH 11) with cone, ammonium hydroxide and shaken again with dichloromethane
(80, 50, 30 ml). The combined organic phases were dried over magnesium sulfate, the drying
agent was filtered off, and the filtrate evaporated in an inert atmosphere to leave 3.80 g (38.7 %)
of a yellow crystalline substance (4), m.p. 162—165 °C.

The base 4 (1.00 g) was dissolved in 3 mlof methanol and a 70 % aqueous solution of
perchloric acid was added (up to pH 5). Crystallization started on scratching. Filtration with
suction gave 1.05 of a crystalline powder (4.HC104), m.p. 183—185 °C. Recrystallization from
water raised the m.p. to 184 —186 °C.

C14H17N 2 CIO, (312.75). Calcd. C53.76; H 5.49; N 8.97. Found C54.03; H 5.54; N 8.94%.
(+)

).

IR(KBr): vmax 1640 cm“1 (>C=NH

I-n-Propyl-2-(methoxycarbonylethyl)-3,4-dihydro-R-carboline perchlorate (6b)

I-re-Propyl-3,4-dihydro-/?-carboline (4) (5.75 g; 27.2 mmoles) was dissolved in a mixture
f 20 ml of anhydrous methanol and 20 ml of anhydrous benzene; 2.70 ml (29.8 mmoles) of
methyl acrylate was added and the mixture refluxed for 37 hrs in a stream of nitrogen. After
refluxing for 11 hrs 0.50 ml (5.52 mmoles) of methyl acrylate and after 21 hrs again 0.50 ml
(5.52 mmoles) of methyl acrylate was added; the mixture thus contained a total of 40.84
mmoles of methyl acrylate.

The reaction mixture was evaporated in vacuum, the residual oil dissolved in 8 ml of
methanol and acidified with a 70 % perchloric acid to pH 6. In a refrigerator deposited 2.20 g
(20.3 %) of a yellow crystalline substance, m.p. 134—136 °C.

Recrystallization of 0.35 g of the perchlorate salt from a mixture of 2 ml of anhydrous
methanol and 6 ml of dry ether gave 0.30 g of the analytically pure product, m.p.135—137 °C.

C18H 23N 2C106(398.83). Calcd. C54.20; H 5.81; N 7.02. Found C 54.18; H 6.01: N 6.95 %.

IR(KBr): vmax 1728 cm™1(>C=0), 1624 cm*“1(>C = N<).

(+)
I-Ethyl-2,3,4,5,6,7-hexahydro-12H-indolo[2,3-a]Jquinolizin-2-one (5)

fa) 6,709 (31,7 mmoles) I-n-Propyl-3,4-dihydro-/S-carboline (4) was dissolved in a
mixture of 40 ml of anhydrous methanol and 40 ml of anhydrous benzene: 3.70 ml
(41 mmoles) of methyl acrylate was added and the mixture refluxed for 96 hrs in a stream of
nitrogen. (The flask and the condenser were coated with aluminium foils.) After refluxing for
40 hrs, further 3.70 ml (41 mmoles) of methyl acrylate was added and the refluxing continued.
At the end of reaction the solution was evaporated in vacuum, the residual oil dissolved in 6 ml
of methanol and the solution allowed to stand in a refrigerator to yield 1.05 g (12.6 %) of a
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white crystalline powder, m.p. 240 —243 °C. Recrystallization from methanol gave m.p. 242 —
243 °C.

CITH18ND (266.33). Calcd. C76.66; H 6.81; N 10.52. Found C76.80; H 7.10; N 10.51 %.

IR(KBr): Pmax 3310 cm-1 (indole-NH), broad band of 1620—1668 cm-1 £>C=0
and ">C=C").

NMR (in deuterochloroform); 6 8.38 (s, 1H, indole-H); $7.58—6.96 (m, 4H, aromatic
H); $4.05 (t, 2H, -C-C H 2-); 6 1.25 (t, 3H, - CHJ).

I
o

Aqueous 70 % perchloric acid was added (to adjust pH 6) to about 6 —7 ml of the metha-
nolic mother liquor of the first crystallization, and the mixture was allowed to stand in arefrig-
erator to vyield 1.25 g (9.9 %) of a yellow crystalline salt (6b), m.p. 135—137 °C. The product
was in all respects identical with compound described previously.

(b) Potassium t-butoxide (1.40 g; 12.5 mmoles) was added into 60 ml of anhydrous
benzene; part of the benzene was then evaporated to obtain a solution of a volume of 20 ml.
A solution of 1.80 g (6.02 mmoles) of methyl 3-(I-propylidene-1,2,3,4-tetrahydro-2-/?-carbolinyl)
propionate (6a) in 20 ml of anhydrous benzene was added and the reaction mixture refluxed
for 10 hrs in a stream of nitrogen. The reaction mixture was allowed to cool and 0.75 ml (12.9
mmoles) of glacial acetic acid (pH 6.5) and 100 ml of distilled water were added. The mixture
was made strongly alkaline with cone, ammonium hydroxide solution (pH 11), and the phases
were separated. The benzene solution was dried over magnesium sulfate and evaporated in
vacuum to leave 1.25 g of an oil. Crystallization from methanol gave 0.95 g (59.2 %) of a crystal-
line powder, m.p. 240—243 °C. The product was in all respects identical with the compound

described above.

I-Ethyl-1,2,3,4,6,7-hexahydro-12H-indolo[2,3-a]quinolizin-5-ium perchlorate (7b)

I-Ethy]-2,3,4,5,6,7-hexahydro-12H-indolo[2,3-a]quinolizin-2-one  (5) (0.35 g; 1.32
mmole) was suspended in 20 ml of ethylene glycol, then 2.0 g (35.7 mmoles) of finely powdered
potassium hydroxide and 1.50 ml 98—99 % hydrazine hydrate were added.

The mixture was refluxed for 9 hrs in nitrogen atmosphere at 205—210 °C bath tem-
perature. The reaction mixture was then evaporated in vacuum, 10 ml of distilled water was
added and shaken with dichloromethane (10, 5, 5 ml). The organic phase was dried over mag-
nesium sulfate, filtered, and the filtrate evaporated in vacuum to leave 0.25 g of a red oil. It
was dissolved in some methanol and slightly acidified (to pH 5) with a 70 % aqueous solution
of perchloric acid. On scratching 0.15 g (32.6 %) of the perchlorate salt separated as yellow
crystals, m.p. 175—177 °C. Recrystallization from methanol raised the m.p. to 177—178 °C.

C,,H2IN2,C1 (352.82). Calcd. C57.87; H 6.00; N 7.94. Found C57.58; H 6.20; N 8.00 %.

+

IR(KBr): rmax 3280 cm™1 (indole-NH), 1622 cm-1(>C =(N)<).

UY(in methanol): / max 363 nm (log e 4.2095).

I-Ethyl-1-{[2-(acetyloxy)]-(ethoxycarbonylethyl)}-1,2,3,4,6,7-hexahydro-12H-indolo-
[2,3-a]lquinolizin-5-ium perchlorate (8a)

I-Ethyl-1,2,3,4,6,7-hexahydro-12H-indolo[2,3-a]quinolizin-5-ium perchlorate (7b) (10.0
g; 28.4 mmoles) was suspended in 100 ml of dichloromethane, and 75 ml distilled water and
20 ml ofa 2 N NaOH solution were added. After stirring for 10 min in argon atmosphere, the
organic phase was separated. The aqueous solution was extracted with 20 ml of dichlorometh-
ane, and the combined organic solutions dried over magnesium sulfate. The drying agent was
filtered off and 10.0 ml of freshly distilled ethyl [2-(acetoxy)]-acrylate was added to the filtrate;
the reaction mixture was flushed with argon gas, sealed, and allowed to stand for 2 days at room
temperature. Evaporation of the solvent in vacuum left a dark red oil, which was rubbed with
3 X 50 ml of petroleum ether. The solidifying yellowish red substance was dissolved in 30 ml of
hot ethanol and slightly acidified (pH 6) with a 70 % aqueous solution of perchloric acid. On
scratching, the precipitation of crystals started; their deposition could bepromoted by allowing
the mixture to stand at room temperature. The yellow substance was filtered off with suction
and washed with some ethanol to obtain 6.20 g (42.8 %) of the perchlorate salt, m.p. 178—179°C
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C24H 3IN 2C108 (510.96). Calcd. C 56.41; H 6.11; N 5.48. Found C56.55; H 6.19; N 5.42 %
IR(KBr): vmax 3330 cm“1(indole-NH), 1745—1760 cm“1(~>C=0), 1630 cm*“1

OC= l(\l+<)).

I-Ethyl-I-[2-hydroxy-(ethoxycarbonylethyl)]-1,2,3,4,6,7-hcxahyilro-12H-indolo[2,3a]-
quinolizin-5-ium perchlorate (8b)

The salt 8a (3.00 g; 5.88 mmoles) was dissolved in 100 ml of ethanol which had been
saturated at 0 °C with gaseous hydrochloric acid. The solution was refluxed for 3 hrs, then
evaporated in vacuum. The solid residue was dissolved in hot water and mixed with a 70 %
aqueous solution of perchloric acid. On allowing the solution to stand, crystallization started
to give 2.35 g of a yellow salt, m.p. 208 —211 °C. Recrystallization from ethanol yielded 2.05 g
(74.7 %) of the pure crystalline product, m.p. 214—215 °C.

C2H2N2C10, (468.93). Calcd. C56.34, H 6.23; N 5.98. Found C56.52; H 6.18; N 5.91 %.

IR(KBr): vmax 3380 cm-1 (indole-NH), 1738 cm*“1

(+) (+)
(>C=0), 1630 cm“10 C=N<), 1608 cm*“1 (>C = N<0-

la-Ethyl-1-{[2-(acetyloxy)]-(ethyloxycarbonylethyl)}-1,2,3,4,6,7,12,12ba-
-octahydroindoloj 2,3-ajquinolizine (9a)

(a) About 1.5 g of 5 % palladium-on-carbon was prehydrogenated in some ethanol,
then a solution of 2.55 g (5.00 mmoles) of the perchlorate salt 8a in 120 ml of ethanol was added
and hydrogenation was effected at room temperature and atmospheric pressure. After the ab-
sorption of the calculated amount (120 ml) of hydrogen (about 2 hrs), the catalyst was filtered
off and the filtrate evaporated in vacuum. The residual solid was dissolved in 60 ml of acetone,
made alkaline (pH 10) with cone, ammonium hydroxide solution and evaporated in vacuum.
The residual oil was mixed with distilled water and extracted with dichlormethane (50, 30 ml).
The organic phase was dried over magnesium sulfate and evaporated in vacuum. The residual
oil was crystallized from ethanol to yield 1.55 g (75.6 %) of a white crystalline powder, m.p.
147-149 °C.

