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Thermodynamics of organoselenium and organotellurium compounds
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of selenium and tellurium

Abstract. Experimental values of the enthalpies of formation
(AH?) and of the specific heat (C})) of the organic compounds of
selenium and tellurium are discussed, including their complexes
with dialkylzinc and dialkylcadmium. Different forms of the
methods of combustion enthalpy and of reaction calorimetry,
used to determine the AH{ values, are examined. The enthalpies
of breaking of the chemical bonds formed by selenium and by
tellurium are calculated from the AH¢ values. Data on the
temperature dependence of the specific heat are used to find
the absolute entropy of these compounds, their temperature,
enthalpy, and entropy of melting, their entropy of formation, and
other thermodynamic parameters. Special features of the
changes in enthalpy, entropy, and Gibbs free energy of the
breaking of the chemical bonds are pointed out. The bibliography
includes 62 references.

I. Introduction

The organic compounds of selenium and tellurium are used in the
preparation of semiconductor and optoelectronic materials. A
thermodynamic analysis of the thermal dissociation, hydro-
genation, and oxidation processes in these materials should
provide a better understanding of their properties. Data on the
thermodynamic characteristics of the reactants (in particular, on
their enthalpies of formation and vaporisation, and on their
entropy) are needed for the calculation of the parameters of the
corresponding reactions. These data are important also in
relation to the theory of the chemical bond and the theory of
heterogeneous catalysis.

Until recently published data on the thermochemistry of this
class of compounds were scarce. 12 Thus, a detailed review ! gave
the enthalpies of formation of only two organic compounds of
selenium and one of tellurium. A substantial volume of
information on these topics is now available, and should
allow us to establish general trends in the changes in the
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thermodynamic characteristics of several compounds of this
class. The need to correlate the published data is made even more
urgent by the fact that the thermodynamic parameters of some of
these compounds are given in the relatively inaccessible symposia
and abstracts of specialised conferences.

In the present review we shall discuss the enthalpies of
formation (AH; ) and other thermodynamic characteristics of
organic compounds of selenium and tellurium published up to the
middle of 1994, and we shall tabulate those shown to be the most
reliable. In the selection of the AHf values consideration was
given to the method of determination, the purity of the starting
preparations, the statistical significance of the results obtained in
the analysis of the products given by the reactions under test,
and the level of precision of the calorimetric experiment
(allowance for all the necessary corrections and measurement
and calculation errors).

An analysis of the published information showed that the true
precision of the determinations of AH;f for these compounds is
not usually better than 3 -4 kJ mol —!. The achievement of higher
precisions is limited partly by the specific properties of the given
calorimetric experiment and partly by the need to use several
auxiliary thermochemical quantities in the calculations. Their
values are tabulated in the standard handbooks,3~> but often
their precision is low and they are not mutually consistent.
Therefore the experimental values of AHY are rounded off in the
present review.

The vaporisation enthalpies, needed in the calculation of the
AH{ value of these substances in the gaseous monomeric state,
are quoted (in most cases) in the papers which give the
experimental values of their enthalpies of formation in the
condensed state. In other cases they are quoted from Refs 6 -9,

Experimental values of the enthalpies of formation, the
specific heats, and other thermodynamic functions were used in
calculations of the average enthalpies, entropies, and Gibbs func-
tions of the breaking of the chemical bonds formed by selenium
and tellurium in the various compounds. The error in the
thermodynamic quantities corresponds to a 95% confidence level.

I1. Auxiliary parameters

To ensure mutual compatibility of the thermochemical para-
meters discussed in this review the parameters were calculated
from a single set of key values, listed in Table 1.

The most important quantities in these calculations were the
AH{ parameters for crystalline SeO, and TeO,.
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Table 1. Enthalpies of formation used in the calculation of the thermodynamic parameters of formation of organic compounds of selenium and tellurium.

Substance? AH{ kJ mol~! Ref. Substance AH{ kJ mol—! Ref.
O (g) 249.2+0.1 4, 5 CH,=CH (g) 261.5+84 4, 5
S (g 272.8+13 4 C:Hs (g) 107.5+4.2 4

Se (g) 2277442 4 C:H (g) 87.9+£8.4 12
Te () 1917410 4 i-C;Hy (g) 73.6+42 12
CO; (g) —393.51+0.13 4, 5 C4Ho (g) 71.1+:84 12
H:0 () —285.81£0.04 4 CsHu (g) 38 (estimate) 12
SeO; (cr) —2255+21 10 i-CsHn (g) 32 (estimate) 12
TeO; (cr) —3289+17 1 CeHs (g) 32548 12
CH; (g) 146.3+0.5 5 CsHsCH> (g) 188+4 12

2 Here and elsewhere the physical states of the substances for which thermodynamic parameters are denoted by cr (crystal), 1 (liquid), and g (gas).

