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products. However, step 16 should not be important at high 
pressure. 

Conclusion 

The mechanism of ethylene radiolysis by fission recoils 
has been found to be in general consistent with that eluci
dated at lower pressures in conventional radiolysis when al
lowance is made for the increased density and the inhomo-
geneous energy deposition. The former results primarily in 
the suppression of the fragmentation of activated intermedi
ates. The latter leads to localized free radical concentra
tions along the entire track too high to be scavenged by up 
to 0.75 mol % oxygen. 
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Kinetics of the Thermal Decomposition of 
Methyldisilane and Trisilane 
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Abstract: The kinetics of the gas-phase thermal decomposition of methyldisilane and trisilane in the temperature ranges 
539.6-569.6°K and 529.6-560.50K, respectively, are reported. Rate constants for the homogeneous, unimolecular initial de
composition reactions as shown are {6 = 23RT): CH3Si2H5 — SiH2 + CH3SiH3 (log /t(sec-1) = (15.28 ± 0.15) - (50.75 
± O.36)/0); CH3Si2H5 — CH3SiH + SiH4 (log k(sec~l) = (14.14 ± 0.14) - (49.89 ± O.35)/0); Si3H8 — SiH2 + Si2H6 
(log *(sec-') = (15.69 ± 0.18) - (52.99 ± 0.43)/«); Si3H8 — SiH3SiH + SiH4 (log k(sec~l) = (14.68 ± 0.23) - (49.24 ± 
O.55)/0). It is argued that the relatively low activation energies observed support 1,2-H migration via hydrogen-atom 
bridged transition states, and that the relatively high A factors observed indicate that these transition states are quite 
"loose." Other derived thermodynamic and kinetic data are reported, including a value for the heat of formation of methyl
disilane, A//f°(CH3Si2H5) = 12.6 kcal/mol; heats of formation of the product silylenes, A//f°(SiH2) = 58.6 ± 3.5 kcal/ 
mol; A//f°(CH3SiH) = 50.9 ± 3.5 kcal; AH{°(SiH3SiH) = 64.5 ± 3.5 kcal/mol; and A factors for these silylene insertion 
reactions (i.e., the reverse of the decomposition reactions studied). Silylene insertions into (Si-C) and (C-H) bonds were not 
observed. Insertions into (Si-Si) bonds are argued to be inconsistent with the present data. 

Initiation reactions in the thermal decompositions of sat
urated hydrocarbons are with no exceptions (C-C) or (C-
H) bond fission reactions. Similarly, an (Si-H) bond rup
ture appears to be the initial step in the silane (SiH4) ther
mal decomposition.1 However, Si2H6,2"4 CH3Si2H5 ,5 1,2-

(CHs)2Si2H4 ,5 (CHj)5Si2H,6 and Si 3 H 8
2 7 decompose via 

1,2-hydrogen shift reactions to form silanes and silylenes,2~7 

(cf. reaction 1) where R represents H, SiH3, or CH3 . This 

R^SiSiHR? RoSiH + SiR, (D 
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type of elimination reaction is only observed in high energy 
(vacuum uv) photochemical decompositions of hydrocar
bons.8 That 1,2-hydrogen shift reactions occur in polysilane 
thermal decompositions, but not in hydrocarbon pyrolyses, 
can probably be attributed to the availability of low-lying 
nonoccupied orbitals (4s and 3d) on silicon which can pro
vide appreciable bonding stabilization for pentavalent sili
con in the transition state, and to the relative stability of di
valent silicon. Since both these properties are enhanced as 
one proceeds down through the group IV metals, 1,2-hydro
gen shift reactions are expected to dominate the thermal de
compositions of polygermanes, polyplumbanes, and polysta-
nanes. In fact the initial reaction in the thermal decomposi
tion of digermane appears to be a 1,2-hydrogen shift form
ing germane and germylene.3 Thus, as is so often the case, 
the chemistry of the first-row elements (in this case carbon) 
is the exception rather than the rule. 

It is interesting to note that 1,2-migration followed by sil-
ylene elimination is not confined to H atoms. Methoxydisil-
anes and halogenated polysilanes decompose via 1,2-me-
thoxy group9 shifts and halogen10 atom shifts. 