C24H32N20 4 (412.51). Calcd. C 69.88; H 7.82; N 6.79. Found C 69.63; H 7.70; N 6.88 %.

IR(KBr): vmm 3420 cm*“1(indole-NH), 1750 cm*“1, 1738 cm*“1(>C =0).

NMR(in deuterochloroform):<5 7.87 (s, 1H, indole-H); 8 7.68 —7.02 (m, 4H, aromatic H);

|

$495 (q, 1H, —CH2—CH —COOC2H?5); 8 4.08

) o
1 1

(9, 2H, —C—0O —CH2—CH3); $3.40 (s, 1H, annellation-H); 8 2.04 (s, 3H, -C -C H 3).

(b) The perchlorate salt 8a (2.00 g; 3.92 mmoles) was suspended in 100 ml of methanol,
cooled to 0 °C with continuous stirring, and 1.40 g (37.2 mmoles) of sodium borohydride was
added in small portions. After the addition had been completed, stirring was continued for 1
hr, then the solution acidified to pH 5 with glacial acetic acid, evaporated in vacuum and the
residue suspended in a 5 % solution of sodium hydrogen carbonate and extracted by shaking
with dichloromethane (30, 20, 10 ml). The organic phase was dried over magnesium sulfate,
the drying agent filtered off, the filtrate evaporated in vacuum, and the residual oil crystallized
from ethanol to obtain 1.10 g (68.2 %) of a crystalline product, m.p. 147—149 °C.

This substance was identical in all respects with the product prepared according to (a).

la-Ethyl-I-[2-hydroxy-(ethoxycarbonylethyl)]-1,2,3,4,6,7,12,12ba-octahydroindolo[2,3-a]-
quinolizine (9b)

(a) About 1.5 g of 5 %palladium-on-carbon was prehydrogenated in ethanol or acetone,
then a solution of 2.55 g (5.00 mmoles) of the perchlorate salt 8a in 120 ml of ethanol (or in 50
ml of acetone) was added. Hydrogenation was carried out at room temperature and atmos-
pheric pressure. After the absorption of the calculated amount of hydrogen (120 ml) (about 2
hrs) the catalyst was filtered off and the solution evaporated in vacuum. The residual solid salt
mixture was dissolved in 50 ml of ethanol which had been saturated at 0 °C with hydrogen
chloride, and the solution was refluxed for 3 hrs. The acid solution was evaporated in vacuum,
the residue rubbed with 5 ml of ethanol and filtered off with suction to obtain 1.70g of the prod-
uct. It was dissolved in 70 ml of a 1 : 1 mixture of acetone and water and the solution was
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made alkaline (pH 10) with a saturated solution of sodium carbonate. The resulting white
precipitate was filtered off with suction and washed with distilled water to yield 1.209(64.9 %)
of 9b, m.p. 242 —244 °C. Recrystallization from ethanol gave m.p. 243 —244 °C.

C2H30N203(370.48). Calcd. C 71.32; H 8.16; N 7.56. Found C 71.18; H 8.09; N 7.90 %

IR(KBr): umax 3220 cm-1 (indole-NH), 1742 cm-1 Q>C=0).

NMR(in deuterochloroform): 67.72 (s, 1H, indole-H); $7.58 —6.92 (m, 4H, aromatic H);
$4.17 (g, 2H, -C-OCH .,-CH23).

I
(e}

(b) la-Ethyl-I-{[2-(acetoxy)]-(ethoxycarbonylethyl)}-1,2,3,4,6,7,12,12ba-octahydro-
indolo[2,3-a]lquinolizine (9a) (0.55 g; 1.33 mmole) was dissolved in 20 ml of ethanol, and 0.05 g
(0.92 mmole) of sodium ethoxide was added. The mixture was refluxed for 1 hr, cooled, acidi-
fied to pH 6 with glacial acetic acid, and evaporated in vacuum. The residue was suspended in
a 5 % solution of sodium hydrogen carbonate and extracted with dichloromethane (30, 20, 10
ml). The solution was dried over magnesium sulfate and evaporated to yield 0.45 g (91.8 %) of
a white crystalline substance, m.p. 242—244 °C.

The product was in all respects identical with the substance prepared according to (a).

(c) la-Ethyl-1-[2-hydroxy-(ethoxycarbonylethyl)]-1,2,3,4,6,7-hexahydro-12H-indolo
[2,3-a]quinolizin-5-ium perchlorate (8b) (1.50 g; 3.20 mmoles) was suspended in 150 ml of
methanol and cooled to 0 °C under continuous stirring. Sodium borohydride (1.00 g; 26.4
mmoles) was added in small portions, and stirring was continued for 1 hr. The solution was
then acidified (pH 5) with glacial acetic acid and evaporated in vacuum. The residue was sus-
pended in a 5 %solution of sodium hydrogen carbonate and shaken with dichloromethane (30,
20, 10 ml). After drying the organic phase over magnesium sulfate, the solution was evaporated
and the residual solid crystallized from methanol to obtain 1.05 g (88.9 %) of a crystalline pow-
der, m.p. 241 —243 °C.

The product was in all respects identical with that described under (a).

(d) la-Ethyl-I-[2-hydroxy-(ethoxycarbonylethyl)]-1,2,3,4,6,7-hexahydro-12H-indolo
[2,3-a]lquinolizin-5-ium perchlorate (8b) (1.0 g; 2.13 mmoles) was dissolved in 60 ml of acetone,
and the solution added to a prehydrogenated suspension of about 1.5 g of 5 % palladium-on-
carbon. Hydrogenation was effected at room temperature and atmospheric pressure. After
absorption of the calculated amount of hydrogen (52 ml) (in about 1 hr), the catalyst was
filtered off, and the solution evaporated in vacuum. The residual salt was dissolved in a mix-
ture of 7 ml of acetone and 7 ml of distilled water, and the solution made alkaline (pH 10) with
a saturated solution of sodium carbonate. The resulting white precipitate was filtered off with
suction and washed with water to obtain 0.70 g of the product. Recrystallization from ethanol
gave 0.65 g (82.8 %) of a crystalline substance m.p. 242 —244 °C.

The product was in all respects identical with that prepared according to (a).

la-Ethyl-1-[2-liydroxy-(cthoxyearbonylethyl)]-],2,3,4,6,7,12,12bp-octahvdroindolo[2,-3a] -
quinolizine (10b)

Compound 8a (1.5 g; 3.2 mmoles) was suspended in 150 ml of ethanol and 1.0 g (26.4
mmoles) of sodium borohydride was added at 25—30 °C in small portions, under continuous
stirring. After the addition had been completed (in about 30 min), stirring was continued for
1 hr at the same temperature, then the mixture was refluxed for 30 min. The solution was
cooled and acidified to pH 5 with glacial acetic acid and evaporated in vacuum. The residue
was suspended in a 5 % solution of sodium hydrogen carbonate and extracted with dichloro-
methane (30, 20, 10 ml). The organic phase was dried over magnesium sulfate, filtered, and the
filtrate evaporated in vacuum. The residual solidifying product was subjected to fractional
crystallization from ethanol. At first 0.20 g (16.8 %) of 9b, m.p. 239—242 °C, crystallized from
the hot ethanolic solution. Recrystallization from ethanol gave m.p. 242—243 °C. On concen-
trating the mother liquor of the previous crystallization, 0.70 g (59.0 %) of a previous crystal-
lization, 0.70 g (59.0 %) of a crystalline powder (10b), m.p. 133—135 °C was obtained; m.p.
136—137 °C after recrystallization from ethanol.

CZ2H30N203(370.48). Calcd. C 71.32; H 8.16; N 7.56. Found C 71.39; H 8.19; N 7.83 %

IR(KBr): rmax 3500 cm-1, 3360 cm“1(indole-NH, OH), 1738 cm-1 (">C= 0).

NMR(in deuterochloroform): $9.44 (s, 1H, indole-NH); $6.92 —7.52 (, 4H, aromatic H);

o o

1 1
S 4.36 (q, 2H, —C—O—CH,—CH3); 6 1.32 (t, 3H, - C-O -CH,,-CH3;
$0.63 (t, 3H, -CH,,-CH?3).
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Ethyl (i)-vincaminate (2b)

(a) la-Ethyl-1-[2-hydroxy-(ethoxycarbonylethyl)]-1,2,3,4,6,7,12,12ba-octahydroindolo
[2,3-a]quinolizine (9b) (1.00 g; 2.71 mmoles) was dissolved in 50 ml of hot anhydrous xylene,
5.00 g of Fétizon reagent was added and the suspension refluxed for 7 hrs, with stirring.
Oxidation was completed in 2—3 hrs. Further heating caused epimerization of the primary
product 2c into 2b. The progress of the reaction was followed by thin-layer chromatography.
(Alumina 60 F 254 (Merck) absorbent; solvent system consisting of 10 ml of dichloromethane
and 0.05 ml of methanol; detection with iodine vapour.) After 7 hrs which proved to be the
optimum reaction time, ethyl (+ )-14-epivincaminate (2c) was hardly detectable in the reaction
mixture. The solid was filtered off hot from the suspension, and the xylene solution was al-
lowed to stand first at room temperature then in a refrigerator to obtain 0.70 g (70.2 %) of
chromatographically homogeneous ethyl (+ )-vincaminate, m.p.249—251 °C. On recrystal-
lization from xylene, the m.p. rose to 252—253 °C.

C,2H,8N 20 3 (368.46). Calcd. C71.71; H 7.66; N 7.60. Found C 71.50; H 7.48; N 7.75 %.

IR(KBr): rmax 1740 cm“1(>C =0).

(b) Ethyl (it)-14-epivincaminate (2c) (0.15 g; 0.40 mmole) was mixed with 20 ml of a
solution sodium ethoxide in ethanol, the sodium ethoxide content being 0.17 mmole. The start-
ing material dissolved, then the precipitation of crystals started from the solution. The reaction
mixture was refluxed for 5 hrs under conditions excluding moisture. The suspension was then
evaporated in vacuum and the residue rubbed with distilled water. The solution was filtered off
with suction and washed with ethanol to obtain 0.12 g (80.0 %) of a crystalline product, m.p.
250- 252 °C.