The AH; value for SeO,(cr) taken from Barnes and
Mortimer ! had been determined from measurements of the
enthalpy of combustion of hexagonal selenium by the rotating
bomb method (a high-precision measurement). Their result was
indistinguishable from those of other workers,>!* who used a
stationary calorimetric bomb for the combustion of selenium.

On the other hand the AH{ values for TeO, obtained in
different laboratories differed by ~80 kJ mol—! (Table 2).
Therefore the present writers redetermined!' the enthalpy of
formation of TeO, by burning very pure crystalline (hexagonal)
tellurium in a calorimetric bomb. The value thus obtained for
TeOs(cr) (Table 1) was significantly higher than some reported
values, 15:19:20 and differed very markedly from others.16-18

Table 2. Enthalpies of formation of crystalline tellurium dioxide (298.15 K).

—AH? /kJ mol—! Method of determination Ref.
3217450 Combustion calorimetry 15
379.1+1.3 " 16
351.9+£12.0 Mass spectrometry 17
301.2+2.1 Measurement of the emf of a 18
reaction involving TeO; (cr)
321.1£1.3 " 19
3204+3.0 Reaction calorimetry 20
3289+1.7 Combustion calorimetry 11

Some of the previous measurements'>!6 had been made by
burning tellurium in oxygen in a stationary calorimetric bomb.
However, the need to use relatively large samples of tellurium in
these experiments led to incomplete oxidation and to the formation
of combustion products having a complex composition. The
difficulty of determining the appropriate energy corrections is
mainly responsible for the inconsistency of the previous results 1516
and for the difference between those results and ours. 1!

The high value of AHf for TeOsfcr) obtained mass-
spectroscopically (see Table 2) is probably due to the difficulty
of allowing for the excess energy of the products formed from the
starting material under the influence of electron collisions. !

Cordfunke et al.?° determined the enthalpy of formation of
TeO, by two independent methods: by studying the enthalpy of
dissolution of solid Te, TeO,, UO;, and U3Os in an aqueous
solution of H>SO4 + K,Cr20; + MnSO, and the enthalpy of
dissolution of Te, TeO,, Na;SQs;, and NaySOQ4 in an aqueous
solution of NaClO + NaOH. By combining the measured effects,
enthalpies of dissolution of tellurium dioxide equal respectively to
—~318.74 + 7.35 and —320.71 + 3.22 kJ mol~! were obtained
(an averaged value is given in Table 2). Obviously, the reliability of
these results?® depends on the reliability of the auxiliary data.
Thus, the use of the parameter AH; (Na,SO3) = ~1096.78 +
0.81 kJ mol—1! instead of that used by the writers 2° (—1101.83 +
0.72 kJ mol—!) makes the value of AH; for Te;O(cr) —330.8 +

3.3 kJ mol~! (see Refs 22 and 23), which differs by more than
10 kJ mol—! from the value given in Table 2 but agrees with our
value within experimental error.

II1. Enthalpies of formation of organoselenium
compounds

The combustion of Se compounds in a calorimetric bomb leads to
the formation of solid selenium dioxide, which is easily soluble in
the water present in the bomb. The energy corrections associated
with the dissolution are applied during the processing of the
experimental data.

Because of the rapid dissolution of the SeQ; in water the
combustion of selenium compounds can be carried out success-
fully in calorimeters with both stationary and rotating bombs.
This conclusion is confirmed, in particular, by the good agree-
ment between the enthalpies of combustion (AHY) of crystalline
selenium obtained in a rotating!® and in a stationary bomb
respectively. 13-4

Because of the relatively small enthalpy of dissolution of
selenium dioxide in an excess of water (3.85 + 0.08 kI mol—1)
possible differences in the concentration of the aqueous solutions
in different parts of the stationary calorimeter can be ignored.

The method of combustion in a stationary bomb has been
widely used for selenium compounds. 24-2°

In a series of experiments in our laboratory26-2° the com-
pounds (held in thin-walled glass bulbs) were placed in the bomb
in a quartz crucible together with a wafer of the benzoic acid
standard. The mass of substance burned was determined from the
amount of carbon dioxide formed during the experiment. It was
established calorimetrically (from the depression of freezing
point) that the total content of organic impurities in samples of
dialkyl compounds purified by fractional distillation was not
more than 0.05 - 0.10 mol%, and the content of metals was found
(by spectroscopic analysis) to be 1 x 10—3 mol%.