Until this study, disilane was the only polysilane contain
ing (Si-H) bonds whose thermal decomposition kinetics has 
been studied.11 The Arrhenius parameters obtained for the 
1,2-hydrogen shift reaction lb of that study provided the 

Si,Hfi SiH, SiH, (lb) 

log fe(sec-') = 14.5 - 49.3/9 

sole quantitative measurement for a member of this poten
tially very important class of reactions. We report here the 
kinetics of the thermal decompositions of two more polysi
lanes: trisilane and methyldisilane. This research was un
dertaken to extend the kinetic data on 1,2-hydrogen shift 
reactions in molecules, and to examine via the kinetics the 
nature and structure of the transition states involved. Mi
croscopic reversibility, then, assures corresponding informa
tion about the chemically more common singlet silylene in
sertion reactions. 

The series of reactants for which data are now available, 
namely disilane, methyldisilane, and trisilane (i.e., Si2H5R, 
where R = H, CH3, and SiH3, respectively), is particularly 
interesting in that the results provide information on the ef
fect of varying R group substituents on substituted disilane 
stabilities. 

Experimental Section 

Kinetics of the gas phase decomposition reactions were studied 
in a grease free high vacuum system by the static method. Walls of 
the vacuum line were treated with (CH3)3SiCl which renders them 
relatively inert. Inner walls of the reaction cell, volume ~ 386 cm3, 
were deactivated by decomposing SiH4 in the reaction cell at 400° 
and then evacuating at this temperature for 24 hr. This procedure 
generates a silicon mirror via the breakdown of the polymeric reac
tion product of the silane decomposition. Bowery and Purnell" 
found no surface dependence for the disilane decomposition over a 
silicon mirror surface. Our results for trisilane and methyldisilane 
parallel this result. 

Temperatures of the reaction cell were maintained and con
trolled constant to within ±0.1° using a well insulated, air stirred, 
electric furnace in conjunction with a proportional temperature 
controller (Bayley Instruments Co., Model 124). Temperatures 
were measured potentiometrically (L and N-K3) with a calibrated 
chromel-alumel thermocouple. 

Products and reactants were routinely identified by infrared 
spectroscopy (Perkin-Elmer iModel 337) and by mass spectroscopy 
(Hitachi Model RMU-6E). Reactant and product concentrations 
in the kinetic runs were followed quantitatively relative to an inert 
internal standard: tetramethylsilane, TMS, using gas-liquid chro
matography (Carle Model 8004 thermal conductivity chromato-
graph and a Varian Model A-25 recorder equipped with a disk in

tegrator). Analysis of the reactants and "light" products were 
made with an 8% Squalene on Supelcaport 24 ft stainless stee! col
umn, or with an 8% G.E. SF96 (silicone) 90-100 mesh Anakrom 
ABS 18 ft stainless steel column. For heavier reaction products 
(i.e., Si4HiO and SijHi2) a 6 ft SF96 column was used. Column 
temperatures were adjusted from 25 to 200°, while the detector 
temperature was fixed at 200°. Chromatographic methods of sil
ane analyses are described in detail elsewhere.12 

Trisilane was prepared from the flow pyrolysis of disilane as de
scribed by Tebben and Ring.2 Methyldisilane was prepared from 
the flow pyrolysis of disilane in the presence of a large excess of 
methylsilane.5 After vacuum distillation, and separation from 
other reaction products, these compounds were found to be better 
than 99% pure by glpc analysis. The internal standard, TMS, ob
tained from Ventron, was 99.5% pure as on determined by glpc. 

To avoid complications due to secondary reactions of products, 
the kinetics of decomposition were followed only over the first 5% 
of reaction. Thus kinetic constants correspond closely to initial 
reaction rates. 

Results 

Methyldisilane, studied in the temperature range from 
539.6 to 569.6°K, decomposes to silane, methylsilane, 1-
and 2-methyltrisilane, and 1,2- and 1,3-dimethyltrisilane. 
In prior investigations3,5 we have demonstrated that forma
tions of these products undoubtedly occur via primary reac
tions 2 and 3 and secondary insertion reactions 4s, 4p, 5s, 
and 5p as shown below. 

primary 

secondary 

_ „ c . „ ^ -SiH2 + CH3SiH3 

CH3S=I2H5 - - ^ C H 3 g i H + S1JJ4 

SiH2 + CH3Si2H5 

CH3SiH + CH3Si2H5 

*~ 2t "CHgSigH'? 
-1-CH3Si3H; 

1,2 -(CHj)2 Si3H6 

-1,3-(CHs)2Si3He 

(2) 
(3) 

(4s) 
(4p) 

(5s) 
(5p) 

Trisilane, studied in the temperature range 529.6-
560.50K, decomposes to disilane, normal and isotetrasilane, 
and normal and isopentasilane. The pertinent primary and 
secondary reactions for this system are represented by reac
tions 6-9.7 

In reactions 4, 5, 8, and 9, s refers to an insertion into the 
central or secondary Si-H bond and p refers to an insertion 
into terminal or primary Si-H bonds. 

primary 

secondary 

—-SiH2 + Si2H6 
3"8 "-—^SiH3SiH + SiH4 

Si3H. 