The product was in all respects identical with the substance prepared according to (a).

Ethyl (-!)- 14-epivincaminate (2c)

The base 9b (1.00 g; 2.71 mmoles) was suspended in 80 ml of anhydrous benzene, 5.00
g of Fétizon reagent was added, and the mixture was refluxed for 38 hrs, with stirring. (The
progress of the reaction may be followed by chromatography, using the conditions specified
in the description of ethyl (+ )-vincaminate). The solid was filtered off, and the filtrate al-
lowed to stand at room temperature, when 0.70 g (70.2 %) of a crystalline substance, m.p.
224—226°C, precipitated. Recrystallization from benzene gave m.p. 233 —235 °C.
C2,H,8N,,03(368.46). Calcd. C 71.71; H 7.66; N 7.60. Found C 71.91; H 7.66; N 7.42 %.
IR(KBr): rmax 1742 cm-1(>C = 0).

Ethyl ( - )-upovincaniinate (1)

Ethyl(+ )-vincaminate (2b) orethyl (+ )-14-epivincaminate (2c) (1.859; 5.00 mmoles) was
dissolved in 70 ml of acetic anhydride and the mixture refluxed for 24 hrs. The dark-coloured
solution was evaporated in vacuum, the residual oil dissolved in 150 ml of distilled water and
the solution made alkaline (pH 10) with 40 % NaOH solution. It was extracted with ether (50,
40, 30 ml), the organic solutions were combined and dried over magnesium sulfate. Filtration
followed by evaporation left 1.70 g of a light yellow oil, which was crystallized from ethanol to
give 1.25 g (71.7 %) of a white crystalline product, m.p. 130—132 °C. Recrystallization from
ethanol raised the m.p. to 132—134 °C.

C,2H29\N 20 2 (350.44). Calcd. C 75.40; H 7.48; N 7.99. Found C 75.47; H 7.52; N 7.99 %.

IR(KBr): pmax 1720 cm™1(>C =0), 1656 cm™1 1610 cm -1(>C=C<).

NMR(in deuterochloroform): 8 7.65 —6.97 (m, 4H, aromatic H); 8 6.11 (s, 1H,~>C=CH-);
8442 (q,2H, - C-O-CH,,-CH3); 6 1.02 (t, 3H, -CH2-CH 3).

]
o

( *-)-Yincamine (2d)

Ethyl (£ )-vincaminate (2b) (0.45 g; 1.22 mmole) was dissolved in 10 ml of 95 %ethanol,
a solution 0f 0.12 g (3.00 mmoles) of sodium hydroxide in 1 ml of distilled water was added, and
the mixture refluxed for 5 hrs. At the end of the reaction the solvent was evaporated in vacuum,
the residual oily substance dissolved in 10 ml of distilled water and the solution adjusted to a
pH value between 7.0 and 7.5 with 20 % acetic acid. On scratching, 0.35 g (84.8 %) of a white
crystalline powder precipitated (2a), m.p. 265—267 °C ( (+ )—vincaminic acid).
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0.35 g of (+ )-vincaminic acid was dissolved in 35 ml of dioxan and an etheral diazo-
methane solution was added, with shaking, until a permanent yellow colour was obtained.
The mixture was allowed to stand for 24 hrs at room temperature, then glacial acetic acid was
added until the solution became colourless (pH 5). Evaporation in vacuum left an oily substance
which was mixed with distilled water and made alkaline (pH 10—11) with 2N NaOH solution.
The solution was extracted with dichlormethane (50, 30, 20, 10 ml), the combined organic
solutions were dried over magnesium sulfate and then filtered from the drying agent. Evapora-
tion of the filtrate afforded a solid substance which on crystallization from xylene afforded
0.32 g (74.2) %of a crystalline powder, m.p. 230—232 °C.

The product was in all respects identical with the substance prepared as described in the
literature (e. g. [3]).

The authors’ thanks are expressed to the Chemical Works of Gedeon Richter Ltd. for
Supporting our studies.
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Radiotracer studies demonstrated that the dehydrogenation of cyclohexanol to
phenol takes place via cyclohexanone as well as via a direct pathway. Hydrocarbons are
produced mainly by the dehydroxylation of phenol. The temperature, catalyst activity
and hydrogen supply will determine how the product composition in the two triangular
systems including cyclohexanol, cyclohexanone, phenol and cyclohexane, cyclohexene,
benzene, respectively, will he shifted. This is also influenced by the ability of the cata-
lysts to retain hydrogen, which, in turn, is a function of the pretreatment temperature.

Introduction

The several different reaction possibilities of cyclohexanol make it an
attractive model compound for the investigation of catalyst selectivity [1].
At the same time, the comparison of its reactions with those of cyclohexane
may reveal how the introduction of an oxygen atom into the six-membered
ring affects its reactivity.

The main reaction of cyclohexanol over metal catalysts is dehydrogena-
tion into cyclohexanone [2 3], this reaction having also an industrial impor-
tance. Copper, zinc, iron and nickel or their alloys are used most generally as
industrial catalysts for this reaction. Some kinetic parameters including the
activation energy and the adsorption parameters ofthe product and the reagent
have been determined on these metals [4, 5].

Phenol can often be observed among the products. Presumably it involves
cyclohexanone as an intermediate* and the reaction takes place via its enolic
form. Swift and Bozik [6] suggested that the considerable increase of phenol
yield with increasing amounts of tin in different Sn-Ni/silicagel catalysts was
due to basic surface sites oftin oxide which promoted enolization and stabilized
the enolic form.

Over nickel and copper catalysts, phenol formation takes place only via
this consecutive pathway, as has been shown by radioactive tracer studies [7,8].
On the other hand, on a platinum catalyst, phenol formation via direct dehydro-
genation of the C6ring has actually been observed [8].

*The term intermediate refers to a fully desorbed species. The isotopic tracer method
does not permit the detection of surface intermediates.
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Richardson and Lu [9] suggested the participation of an ‘edgewise’
adsorbed intermediate in direct phenol formation.

Yieldsup to 50 % of benzene were observed when phenol was converted
over an Al-Cu—Mo catalyst at 50 atm pressure of hydrogen at 623 K [11].
This hydrogenolytic splitting of the phenolic OH group has been observed at
atmospheric pressure over a Ni catalysts [7].

Richardson and Lu [9] interpreted cyclohexane formation over Pt/A120 3
and Pt/C in terms of the hydrogenolytic splitting of an OH group from cyclo-
hexanol. This explanation is, however, not quite convincing; it is more likely
that dehydration into cyclohexene over the alumina and charcoal supports
occurs and is followed by hydrogenation into cyclohexane over platinum [12].
Alumina is a good catalyst for dehydration [13, 14], being always acidic to
some extent; dehydration has been observed over charcoal, too [12]. Dehydra-
tion has been reported over unsupported metals as well [15].

The separation of various pathways of hydrocarbon formation is very
difficult because the reaction products may transform into each other. Radio-
active tracers may be helpful in this respect [8].

The purpose of the present investigations was to elucidate the different
reaction possibilities of cyclohexanol in the presence of a well-known catalyst
metal, platinum. This may facilitate the better understanding of its catalytic
activity and, at the same time, may throw light on the mechanisms of various
transformations of cyclohexanol. The present paper will deal with reactions
in which the cyclic-Ce skeleton of the molecule remains unchanged (they
include dehydrogenation and dehydroxylation processes); a forthcoming paper
will describe degradation reactions.

Experimental
Apparatus

The experiments were carried out in a pulse-microcatalytic reactor. 1//] pulses of cyclo-
hexanol were injected into a nitrogen (40 ml/min) or hydrogen (80 ml/min) carrier gas stream.
The temperature of the tubular reactor (100 mm long, 3.5 mm in diameter) was controlled to
within + 0.5 °C and measured by a thermocouple at the external surface of the reactor. The
column of a Packard-Becker 419 gas chromatograph was connected directly downstream to the
reactor.

For radio gaschromatographic measurements the column outlet stream was split into
two parts, one of them being connected to the FID, the other passing over copper oxide heated
to red glow to burn organic compounds; after the absorption of water methane was admixed
to the carrier gas and, the C02was led into a flow-through proportional counter.

Analysis

A temperature program (25 °C - 120 °C) permitted the GLC analysis of the reaction
products (between pentane and phenol) in a single run. The mechanical mixture of 1 part of
16 %bis-2-ethylhexyl-sebacinate and 4 parts of 10 %diglycerol on Chromosorb W was used as
the column packing.
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The specific radioactivity of the components was expressed by calculating the percent-
ages of radioactivity counts in individual fractions and dividing these values by the correspond-
ing mole per cents measured by the FID [7].

Catalyst

The platinum catalyst was reduced from H2PtClewith formaldehyde in KOH at 293 —
298 K [16]. The metal was submitted to a standard thermal treatment at 473 K and 633 K,
respectively; thus catalysts with different crystallite sizes were produced [17]. The specific
surfaces of the samples were 8.2 m2/g and 4.1 mzg, respectively (BET/N2).

The catalysts were regenerated at 543 K with 5 X 10 ml air pulses followed by a hydro-
gen stream (70 ml/min) for 5 min [20], a similar treatment having been found effective for
restoring of platinum activity lost in hydrocarbon reactions [18].

Results

Medium amounts of cyclohexanone, large amounts of phenol and benzene
and small amounts of cyclohexane and cracked products were formed from
cyclohexanol over platinum. Results obtained in the presence of N2 and H2
are shown in Table I, as a function of temperature. The conversion was much
lower in H2than in N2 at low temperatures but above 573 K this was reversed.

Cyclohexanone may give phenol apart from its hydrogenation into cyclo-
hexanol (Table I1).