Our value?® of AH{ for liquid diethyl selenide (—59.8 +
3.3 kJ mol—!, Table 3) differs markedly from the value reported
by Merten and Schliiter>* (—90.8 + 3.8 kJ mol—}). The latter
was obtained by a low-level calorimetric technique, and it cannot
be considered reliable. Thus, though the method of synthesis of
the diethyl selenide was stated,?* the purity of the resulting
samples was not characterised, the completeness of the combus-
tion was not established, and only ~20% of the total energy
evolved in the experiment was ascribed to the compound under
study.

Tsvetkov and Kozyrkin 30 obtained AH{ for liquid (C2Hs)2Se
by studying the reaction of diethyl selenide with an excess of
bromine. It was assumed that SeBrs was the only product
containing selenium formed under these conditions. However, as
has been reported,3' the reaction of (C:Hs),Se with liquid
bromine can lead to the formation of (C2Hs)2SeBr,: even a trace
of this compound among the reaction products could seriously
distort the results.3® Our AH; value?® for (C;Hs).Se is given
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Table 3. Standard enthalpies of formation (in kJ mol —!) of organoselenium
compounds at 298.15 K.

Compound AHY AHY (g) Method Ref.
(lorcr) of deter-
mination®

(CH3)28¢e (1) —12+38 18£8 SB 26-28
(CH;=CH),Se (1) 166+ 8 208 +8 SB 26-28
(CaHs)2Se (1) —60+3 —21+4 SB 28
(i-C3H7)28e () —151£3 —108+t4 RB 33
(CsHi1)28e (1) —225+4 —173+5 RB 33
(CeHs)2Se (1) 226+ 6 290+ 6 RB 10
(CeHsCH,).8¢e (cr) 2120 - SB 24
CsH7N-Se (cr) 358+8 45248 SB 25
(CH3)2Se; (1) 9+8 54+38 SB 28
(C2Hs5)5Ses (1) —63+12 —16+12 SB 29
(C4Hg)2Se2 (1) —144 121 —88+21 SB 29
(CsHs)2Ses (cr) 121+8 237+ 11 RB 32
(CéHsCH,),8¢z (er) 1713 301+3 SB 25
CsHsSeBr (cr) 34+5 112+6 R 34
CesHsSeBrs; (cr) 8+5 79+6 R 34

2 Here and elsewhere the following symbols are used: SB for combustion in
a stationary bomb; RB for combustion in a rotating bomb; R for reaction
method.

as the recommended value in Table 3. The combustion of
organoselenium compounds in a rotating bomb was first used
by Mortimer and coworkers 1032 to determine the enthalpy of
combustion of diphenyl selenide and diphenyl diselenide. The
diphenyl selenide (in a polyester bulb) was burned in a thin-walled
quartz crucible. By determining the mass of carbon dioxide in the
resulting products it was shown that the extent of combustion in
the compound under study was not less than 99.94%. 50 cm? of
distilled water was previously placed in the bomb to dissolve the
selenium dioxide produced by the combustion. In order to allow
for various side effects (for example, the dissolution of carbon
dioxide in the aqueous solution of SeQ-) the authors '%-32 carried
out a set of ‘comparison experiments’. In these experiments they
burned benzoic acid, choosing its mass and the concentration of
the aqueous solution of SeO, added to the bomb so as to ensure
that the final states of the reacting systems in the comparison
experiments and in the experiments on the combustion of
selenium compounds were as nearly as possible identical.

The rotating bomb method was used also in a study3? of a
series of organic compounds of sulfur, selenium, and tellurium
(see Tables 3 and 4).

Table 4. Standard enthalpies of formation (in kJ mol —!) of organotellurium
compounds at 298.15 K.

Compound —AH? AH? (g) Method  Ref.

(lorcr) of deter-

mination

(CHs):Te (1) —9+5 —44+5 SB 27,28,42
(CH>=CH),Te (1) —216+8 —261+9 SB 27,28,42
(CaHs)2Te (1) 46+ 5 4%£5 SB 28
(C3H7)2Te (1) 89+3 44+3 SB 28
(i-C3H7)2Te (1) 87+3 4643 SB 28
(C4Hg)2Te () 107£4 5644 SB 33
(CsH11)2Te (1) 196+ 6 13746 SB 43
(i-CsHp1)2Te (1) 200+7 148 +7 SB 43
(CeHs)2Te (1) ~240+S5 -—307+10 SB 44,45
(C3Hy);Tea (1) 24+4 —-29+4 RB 33
(CsHo)2Te; (1) 7045 13£5 RB 33
(CéHs)2Tez (cr) -250+£5 — SB 44
CH3(C,H;s),TeBr(cr) 156=+8 - R 30

A calorimetric determination of the enthalpy of interaction of
(Cg¢H)2Se2 with one and with three moles of bromine, dissolved
respectively in carbon tetrachloride and in trichlorobenzene, has
been reported. 3 In the first case C¢HsSeBr was formed quan-
titatively, in the second C¢HsSeBrs. The enthalpies of formation
of crystalline and of gaseous CsHsSeBr and C¢HsSeBr; were
calculated from the results thus obtained and from the AH { value
for crystalline (CsHs)>Se; previously obtained. 3> Recommended
values of the enthalpies of formation of these organoselenium
compounds are shown in Table 3.

