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Abstract

A technique for the controlled combustion of liquid and solid organosilicon
compounds has been developed. Seventy-two tetracoordinate silicon compounds:
triorganyl-, tetraorganyl-, organylorganoxy- and tetraorganoxysilanes have been
investigated thermochemically. Their combustion and sublimation, or evaporation,
enthalpies have been determined. Formation enthalpies of the compounds con-
cerned in the condensed and gaseous states, and their atomization enthalpies in the
gas phase have been calculated. The magnitudes of the fragments for an additive
scheme of calculation of atomization enthalpies and bond energies in organosilicon
compounds of the above type have been determined.

Introduction

The information available on the enthalpies of combustion, AH®, and of
formation (A HY) of organosilicon compounds is rather scarce [1-5}. Furthermore,
the published data often show significant discrepancies largely due to the fact that
the combustion of organic silicon compounds meets with significant difficulties.

* Author to whom correspondence should be addressed.
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These manifest themselves at the very beginning of the process, so that the arising
silicon dioxide either envelops or sorbs the substance being burned, thus preventing
access by oxygen and combustion ceases. The methods that have been described up
to now are either laborious [6,7] or fail to ensure complete burning [8-11}. Thus to
embark on thermochemical investigations of organosilicon compounds we were first
compelled to develop a reliable technique for the determination of their combustion
enthalpies. This made it possible to obtain accurate thermochemical constants for
the simplest silane derivatives, viz. triorganyl-, tetraorganyl-, organylorganoxy- and
tetraorganoxy-silanes.

Results and discussion

Experimental values for combustion and evaporation enthalpies, and those for
atomization and formation which were calculated for the investigated organosilicon
compounds in condensed and gaseous state, are listed in Tables 1 and 2.

In calculating the formation and atomization enthalpies use was made of the
following key values (kJ mol~!):

AHP(298.15 H,O(liquid)) = —285.83 + 0.04 [2]

AH(298.15 CO,(gas)) = —393.514 + 0.046 [2]

A HP(298.15 SiO, (high-dispers. hydr. amorphous)) = —939.39 4 0.52 [6]
AH?(298.15 C(gas)) = 716.670 + 0.44 [12]

AH(298.15 Si(gas)) = 450.00 + 0.88 [12]

AHP(298.15 H(gas)) = 217.997 + 0.06 [12]

AH?P(298.15 O(gas)) = 249.170 + 0.10 [12]

Calculation of the atomization enthalpies and bond energies by use of an additive
scheme

To calculate the atomization enthalpies of gaseous triorganyl-, tetraorganyl-,
organylorganoxy- and tetraorganoxysilanes, use was made of an additive scheme
taking into account the reciprocal effect of atoms both directly bonded and
separated by one or two other atoms. If E, is the energy of the fragment, K, is the
number of fragments, I;; is the energy of interaction between nonbonded atoms
through one and two atoms in the fragments C,-C;(i, j =1,2,3,4; i <j), and n;; is
the number of the latter, then

4
AH(?(C,,HZ,,HO,(Sim) =) K,E, +Znij -1 (i=1;i<y) 6))

K, are interrelated with n;; by:
Ky=2nj=np+n;+ny;
2K, =ny, +2ny + 0y + nyy;
3Ks=npi3+np+2ng+ny,;
4K, =ny+2ny +nqyy+2ny,.
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Or, in general:
4

iK;=n,+ 3 n,; (i=1,2,3,4) (2)
j=1

So that expression (1) can be reduced to:
AH(?(C,,HZ,,HO,(Si,,,) =Znij'Eij (i<j) (3)

This represents the Tatevsky scheme, where E;; is the energy of fragments, taking
into account a reciprocal effect of directly bonded atoms or of those separated by
one or two atoms; n,; is the number of these fragments. Taken into account are the
energies of the following fragments: Ec _c; Ec,_si; Ec,_0s Eo_si» etc.

Ref. 13 gives:

—i
Ec,_si=¢€c_sit —; €c-H (4)

where ec _g; is the bond energy of C;~Si and e, _y is the bond energy of C-H,
adopted by taking into account the closest environment.

On the basis of the values of the atomization enthalpies obtained for gaseous
triorganyl-, tetraorganyl-, organylorganoxy- and tetraorganoxysilanes (Tables 1 and
2) we used the least-squares method to determine the fragments of the scheme
(Table 3). In calculating the fragment energies, apart from organosilicon com-
pounds, we also made use of the enthalpy of formation of alkanes [13].

The bond energies ec _y, €c,_sis €c,-o €tc. cannot be found from eq. (4) first
assuming that there, is an empirical dependence of bond energy E on length r [14].