Table 1

Transformation of cyclohexanol in nitrogen and hydrogen atmosphere over Pt black

Composition (mol%)

Carrier
T(K) gas CH
<cC, c.H 12 c.H 10 C.H, C.H,00 CHuOH C,H60OH Others* !
CeH60OH
483 n2 0.12 0.045 0.0008 7.47 18.03 62.03 11.68 0 0.64
H2 0.004 0.068 0 0.01 8.71 91.21 0 0 -
513 n2 0.39 0.013 - 13.35 8.81 47.45 29.98 0 0.44
H2 0.03 0.27 0 0.58 17.89 80.05 1.38 0 0.427
543 n2 0.451 0.019 - 17.32 6.80 29.03 46.38 0.026 0.37
H2 0.53 0.78 0 8.26 28.94  46.48 14.67 0.333 0.56
573 n?2 157 0.015 0.0025 13.44 4.30 16.72 63.85 0.081 0.21
H2 2.18 0.56 0 28.39 16.19 12.83 38.69 1.147 0.73
603 N2 4.76 0.011 0.0036 9.72 2.22 9.31 73.75 0.314 0.13
H2 4.38 0.23 0 23.65 5.57 8.58 56.42 1.070 0.42
633 n2 5.67 0.012 0.0071 10.07 2.05 6.48 75.20 0.498 0.13
H2 14.25 0.065 0 22.02 1.68 2.05 55.63 1.721 0.40

. Catalyst 0.4 g Pt; pretreated at 633 K; carrier gas 30 mlI/min N2; 80 ml/min H2; reagent
1 fil cyclohexanol
*0—=8 unidentified products
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Table 11

Transformation of cyclohexanone over Pt black

Composition (mol%)

o <C. C.H. c,huo C,HuOH C,H60H Others*
423 0.020 0.028 2.06 75.97 7.69 14.24 0
453 0.032 0.057 7.64 52.55 5.12 34.55 0
483 0.12 0.046 16.27 33.09 3.12 47.34 0
513 0.24 0.036 20.29 16.97 2.13 60.28 0.014
543 0.48 0.010 19.35 5.76 0.38 73.97 0.043
573 1.89 0.006 18.22 1.74 0.22 78.47 0.437
603 281 - 9.40 0.99 0.12 85.39 1.29
633 3.35 0.004 5.64 0.58 0.18 89.39 0.84

Catalyst 0.4 g Pt; pretreated at 633 K; carrier gas 30 ml/min N2; reagent 1//1cyclohexanone
*0—6 unidentified productst

Table 111
Transformation of a mixture of cyclohexanol-[uC] and inactive cyclohexanone

Composition (mol%) Specific radioactivity (r%/

T(K

() <C. cH, C,H,OH C.H.,0 C,HUOH C.H. C,H8OH C,HID C,HuUOH
483 01 6.9 2.0 38.6 52.4 0.46 0.41 0.23 1.56
513 01 19.8 6.6 30.2 43.3 0.49 0.63 0.34 1.66
543 0.2 24.3 11.1 23.9 40.5 0.60 0.67 0.37 1.60
573 01 11.4 16.3 32.4 39.8 0.64 0.72 0.27 1.69
603 0.3 4.1 20.5 33.1 42.0 0.86 0.70 0.28 1.60

Reagent - - - 47.6 52.4 0 0 0.16 1.74

Catalyst 0.1 g Pt; pretreated at 633 K; carrier gas 30 ml/min N2

The measurements with mixtures of radioactive cyclohexanol and in-
active cyclohexanone (Table 111) have confirmed earlier results [8] that phenol
is formed not only via cyclohexanone but also directly from cyclohexanol on
Pt catalysts, as the specific radioactivity of phenol formed during the reaction
was in all cases higher than that of cyclohexanone.

The catalysts were strongly deactivated during the reactions (Figs 1 and
2). The amount of benzene decreased and this was accompanied by an increase
of the amount of phenol with a practically unchanged overall conversion. This
behaviour is characteristic of the intermediates and products of consecutive
reactions [18]. Consequently, benzene must have formed mainly via phenol.
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No. of pulse

Fig. 1. Product composition obtained from subsequent pulses introduced without regeneration
onto a platinum catalyst pretreated at 473 K

No. of pulse

Fig. 2. Product composition obtained from subsequent pulses introduced without regeneration
onto a platinum catalyst pretreated at 633 K
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Very small amounts ofcyclohexane and cyclohexene have been observed
among the products. It may be (although this is not very likely) that they
are very reactive intermediates being rapidly converted to benzene or, alterna-
tively, their direct formation via cyclohexanol dehydration or hydrogenolysis,
respectively, may be negligible. To elucidate this point, measurements were
carried out with mixtures of radioactive cyclohexanol plus inactive cyclo-
hexane and radioactive cyclohexanol plus inactive cyclohexene, respectively
(Table 1V). The radioactivity of the fractions corresponding to the added
hydrocarbons was practically equal to the background in both cases, indicating
that these compounds in fact were not formed in significant amounts from
radioactive cyclohexanol.

The concentration of oxygenated components (as judged from their
radioactivites) increased in the effluent with respect to the starting mixture.
This may have been due to their formation from hydrocarbons*. Special exper-
iments with a mixture oflabelled benzene and inactive cyclohexanol indicate
that thisis notthe case. Thus, this apparent contradiction must be attributed
to the partial retention of hydrocarbons by the catalyst as carbonaceous re-
sidues. This fact, together with the formation of carbon dioxide (to he dis-
cussed in Part Il), may lead to an incomplete material balance which, how-
ever, does not influence the conclusions drawn on the basis of the com-
parison of relative specific radioactivities.

Measurements with a mixture of radioactive cyclohexanol plus inactive
phenol (Table ¥) indicate that the radioactivity of benzene is higher than that
of phenol, i.e. a pathway of its formation bypassing phenol should exist [23].

Since the reactions involving cyclohexane and cyclohexene as inter-
mediates have been excluded, part of the benzene must have formed directly
from cyclohexanol without desorption of phenol. The actual specific radio-
activity of benzene in Table IV indicates to what extent it was formed from
cyclohexanol and the added hydrocarbon. Whereas the rate of cyclohexane
dehydrogenation was negligible as compared with cyclohexanol, cyclohexene
gave much more benzene than the oxygenated compound.

Comparing the product distribution over two Pt catalysts pretreated
at 473 and 633 K (Table Y1), we can see that not only a higher overall conver-
sion was produced by the Pt with higher specific surface but also much higher
amounts of benzene appeared. Its deactivation took place much slower than
that of Pt pretreated at 633 K (Figs 1 and 2).

*We thank one of the referees for this suggestion.
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Table 1V

Transformation of cyclohexanol-[liC]-cyclohexene, cyclohexanol-[u C]-cyclohexane and cyclohexanolm
[ UC] -benzene mixtures

I Reagent
Product
Il Reagent
Product
1

Reagent
Product

Product*

I Reagent
Product
Il Reagent
Product
11

Reagent
Product
Product*

C.H,,

0.03

3.0
27.8
21.3

C.H,

CH,,

72.3
20.05

C.H,

Composition (mol%)

C.H, C,H100
- 0.3
46.25 2.0
- 0.07
54.1 2.0
59.8 -
63.8 4.5
63.9 3.6

C

Specific radioactivity (r%/mol%)

C.H. c,,H1o
- 11.4
0.25 4.8
- 0.12
111 0.54
1.67 -
1.57 -
1.57 -

,HUOH

27.40
25.1
72.1
7.0
40.2
19.0
14.3

C,HnOH

3.7

2.5

1.38
0.94

C,HeOH

C.H.OH

Temperature 543 K, catalyst 0.1 g Pt; pretreated at 633 K; carrier gas 30 ml/min N2

*T = 573 K

T(K)

C.H,

Reagent -

483 25
513 4.45
543 11.3
543* 0.2
573 6.05
603 1.8
633 2.3

Composition (mol%)

c,h 100

0.8
3.85
4.5
6.6
2.9
6.3
4.3
3.25

C,H,OH

65.3
59.7
55.5
42.6
63.5
41.8
49.5
51.6

Table V

Transformation of a mixture of cyclohexanol-[UC] and non-radioaclive phenol

CeHS50H

33.9
33.9
35.4
39.2
33.3
455
43.3
42.6

Specific radioactivity (r% mol%)

CH, C,H100
- 8.97
0.22 1.96
0.32 2.10
0.56 1.41
1.140 1.98
0.50 1.34
0.91 3.10
0.74 1.08

C,H,,OH C,H50H
1.48 -
1.38 0.13
1.40 0.18
1.44 0.44
1.38 0.025
1.45 0.44
1.27 0.31
1.46 0.28

Catalyst 0.1 g Pt; pretreated at 633 K; carrier gas 30 mI/min N2

* Deactivated catalyst

C,H.
CeH50H

1.7
1.8
1.3
45.6
1.2
2.9
2.6
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Table VI

Comparison of cyclohexanol transformation over Pt black catalysts pretreated at 473 and 633 K

Catalyst Composition (mol%)
T(K) pretreat-
ment (K) <C, C,HU C.H10 C.H, C,,H100 C,HuOH C.H.OH Others*
453 473 0.10 040 o 45.5 14.6 36.8 2.6 0
633 0.055 002 O 5.8 8.3 81.6 4.2 0
513 473 0.40 024 O 73.9 84 119 51 0
633 0.10 0.01  0.0003 31 71 72.6 17.0 0.114
573 473 127 003 O 85.3 19 3.2 8.2 0.18
633 0.48 0.01 0.001 5.0 5.0 41.5 48.0 0.08
603 473 181 001 O 421 33 6.8 454 0.62
633 0.56 0.004 - 2.8 438 40.7 51.0 0.11
633 473 0.83 0.01  0.0001 10.7 5.0 173 65.7 0.44
633 0.99 0.01  0.003 44 4.0 31.9 58.4 0.29

Catalyst 0.1 g; carrier gas 30 ml/min N2; reagent 1/d cyclohexanol
* (0 —=8 unidentified products

Discussion

The main pathways of cyclohexanol reactions on platinum catalysts
deduced from the enumerated radiotracer and other studies are depicted in
Fig. 3.

This scheme consists of three triangular reactions. Two of them involves
hydrogenation-dehydrogenation processes between aromatic and saturated Ce
rings (with or without an OH group) with a double bonded intermediate in
both cases (cyclohexene and cyclohexanone, respectively; the latter eventually
in its enolic form). The six reactions of these two triangles have been found
to be reversible. The two irreversible reactions shown in the scheme represent

OH

Fig. 3. Scheme of possible reactions of cyclohexanol
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the formation of hydrocarbons from the oxygenated compounds: they both
lead to benzene. The other two possible hydrocarbon producing reactions men-
tioned in the introduction have been found to be negligible under the condi-
tions applied.