SiH, + Si3H 3"8 

SiH3SiH + Si3H8 

" J-Si4H40 

-M-Si4H10 

(6) 
(7) 

(8s) 
(8p) 

(9s) 
Op) 

Kinetic data are listed in Tables I and II. Table III illus
trates experimentally determined product and reactant 
pressures as a function of time for a representative run at 
each temperature examined in this study. The decomposi
tion kinetics of both methyldisilane and trisilane were found 
to be first order. Thus two- to threefold variations in reac
tant concentrations (CH3S12H5 from 26 to 60 mm, Si3Hs 
from 37 to 104 mm) produced corresponding variations in 
reactions rates. First-order rate constants (Tables I and II, 
columns 4 and 5) derived from primary product formations 
are within experimental error unaffected by variations in 
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Table I. Data on the Pyrolysis of Methyldisilane 

Run 
no. 

1 
2 
3 

4 
5 
6 
7 

8 
9 

10 
11 
12 

13 
14 
15 

Initial 
pressure" 
P0(CH3-

Si2H5) 

66 
66 
71 

60 
56 
33 
26 

59 
66 

65 
67 
68 

75 
68 
70 

" Pressure in mrr 
mm. ' 
Values 

Total Rate constants (sec-1 X 106) 
pressure6 for product formation 
Po(total) SiH4 

T = 539.90K 
132 0.851 
159 0.877 
161 0.878 

T = 549.4°K 
105 1.91 
119 1.94 

53 1.95 
47 1.95 

T = 553.O0K 
174 2.93' (2.63) 
187 3.22= (2.63) 

T = 560.00K 
125 4.52 
131 4.48 
160 4.43 

T = 569.50K 
125 10.2 
119 9.83 
119 9.70 

i. 6P0(total) =* P0(CH3Si2H5) 
Surface/volume ratio increased from 1.0 

CH3SiH3 

5.35 
5.47 
5.55 

12.0 
12.3 
12.3 
12.3 

1.94= (16.6) 
20.1« (16.6) 

29.3 
28.4 
28.4 

66.1 
64.6 
63.8 

+ P0(TMS) in 
to 12.1 cm"1. 

in parentheses are those calculated from the Arrhenius 
parameters derived from a least-squares analysis of the observed 
rate cor 

Table II 

Run 
no. 

16 
17 
18 
19 

20 
21 
22 

23 
24 
25 

26 
27 
28 

29 
30 

31 
32 
33 

o Pre 

istants for runs in the unpacked reaction vessel. 

. Data on the Pyrolysis of Trisilane 

Initial 
pressure0 

A(Si3H8) 

62 
57 
59 
64 

104 
36 
58 

60 
63 
62 

82 
77 
57 

60 
69 

59 
68 
58 

ssure in mm 

Total Rate constants (sec -1 X 106) 
pressure6 for product formation 
Po(total) SiH1 

T = 529.60K 
82 2.15 
81 2.20 
97 2.24 
92 2.43 

T = 535.70K 
105 4.04 

37 4.04 
97 3.63 

T = 540.10K 
102 5.56 
123 5.53 
65 6.19 

T = 550.30K 
122 14.2 
126 13.3 
91 13.0 

T = 5570K 
65 26.1*-(23.4) 
76 17.0= (23.4) 

T = 560.30K 
97 30.9 
99 29.4 
97 30.3 

Si2He 

0.619 
0.667 
0.679 
0.652 

1.26 
1.26 
1.05 

1.81 
1.72 
1.71 

4.23 
4.44 
4.60 

7.17= (7.59) 
6.11=(7.59) 

10.6 
10.4 
10.8 

i. b Po(total) = P0(Si3H8) + P0(TMS) in mm. 
= Surface/volume ratio increased from 1.0 to 12.1 cm - 1 . Values in 

as a run tuo i 

Run 
no. 

Table I 
2 

5 

9 

11 

14 

Run 
no. 