Ec_s=A1 _g+B-re_g+Cta-re_y+b (5)

The energies of the identified fragments in the compounds investigated can be
represented as a system of equations:

Ec c,=Ay R c,+ By rc_c,+Ci+a(3re_u+rc,_u)+4b
Ec_c,=Ay ré c,+ By rec,+C+ a(3rC1_H + ’}’ca_H) +1y
Ecl-c. =A,- ’él-Q, + B, - re,.c,t C, + 0(3"c1_H) + 3b
Ec,c,=Ay-r¢_c,+ By rc,_c,+Ci+a(2rc,_c,)+2b

Ec, c,=A1-1¢ _c,+Byre, c,+C + a(’cz_H + ’}rCG-H) +3b
Ec_s=A; 1 _s+By ro_s+Cy+a(3re_y)+3b

Ec, si=4;- rCZZ—Si +B,re, s+ C+a(re, u)+b

Ec, si=A,- r(?;-Si +Byre, st Gt a(’.l;"c,_ﬂ) +1b
Ec_o=A3 1} o+ By tc_o+ C+a(3rc_y)+3b
Ec,_0=A45" "czz_o +By-re, ot Cta(re, _u)+b

2 2
EC3—0 =A3 M rCS_O + BJ . rCJ_O + C3 + a(%rca_H) + %b

(Continued on p. 33)
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Table 3
Atomization enthalpies and molecular bond energies of fragments of organosilicon compounds ¢
Fragment Atomization Bond Bond energy Mean bond Refer-
enthalpy of (kJ mol 1) length (A) rence
fragment
(kJ mol 1)
Ec,_c, 2003.59 €c,-c, 353.10 1.5345 14
Ec,.c, 1173.40 €c,-c, 350.98 1.539 14
Ec,_c, 1727.41 €c,-H 412.92 1.102 14
Ec _c, 1590.80 €c,-H 411.71 1.108 14
Ec,.c, 898.78 €c,.n 409.68 1118 14
Ec,_si 1540.00 €c,-c, 350.51 1.540 14
Ec,_s 706.43 €o-c, 334.93 1.430 15
Ec, s 432,00 €o-c, 344.39 1.425 17
Ec_s 550.1 €o-c, 347,01 1.420 17
Ecc, c, 1670.58 €c,-c, 352.86 1.535 17
Eo_s 454.38 €ousi 454.38 1.670 17
Eo_c, 1773.70 €c,.si 301.82 1.870 16
Eo_c, 756.10 €c,.si 298.57 1.88 17
Eo.c, 483.57 €c..c, 351.87 1.537 14
Es_n 325.10 €c._si 296.14 1.885 17
EC.p—Si 320.60 €si_H 325.10
Ec, c, 920.86
Car-Coups 708.51
Eo_c,,, 410.50
Ec,,,-co 797.22
Cap3-Cap3 496.11
Eco.o 788.68

?Cy, Gy, Cy; Gy, G, 2 CH3-, —CH;,—, -CH~, =CH, =CH, groups, respectively; C,, CH group in the
benzene ring, C,;, ; a substituted carbon atom in the benzene ring.

The unknown values 4,, By, C;; A,, B,, C; A;, By, Cy; a and b used for
calculating the bond energies in kcal (1 cal=4.184 J) were calculated by the
least-squares method and are as follows:

A, = 226275 B, = —807.724 C, = 791.036

A, = 6260 B, = —23630.5 C, = 22370.437

A, = 613.333 B, = —1869.933 C, = 1501.517
a= —48.381 b=152.007

For some of the investigated organosilicon compounds the combustion and forma-
tion enthalpies have been already determined ([18-26], Table 4). From Table 4 it
can be seen that the published enthalpies of formation for compounds II, III, IV, V,
XII, XIIT and X1V differ significantly from those obtained by us. This is due to an
incomplete combustion of these substances, a fact which was admitted at time of
publication [22,27-29]. In calculating enthalpies of formation for (CH,=CH),Si
values of AHP(298.15 SiO,): from —870.7 to —869.9 kJ mol~! [19-25). In a
number of cases it was not even indicated what modification of silica was formed
after combustion in the bomb calorimeter [25].

We used the value of AHP(298.15 SiO, (hydr. amorph.)) = —939.4 kJ mol !
previously determined experimentally [6], by taking into account the hydration
enthalpy. In this study it was tested by reaction calorimetry.
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Table 4
Formation enthalpies of tetraalkylsilanes (kJ mol™')
Compounds — AHPyss15 Reference
liquid gas
(CH,), () 236.0 18
227.6 19
2314 20
2552+ 42 2301+ 41 21,22
(C,H5),Si (D) 276.1+16.7 13434170 21
277.8+18.8 23811190 23
205 24
276.1+16.7 23434170 22,25
(CH,),Si(C3H5), (IIT) 23434335 2
(CHS),SiC,H, (IV) -167+ 41 26
(CH,0),4Si (V) 1267.7+£12.0 122594126 24
(C,H;0),Si (VD) 1380.7 £20.0 1330.5+21 30
(CH,0),SiCH; (VII) 9749+ 8.1 9414+ 8.1 31
C,H,0Si(CH,) (VIII) 5640+ 4.1 5314+ 43 2
(CH,),Si0C,H, (IX) 556.5+ 4.1 5180+ 4.1 33
(CH,),Si0C, H; (X) 5272+ 41 489.0+ 4.1 28
C,H,Si(0C, Hs), (XT) 10422+ 41 10167+ 4.1 33
(C;H,),Si(OC, Hy), (XIT) 93724+ 82 29
(CH,),Si(0C,Hy), (XIII) 8619+ 4.1 8200+ 4.1 34
(C4H,),Si0C, H; (XIV) 644.3£16.0 35