The peculiarity of platinum as compared with nickel and copper [7,8] is
‘direct’ phenol formation, that is, it can interact also with the six-membered
ring and not only with the polar OH group. It is likely, therefore, that the
adsorption of the reactant takes place in a ‘planar’ way (Fig. 4) [12].*

Fig. 4. Possible surface intermediates in dehydrogenation and dehydroxylation of cyclohexanol

The participation of the polar O-atom in the formation of the reactive
surface species should be favourable (although not necessary, as shown by
the rather large contribution of the stepwise dehydrogenation reaction via
cyclohexanone).

This is supported also by the fact that the radioactivity of benzene was
nearly equal to that of phenol in those cases, too, when the initial mixture
contained cyclohexane (Table IV), consequently, the dehydrogenation (and
subsequent dehydroxylation) of cyclohexanol into benzene is much faster
than the dehydrogenation of (inactive) cyclohexane.

One of the reasons why the presence of the oxygen atom facilitates
dehydrogenation may be that it promotes the sp3-— »sp2rehybridization of
the carbon atom to which it is linked. Once this transformation has taken
place with one of the carbon atoms, further dehydrogenation may proceed
rather rapidly. This is shown by the data in Table IV indicating that the
dehydrogenation of cyclohexene (with ‘ready’ sp2 C-atoms in the molecule) is
faster than that of cyclohexanol, whereas the latter exhibits much higher
reactivity than cyclohexane. The appearance of a rr-bond in the molecule
(cf. Fig. 4) weakens its other C—H bonds, too.

*We cannot be sure whether the species shown is the only possible structure for
adsorbed cyclohexanol.
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The surface intermediate of dehydrogenation of the OH-substituted Co-
ring presumably involves a species adsorbed with participation of the oxygen
atom. According to the scheme, ‘direct’ phenol and benzene formation involve
the same surface intermediates as the ‘stepwise’ reactions but they do not
desorb (Fig. 4).

In a preliminary paper [12], it has been suggested that the assumption
of a planar surface complex explains all the reactions shown in Fig. 3. This,
however, may be true only if we assume that hydrogen ‘economy’ is an
important factor influencing product composition. It must be remembered that
the formation of cyclohexanone and phenol involves hydrogen liberation,
whereas the formation of benzene via hydrogenolytic splitting of the phenolic
OH group consumes hydrogen; the resulting benzene, in turn, can be hydro-
genated into cyclohexane. Several factors should be considered here: the pres-
ence of gaseous hydrogen promotes C6 hydrocarbon formation; it is determined
by (temperature dependent) thermodynamics whether they appear as cyclo-
hexane or benzene. In nitrogen atmosphere, two types of hydrogen may be
present: that from the pretreatment in hydrogen and that formed upon de-
hydrogenation; both ofthem may exist in various adsorbed [19,20] or absorbed
[21] forms. Their availability for secondary reactions depends on the hydrogen
retention ability ofthe catalyst. This, in turn, is the function of the temperature,
the catalyst activity level and — apparently — of its pretreatment.

In terms of these primary” and ‘secondary’ hydrogen effects, [22] the
decreasing benzene formation at higher temperatures and with catalyst deacti-
vation can be explained satisfactorily. Since the aromatic ring has a tendency
to be adsorbed dissociatively and this species can be removed by hydrogen
treatment from the surface, it is not surprising that ‘direct’ benzene formation
from cyclohexanol increases over deactivating catalysts, i.e. the desorption
of the surface phenol intermediate is not favoured under these conditions [23]*.

Whereas the relative order of rates of various reactions (except for
phenol hydrogenolysis) is approximately the same with the two types of
platinum catalysts, the large differences in benzene formation and its behaviour
under the conditions of catalyst deactivation (cf. Figs 1 and 2) clearly show
that the hydrogen retention ability of these two catalysts is not the same.
Although the underlying reasons may not be quite clear at present, this gives
evidence that different temperatures of platinum pretreatment lead not only
to different crystallite sizes [17] (and consequently, to different specific surfaces)
but also to different sorption and catalytic properties (including resistance
against deactivation).

* Since the specific activity of benzene is lower than those of phenol and cyclohexanol,
inactive cyclohexanone must also participate in benzene formation. This can be visualized
via adsorbed surface species as depicted in Figure 4.
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Benzene formation (as the most sensitive reaction with respect to hydro-
gen) shows a definite drop above about 573 K. This indicates that its forma-
tion must be connected with the presence of a particular type of adsorbed
hydrogen (& [19] or e [20]), which is not present at higher temperatures.
Further studies are necessary to identify this active type of hydrogen.
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On the basis of kinetic examinations it is concluded that the substituents at-
tached to isoflavone modify the stability to bases of the parent compound la in accord-
ance with their nature and position, and their action is determined by the strength of
their influence on the electron density at the C-2 atom of the molecule. Steric effects of
the substituents are less crucial.

In our previous papers [1-3], the ring cleavage reaction and decomposi-
tion of unsubstituted isoflavone were discussed. It was established that the
two reactions are kinetically independent. The first one is reversible and the
rate-determining step is a bimolecular AN2 addition, while the other is a
hydrolysis reaction being by several orders of magnitude slower than the for-
mer [4]. A correlation between the sensitivity of the isoflavone molecule
towards nucleophilic reagents and its structure has been indicated by some
researchers earlier [5], however, there are no investigations published which
provide a quantitative evalution ofthe ring stability of the isoflavone molecule.
Since the rate of the AN2reaction at the C-2 atom (I  Il) depends evidently
on the charge density on this atom, that is, on the substitution conditions of
the isoflavone molecule, the rate constant of this reaction may be character-
istic of the nucleophilic reactivity or stability of the molecule.

In the present paper, the correlation between the stability of the ring
of monosubstituted isoflavones (their nucleophilic reactivity) and the substitu-
tion conditions is discussed.

Experimental

Kinetic measurements and evaluation of the results were carried out as described in an
earlier paper [1] under the conditions given for pseudofirst-order reactions, and the apparent
rate constants were calculated from the relationship

El - E]
kh= 1/t «In
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where Ej is the light adsorption of the solution at time i; this was measured at A= 290 nm when
the substituent was MeO, and at 310 nm, when C-2 alkyl or-COOH substituents were present.
The ring cleavage rate constants (kr) were calculated on the basis of the correlation

kb= k,[OH-] .

In both cases, the accuracy of the constants was checked by back-calculating.

Results and discussion

The MeO-substituted isoflavones (lb-e) show spectral changes in alkaline
medium identical with those exhibited by the unsubstituted isoflavone, i.e.
a broad, intense band appears at about 290 nm, which has a constant intensity
for a relatively long time (Fig. 1), then slowly weakens and the spectrum tends
to that of the corresponding 2-hydroxydeoxybenzoin in alkaline medium.

Wavelength millimicrons

Fig. 1. Change of the spectrum of 7-MeO-isoflavone at 20 °C, C[F = 5« 10“SM, [OH-] =
= 0.1 M, At = 3 min

In our previous paper [1], this spectral change with time was attributed

to the development or disappearance of the equilibrium system 11l 1V,
i.e. to the hydrolysis of Ill into V.
The rate of the conversion | - (II) - [IIl - IV (in which the rate-deter-

mining step is | > Il in the given group of monosubstituted isoflavones, too)
seems to be much higher than that of the hydrolysis step Il1->-V, also on the
basis of a qualitative evaluation of the spectral change, therefore the rate
of the ring cleavage reaction could be examined in the same way as in the case
of unsubstituted isoflavone [1].
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Fig. 2. Change of the spectrum of 2-Me-isoflavone at 30 °C, C[p = 10 4M, [OH-] = 0.6 M,
At = 3 min

Wavelength  millimicrons

Fig. 3. Change of the spectrum of 2-COOH-isoflavone at 30 °C, C[p= 10-4M, [OH-] = 0.8M,
At — 5 min

In C-2 substituted isoflavones (If-i), the spectral situation and the rate
relations of the two part-reactions differ significantly from the previous picture.
In Ig, h, i the spectra show al “mV transition (Fig. 2), thus the rate of the ring

cleavage reaction is lower than that of the formation of 2-hydroxydeoxy-

benzoin, while the spectral change in If (Fig. 3) indicates commensurable

rates of the two part processes mentioned.
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Since isoflavones Ib-e yield formic acid, compounds If-i are converted
into the corresponding alkanecarboxylic acid and 2-hydroxydeoxybenzoin on
decomposition, furthermore, the character of the changes of the spectra
(except for Ig, h, i) is identical with those obtained with unsubstituted iso-
flavone, it can be stated that the mechanism of the ring cleavage and decom-
position of substituted isoflavones must be identical with that observed for
the unsubstituted compound. The deviation of the kinetic constant (Ag) of
ring cleavage from that of isoflavone is a measure of the modification of the
hetero ring on the effect of the substituent, this it affords information on the
stabilizing action of the substituent.

This substituent effectis demonstrated by the dependence ofthe apparent
reaction rate constants (kb) on the hydroxide ion concentration (Fig. 4).
The slopes of the straight lines in Fig. 4 give the rate constant of ring cleavage
i e

Since the ring cleavage proceeds by the same mechanism in all sub-
stituted isoflavones examined, the effect of substituents can be expressed most
simply by the rate constant of the ring cleavage related to that of isoflavone:

Ag subst.

The data in Table I and in Fig. 4 show that, except for li, the substituents
increase the relative rate constant of ring cleavage, that is, the ring stability
of isoflavone, to an extent depending on their character and position. The
extent of the stabilizing action of the substituents is evidently dependent on
their electron-donating activity at C-2as compared with the case of isoflavone
(la). This effect which can also be expressed quantitatively by y', can be
explained by the mesomeric forms VI — X. Comparison ofthe mesomeric forms
and the rate constants, kv allow to assume that the stability of the ring is
increased by those substituents which hinder the development of structures
X and VII, VIII by their electron-donating action. This statement is in accord-
ance with the nucleophilic sensitivity of the pyrylium cation described in the
literature [6] and with our earlier suggestion regarding the mechanism of ring
cleavage [1-—3].