There are several reports 3340 of the enthalpy of reaction
(AH?) of the selenides SeR, (R = CHi, C,Hs) with the
compounds MR; (M = Zn, Cd). In the liquid phase this
interaction led to the formation of the corresponding equimo-
lecular complexes of the donor-acceptor type. In some cases the
AH,; values were obtained directly (by studying a mixture of the
compounds in a 1:1 ratio) *3¢ in other cases they were obtained
by studying the liquid — vapour equilibrium of the corresponding
equimolecular mixtures, 3740

The enthalpies of vapour formation of the R;Se MR,
complexes and of the starting substances were determined 3% -4°
at 298.15 K in an isothermal differential micro-calorimeter. It had
previously been established that the compounds under study were
fully dissociated in the gas phase. This allowed the AH { values to
be calculated as the difference between the vaporisation
enthalpies of the equimolecular solution and the corresponding
individual substances.

The vaporisation enthalpies (AH;) of the complexes, the
reaction enthalpies of the starting components in the liquid phase
calculated from them, and the enthalpies of formation of the
liquid complexes (in kJ mol~1!), obtained experimentally, 33-4°
are listed below:

Complexes AH, —AHY AH?

Zn(CHz3)>-Se(CH3); 663119 6.2+20 6+8
Zn(C,Hs)2-Se(C,Hs)a 79.9+0.8 42+1.1 —484-4
Cd(CH3)2-Se(CHs3)2 74.6+1.4 60+14 49+9

In the calculation of the AHf values allowance was made for the
enthalpies of formation of the selenides (see Table 3) and
for published data! on the enthalpies of formation of liquid
Zn(CHs)2 (23.8 + 2.1), Zn(CyHs)2 (16.3 + 2.1), and Cd(CH3);
669 + 4.2) kJ mol—!, AH; values close to those in the above
tabulation have also been obtained in a calorimetric study 3536 of
the mixing of the initial components.

1V. Enthalpies of formation of organotellurium
compounds

In spite of the large number of organotellurium compounds
whose synthesis has been reported*! and of their great practical
interest a systematic study of the thermochemistry of these
materials was only recently started: in 1988, when the present
writers’ laboratory reported a determination“? of the enthalpies
of combustion of dimethyl and divinyl tellurides (see Table 4). The
combustion enthalpies of these substances were determined in a
calorimeter fitted with a stationary calorimetric bomb. The
weight of sample consumed was determined from the quantity of
carbon dioxide formed by its combustion to within ~0.1%.

According to the X-ray phase analysis results the solid
combustion product was a mixture of tetragonal tellurium
dioxide and a small amount (not more than 5%) of the
orthorhombic modification. The amount of tellurium in the
washings of the bomb after the combustion of the starting
compounds was determined by atomic absorption spectroscopy,
thus allowing the energy corrections associated with the
dissolution of the tellurium products in the water produced
by the reaction to be calculated.
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A similar method was used 27-23.43-45 t¢ find the enthalpies of
formation of several alkyl and phenyl tellurides (see Table 4).

Several tellurium compounds were studied by the rotating
bomb method. 3 The sample in a Terylene bulb was placed on an
iridium grid below which a platinum crucible containing a wafer
of benzoic acid was located. The experimental compounds were
located in the maximum temperature region of the burning wafer,
and therefore were oxidised almost completely.

An aqueous solution of HNO; has been used 3 as the bomb
liquid. According to the authors this procedure led to the
formation of amorphous hydrated TeO,, whose enthalpy of
formation had been determined in separate experiments.
However, the report 33 omits many essential experimental details
needed to substantiate the correctness of the proposed method. In
particular, combustion equations for the experimental substances
are not given, and therefore the chemical mechanism of the
processes taking place in the calorimetric bomb cannot be
established. The formation of stable hydrates of TeO, among
the combustion products is arguable, because of the very low
solubility of this dioxide in water (1 g TeO, dissolves in 15 x 10* g
of H,O). %6 Furthermore the use of a platinum crucible may cause
alloying of the platinum with the combustion products containing
tellurium. 46 Nevertheless some of the results from Ref. 33 are
included in Tables 3 and 4, and have been used to calculate the
enthalpies of the breaking of the corresponding bonds.

The only reported use of reaction calorimetry3® is in an
investigation of the enthalpy of interaction of diethyl telluride
with an excess of liquid bromine. It was assumed? that the
products of this interaction are solid TeBrq and ethyl bromide
dissolved in bromine. However, as was pointed out,3' the
products of this reaction can include diethyl dibromotelluride,
which requires an allowance for the appropriate energy
corrections.