Table II 
18 

20 

24 

27 

29 

32 

1 U l 1 HIlC 

Time, 
sec 

0 
1841 
2691 
3613 
4641 
5436 

0 
662 
1058 
1580 
2026 
2557 

0 
891 
1143 
1452 
1731 
1980 

0 
557 
938 
1159 
1396 
1651 

0 
311 
561 
742 
957 

Time, 
sec 

0 
4810 
6969 
9044 
11121 

0 
1865 
3030 
4424 
5532 
6745 

0 
2106 
3007 
3905 
4851 

0 
880 
1215 
1648 
1990 
2287 

0 
1438 
1715 
2103 

0 
372 
568 
775 
946 

CH3Si2H5 

66.0 
64.4 
64.2 
62.2 
63.4 
61.5 
56.0 
54.6 
55.4 
55.5 
55.1 
53.3 
66.0 
61.7 
62.2 
61.0 
59.0 
57.9 
67.0 
65.0 
65.1 
63.3 
61.7 
61.5 
68.0 
66.0 
65.8 
63.3 
62.2 

Si3H8 

59.0 
58.4 
56.4 
57.3 
56.5 

104.0 
101.8 
102.8 
103.4 
98.6 

100.6 
63.0 
60.8 
60.1 
59.9 
58.0 
77.0 
74.5 
73.0 
71.3 
70.9 
69.8 
60.0 
57.6 
57.7 
55.8 
68.0 
66.2 
64.9 
64.5 
63.2 

—Pressure, m m -
SiH4 

0.123 
0.176 
0.225 
0.297 
0.337 

0.086 
0.126 
0.189 
0.241 
0.295 

0.230 
0.282 
0.349 
0.420 
0.468 

0.204 
0.326 
0.390 
0.471 
0.551 

0.259 
0.447 
0.533 
0.724 

-Pressure, mm— 
SiH4 

0.498 
0.753 
0.998 
1.20 

0.732 
1.23 
1.78 
2.18 
2.83 

0.595 
0.818 
1.12 
1.39 

0.770 
1.09 
1.46 
1.74 
2.01 

1.79 
2.33 
2.85 

0.667 
1.02 
1.37 
1.67 

, 
CH3SiH3 

0.772 
1.12 
1.41 
1.86 
2.11 

0.544 
0.800 
1.20 
1.53 
1.87 

1.49 
1.82 
2.25 
2.71 
3.02 

1.30 
2.08 
2.49 
3.00 
3.51 

1.69 
2.93 
3.51 
4.75 

Si2H6 

0.161 
0.240 
0.310 
0.376 

0.253 
0.400 
0.535 
0.712 
0.900 

0.200 
0.278 
0.361 
0.451 

0.263 
0.363 
0.493 
0.570 
0.686 

0.598 
0.732 
0.890 

0.241 
0.364 
0.480 
0.596 

parentheses are those calculated from the Arrhenius parameters 
derived from a least-squares analysis of the observed rate con
stants for runs in the unpacked reaction vessels. 

total pressure (/'(total) varied over a twofold range), and 
unaffected by variations in surface to volume ratios (S/V =a 
1 c m - 1 in most runs; S/V c~ 12.1 c m - 1 in runs 8, 9, 29, and 
30). Therefore, the primary dissociation reactions (reac
tions 2, 3, 6, and 7) are homogeneous, unimolecular pro-

" Pressures have been adjusted to account for decrease in total 
pressure resulting from aliquot sampling. 

cesses in their high-pressure region. Arrhenius parameters 
for these reactions, determined from least-square analyses 
of the rate constants in the Arrhenius equation, In k = In A 
- EIRT, are listed in Table IV. 

Data for the silylene insertion reactions are given in 
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RCH2CH3 

Primary H Migration 

RCH3 + CH, 

Figure 1. Pictorial representation of the 1,2-H-shift decomposition 
mode in hydrocarbons. 

Table V. For all three silylenes (SiH2:, CH3SiH:, and 
SiH3SiH:), insertion into the available (Si-H) bonds is 
close to statistical. Thus for SiH2: and CH3SiH: insertions 
into CH3SiH2SiH3 , the relative rates of insertion into the 
three primary Si-H bonds compared to the two secondary 
(Si-H) bonds are 1.41 and 1.30, respectively (i.e., only 
slightly less than the statistical value of 1.5). Similarly, the 
rates of SiH2: and SiH3SiH: insertions into the primary vs. 
secondary (Si-H) bonds of trisilane are 3 within experimen
tal error. Insertion into the (C-H) bonds of methyldisilane 
was not observed. Comparisons of the yields of insertion 
products to the yields of primary dissociation extrapolated 
to zero reaction time indicate that the silylenes are not 
quantitatively trapped via insertion reactions. Thus the per 
cent insertion ranges from a low of 40 ± 10% for Si2H4 in
sertion into trisilane, to values very close to 70% for the in
sertions of SiH2 and CH3SiH. The lower insertion product 
yields for the Si2H4 species may well be a result of some 
isomerization to the very unstable (to polymerization) mo
lecular species, H2Si=SiH2 . Polymer formation is very like
ly the fate of all silylene species not "trapped" by insertion 
reactions. 