In support of this assumption, a value regarding the stability of chromone
must be given first here, which will be discussed in detail only later. The con-
stant for the ring cleavage of chromone is k x= 0.476 min-1mole-1, thus
chromone is more stable by one order of magnitude than 3-phenylchromone
(isoflavone, la). The 3-phenyl group is involved in a conjugative relationship
with the C2 = C3double bond and, as shown by the limiting form VIII,itreduces
the charge density at the C-2 atom thus increasing the nucleophilic reactivity
at this site. The presence of electron-donating groups in the phenyl group
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Fig. 4. Dependence of the apparent rate constants of the ring cleavage reaction of iso-

flavone derivatives on the hydroxyl ion concentration at 25 °C; —. —, — li; — }——-1--la;
-A-N-N1-1b; -0-0- Id; - O-0- lc; - X- X- le; If; -A-A—
lh; —0-0- g
Table 1

Rate constants (fej) of ring cleavage of substituted isoflavone derivatives at 25 °C

Substituent /carriole- Imin~1) Intersect Y = kiH/ki subst.
la H 521 +0.23 0.006 +0.051 1.00
Ib 2.me0 1.95 £0.23 0.043 +0.055 2.67
Ic  4’-MeO 131 0.1 0.0016+ 0.025 3.98
Id  6-MeO 141 +0.011 0.013 +0.028 3.70
le 7-MeO 0.45 +0.05 0.031 +0.025 11.58
If 2-COOH 0.115 +0.03 0.006 +0.03 45.30
h 2Me 0.0475 + 0.005 0.018 +0.024 109.6
Ih 2-Et 0.0976 + 0.004 0.006 +0.003 53.4
li  2-CF3 4181 +3.5 0.027 +0.25 0.12

in o- and jD-position to the linkage counteracts this effect, resulting in the
higher (increasing) stability of the C2and Q-MeO-isoflavones (Ib, Ic), as com-
pared with la.

The C7-MeO group which has the largest stabilizing action is in con-
jugative interaction with the CO group having a large -M effect. The groups
are coplanar and the interaction is ‘undisturbed’. This will indirectly increase
the electron density at the C-2 atom, since it hinders the development of the
benzopyrylium structure (X).
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On the basis of the limiting formula X1, the Ce-MeO group will increase
the charge density at the hetero oxygen atom thus hindering the development
of the Tr-electron delocalization corresponding to X.

The C4 and C2-MeO groups show a significantly lower effect as compared
with C7-MeO, and this can be explained by steric reasons. Ring B will turn
out from the plane of the chromone ring [7], therefore, the delocalization of
the a-electrons of the C2= C3bond and of ring B will be less pronounced,
consequently, the effect of the electron donor substituent will be weakened.

The effect of the C-2 substituents can be better explained by electronic
than by steric factors, since the highest stabilizing action is exerted by the
methyl group having the lowest spa.ce requirement.

The CF3group having the largest space requirement makes the molecule
definitely unstable, therefore, by comparing the y' values for compounds
lg, h, i, it can be assumed that the isoflavone molecule is stabilized by the
hyperconjugation effect of the methyl and ethyl groups, while the significant
-1 effect of the CFSgroup makes it strikingly unstable. These data also support
our assumptions discussed above, regarding the pyrylium character and the
stability.
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Reviews on Analytical Chemistry

Ed. W. Fresenius Joint edition of Akadémiai Kiad6, Budapest and Masson S. A. Paris 1977.
253 p.

The book contains the opening and plenary lectures of the 2nd Euroanalysis Conference
August 1975, Budapest, and gives an excellent cross section on the present state of the ana-
lytical fields of greatest interestin our days. The authors of the book are highly competent ex-
perts of their subject and thus the chapters truly summa rize the most important results and
trends of the selected branches of science in an authentic and clear-cut form, with extensive
bibliographies.

The book, a publication of the conference of the Analytical Working Committy of the
Federation of European Chemical Societies (FECS), is one of the first important and represent-
ative documents of the collaboration of European analytical chemist. The cover features the
stylized emblem of FECS.

It is rather regrettable that paperspresented in 1975 are published only two years later,
in 1977. In spite of this delay, the chapters are still fresh, and probably will he useful for furher
5—10 years for analysts who wish to keep abreast of advances in their field.

The first part of the book contains the opening lectures. The papers discuss and evaluate
the past development of analytical chemistry and indicate trends for the future. The paper of
W. Fresenius summarizes the most important events of the last 20 years, the paper of F.
Szabadvary gives the history of analytical chemistry in Hungary, and the paper of E.
Pungor surveysthe present state of analytical sciences in Hungary. The paper of A. Dijkstra
outlines the future of analytical sciences.

The first of the series of plenary lectures is the paper of J. T. Clerc on the importance
of modern instrumental methods of organic analysis, and their significance in teaching.The
study of Z. Gallus gives a survey on the present state of voltammetric methods.

Problems of the basic processes of stripping voltammetry and the very good detection
limits (~ 10-11M) of modern techniques are discussed in detail. R. E. Kaiser reports on a new
technique, high performance thin-layer chromatography, and the remarkably high attainable
efficiency (separation of 11 different substances over a distance of 24 pirnin 1 min). The paper
of H. Malissa deals with the role of analytical chemistry in environmental protection. The de-
tailed study, discusses from the theory of systems associated with technical problems of the
protection of the biosphere. In the extensive tables a great number of important data are
condensed on the composition of the tropo-, hydro- and lithosphere. Finally, a strict critical
discussion and evaluation is given on the applicable analytical methods.

D. L. Massart, H. De Clercq and R. Smits are co-authors of a review discussing and
evaluating mathematical methods for the design and optimization of analytical methods. The
paper describes the application of information theory in the selection of the appropriate chro-
matographic method, and evaluates on hand of examples the method of steepest descent,
introduced by Box and Wilson, the simplex method, etc. in the determination of the most
suitable experimental parameters.

H. R. Oswald and E. Dubler discuss thoroughly and extensively, with many refer-
ences, the possible applications of thermoanalytical methods in quantitative analysis.

The paper of F. Pellerin and J. E. Letavernier deals with one of the most important
problems of contemporary biochemistry, the analysis of drug metabolites. In the investigation
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of drug metabolites, analytical chemistry has a very important and decisive role. Of these
methods, primarily chromatography has an outstanding role. Electrochemical (polarographic),
photometric, fluorometric and enzymatic methods, too, proved to be very useful. The subject
of the review of E. Pungor and K. Toth is the present state of research on ion-selective elec-
trodes. After a description of novel (enzyme) electrodes, problemsin conjunction with the stand-
ardization and calibration of electrodes, and finally their application in continuous analysis
are discussed, with many references. E. Ziegter surveyed the most important fields and as-
pects of the analytical application of computers. In addition to new methods developed with
the aid of the computer (Fourier spectroscopy), the application of computers greatly improved
the efficiency of X-ray diffraction and mass spectrometric methods, and increased the speed
of determination of structure.

The subjects of the plenary lectures actually comprise the most important results of the
fields mentioned, with an evaluation and references. Thus, it will give reliable information and
good orientation for the readers.

Orientation is facilitated by a subject index. The book of nice presentation, a credit
to the work of Akadémiai Kiado, will be a useful and enjoyable reading to chemists interested
in the advances of their own branch of science, and willingly contributing with their work to

the development of analytical chemical sciences.
J. Inczédy

B. Ranby, J. F. Rabek: ESR Spectroscopy in Polymer Research

Springer-Verlag, Berlin—Heidelberg—New York, 1977. 410 pages, 365 figures-!

The book continues the series “Chemie, Physik und Technologie der Kunststoffe in
Einzeldarstellungen”, entitled now “Polymers, Properties and Applications”. It contains 13
chapters very accurately subdivided to numerous sections and subsections. In the first three
chapters the basic principles of free radical chemistry and ESR technique are discussed very
briefly in 53 pages. The next chapter deals with ESR study of polymerization processes in 111
pages outlining rather thoroughly the main experimental results. In chapter 5 the ESR study
of degradation processes in polymers is discussed in 74 pages with special emphasis on radia-
tion and photo-degradation processes. Chapter 6 deals with the effect of reactive gases on po-
lymers as studied by ESR spectroscopy; it is a very short chapter of 5 pages followed by a 13-
page one discussing oxidation of polymers. The subsequent chapters deal with molecular frac-
ture (mechanochemistry), grafting and crosslinking (chapters 8, 9 and 10, respectively).

In chapter 11 the spin-probe and spin-labelling techniques of studying molecular mo-
bilities in polymers are discussed in 11 pages, followed by a 33-page chapter dealing with ESR
spectroscopy of stable polymer radicals and their low molecular analogues. In the last, short
(1/2 pages) chapter some results on ion-exchange resins are demonstrated.

In the last 2 decades the ESR technique has become one of the basic tools in polymer
chemistry especially in studying radical reactions. Quite a number of books have been published
about the application of the ESR technique in chemistry including chemistry of polymers.
The work of Ranby and Rabek is, however, the first, which tries to collect comprehensively
the ESR-data available particularly in polymer research. In the last 15—20 years quite a lot
of work has been done in this field in several laboratories all over the world and the author’s
effort to review it came quite in time. The number of references cited in the book is 2519 which,
itself, shows how difficult is to treat them in a legible coherent way. The authors, apparently,
wanted to present the experimental results without caring too much for theoretical inter-
pretation.

As aresult the book is indeed a very valuable source of information for specialists who
want to study a particular polymer system and would like to know what has been done in
this particular field so far. In this respect chapter 4: “ESR study of polymerization processes”
and chapter 5: “ESR study of degradation processes in polymers” are especially valuable. It
seems doubtful, however, why graft copolymerization has been separated from polymerization
and also why oxidation and mechanical fracture of polymers are separated from degradation.
To the reviewer it seems that a guiding theoretical conception is missing in the structure of the
book, which would help the reader to form a uniform picture of the processes discussed. Evi-
dently the authors tried to present the experimental facts only without further interpretation
leaving this job to the readers. Although experimental polymer chemists are not especially
enthusiastic in using concepts of quantum chemistry, the structure of free radicals and the
corresponding ESR spectra are hardly understandable without them. At least determination
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of spin densities from the experimental spectra should have been included. By using quantum
aspects the apparently wide and scattered field of polymer chemistry covered by the book
could have been presented probably in a more coherent way.

The apparent impartiality of the authors in discussing particular’prohlemsis also some-
what embarrassing. The authors are known as outstanding specialists of many fields covered
by the book: one would be interested in learning their opinion about certain questions discussed
heavily in the literature. This would, evidently, lenghthen the volume considerably but the
theoretical and practical importance of the subject should verify it.

