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INTRODUCTION

Thermochemical studies of organosilicon compounds began in 1950, and the
first article on thermochemical studies of their chlorine derivatives was published in
1953 by Andrianov and Pavlov!, who determined the heats of hydrolysis of a number
of alkyl- and aryl-chlorosilanes.

Later, other investigators? used the hydrolysis method to determine the heats
of formation of these compounds, but, the results were reported as unsatisfactory
because of the difficulties in determining the composition of the hydrolysis producis.
Also, other authors®** have suggested that the composition of the hydrolysis products
of alkyl- and aryl-chlorosilanes depends not only on the nature of the substance, but
also on the reaction conditions (and therefore any accurate determination is im-
possible, except in those cases when trialkyl(aryl)-monochlorosilancs are subjected
10 hydrolysis). 1t seemed of interest, therefore, to develop a method for determining
the heats of formation of these compounds by their direct combustion in a culorim-
etric bomb.

Recently, two new works>®, on the determination of the heats of formation
of organochlorosilines based on the hydrolysis method, have been published. This
approach is quite justifiable as it seemed to be impossible to use the method of direct
combustion of the substance as will be seen below.

As a rule, the combustion of organosilicon compounds in a calorimetric
bomb is incomplete™® for the following reason®. As combustion starts, the silica which
is formed covers the surface of the compound under investigation and interferes with
the access to oxygen ; when burning is over, the unburned part of the compound is
pyrolyzed to form a mixture of silica and the products of decomposition and in-
complete combustion. The results obtained when this mixture is analyscd to assess
the conversion level, are unreliable and frequently erroneous. Therefore, the assump-
tion that all the unburned residue consists of carbon is probably not more erroneous.
This assumption was probably'%!! based on the dark, grey-to-black, colour of the
residue (and on the insufficient amount of CO, formed). Thus the attainment of
complete combustion should be considered us the principle criterion of reliability
of results obtained when burning organosilicon compounds in a calorimetric bomb.

In case of organochlorosilicon compounds, the problem is more complicated.
mainly because the combustion of such compounds is even less complete. Also it is
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necessary to reduce Cl,, evolved on burning, to HCl in order to attain a certain
thermodynamic state of the final products as well as to protect the walls and fittings
of the bomb from chemical attack of highly corrosive combustion products.

Since 1961, we have carried out systematic thermochemical studies of organo--
metal compounds. Some of the results will be published in this series of articles.
A description is given below of the calorimetric method of combustion of liquid
organochlorosilanes and results for the fermation enthalpies for three methyichloro-
silanes are presented.

EXPERIMENTAL

As a result of experimental studies carried out over a long period of time we®
have achieved complete combustion of liquid organosilicon compounds with boiling
points below 120° (including those containing up to 70°; chiorine) by the method
of explosive combustion in a calorimetric bomb. This was the f{irst, though essential
step in this direction. Later, other problems were also solved, i.c.. converting Cl,
evalved ddring combustion. to HCH by reduction with hydrazine dihydrochloride
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Fig. 111 Ampoule with substance; (2). heater  (3), gluss cphere; {4), platinum teads : (5), plutinum igniter:
{6), glass holder. (1), ampoule with hydrazine dibydrochloride soln.; (8), Teflon-metallic Learing: {9).
gearing for ratating homb around longitudiaal uxis; (10), thermistor; {1 1), worm gear drive for rotating
bomh around lateeal axis: (12), sticrer for circmluting water {13), isolated bomb lend-in,
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in a rotating bomb'? and ensuring complete inertness of the bomb material to the
products of combustion by using a tantalum bomb. In addition, the method for
obtamming an explosion in the bomb was also improved ; this made it possible to
remove some sources of errors and at the same time to simplify the experimental
technique.

We shall describe only the latest version of the method. However, the necessary
data on the calorimeter and measuring technigque will first be briefly summarised.

The experiments have been carried out using a calorimeter with an isothermal
shell'® which was modelled on the Coops’ calorimeter!®. Inserted into the vessel of
this calorimeter (Fig. 1) is a removable mechanism to rotate the bomb and constructed
mainly according to a design already described'®. The bomb and its inner fittings
are made of tantalum of purity 97.75%,; the main impurity is 2.10%; of niobjum. In
the calibration burning (using benzoic acid) and in the control tests with p-chloro-
benzoic acid {using the conventional procedure) both the cup and the igniter wire
arc of platinum (the bomb contents when using the explosion-ce.:bustion method
are described below). A detailed description of the calorimetric system of this unu
and the results of calibration and of the control experiments are given in another

article!®.

The calorimeter temperature was measured by a battery of thermistors!”,
The circuit sensitivity was 2-10 % deg.; the AT mcasuring aceuracy was + 510
deg.