The insertion ratios and product yields of this study are 
in reasonable agreement with those obtained in a prior 
study7 in which heavy insertion products were cold trapped 
and removed from a Toepler pumped circulating reaction 

Table IV. Arrhenius and Transition State Parameters" ̂  
for Primary Formation in the Pyrolysis of 
Methyldisilane and Trisilane 

Methyldisilane 

Reaction 2 
2 

CH3Si2H5—>SiH2: + CH3SiH3 
log Wsec-1) = (15.28 ± 0.15) - (50.75 ± 0.36)/9 
AS2* = 8.3 ± 0.8 eu; AH2* = 49.70 ± 0.36 kcal 

CH3Si2H.; — 
log A.-3(sec

_1) 
AS3* = 3.1 = 

Reaction 3 

• : SiHCH3 + SiH4 
= (14.14 ± 0.14) - (49.89 ± O.35)/0 
0.8 eu; AH:i* = 48.86 ± 0.43 kcal 

Trisilane 

Reaction 6 

Si3H8—»-:SiH2 + Si2H6 
log ĉ6(SeC"1) = (15.69 ± 0.18) - (52.99 
AS6* = 10.1 ± 0.8 eu; AZf6* = 51.93 : 

Reaction 7 

: O.43)/0 
0.43 kcal/mol 

Si3H8—>• :SiHSiH3 + SiH., 
log Wsec-1) = (14.68 ± 0.23) - (49.24 ± O.55)/0 
AS7* = 5.5 ± 1.0 eu; AH1* = 48.17 ± 0.55 kcal 

" log Ar(SeC-1) = log /!(sec"1) - £(kcal)/0, where 6 = 2.ZRT (in 
kcal).6 In A = In (ekT/h) + (AS*/R); E = AH* +RT; T = mean 
reaction temperature. 

RSiH2SLH3 RSiH, + SiH, 

Secondary H Migration 

RSiHSiH, RSiH +• SiH4 

Figure 2. Pictorial representations of the 1,2-H-shift decomposition 
reactions of polysilanes. 

stream. The ratios of that study are shown in parentheses in 
Table V. 

Discussion 

Unimolecular Decompositions of Methyldisilane and 
Trisilane. By examining the energetics of methylene inser
tion into a (C-H) bond in methane, calculations by Dobson, 
Hayes, and Hoffmann13 indicate that the transition state 
for this process (and therefore also for the reverse 1,2-H-
shift decomposition of ethane) resembles an H-abstraction 
reaction by methylene, as originally suggested by Ben
son.14'15 The reverse methylene elimination reaction path, 
then, can be pictured as shown in Figure 1. 

Note that elimination proceeds through a conformation 
which strongly resembles the transition state for bond rup
ture to radical fragments (I), and that the transition state 
for methylene elimination (II) must lie at a higher energy 
than this conformation. Dobson, Hayes, and Hoffman cal
culate a small (but apparently operationally very signifi
cant) energy difference between II and I of about 7 kcal.13 

By contrast, silylene elimination reactions have activation 
energies which are much lower than (Si-Si) bond energies: 
£act (Si2H6 — SiH2 + SiH4) = 49.3 kcal/mol;11 DH° 
(SiH3-SiH3) = 84 or 81 kcal/mol.16 Hence silylene elimi
nations, on energy grounds, cannot proceed via methylene 
elimination type reaction paths. The alternative path for 
methylene elimination, with a transition state involving a 
1,2-H shift and pentavalent carbon, is apparently not ener
getically feasible in hydrocarbon reactions because of the 
high energies of the lowest unoccupied orbitals on carbon. 
However, for silanes, such a reaction path seems very rea
sonable. The silylene elimination reaction path, then, is 
probably as depicted in Figure 2. Note that a rehybridiza-
tion from sp3 bonding in the reactant to something resem
bling dsp3 bonding at the acceptor silicon center of the tran-