Nevertheless, the book even in its present form, will most likely become one of the basic
sources of information about experimental facts in free radical polymer chemistry in the next
decade, especially when used together with the available textbooks and monographs dealing
with the theoretical aspects. For beginners in ESR work simultaneous use of additional text-
books of basic theory and technique of ESR spectroscopy is recommended.

P. Hedvig

H. Haken: Synergetics

Springer-Verlag, Berlin-Heidelberg-New York, 1977, 323 pages, 125 figures

Many scientists who were raised on the good old thermodynamics — or thermostatics,
as it has been renamed in the recent years — have witnessed a growth in the number of ex-
perimental evidences which proved that some chemical processes take place periodically in
time and/or space. These complicated reactions were so much unusual and unexpectable on the
grounds of classical thermodynamics that some scientists even voiced their doubts in its fun-
damental laws, while others considered the oscillatory phenomena as experimental artifacts.
However, what seemed to be unique in chemistry is quite common in many other branches of
science. From the spacial periodicity offleecy clouds to swirls in turbulent flows to the circadien,
monthly, and yearly periodicity of living creatures, nature provides countless examples of os-
cillatory phenomena. To explain all this, statistical physicists had to look for initial and
boundary conditions which direct the solution of the equations of motion in such a way that the
results would describe the periodicity in time or space.

Haken’s is a very good introductory textbook to this new branch of science (so far
finding most of its applications in theoretical physical chemistry) specified by the subtitle
as “non-equilibrium phase transitions and self-organization in physics, chemistry, and biology”.
The outline of this topic is, perhaps, best represented by the list of the chapter titles and the
short-sentence mottos attached to them: 1. Goal — Why you might read this book, 2. Probabil-

ity — What we can learn from gambling, 3. Information — How to be unbiased, 4. Chance
— How far a drunken man can walk, 5. Necessity — Old structures give way to new structures,
6. Chance and necessity — Reality needs both, 7. Self-organization — Long-living systems

slave short-living systems, 8. Physical systems, 9. Chemical and biochemical systems, 10.
Applications to biology, 11. Sociology: a stochastic model for the formation of public opinion.

The introductory chapters (1 to 5) give all the necessary mathematical and statistical
physical tools to the reader to understand what is going on in the next chapters. Of course, as
it is usual with books aimed to be self-sufficient, this part is rather a short and elegant recapitu-
lation of the mathematics and physics the reader already knows than a replacement of neces-
sary basic textbooks. In Chapter 6 the Fokker-Planck equation is treated and solved for sta-
tionary and time-dependent cases. Chapter 7 gives some further solutions of the Fokker-Planck
equation and the master equation with results explaining the essential features of self-organiza-
tion, and non-equilibrium phase transitions are handled with the use of the Ginzburg-Landau
equation. The different laser phenomena and fluid dinamics are treated in Chapter 8. As chem-
ical oscillatory systems, the so-called Brusselator and Oregonator are described in Chapter
9 as well as some basic biological processes showing periodicity in time. In the next chapter
some typical biological applications are discussed such as population dynamics, the predator —
prey system, evolution, and morphogenesis. Rather a perspective than a real discussion of
sociological problems is given in Chapter 12. Finally the author circumscribes the subject of
the new discipline synergetics — the science studying the laws by which the co-operation of the
subsystems of a system is governed to organize it for a given performance — and its possible
future applications.

The reviewer cannot but recommend this clearly written, logically structured, fascinat-
ing book to students and scientists interested in physical or quantitative social sciences.

I. Ruff
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Advances in Chemistry Vol. 35.

Vol. 35.
Ed. B. Csakvari. Akadémiai Kiad6, Budapest 1977. 218 pp.

Volume 35 comprises three longer studies, which are not closely connected with one
another.

The first study is by Tibor Erdey-Griz and Sandor Lengyel: “Proton transfer in
solution”, a 69-page summary on the fundamental mechanism of the anomalous electric
conductivity of solutions. This phenomenon is of particular importance in agueous solutions.
The authors investigate extensively the anomalous mobility of the ions of solvent molecules
and the effect of the change in liquid structure on the conductivity by proton transfer. They
give a very good summary on earlier and recent results pertinent to anomalous conductivity,
discussing semi-empirical explanations and quantum-mechanical theories, mentioning even
views contesting the conduction mechanism by proton transfer. They mention in their discus-
sion the contribution of the given exchange reactions to transport processes (when meeting
appropriate particles, the proton exchange water molecules), and give a modern theoretical
approach on how, besides proton transfer, the hydrodynamical migration of H30 + ions par-
ticipates in the conduction of electricity by hydrogen ions.

As a final conclusion, the authors consider it as proved that H30 + and OH- ions of
relatively long life are present in agqueous solution, strongly interacting with the solvent, and
that proton transfer in succession between the respective ions and molecules along the hydrogen
bond is possible only in liquids of a structure, in which aggregates connected by hydrogen bonds
are present. The authors indicate that research in conjunction with anomalous conductivity
is neither closed not free of contradictions even in the case of aqueous solutions, and that fur-
ther experimental and theoretical investigations are needed to obtain reliable knowledge on
the parameters of the steps of anomalous conduction. A list of 144 references closes the chapter.

Dénes Berényi: “Fundamentals and recent results of the ESCA method”. The study

100 p.) presents one of the new, very useful and promising methods of structural investigation,
and is the first survey in Hungarian, written on this subject. The author discusses fundamentals,
origin, theoretical basis, possible applications, results obtained and experimental techniques
of the ESCA method (electron spectroscopy for chemical applications, or in other wording,
electron spectroscopy concerned with applications). The main fields of application of the method
are: chemical structural investigations, measurement of molecular orbitals, surface research,
research of the band system of solids, and solving of certain qualitative and quantitative analyt-
ical problems, butthere are also other, at present less frequented, promising fields of application.

As concerns research technique, the author discusses gquantities measurable with the
method, the electron spectrometer proper, relevant methods of preparation, irradiation, calibra-
tion, detection and data processing, and ESCA instruments available on the market.

The final conclusion of the author is that the ESCA method surpasses some of the very
modern methods of chemical structural analysis, such as Mdssbauer spectroscopy, NMR and
infrared spectroscopy and mass spectroscopy, not with respect to resolution power, but by
its more general applicability. Indeed, it is virtually suitable for all elements, and solid, liquid
and gaseous samples alike can be investigated, generally in non-destructive tests.

The chapter includes an extensive bibliography of 349 references.

Tibor Erdey-Gruz, Gydrgy Horanyi and Mrs. Zoltan Szetey: “The state of platinum
anode surfaces and kinetics of the oxygen electrode”. The study (40 p.) deals with the mode
of operation of the oxygen electrode, an electrochemical system relatively less investigated
and known, hut very important from the practical point of view, and discusses results attained
so far. This is the more important and interesting, because actually unequivocal experimental
conditions are more difficult to realize in the case of the oxygen electrode, than in that of the
hydrogen electrode, so that the measurements and conclusions of the various authors must be
evaluated also from this aspect. The authors investigate the problems of the equilibrium poten-
tial, rest potential and of platinum-oxygen interaction, the formation and properties of the
oxide surface layer, the kinetics of the electrode and the reaction mechanism of anodic oxygen
evolution.

The conclusion of the authors is that even today we are far from knowing the mechanism
of anodic oxygen evolution, and further intensive work is needed to obtain from every aspect
an overall picture of the processes. Particularly, the role of the oxide layer needsfurther elucida-
tion, which, on the one hand, is a difficult experimental task, because this is a partial phe-
nomenon difficult to investigate, while on the other hand, theoretical apparatus needed for its
interpretation is still insufficient. This relatively shorter chapter closes with 69 references.
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It should be mentioned that in the case of this study the actual title in the text and the
title on the cover are not identical, and the latter is not even an abbreviation of the former,
but concerns only one subject discussed in the chapter.

In summary, all three subjects of Volume 35 discuss very actual problems. The authors,
known as the best experts of the subjects and successfully active in the field concerned, gave
avery good survey of the results obtained so far in their branch of science and on further per-
ectives.

W ith its clear style and good organization, the volume can be recommended to re-
searchers and industrial chemists who wish to keep abreast of advances in their subject.

E. Berecz
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ACTA CHIMICA

TOM 97-Bbll. 4

PE3IOME
Komnnekcbl WnddoBbIX 0CHOBaHWIA C coeguHeHnAMN aByokucu ypaHa (VI). V.

Komnnekcbl guxnopoaByokucu ypaHa (V1) ¢ ABYOCHOBHbIMU TpUAEHTATHbIMU
ocHoBaHuAMK  LLindxpa

P. I BUOX3W v K. n. TAHAOH

OnucbiBaeTca CUHTe3 Npom3BoAHbIX Tuna UOQ2CIASBH22 OHM 6binn NoMyYeHbl Ha
OCHOBe peaKkuun 1 :2 MONSAPHbIX KOMWYECTB AMXI0POABYOKMUCK ypaHa(Y1l) ¢ ABYOCHOBHbIMU
TpUAEHTaTHbIMN OcHOoBaHMAMKU LLindgba (SBH2), nonyyeHHbIMU KOHAEHcaUMen canvumnanbpe-
rmga, 2-rugpokcu-1-Hadranbgernga, o-rugpokcualeToeHoHa, 2,4-neHTaHaMoHa unu 1-eHnn-
1,3-6yTaHAMOHa C rnMapoKchasikuiaMmmHaMmmn (TakuMmn Kak 2-rmapoKcusTUAaMuH, 2-rmgpokcun-1-
nponunamuH 1 3-rugpokcu-1-nponuaamMmmnH)  Wam 2-rugpokKcmaHuamMHom. onyyeHHble Komn-
NeKebl ObIM 0XapaKTepn30BaHbl HA OCHOBE AaHHbIX 3/1EMEHTAPHOr0 aHaausa, M3MepeHuii nNpo-
BOAMMOCTUN U X MK cnekTpos.