The shell temperature was maintained constant at 25-+0.002" using a special
mercur;, contact thermometer.

All the values were based on 1961 atomic weights. It is assumed that:

0°C =273.15°K; I cal =4.1840 J:

AHY (HNO ) ig = — 141 keal/mole:;

AU {carbon) = — 7890 kecal g (refl I8, p. 57)
AU? (fuse) = —4000 keal g

The error has been assumed as:

S= + SVinn—1)
In the calorimetric experiments, the mitial period consisted of 200 the mam periond
of 50, and the final period of 40 readings. The mitial oxygen pressure in the bomb
was 30 atm in all experiments. The energy cquivalent of the calorimeter as determined
with standard benzoic acid K-1 in seven experiments is 2511.7 +0.3 cal'deg. a1 257
The heat of cambustion of benzoic acid under standard conditions is cqual to 63179
cal/g.

p-Chiorobenzoic acid purified by double recryvstallization from high purity
benzene and vacuum-sublimated at 1072 mm Hg was burned as reference substance.
The purity. determined on the chlorine content™®, was 99.9° . The measured valuce
for the heat of combustion of p-chlorobenzoic acid, AU = 46784+ 2.4 cal'p. s in
good agreement with the data of Smith ¢r al'™: AU, 3y, = ~ 40808+ 2.3 cal'y.

The heat of reaction while burning p-chlorobenzoic acid and the methyl-
chlorosilanes:

NoH, -2 HOHg) + O, (g) = N, () +2 HLO (lig ) 1 2 HO g (0
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for each experiment was estimated allowing for the actual concentration of HCI in
water??,
The heat of reaction

4 [N,H,-2 HCI] (aq.) +3 H,0 (lig.) = NH,Cl (aq.) +% O, (g) (2)

for NH ,C! concentration in water equal to NH,C!- 12,000 H,O was assumed equal
to 3.51 kcal and constant in alf experiments because of the small amount of NH,CL

The quantity of electric energy was measured by a refe, ... ~ meter calibrated
by blank tests on the calorimeter. The constant of this meter was 45.8 +:0.1 cal/rev.

When calculating corrections reduced to standard state, the bomb liquid was
assumed to be pure water.

Methylchlorosilanes, synthesized by the method of direct reaction of CH,Cl
with silicon after pretreatment. were distilled on a laboratory column of average
cfficiency (18 theoretical plates). Narrow cuts of every compound obtained in the
range 0.2-0.3° were transferred directly from the receiver of this column to the still
of another specially designed column?! of high efficiency (112 theoretical plates at
reflux ritio = =n).

During rectification on the column of high efficiency fractions were drawn
ofl over the range 0.05-0.1°. The parameters for pure methylchlorosilanes are given
in Table 1.

TABLE |
PARAMETTRS FOR PURE METUHYLUHLORGSH ANES

Chiorine conrene®

Ner Compuotnd Hp C) d30 i
Actual Recaled. W compound (*,)
{rm Hy) for Found Culed.
760 mn®
] (CHL)SIHCE I59,(768) 357, 08625 13832 3.6 47
2 CH Sab i 1, 31 3,(704) 412, 110069 1.3992 61.5 01.64
1

(CH )5 70.2,(761) 0.2, 1 (1606 1.4G03 §5.1 54.94

* Chlanise content of methylchlorasilanes was found by the difference between the total content in the
bomb liquid {determined by the Vothard method) und the amount in the hydrazine dihydrochloride taken
for the cxpt. * Recateubrtion for normal pressure, 760 mm, was done sccording to ref. 22,

TARLE 2

QEGREY OF VURITY OF THE SURSTANCES (GETERMINED Y CHROMATOGRAPHY)

e Substunce - Awmuaunt Purity of

aind fenpurities {".) sumpie
("ll,

1 (CH ) 8T 4,52 94,52
CH HSiCY, 0.4K

2 CHLHSICH 99.00 99 00y
(CH ) S 0.40

3 1 [J,Si(’“l, 99.50 99 .50
CH SICT, 0.43

(CH )51 o
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The degree of purity of the substances was determined by chromatography??
using a heat conductivity detector*. The results are presented in Table 2.