Pavlovskii and coworkers 3“0 determined the enthalpies of
vaporisation of the complexes of dimethyl telluride with the
methyl compounds of zinc and cadmium. By combining their
results with the AH, values previously obtained for the starting
components they calculated the enthalpies of their interaction in
the liquid phase, as was done for the selenide complexes discussed
above.

The enthalpies of vaporisation of the tellurium complexes, the
reaction enthalpies of the starting components in the liquid
phase, and the enthalpies of formation of the liquid complexes
(in kJ mol—!, the latter two calculated from the former) are listed
below:

Complex AH; —AH? AH{
Zn(CH3)2-Te(CH3)2 704+1.1 48+13 10+6
Cd(CH3)2- Te(CH3)2 804+1.2 64113 5247

The enthalpy of formation of dimethyl telluride (shown in
Table 4) and the enthalpies of formation of the dimethyl com-
pounds of zinc and cadmium recommended in Ref. 1 were used to
calculate the AHy values.

We may conclude from these results that the AHY values for
(CH3);Te and those of the same parameter for dimethyl selenide
are indistinguishable within the uncertainties of the determina-
tion. the enthalpy of the reaction

(NH,),PdCls(cr) +2 Te(C:Hs) (1) —
— PdCl, -2 Te(C,Hs5)2 (cr) + 2 NH4Cl(cr),

was determined calorimetrically4” as —175.7 + 4.8 kJ mol—1.

AH{ for PdCl,-2Te(CoHs)a(cr) was calculated from the
enthalpies of formation of liquid (C>Hs),Te (see Table 4) and
of crystalline (NH4),PdCly (—841.0 + 17) and NH4Cl
(—3144 + 01 kJ mol—1).4 The result was —480 =+
10 kJ mol—!, which is close to the previously reported value

AHf = —456 + 10 kJ mol~! for PdCl,-2Se(C;Hs),(cr), recal-
culated by the present writers*® by using a new value of the
enthalpy of formation of (C;Hs)2Se (see Table 3).

By using the calculated?’ enthalpies of sublimation of
the tellurium (192 kJ mol—!) and the selenium complex
(160 kJ mol—!) the following AHP values were obtained:
—288 for PdCl2Te(CoHs)a(g) and ~296 kJ mol—! for
PdCl,-28e(C2Hs)a(g).

In this calculation¥’ the enthalpy of mixing of liquid diethyl
telluride with liquid bromine (—188 + 4 kJ mol—!) was
erroneously taken from Ref. 30 instead of its enthalpy of
formation (see Table 4), and this led to an erroneous deter-
mination of the AH{ value for crystalline PdCly-2Te(CoHs)2
(—763.8 + 14.6 kJ mol™").

V. Specific heats, entropies, and Gibbs free
energies of formation of organoselenium and
organotellurium compounds

The temperature dependence of the specific heat (Cp) for a series
of alkyl and vinyl compounds of selenium and of tellurium has
been determined #° -3¢ experimentally at 5—310 K. The measure-
ments were made in a vacuum adiabatic calorimeter whose
design and methods of calibration, measurement, and calculation
offered results with an uncertainty of ~0.2% at 30-310 K,
0.5% at 12-30 K, and 1.5% at even lower temperatures.
The experimental materials were specially purified, and
according to chromatographic and mass spectrometric analyses
their purity was 99.9 mol%. According to the depression of
freezing point, measured during the study of the specific heat
for each of the samples, the total content of impurities not
forming solid solutions with the main substance was less than
0.1 mol%.

In these studies of the specific heat it was found that when
rapidly cooled divinyldipropyl-, and dibutyl telluride are easily
supercooled with formation of glasses, whereas the dimethyl and
the diethyl compound show polymorphism. The thermodynamic
characteristics of these transitions were determined in the course
of these studies. The melting point (T;,) and the enthalpy (AH)
and entropy (AS,) of melting of the compounds were also
determined (Table 5).

A special feature of liquid alkyl compounds of selenium and
tellurium is an anomalous change in their specific heat.
Immediately after melting the specific heat falls a little with
increase in temperature, but after going through a minimum it
shows the normal behaviour and begins to rise again. It has been
suggested that these liquids are partially associated at tem-
peratures close to Tpy. Therefore the observed heat capacity
includes both the true heat capacity of the liquid and the heat
capacity contributed by the dissociation of the associated species.
The decrease in the degree of association with increase of
temperature suppresses this contribution to the specific heat,
leading to the appearance of a minimum on its temperature
dependence.