Table V. Insertion Data (530-570 0K)" 

CH3Si2H5 
reaction 

Product ratio 
(kJk.Y 

Per cent 
insertion^ 

(JH3S13H7 

(CHs)2Si3H6 

Si3H8 reaction 
S14H10 

Si3Hi2 

1.41 =b 0.04 
1 .30± 0.02 

3.5 = 0.4<*(3.7) 
2.8 ±0.4<*(2.1) 

74 ± 2 
71 ± 2 

72 ± 8 (~80) 
40 '± 10(~30) 

" No observable temperature effect on the ratio kp/k0 was found. 
b kp is insertion at a terminal or primary Si-H bond while Ar8 is 
insertion at a secondary Si-H bond. c Products are formed by 
insertion of SiH2, CH3SiH, or SiH3SiH inserting into CH3Si2H5 or 
Si3H8.

 d Because analyses for Si4Hi0 and Si5Hi2 were difficult, 
data on the insertion reactions producing these products were not 
routinely obtained, hence the larger uncertainties associated with 
these data. 
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sition state (i.e., participation of pentavalent silicon) is re
quired. 

An examination of the rate constants and Arrhenius pa
rameters for the two possible 1,2-H-shift reaction modes of 
methyldisilane and trisilane indicates that in the tempera
ture range of study the primary H-shift reaction to form 
methylsilane (reaction 2) is the preferred reaction for meth
yldisilane and the secondary H-shift reaction to form silane 
(reaction 7) is the preferred reaction for trisilane. These rel
ative rate results seem to involve an interesting balance be
tween the activation entropy and energy requirements. Thus 
the activation energies for primary H-1,2 migrations are 
higher than the competitive secondary H-atom migrations 
by 1 to 3 kcal (for CH3Si2H5 and Si3H8, respectively), but 
the A factors for primary H migrations are also higher by 
close to an order of magnitude in both cases. 

It is interesting to note that the observed activation ener
gies seem to correlate with the difference in the (Si-H) 
bond dissociation energies of the "breaking" and "forming" 
bonds in the 1,2-H migrations. Thus, assuming a correla
tion between Si-H stretching frequencies and (Si-H) bond 
dissociation energies,17 we suggest the following order for 
the latter: DH° (SiH3-H) > DH° (CH3SiH2-H) > DH° 
(SiH3SiH2-H) =* DH0 (Si2H5SiH2-H) > DH° 
(SiH2(CH3)SiH-H) > DH° ( (SiH3)2SiH-H). This is a 
"normal" sequence in which both silyl and alkyl substitu
tions on silicon weaken the remaining Si-H bonds, and silyl 
substitution effects the greater dissociation energy reduc
tion. The expected order for the activation energies of the 
1,2-H migration, then, is as observed, E6 > Ei > £3 > Ei, 
with the highest value of 53 kcal for reaction 6 (in which a 
primary Si-H bond is broken and the weakest of the secon
dary Si -H bonds is formed), and the lowest value of 49.2 
kcal for reaction 7 (in which the weakest of the secondary 
Si -H bonds is broken and a primary Si -H bond is formed). 

It is also interesting to note both the relatively large posi
tive activation entropies for all four of the dissociation reac
tions,18 and the noticeably higher activation entropies of the 
primary 1,2-H migration reactions (i.e., reactions 2 and 6). 
These reactions have activation entropies about 5 eu larger 
than their competing secondary H-migration decomposition 
modes. We have been able to rationalize these remarkable 
entropy observations through transition state thermochemi-
cal estimates19 (i.e., A factor estimates to within a factor of 
2),20 but only by proposing sizable reductions in the bend
ing, stretching, and rocking modes associated with the sepa
rating silicon centers. Rehybridization to pentavalent sili
con for the acceptor silicon center is proposed to effect addi
tional weakening of bonds to that center, and hence larger 
reductions in the frequencies of associated vibrational mo

tions. The higher A factors for primary H-migration elimi
nations, then, are rationalized in terms of mass effects on 
the vibrational motions associated with the pentavalent sili
con center (i.e., X = CH 3 or SiH3 is bound to the pentava
lent silicon in the high A factor or primary H-migration 
reactions). If our transition state models are correct, still 
larger entropies of activation are predicted for reactants 
producing higher substituted pentavalent silicon centers in 
their transition states (e.g., (CH3)3SiSiH3). 