A sample of the substance burned in the ampoule, I (Fig. 1), made of glass
of a high coefficient of expansion was placed on a heater. 2. which in turn was inside
the glass sphere, 3 (a mass of ~8 g). A heater made of 30-cm nichrome wire (0.2-mm
diam. and 13-Q resistance) in the form of a spiral is inserted into a glass tube (inner
diam. 2.5 mm) and hermetically sealed. Plutinum leads, 4. (0.5 mm diam.) were taken
from this tube. In the sphere, 3, above the heater is placed an igniter, 5, (a spiral with
3-4turns made of platinum wire, 0.1-mm diam. and 25 mm length) which is connected
in series to the lead near the glass holder, 6. Under the sphere. 3. on the bottom of
the bomb, there is a glass ampoule, 7, containing 8 ml of a 2.5, solution of hydrazine
dihydrochloride. After the bomb had been filled with dry oxygen. an experiment was
started. At the beginning of the main period of the experiment. a 1.2-A electric current
was fed to the heater, 2, the heating causes the ampoule, 1. to break. After the hquid
has poured onto the heater, it begins to evaporate. Vapours mixed with oxygen reach
the platinum igniter, 5, and catch fire with an explosion. As a result. the sphere is
smashed into fine pieces and a complete combustion of the substance occurc**. The
ampoule, 7, is 2lso broken and the hydrazine dihydrochloride solution from it spreads
over the bomb bottom. After the explosion, the current was switched off and the
bomb rotation was started (10 min). The heat effect of rotiation was calculated from
the number of revolutions, identical in all the experiments.

It should be noted that an expiosive force of a certain strength is required, as
combustion may be incomplcte if the explosion is weak or does not occur at all. while
a powerful explosion may cause a bomb deformation. Under similar cenditions. the
explosive force decreases with increase of chlorine content and this force should
therefore be controlled. The explosion can be made more powerful by increasing the
amount of the substance vaporized. This is achiecved by extending the diameter of
the sphere. 3 (from 37 to 41 mm) and by increasing the distance between the heater
and the igniter (from 23 to 30 mm).

After completion of the experiment, the gaseous products were checked for
Cl, (by iodine-starch solution) and for CO (using PdCl;) and analysed for CO,
content, The presence of Cl, was not observed. CO was found only in cases of in-
complete combustion, when the experiments were rejected. In all other experiments,
the values found for CO, were in good agreement with the caleulated values. The
bomb contents were then washed off with hot. distilled water and the amounts of un-
converted N,H,-2 HCI?* and NH,CI°* and HNO,?® formed. were determined,
5i0, formed in the combustion of organochlorosilanes by this method is snow-white
in colour. According to X-ray analysis data, it consists of an amorphous phase,

To calculate the values of heat of formation the following indices were accepted
(in kealymole): Al CO, (g) = —9405;AH, H,0 (lig) = —68US AH NLH, -2
HCl (ag) = ~818: AHY (HCI-600 H,0) = — 398232 Al S10, (colloidal
soln.} = — 217443,

* Weexpresss our siteere thanks to 8. V. Siyavesillo and his cowarkers for the assistance they have rendered

us in carrying out the work on chromatographic analyses,
= The completeness of combuston was cantrolled by guantaative waabvas ol CO tarmed i the bomb

us well as visually®” '
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RESULTS

. The results of the experiments on the determination of the formation enthalpy
of (CH),SiHCl, CH ,SiHCI, and (CH,),SiCl, are summarised in Tables 3, 4 and 5,
respectively. B
In these Tables:
E ..n.—energy equivalent of the bomb contents
n;—number of moles of hydrazine dihydrochloride in reaction (1)
n,—number of moles of NHCl in reaction {2)
¢ —heat evolved according to reaction (1)
;—heat evolved according to reaction (2)
«y—heat due to electric heating
¢4 —heat due to the bomb rotation
¢ s—heat of dissolution of CO, in water
g —correction for reduction to HC1-600 H,O
¢-—heat evolved on HNQO; formation
gy—corrzction for admixtures.
Correction for the heat of evaporation of water in the bomb is 1.33 cal for
cvery experiment.
There is only one literature report® dealing with (CH ;),SiCl (gus). AHY =
- 108.4 kcal/mole.

TABLE 3
HESUH TS OF "HE FXPERIMENTS ON THE DETERMINATION OF THE FORMATION ENTHALPY OF (CH ), SHHCT
(L)

1 (substance) (g) £.35283 0.31316 0.51657 0.29736 0.35326

AT, ldeg) 1.0599 0.8905 1.3560 0.8322 1.0377

E o b depd ~ 11t - 109 - 113 - 111 —-11.1
(Foad b 10T, 267380 - 2346.54 342109 - 200947 261791
i1 {gamole) (000293 0.000394 0000711 0.000372 0.000363
1y {g-mole) 0.00020 0.000150 0113 0.600120 0.000140
i, (cal) 39.24 5284 $5.32 4993 48.68