The entropy [S °(T)), the enthalpy of heating [H °(T) — H °(0)],
and the Gibbs function [G °(T)- H °(0)] of these compounds in
the condensed state were calculated from experimental data on
the temperature dependence of the specific heat. The values thus
obtained for 298.15 K are shown in Table 5.

From the absolute entropy values for a group of selenium and
tellurium compounds their entropies of formation (AS¢) from the
elements in the condensed and the gaseous state were calculated.
Published data®-? on the vapour pressure and on the enthalpies
of vaporisation were used in these calculations. The entropies of
the elements (needed in these calculations) were taken from
standard tabulations. 4 *

The Gibbs free energy of formation for these compounds
(AGy) were calculated from the enthalpies of formation (see
Tables 3 and 4). The results are shown in Table 6.
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Table 5. Thermodynamic functions (298.15 K) and melting parameters of selenium and tellurium compounds
Compound Cy S° [H(Ty—H"(0)] —[G(D—H*(0)] Ta/K AH, AS;
(CH3)2Se 121.1 210.8 31.78 31.08 185.14 8.499 49.90
(CH,=CH)-Se 165.7 262.0 39.94 38.17 178.08 9.374 52.64
(C2Hs)2Se 174.0 284.9 44.17 40.77 175.30 12.60 71.85
(CH3),Se, 155.0 261.4 38.78 36.16 190.89 8.545 44.76
(CH3),Te 125.1 220.5 33.10 32.64 201.87 7.766 38.47
(C2H3),Te 166.1 268.1 41.26 38.67 182.65 9.593 52.52
(C2Hs),Te? 183.4 291.0 42.48 44.27 161.50 7.621 47.20
153.33 7.525 40.87
(CsH7),Te 233.7 362.2 56.38 51.60 191.80 14.28 74.43
(CsHo),Te 286.4 426.0 65.73 62.08 177.05 14.57 82.30
(CsH;),Te 345.9 501.0 80.88 69.42 215.41 23.11 107.8
{CsHs),Te 305.7 332.4 57.04 42.05 268.53 15.35 57.16

Notes. The parameters Cy, S°, ASy are in J mol~! K—!; the functions [H*(T)—H°(0)] and ~[G(T)—H°(0)], and AH3,, are in kJ mol—l

aCrystallises in two modifications.

Table 6. Absolute entropies (S°, J mol—! K-1), entropies (—AS?},
Jmol—! K~!)and Gibbs free energies (AG ¢, k] mol 1) for the formation
of selenium and tellurium compounds at 298.15 K.

Table 7. Specific heats (J mol—! K~!) and entropies of the complexes,
entropies (J mol—! K~!) and Gibbs free energies (k] mol~!) of the
synthesis reactions of the liquid complexes at 298.15 K.

Compound S° (g) —AS?¢ —AS? AG¢ AGE
o ® (0] (&)
(CH3)2Se 302.7 234.8 145.5 58 61
(CH2=CH):Se 357.6 195.0 99.4 224 237
(C2Hs),Se 386.1 431.8 330.6 69 77
(CH3),Se2 - 226.4 — 76 —
(CH3),Te 317.7 231.5 130.9 78 83
(CH2=CH),Te 361.7 194.7 101.3 274 291
(C2Hs)2Te 3924 4329 331.5 83 95
(CsH7):Te 496.6 633.7 526.3 100 113
(C4Ho)2Te 534.9 841.8 732.9 144 162
(CsHi1):Te 617.8 1038.7 921.9 114 138

The specific heat and the entropy of the dimethyl compounds
of selenium and tellurium in the ideal gas state were calculated
also by statistical thermodynamics from spectroscopic data and
from information on the structure of the molecules.’” The
calculations were carried out in the rigid rotator —harmonic
oscillator approximation for the 273—1500 K temperature range.

The reliability of the calculated results 37 can be established by
comparing them with experimental data. For example, the
calculated entropies of (CHj3);Se and (CHj3),Te at 298.15 K
are 300 and 309 J mol—! K ! (see Ref. 57), whereas calorimetric
measurements for these compounds gave 3027 and
317.7 I mol—1 K ! (see Table 6).

It can be seen that for (CHs);Se the agreement between
calculated and experimental results is good, but for (CH3),Te the
calculated entropy differs from the calorimetric value by almost
3%, suggesting that the method of calculation used by Mosin
et al. %7 should be reconsidered.

Studies of the specific heat in the 6—10 K range have been
reported also for some complexes formed by selenium and
tellurium compounds with zinc and cadmium alkyls. 38-%0 From
these values of the specific heat the absolute entropies were
calculated, and by using the entropies of the starting compo-
nents ¢! (see Table 6) and their interaction enthalpies the entropies
and Gibbs free energies of the reaction (AS; and AG¢
respectively) were also calculated: 3840

RoM ()+R>M’ (1) — RoM-RoM' (1),

where R =CHj, C,Hs; M =Se, Te; M'=Zn, Cd.
The results of these calculations are shown in Table 7.