The formation enthalpies of tri-n-alkyl, tetra-n-alkyl-, tetra-n-alkoxy-, n-alkyl-n-
alkoxylanes are a linear function of the total number of carbon atoms (n.) in the
molecule. Moreover, for the homologous series [36,37] containing similar types of
bonds it is strictly linear. This dependence is reflected in:

—AH{(298.15(gas)) =B+ Y.Z;+ K-nc

where B is a constant for a given class of compounds; £Z; is a correction of the
bonds Si~CH,, Si—-OCH,, etc; K is the variation in enthalpy of formation as the
n-alkyl chain progressively lengthens by one CH, group (homologous difference).

In the case of tetraalkylsilanes this equation takes the form:
—AH(298.15(gas)) =132 + 3.6Z5;_cu,+20.62-nc
and for the case of trialkylsilanes:

—~AH{(298.15(gas)) = 93.5 + 3.6 Zg;,_cy, +20.62 - nc

where Zg;_y, is the number of methyl groups bound with a silicon atom, whilst 3.6
is the difference between enthalpies of formation of the bonds Si-C,; and Si-C,.
For tetraalkoxysilanes the equation becomes:

—~AHP(298.15(gas)) = 1150 — 131Zg_ocy, +20.62-nc

where Zg_ocy, is the number of methoxyl groups bound with the silicon atom,
whilst 13.1 is a difference between enthalpies of formation of the bonds Si—-OC, and
Si-OC,. For n-alkyl-n-alkoxylanes
[CH,(CH,),,0] Si[(CH,),CH;],_, AHP(298.15(gas)) =

132 + 254.5x + 3'6ZSiCH3 - 13.lzsi0CH3 + 20.62 *nc
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This formula is also valid for calculating the A H{(298.15(gas)) for tetra-n-alkylsi-
lanes (X = 0) and tetra-n-alkoxysilanes (X = 4). The —A H(298.15(gas)) values for
the above substances, calculated by use of this equation, are listed in Table 5. The
latter indicates that the calculated and observed A H; values for the investigated

Table 5

Experimental and computed formation enthalpies of tri-, alkyl-, tetra- -alkyl, tetra- -alkoxy-, -alkyl and
-alkoxysilanes (kJ mol~1)

Compound — AHPgs B Discrepancy
Found Calc

(C,H,),SH 2170150 2170 935 0
(CsH,);SiH 280.04 6.0 279.0 935 1.0
(C4Hy),SiH 341.04+7.0 341.0 935 0
(CsHyy),SiH 402.0+7.0 403.0 93.5 -10
(CoH,3),SiH 466.017.0 465.0 935 1.0
(C;H;5),SiH 529.0+7.0 527.0 93.5 2.0
(CeHy7),SiH 591.047.0 588.0 93.5 30
(C4H,g),SiH 651.0+8.0 650.0 93.5 1.0
(CyoHz),SiH 713.0+ 8.0 712.0 935 1.0
(C,H,),CH,SiH 200.0+5.0 200.0 97 0
(CyH,);CH,SiH 240.0 4 6.0 241.0 97 -10
(C4H,),CH,SiH 283.016.0 2830 97 0
(CsHy;),CH,SiH 3250460 3240 97 1.0
(C¢H,,),CH,SiH 366.0+ 7.0 365.0 97 1.0
(C;H,),(C,H;)SiH 259.0 6.0 258.0 93.5 10
(C4Hy)5(C,H,)SiH 201.0+6.0 300.0 93.5 10
(CsHy1),(C,H,)SiH 340.0+ 6.0 341.0 93.5 -10
(CeHy,)5(C,H,)SiH 38104 6.0 382.0 935 ~10
(CgH,,)»(C,H,)SiH 468.0+7.0 465.0 93.5 30
(CyoHn ),C, HsSiH 545.0+7.0 547.0 935 ~20
(CH,;),8Si1 229.0+3.0 229.0 146 0
(C,H,),Si 297.045.0 297.0 1320 0
(C3H,) Si 378.0450 379.0 1320 1.0
(CH,)Si(C,H,), 281.0+5.0 280.0 135.6 1.0
(CH,)Si(C5H,)s 3430150 342.0 1356 1.0
(CH,),S(C,H,), 263.045.0 263.0 1390 0
(CH,),Si(C;H,), 306.0+5.0 304.0 132.0 20
C,H,Si(C;H,)s 360.04 6.0 359.0 1320 1.0
(C,H;),Si(C;H,), 341.04 5.0 338.0 132.0 30
(C,H,),SiC;H, 319.0+6.0 318.0 1320 1.0
C,H,Si(C,H,), 444.0+7.0 441.0 132.0 3.0
(C3H,),SC,Hy), 42304 6.0 4210 132.0 2.0
(CH,0),4Si 1180.01+ 5.0 1180.0 1097.0 0
(C,H40),Si 1315.0+6.0 1315.0 1097.0 0
(C3H,0),Si 1397.016.0 1397.0 1150.0 0
(C4H0),Si 1482.0+ 8.0 1480.0 1150.0 20
(CH,),SiOC, H 499.015.0 500.0 397.0 -10
(CH,),Si(0C, Hy), 775.0£5.0 778.0 648.0 -30
CH,Si(OCH,), 944.01-5.0 942.0 860.0 20
CH,Si(OC,H,), 1045.0+5.0 1043.0 899.0 2.0
(CH,),SiOC,H, 521.0+5.0 521.0 397.0 0