The A factors for SiH2: elimination from trisilane and 
methyldisilane differ by an amount consistent with their 
reaction path degeneracies (i.e., reaction path degeneracy 
of reaction 2 = ?̂ In 9; reaction path degeneracy (rpd) of 
reaction 6 = R In 18; Arpd =* 1.4 eu). Hence it is unlikely 
that these eliminations proceed via significantly different 
reaction paths. Thus, the decomposition of trisilane via a 
transition state involving a silicon bridge as pictured below 
in reaction 10 and as previously suggested7 seems very un-

SiH, 

H3Si- -SiH3 Si2H6 + SiH2 (10) 

likely since the corresponding transition state for the meth
yldisilane decomposition is excluded (i.e., it would involve 
pentavalent carbon, and SiH2 does not insert into either 
(C-Si) or (C-H) bonds in a competition with (Si-H) 
bonds).3'4 

Heat of Formation of Methyldisilane. Reactions 2 and 6 
can be combined by Hesse's law to obtain reaction 11: reac
tion 2 — reaction 6 = reaction 11. The Arrhenius parame-

CH-̂ Si2Hr •+- Si2H? + CHoSiH (11) 

ters of the forward reactions 2 and 6 are reported in this 
study, and the relative rates of the back reactions (reactions 
—2 and —6) have been obtained in a prior study at 350°: 
k-i/k-t = 0.20.7 Thus a value for the equilibrium constant 
of reaction 11 at 350° can be calculated: A"n = (ki/kb)/ 
(k-i/k-f) = 11.6. Thermodynamic properties of disilane 
are known,21 and the entropies, heat capacities, and heat 
contents of the other species of reaction 11 can be calculat
ed from spectroscopic data using standard statistical ther
modynamic methods22 (see Table VI). Equation 12, then, 

AH. T(Il) TAS T ( I l ) RT InK m i ) (12) 

can be employed to calculate the reaction enthalpy at 350°. 
With Kn = 11-6, ASn = -0 .31 eu, one obtains AHu0 = 
-3 .2 kcal/mol. Correcting to 25° gives AHu° = - 2 . 8 
kcal/mol, and using the reported heats of formation for 
Si2H6, Si3H8, and CH3SiH3 (AATf0 = 17.1,23 25.924 and 

Table VI. Calculated Thermodynamic Properties of Methyldisilane" and Trisilane6' 

- ( C r 0 - H0
0IT, cal/(deg mol) 

HT° - H0
0, kcal/mol 

5° , cal/(deg mol) 
Cp0, cal/(deg mol) 

- (GT° - Hf)JT, cal/(deg mol) 
HT° — Ho", kcal/mol 
S0 , cal/(deg mol) 
Cp0, cal/(deg mol) 

. 
300 

67.11 
4.95 

81.60 
25.38 

68.14 
5.46 
4.45 

28.06 

400 

Methyldisilane 
70.59 

7.72 
88.69 
29.88 

Trisilane 
73.61 

8.50 
92.75 
32.88 

T, 0K 
600 

79.49 
14.34 

101.62 
37.30 

82.47 
15.84 

107.14 
40.08 

800 

86.45 
22.31 

112.82 
42.58 

90.21 
24.39 

119.24 
45.18 

% 

1000 

92.77 
31.24 

122.61 
46.48 

98.07 
31.50 

129.67 
54.85 

" Rotational barriers of 1.0 kcal/mol were used for (SiH3-^-X) rotors, and the methyl rotational barrier in methyldisilane was set at 1.7 
kcal/mol as in methylsilane. b The following fundamental vibration frequencies were used in the calculations of the vibrational partition 
functions: for CH3Si2H, (cm-')' 3 at (2940), 5 at (2150), 3 at (1330), 4 at (890), 1 ea at (1150), (820), (715), (700), (625), (420), (400), (380), 
(350), (185); for Si3H8 (cm-')« 8 at (2150), 7 at (920), 2 at (625), 2 at (420), 2 at (380), 1 ea at (715), (400), (350), (135). ' These assignments are 
based on our infrared spectra and assignments from CH3SiH3

28 and Si2H6.
29 
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1.025 kcal/mol respectively), one obtains a value for the 
heat of formation of methyldisilane at 25°: 
AZZf0CCH3Si2Hs) = 12.6 kcal/mol. Since a maximum 
error in ATt i of 50% is estimated (corresponding to an error 
in AZZn0 of only 0.5 kcal/mol) while entropies and enthal
py corrections contain negligible errors, this value for the 
heat of formation of CH3Si2Hs is about as accurate as are 
the heats of formation used in its estimation. 