Complex Cy S° —AS? —AG?
(CH3)2Se - Zn(CH3)» 287.2 401.1 11.3 28+2.0
(CH3)2S¢e - Cd(CH3), 277.7 413.6 —0.8 62+1.4
(CH3)2Te Zn(CH3), 284.0 420.7 1.4 43+13
(CH3)>Te Cd(CHs)> 275.2 413.1 9.5 35+13
(C:Hs).Te Zn(C;Hs), 399.0 556.9 10.6 —

The uncertainties in the determination of the AG/(l) values
shown in Table 7 are determined mainly by the errors in the
enthalpies of interaction of the corresponding components, 3840
As can be seen from Table 7 the AG/(1) values for all the
complexes have small and not very different negative values.

VI. Average enthalpies, entropies, and Gibbs free
energies of the breaking of chemical bonds in the
organic compounds of selenium and tellurium

It is interesting to consider the dependence of the strength of
chemical bonds on the nature of the atoms and radicals from
which the bonds are formed. The determination of the enthalpy of
breaking of individual bonds in various compounds is usually a
difficult experimental problem, and therefore the average
enthalpies of bond breaking (D) are often calculated.

The D values shown in Table 8 for the M—R bonds in the
compounds MR; (M = Se or Tg, R is a radical) are the enthalpy of
the reaction MR, (g) =M (g) + 2R (g) divided by the number of
bonds. This quantity is calculated by using the formula

DM —R) =4[AHf (M, g)+2AH{ (R, g)
—AH? (MR, g)],

and employing data for the enthalpies of formation of the gaseous
reactants in the appropriate reaction.

The D(M—M) values in the compounds (MR;) were
calculated by means of the equation

DM —M) = 2AH{ (M, g)+2AH{ (R, g)

—AH{ [(MR),, g]—2 D(M—R).

It is assumed that the enthalpies of breaking of the M - R bonds
are identical in the corresponding MR, and (MR), compounds.



314

V I Tel'noi, M S Sheiman

Table 8. Average enthalpies of bond breaking (298.15 K).

Compound Bond D/kJ mol~! Compound Bond D/kJ mol~!
(CH3)20 O0-— CH3 360+4 (C4H9)zsez Se—Se 211422
(C2Hs5)20 O—-C;Hs 356+ 4 (C¢Hs)2Se2 Se—Se 28013
(CsHs)20 O—CsHs 42748 CsHsSeBr Se—Br 258 £ 12
(CH3)2S S—CH3 297+4 CsHsSeBrs Se—Br 172 +4
(C:Hs):S S—C,H;s 285+4 (CH3):Te Te—CH; 22043
(CsHs)zS S—C5H5 347+8 (CH2=CH)2TC TC—C2H3 22719
(CH3)ZSe Se——CH; 251+4 (Csz)zTe Te—Csz 206+ 5
(CH; = CH)zSC Se— C2H3 271+£8 (C3H7)2Te Te— C3H7 206+8
(C:Hs)aSe Se—C2Hs 23245 (1-C3H7),Te Te—i1-C3H5 192+4
(i-C3H)2Se Se—i-C;H, 241£5 (C4Hg),Te Te—C4Ho 195+8
(C5H11)2Se Se—C5H11 238 (CsH]])zTC TC—Can 202
(CGHs)zsC Se— C6H5 294+ 8 (i-CsH] 1)2T€ Te— i-CsHl 1 202
(CH3)28e; Se—Se 192412 (C¢Hs),Te Te—CsHs 267+9
(Csz)zSez Se—Se 222413 (C3H7)2T62 Te—Te 1195
(C4H9)2Te2 Te—Te 1494-6

Table 9. Average values of the entropy (J mol—! K~1) and the Gibbs free
energy (kJ mol—!) for the breaking of bonds at 298.15 K.

Compound? Bond AS AG
(CH3),0 O—CH; 141 318
(C2H5)2,0 O0—C:Hs 161 308
(CHs).8 S—CH;3 135 257
(C2Hs)2S S—CyHs 152 240
(CH3)2Se Se—CH3j 131 208
(CH,=CH):Se Se—C,H3 143 229
(Csz)zSC Se—Csz 147 188
(CH3),Te Te—CHs 126 182
(CHz = CH)zTC TC—C2H3 143 184
(Csz)zTe TC—C2H5 147 162

2 Because of the lack of the appropriate auxiliary data the quantities AS
and AG cannot be calculated for all the compounds listed in Tables 3
and 4.