i3 (cul) - (,70 -0.53 -0.40 -042 -0.49

1 ofeal 471 87 26687 17870 als 398.88
delcal) 3137 3.3 37.37 37.37 37.35

i s {citl) 0,55 0,49 077 047 0.55

1 deid) -~ 62 -~0,62 —1.32 -0.43 ~0.75

i -teind) .52 1.3K 207 1.46 276
statcad) 5,22 4,63 7.64 4.40 522

- Au (cal gl 60 10).50 6019210 615,71 6O 15 602114

- A, fmeand s 1314 4 598 calp
= AL = 3000 4 0.0 keal/mole

<~ ALE, = 5709 206 keabmede

o A = TR 0 keal mole

4 Cregpecmetal. Chem, 11 (196R) 415 422
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TABLE 4

RESULTS OF THE EXPERIMENTS ON THE DETERMINATION OF THE FOURMATION ENTHALPY OF CH,SIHCI, (Ligum)

m (substance) (g) 042197 0.52653 0.46091 0.56024 0.33847

AT, (deg) 0.6951 0.7798% 0.7645 0.8598 08312

E o (calideg.) ~1Lt — 111 ~11.2 - 102 ~11.2
(Ecat+ Ecom) AToure. ~1753.69 — 1967.30 —1928.67 ~2167.92 - 200693
n, (g-mole} 0.000915 0000883 0.000891 0.000654 HO00877
1y (g-mole) 0000110 0000130 0.000210 0.000090 0000125
o, (cal) 122,03 118.28 119.40 87.71 117.53
2 lcal) -0.39 ~0.46 ~0.74 ~0.32 —0.44

o s feal) 292.30 185.21 343.32 310.16 REREEY
qafcal) 37.35 737 3738 37.35 37.35

4 (cal) 0.30 .36 0.32 0.38 037
delcal) ~2.06 - 238 ~193 —~1.76 —~ 244
q-(eal) 276 324 KNF ! 282 2.7
dnfcal) 16.17 12.69 111 13.50 1298

- Au, {cal g) 306305 306596 3076.78 069.06 056,30

~ A, (over) == 3060234075 cal g
- AU, = 3527 +08 keal:mole
—~ AN, = 353.6 + 0.8 keal mole
—~ AHY = 1059 + 048 keal mole

TABLE §

RESULTS OF THE EXPERIMENTS ON THE DETERMINATION OF THE PORMATION IS THAL ey o [CH VoSO on

m (substance) {g) 031972 1.50516 0.35407 04008 5 039455
AT, . (deg) OR412 09416 1.2559 (18309 Que2s

F o (cal/deg) -88 ~ 8.8 -~ 88 9.0 -9
(Een+ Ecan) AT, - 212012 ~ 236947 ~3164.56 - 214480 42628
#, (g-mole) 0.0006483 0.001000 0.000672 0.0006206 Qo051
n, (g-mole) Q000175 0.000200 0.000290 O00180 GAMHI0
q, {cal) 64.57 133.93 89.94 83,99 60 59

g (cul) —0.61 ~0.70 -~ 102 - 0.03 -~ 0067

oy [cal) 769.38 22916 165797 15768 g1 a6
gy feal) 37.35 3137 738 1734 735
ys{cal) 019 0.57 042 047 0 56

e {cal) - 1.66 - 221 - |.OB - 1 (M) - 154

o {eal) 152 148 204 276 182

¢ {cal) 106 64l 4449 RV [

- Au (calg) IRYR.S2 ARRG.32 IRRT0S e sn CART WY

— AL, {over) = 3891 13+ 418 cal ¢
~ AU, = 8022405 keal mole
— Al = 5034 +0.5 keul/mole
~ AN = 1 IB4 405 kealymole

Aorganmomendd. Cheme V) (190K} 418 400
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SUMMARY

1. A method of combustion for organositicon compounds including those
containing up to 70 % of chlorine has been developed, which allows complete combus-
tion to be achieved with an explosion in a calorimetric bomb.

2. Combustion enthalpies for three methylchlorosilanes have been evaluated
in 4 rotating tantalum bomb, and the values: AHY, ;95 {(CH;),HSICl);,, = —570.5+
06; AH. ;48 (CH,HSICl),, = ~353.64+08. and AH{ 545 ((CH,),SiCly)y, =
~503.4+0.5 kcal/mole have been obtained.

3. The formation enthalpies of comipounds have been calculated, and the values:
Al{‘; 198 ((CHJ);HSiC”;m, = —~798 i()ﬁ, AH?.zgg (CH3HSiClz)|iq_ = —]059 iOS.
and AHY j04 ((CH;3),SICL)y,, = ~118.440.5 kcal/mole, have been obtained.

There is only onc indirectly determined value in the literature®, AHY ({CH,;),-
SiCl, )y, = — 1160 kcal/mole, that is near our data.
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