Insertion Reactions. Thermochemistry and Kinetics. The 
A factors for silylene, silylsilylene, and methylsilylene inser
tion reactions (i.e., reverse reactions —2, —6, —7, and —3, 
respectively) can be obtained from the observed A factors of 
the corresponding 1,2-H-shift eliminations, the reaction en
tropies of these processes at the mean reaction tempera
tures, and eq 13. 

logA(atm"1 sec"1) insert ion = 
AS0 

logAfsec-1) 1,2-H shift + -^=- (insertion) (13) 

The entropy of SiH2: has been reported,26 and the en
tropies of CH3SiH and SiH3SiH have been calculated by 
the difference method27 starting from the known entropies 
of CH3SiH3 and Si2H6, respectively. Entropies used and A 
factors calculated are shown in Table VII. It is interesting 
to note that the A factors for SiH2 insertions are close to 
collision frequencies, while the larger silylene insertions are 
only slightly slower (i.e., they have steric factors of about 
0.1). On entropy grounds, then, silylene insertion reactions 
are extremely efficient processes. 

Since the rate constant ratio for silylene insertion into 
methylsilane and disilane is known (i.e., at 350° k-2/k~6 = 
0.20), and the A factors for these processes calculated 
(Table VII), an estimate for the activation energy differ
ence for SiH2 insertion into methylsilane and disilane can 
be made. Thus from eq 14, one obtains £_ 2 - £_ 6 = 1 . 1 
kcal/mol with an estimated error of the same magnitude. 

Table VII. A Factor and Relative Entropies of 
Silylene Insertion Reactions" 

Reaction - 2 ( T = 5550K) 
SiH2: + CH3SiH3 -* CH3Si2H; 

S°. (eu/moi) 55.1 73.66 98.5 
AS°_2 = -30.2 eu; /f_2 = 10SK atirr1 sec"1 = 10w;4 M"1 sec"1 

Reaction - 3 (T = 5550K) 
CH3SiH: + SiH4 -* CH3Si2H-, 

5°, (eu/mol) 70.1 56.5 98.5 
AS0-, = -28.1 eu; A-3 = 108M attrr1 sec"1 - 101"9 M"1 sec 1 

Reaction -6(T = 5450K) 
SiH2: + Si 2H 6^ Si3H8 

5°, (eu/mol) 54.8 78.9'' 102.9 
AS°_6 = -30.8 eu; A-, = 108" atirr1 sec"1 = 10ll«2 M~l sec'1 

Reaction - 7 (T = 5450K) 
SiH3SiH: + SiHj — Si1H8 

5°, (eu/mol) 75.4 56.3 102.9 
AS0-, = -28.8 eu; A--, = 10s-39 atrrr1 sec"1 = 101047M-1SeC"1 

" Entropy estimates in these reactions are easily accurate to 
within ±1.0 eu, corresponding to a factor of about 1.7 in A. 
b Calculated from the standard entropy at 25°21 and calculated heat 
capacities using reported vibrational frequencies.2930 

(£.2 - E.,) = RT(In k_e/k_2 - \nA_s/A_2) (14) 

While this activation energy difference is reasonable (pre
dicting the higher activation energy for the insertion into 
the stronger Si-H bond), it is also of the same size as the 
experimental errors in the A factors and rate constants. The 
fact that E-i and £_6 are different suggests that the activa
tion energy for SiH2 insertion into silicon-hydrogen bonds 
is not zero. Recently, John and Purnell have estimated the 
activation energy for SiH2 insertion into SiH4 to be 1.3 ± 
1.1 kcal/mol.28 Therefore, selecting a value of £(inSertion) — 
1.3 ± 1.1 kcal/mol, heats of formation of the silylenes 
formed in reactions 2, 3, 6, and 7 can be calculated. The 
values obtained, ignoring heat capacity corrections are: 
AZZf°(SiH2:) = 61.1 ± 1.1 kcal/mol (from reaction 2) = 
60.6 ± 1 . 1 kcal/mol (from reaction 6); AZZf°(CH3SiH:) = 
53.1 ± 1.1 kcal/mol (from reaction 3); AZZf°(SiH3SiH:) = 
66.7 ± 1 . 1 kcal/mol (from reaction 7). Similarly, Purnell's 
results on the disilane decomposition give AZZf°(SiH2:) = 
57.9 ± 1.1 kcal/mol. 
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