For comparison we show in Table 8 the D values for various
bonds which include oxygen or sulfur. These calculations relied
on data given in Tables 1, 3, and 4 and in published
tabulations. 3~ 512,62 _

In Table 9 we list the average entropies (AS) of bond
breaking, obtained by the expression

AS(M—R) = L[$°(M, g)+25°(R, g)—S°(MR;, g)],

where S° are the standard entropies of the reactants in the
dissociation of the compound MR, (see Table 6) into the
fragments M and 2R (see Refs 3-5).

The AS(M —R) and D(M —R) values were used to calculate
the average values of the Gibbs free energy (A G) for the breaking
of the M—R bonds, which we used as a measure of their
thermodynamic stability (Table 9). The calculations for a
temperature of 298.15 K were carried out using the equation

AGM—R) = D(M—R)~—298.15A5(M —R).
* % %
An analysis of the calculated and the experimental data reported
above or previously published has established the following

features of the thermodynamic characteristics of the bonds
formed by selenium and by tellurium.

1. In the compounds RoM (where M = O, S, Se, Te) of the
same radical R the average enthalpy, entropy, and Gibbs free
energy of the breaking of the M —~R bond decrease as the atomic
number of the element M increases.

2. For a given element M the average enthalpies of bond
breaking vary in the following sequence:

M-C¢Hs > M—C;H; > M—CH; >M —-C,H5

4 M—C3H7z M—C4H9 ~ M—C5H11.

3. The enthalpy of breaking of the Te—C3H; bond in
Te(n-C3H7); is higher by 14 kJ mol—! than the same parameter
in Te(i-CsH7)2, as is also found in the propyl compounds of
mercury, boron, and tin.!

4. The parameters D(M—M) in the compounds (RM);
(except diphenyl diselenide) are not markedly dependent on the
nature of the R radical; they are much smaller than the D(M —R)
values in the RoM compounds with the same radicals (see Table 8)
and D(M —M) in the M, (g) molecules, ! for which D (Se-Se) =
305 and D(Te—Te) = 259 kJ mol—.

In spite of the experimental AHy values available for the
crystalline dibenzyl selenide and diselenide (see Table 3) a precise
calculation of the enthalpy of breaking of the Se—Se bond in
(CsHsCH>),Se> is impossible because of the lack of data on the
enthalpy of sublimation of (CsHsCH,);Se, needed to calculate
AHf for this compound in the gas phase. However, an
approximate estimate of D(Se—Se) in dibenzyl diselenide can
be made by assuming that D(Se — CH,CsH) in dibenzyl selenide
is ~63 kJ mol~! lower than D(Se—C,Hs) in diethyl selenide
(see Table 8), i.e. as is observed in tetraethyl- and tetrabenzyl-
germanium, ! for which D(Ge—C;Hs) = 243 + 4 and D(Ge—
CH,CsHs5)=180 + 4 kJ mol—!. In this case the calculation of
D(Se—Se) in dibenzyl diselenide by the equation given above
gives a value of 192 kJ mol~!, identical to D(Se~Se) for
(CH3)2Se; (see Table 8). _

The large difference between the D(Se—Se) values for the
diphenyl and the dialkyl compounds can be ascribed to lack of
precision of the available experimental data or to specific
properties of the chemical bonds formed by selenium in these
compounds.

5. By using the given values of AH{ for gaseous
PdCl>-2 M(C2H5s), and M(C,Hs)> (M =Se or Te) and the AHY
(PACl,, g) value 128.4 + 10.5 kJ mol —! (see Ref. 4) the D(Pd—M)
values for these complexes were calculated by the equation

D(Pd—M) = }{AHY (PdCL, g)+2AHf [M(CzHs), g]

— AH[PACI2.2M(C2HS5)2, g].
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This calculation gave the very similar values D(Pd—Se) =
191 + 10 and D(Pd—Te) =204 + 10 kI mol-1.

It is interesting to note that D(Pd - Se) is close to D(Se~—Se)
in dialkyl diselenides, and D(Pd—Te) coincides within the error
of the determination with D(Te—R) in dialkyl tellurides and is
significantly higher than D(Te—Te) in the alkyl compounds
RaTe> (see Table 8). _

6. The main contribution to the parameter AG(M —R) comes
from the enthalpy factorD, whereas only 15%-20% of the D
value contributes to the entropy component (298.15AS). It
follows that the relative thermodynamic stability of these
compounds can be established from the D(M —R), values, which
are experimentally much better characterised than the
AG(M —R) values.

Further developments in the experimental thermochemical
studies of selenides and tellurides should offer a more detailed
understanding of the special features found in the thermody-
namic characteristics of compounds of this type.

This work was made possible by the financial support of the
Russian Fund for Basic Studies (Project 93-03-04627) and also
(in part) of the International Science Foundation (Grant
No. NP70000).
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