Onddysmna B cucTeMe efleMeHTapHbIX KaHanoB KAMHONTWUIONUTA
3. DETPEKEW u f. KANNO

Wccneays andipyanio MOMieKyn pas/ivuHbIX TUMOB B CUCTEME 3/1eMEHTapHbIX KaHasoB
KVHONTUNOANTA C MOMOLLBIO MK CMEeKTPOCKOMNMWM 1 rpaByMETPUYECKUM MeTOAOM, 6bIno Haii-
[IeHO UTO 3aBMCMMOCTb Bappepa Ansi MacCrnepeHocu B M30TPOMHOM MOHOKPUCTa/E MPUMEHUMA
M 1111 MacCrepeHoCcH B CUCTEME 3/IeMeHTaPHbIX KaHaM0B KAMHONTMAONMTA. Ha ocHOBe M3MepeH-
HbIX BE/IMUMH KOID(PULMEHTOB ANGDY3nM GbIN CAeNaHbl 3aKIHUeHNS OTHOCUTENILHO NPUPOoAbI 1
CWNbl B3aUMOJECTBUI MEXy acopbTUBOM M aTOMamMn UK (YHKLMOHANbHBLIMM Fpynnamu cTe-
HOK KaHa/10B B Pas/INUHbIX MOANMUKALMAX KNMHOMTUIONNTA, & TAKXKE 0THOCUTE/NIbHO CTPYKTYPbI
NOCNEAHUX.

AHO[HOe PacTBOpPeHWe alOMUHUS B Ge3BOAHOM YMCYCHOKMC/IOM
pacTBope X/I0PUCTOro INTUS

n. K, n. CUPAKW, 1. 1 M. BAPLLWAHN

Bbl/10 M3y4eHO aHOAHOe pacTBOPEHWE afIloMUHUS B 63BOAHOM YKCYCHOKMC/IOM pacTBope
XNIOPUCTOr0 SINTUA. OKCMepuUMeHTa/IbHble pe3y/ibTaThl YKasbIBaOT Ha TO, YTO NMpeanonaraeMbiii
NPOMEXYTOUHbIA MNPOAYKT Al+ OKMCASETCA MOJSIEKYNaMn YKCYCHOW KWUCNOTbl WAW MOHaMK
CH3COOH2 o ctabunbHbIX MoHOB Al3+ O6pasytoLmecs npu aToM MoseKy bl HZ,6b1m naeHTn-
(hmumpoBaHbl C NOMOLLBIO aSIFOMUHMEBOIO AMCKA W NAATUHOBOIO KOMbLa.

Hamu onucaH MeTog, ¢ NOMOLLbIO KOTOPOro NO 3aBUCUMOCTU 3(EKTUBHON BaSIEHTHOCTY OT
noTeHLMana 31eKTpoja MOXHO CyAMTb O MexaHu3Me npoiecca. 3TOT METO4 B Hallem criy4vae
HenprvMeHM, Tak Kak MNOBEPXHOCTb 3/1eKTPOAa UMena 60/1bLI0e OMUYECKOE CONMPOTUBEHME.



O CNOHTaHHbIX npoueccax, nponcxogdawnx Ha NOBEPXHOCTU METas1/10B,
noa BANAHUNEM CO6CTBEHHbIX MOHOB, Il

N. KW, N. ®APKALL, M. KOBAY n /1. KO3APWY

Bblan n3yyeHbl npoueccbl, npovcxoasume B cucteme Cu/Cu(l)/Cu(ll), npu 601bLIOM U3-
ObITKe MOHOB Cu+Z OTHOCWTE/IbHO PaBHOBECHOM KOHLEHTpauuu, B BOAHbIX pacTBopax ¢ 1,0
Monb/gm3 HCL (20°C) u ¢ 3,0 mons/am3HC104 (60°C).

YcTaHoBMEHO, YTO B pacTBope HCL CKOpOCTb MmpoLecca OnpesensieTcsl CKOpocTbio And-
hy3umn noHOB Cuv+2 K NOBEPXHOCTU 3neKTpoga. B pacTtBope HCHO4 Ha MOBEPXHOCTM 3/1EKTPOAA
ObICTPO YCTaHaB/MBAETCS PABHOBECKE U CTYMNEHLIO, IMMUTUPYIOLLE/ CKOPOCTb MpoLecca, ABNSeT-
cs andy3mnst 06pasyroLxcs MoHOB Cu+C MOBEPXHOCTY 3M1eKTPOAA B rNy6GMHY pacTBopa.

MonyyeHHble pe3ynbTaThl NOAYUHSIIOTCS YPaBHEHUSIM, BbIBeAeHHbIM HaMu paHee [1].

VccnefoBaHue MOMIEKYNSPHbIX B3aUMOAENCTBUI HUTPoOGeH30Ma B
YeTbIPEXX/I0OPUCTOM YF/iepode NPU MUKPOBOSIHbLIX YacToTax

A. K. WAPMA

[LwnanekTpuyeckoe nosefeHMe HUTPOBEH30/1A B PacTBOPE YeTbIPEXX/IOPUCTOrO Yriepoja
6bl10 MCCMEeJOBAHO MPWY BOCbMW KOHLEHTpauusix (B WHTepBasie MOMbHbIX fgoneit 0,01—0,2),
npn 9,3 My n 1,6 My n npn 27°C. MonsipHasa nonsipmsauns (P2 v agunonbHbIA MOMeEHT (L)
YMEHBLLAKTCS HENMMHEHO C YBENIMUEHVEM KOHLEHTpaLMK, B TO BPEMS KaK OTHOCUTE/IbHOe BPeEMSI
penakcauuu (T/T) yBennumBaeTtcs. MonaraeTcs, YTO NPU HU3KMX KOHLEHTPaUMSaX HUTpobeH3ona
B CCl4 [OMUHMPYET OTpULAaTe/bHbIN 3EKT pacTBOPUTENS, B TO BPEMS KaK NPy OTHOCUTE/IbHO
BbICOKMX KOHLIEHTpaUMaX MoGoYHble B3aUMOAEACTBMSA MEXAY PacTBOPEHHbIM BeLLEeCTBOM [0-
MWHUPYIOT.

CuTes anKasnonoB BMMKA U POACBEUMbIX UM coeauennii , V

CuHTe3 cTWNoBOro 3mmpa (+)-anoBUHKaMWHOBOW KUC/OTbI
Ob. KANAYLW, M. AbEPWU, N. CAEO N Y. CAHTAMN

Vcxoas U3 TpUnTammHa, B pe3y/ibTaTe YeTbIPeXCTYNeHUaToro cute3a Gbil NnonyyeH sHa-
MUH CO CTPOEHWMEM 7a, MPUCOEAMHAS K KOTOPOMY 3TU/MOPbIA 3Mp a-aleTOKCUaKpPUIoBOA Kuc-
NoTbl, 6bI710 MOMY4YEHO MPOM3BOAHOE 8a. BoccTaHoB/eMe coeavHeHNs 8a NPyBOAMT K BYM CTe-
peon3omepHbIM NpoayKTam (9 1 10), BeCOBUSI 40151 KOTOPbIX 3aBUCUT OT YC/OBUIA peaKLmu.

OKMC/eHMe MPOU3BOAHOMO 9b C fanbHEeMWMM OTLLENeHMEM BOAbl NPUBOAMT K palemaTy
3TM/I0BOrO 3(h1pa arnoBMHKAMUHOBOW KMCOTbI.

[CeTepoynknnyeckme aHanoru npocrarnaHgnHos, Tuasonu |
r. AMBPY LW, N. BAPTA, b. XOPBAT, XX. MEXELW®A/IBA n M. LLUOXAP

OnucbiBaeTcs cuHTe3 cll-4-(6-kapbokcurekcnn)-5-(3-rmgpoKen-1 -TpaHc-oKTeHNN)-Tnaso-
Na 1 ero 2-MeTUbHbIX aHanoroB. MpueoaaTcs n obcyxpatotcesd MK n H1 AMP paHHble, a Tak-
)K€ MacCCneKTPOCKONMMYeCKoe NoBeAeHVe HOBbIX MPOM3BOAHbIX TWa3ona.

MpeBpalleHns UMKIoreKcaHoa, KaTalm3mpoBaHHble MNAaTUHONA, |
Mpoueccbl AernapupoBaHusa U AerMapoKCUIMPOBaHNS

nN. MAHHWHIEP 3. MAAN n M. TETEHW

ViccnepgoBaHWs ¢ MeYeHHbIMY MOJIEKY/TaMM YKasbIBalOT Ha TO, UTO AervipvpoBaHue LinK-
NorekcaHona npoTeKaeT KakK uepe3 06pa3oBaHMe LIMK/IOMEeKCAHOHA, a TakXKe Mo «MpsiMOMy»
nyTM K deHony. YrneBojopoAbl MOJy4aoTcsl B OCHOBHOM AerMApPOKCUIMPOBaHMEM (heHona.
TemnepaTtypa, aKTVBHOCTb KaTasvM3aTopa 1 nogadya BOAOPOAA ONPefensitoT COCTaB MPOLYKTOB U
ero CBUrN B [iBYX TPEXYTO/IbHbIX CUCTEMAX, BK/IHOUAOLMUX LMKIOreKCaHO/, LIMKI0reKCaHoH U
(heHON, a TaKXKe LIMK/OreKcaH, LMKI/IOreKCeH U 6eH30/1, COOTBETCTBEHHO. Cnoco6HOCTL KaTasu-
3aTopa 3afepXuBaTb BOJOPOA, KOTOpasi, B CBOK ouepefb sBAsieTcs (yHKUMel TemnepaTypbl
npeaBapuTenbHOM 06paboTKKN, TakKXe OKasblBaeT ah(heKT.



PacwienneHve retepokonbLa M30(h1aBoOHOB C NMOMOLLbIO
HYKNeopuabHbIX pearetos, VI

CTabunmsaums reTepoKosibLia MOHO3aMELLEHHVX N30(h/1aBOHOB
B. CABO n M. XYTA

Mcxofa 13 KUMHETUYECKMX VICCI'Ie,qOBaHI/IVI, 6b1710 3aK/1KOYEHO, YTO 3aMeCTUTENN MONEKY/bl
VI30(1)}'IaBOHa, COOTBETCTBEHHO MX Mpupoae U pPacnosioXKeHU, TakK U3MEHAKT CTabUNbHOCTL OC-
HOBHOIo coeaANHEHUA (la) MO OTHOLLUEHMIO K OCHOBaHWUAM, HAaCKO/IbKO yBETNYMBAKOT UIN YMEHb-
LIAK0T 3/1EKTPOHHYK0 MNOTHOCTL Ha atoMe C2 mMonekysnbl. CTepuyeckoe BAUSHUE 3amecTuTenei
CKa3bIBaeTCs B MEHbLLIEN CTEMEHN.
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