(C;H,),Si(0C, Hy), 852.0+5.0 847.0 641.0 5.0
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organosilicon compounds are within experimental error (maximum discrepancy
being +3 kJ mol ™).

Experimental

Combustion of the substances under investigation was made in a precision
calorimeter equipped with an isothermal jacket 6, rotating around two mutually
perpendicular axes, and in an automatic combustion calorimeter AKS-3. The
calorific value of the calorimetric system, as determined by reference to standard
benzoic acid, was found to be 151.6 + 0.02 J ohm ™ (an average from 18 determina-
tions). Its heat of combustion, Jessup factor was found to be 26433.26 J g~ 1.

Liquid organosilicon compounds were purified by rectification in an suitable
column (high-boiling ligands in vacuo) and solid compounds, by repeated recrys-
tallization prior to burning. Their purities, on the basis of GLC (chromatograph
TSVET-100) and melting curves [38], was over 99.4%. Tetraorganylsilanes were
additionally purified by preparative chromatography, their purity exceeded 99.98%.

It was found that for complete combustion of the substances temperatures above
1800° C are required. To attain such temperatures, use was made of ultradispersed
carbon (particle size 0.1-0.001 micron) whose combustion temperature, determined
by an optical pyrometer EOL-66, was above 2000°C. Variation of the internal
energy of combustion of ultradispersed carbon in a bomb calorimeter was found to
be AUS(298.15) = —33388.3 + 7.0 kJ kg~ ! (average of eight determinations).

Liquid organosilicon compounds were burned as follows: A tablet made of
ultradispersed carbon was placed in a flat iridium crucible (m =8.7 g, d =20 mm,
h=7.5 mm). A sample of 0.12-0.15 g was then placed in a terrylene container
which was suspended 4 cm above the carbon tablet. Between tablet and terrylene
container with the substance at 5-10 mm distance from the latter was put an
iridium plate (d =35 mm, 8 = 0.8 mm). As much as 2 cm® of distilled water was
introduced into the bomb. The tablet was ignited by a cotton thread (— AUg(298.15)
=16736 J g~') attached at one end to a platinum spiral (d=0.1 mm, /=7 cm)
heated by electric current, the other end was pressed into the carbon tablet.

The energy of combustion of terrylene was found to be AU2(298.15) = —23056 J
g ! (an average of seven determinations).

The substance in the terrylene was ignited by the carbon tablet, ignition was
explosive and the iridium plate prevented burning liquid from falling onto the
bottom of the bomb, thus ensuring that combustion sample had taken place.

As a check on the reliability of the burning procedure we determined the energy
of combustion of hexamethyldisiloxane which was purified by rectification and
preparative chromatography. Its purity was 99.98% The obtained value of enthalpy
of formation, as given in Table 2 is consistent with that published previously, 816.3
kJ mol ™! [7].

The extent of burning checked from the mass of silica formed was 99.7-99.9%.
Spectroscopy (spectrophotometer UR-20) showed that the content of unburnt
substance in the combustion products was less than 0.3%, silicon carbide was not
identified in this case. X-ray crystallograpy of the highly-dispersed silica formed
indicated that there were no crystalline modifications. Our combustion technique is
recommended for burning many types of organosilicon compounds. Enthalpies of
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evaporation of the substances under investigation were determined calorimetrically
(precision calorimeter DAK-1-1A) by use of a procedure previously described
[39-41].
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