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A study of the decomposition of chemically activated trimethylsilane and methylethylsilane isreported. Chem-
ical activation was by the insertion of singlet methylene, from the photolysis of diazomethane at 3660 & and
24°, into the C-H and Si-H bonds of dimethylsilane. The total rate constants for trimethylsilane, krus, and
methylethylsilane, kuzs, unimolecular decomposition were found to be 2.93 X 107 sec™* and 3.30 X 107 sec™?,
respectively. Hz, CH,, and C;H, were formed as decomposition products in the presence of the radical scaven-
gers, oxygen and 1,3-butadiene, indicating they are formed by molecular elimination processes. The experi-
mental results combined with RRKM caleulations infer that Si~C bond rupture and methane elimination are
the major primary decomposition paths for chemically activated trimethylsilane, and Si~C bond rupture and
molecular hydrogen elimination are the major primary decomposition paths for chemically activated methyl-
ethylsilane. The rate constant for methyl rupture from the chemically activated trimethylsilane, 2.2 + 0.8
X 107 sec™, yields an 4 factor for Si-C bond rupture in trimethylsilane, via RRKM theoretical calculations,

equal to 10%6.8 £ 0.8 ggg~1,

Introduction

Although alkanes thermally decompose by unimolec-
ular C-C bond fissions, ® recent pyrolysis studies suggest
that some silanes and alkylsilanes decompose at least in
part by direct molecular elimination.?-1 It has been
pointed out''!2 that a fine balance exists between the
radical and molecular elimination modes of decomposi-
tion in silicon compounds, and care must be taken in
evaluating the relative importance of the two paths for
different silicon compounds. For example, it has been
proposed that the pyrolysis of SiyHg*5-8 yields SiH,
and SiH, as the primary decomposition products, but
(CH,)sSiH!® appears to decompose by Si-H and Si-C
bond rupture at 1000°K. Both decomposition modes
are operative during the pyrolysis of CH;SiH;,% .12
where H; molecular elimination and Si~C bond rupture
seem to oceur with comparable importance.

Pyrolysis studies suffer frequently from heterogene-
ous effects and complicating secondary reactions, which
lead to complex chain mechanisms, and obscure the
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primary rates. Considerable effort has been spent in
determining the Arrhenius parameters for the initiation
reactions of alkane decompositions, but there is still a
major question as to the order of magnitude of the 4
factors for C~C bond rupture.2'* TUsing a chemieal
activation technique® one can minimize the problems
that plague thermal studies, and a comparison of the
datsa for the two types of studies is of interest.

In this paper we present the results of a low-pressure
study of diazomethane-dimethylsilane photolyses at
3660 A. An internal standard, tetramethylsilane, was
used to determine the unimolecular decomposition rate
constants for the chemically activated trimethylsilane
and methylethylsilane. Product analyses, with and
without radical scavengers added to the reaction mix-
tures, were used to establish the probable decomposition
paths of the energized trimethylsilane and methyleth-
ylsilane. We reported the high pressure results for
this system previously, 6

Experimental Section

Apparatus and Materials. All gas handling was per-
formed with standard high vacuum equipment. A
Toepler pump was used to transfer noncondensables.
The volume used to measure out the reactants was iso-
lated by greaseless valves. In all other phases of the
gas handling process the pressures were low enough to
ensure that no measurable absorption in stopcock
grease with subsequent contamination occurred. The
source of photolysis radiation was a Hanovia 673A
medium-pressure mereury arc lamp. The 3660 A line
was isolated either by Hanovia filter 16223B or Esco
Products No. 5860 filter. The photolyses were carried
out in seasoned Pyrex vessels, varying in volume from
1to 12,710 em® An Aerograph 90-P3 gas chromato-
graph and a Hitachi, Model RMU-6E, mass spectrom-
eter were used for product analyses.

Baker lecture bottle 1,3-butadiene (99.59, pure) con-
tained no interfering impurities and was used without
further purification. The remaining materials uged in
this study were the same as those deseribed previously.

Procedure. Dimethylsilane~diazomethane and di-
methylsilane-tetramethylsilane-diazomethane mixtures
with and without added oxygen or 1,3-butadiene were
photolyzed from 2 to 20 hr depending on the total pres-
gure. All of the photolyses were performed at room
temperature (~24°). No surface effects were ob-
served by varying reactor volumes for experiments at
the same pressure.

A slow dark reaction occurred between dimethylsilane
and oxygen to produce hydrogen and methane. No
other products of interest were formed from the dark
reaction. The dark reaction was slow enough, less than
19, of the dimethylsilane was destroyed during 24 hr,
to ensure that the alkylsilane products of interest were
not destroyed by the oxygen. In all experiments oxy-
gen wag removed upon completion of the photolysis.
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There was no ethane or propane formed from photol-
ysis of diazomethane in the presence of only oxygen or
1,3-butadiene. The measurable products were hydro-
gen, ethylene, acetylene, and propylene. Products
formed from methylene + 1,3-butadiene were not mea-
sured. A correction for the small amount of methane
formed by the photolysis of diazomethane and 1,3-bu-
tadiene mixtures was applied to the dimethylsilane—
diazomethane~1,3-butadiene photolyses at each pres-
sure. The maximum correction was 15%.

Analysis. Upon completion of the photolyses, a
sample of an argon—neohexane calibration mixture was
added to the photolyzed reaction mixture. The non-
condensables (H;, CH,, Ny, O,, Ar) at —196° were re-
moved by means of a Toepler pump. The condensable
components were trapped in a U-tube at —196°. H,
and CH,; were analyzed on the mass spectrometer and
measured relative to Ar. The condensable components
were analyzed by glpe and measured relative to neo-
hexane. The glpe column was packed with 25 ft 30%,
dibutyl phthalate on Chromasorb and operated at room
temperature. A known mixture of H, CH,, and Ar
was run on the mags spectrometer after each H, and
CH, analysis in order to quantitatively calibrate the
mass spectrometer for Hp, CH, and Ar. Mixtures
similar to the reaction mixtures were used to calibrate
the glpe column for the measured products.

Since ethane and ethylene had the same retention
time on the DBP column, the ethane analyses were per-
formed by trapping the ethane and ethylene peak and
the neohexane peak as they eluted from the DBP col-
umn and then analyzing this trapped portion on a 30-ft
AgNO;-butanediol (sol.) + 25-ft dinonyl phthalate
column,

Results and Interpretation of the Data

Products. The major condensable products of the
reaction system were trimethylsilane (TMS) and
methylethylsilane (MES). When tetramethylsilane
(TEMS) was added to the reaction mixtures, ethyltri-
methylsilane (ETMS8) was a major product. In the
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Figure 1. Plot of TMS/MES »s. 1/P (em™1) for CH:N,-DMS

photolyses at 3660 A O, no scavenger added; O, oxygen
added. The collision frequency, w, is equal to 2.09 X 10% sec™!
cm ! for points with no scavenger added, 2.12 X 108

sec ™! em~* for points with 1,3-butadiene added, and

2.05 X 108 sec™! em ™! for points with oxygen added.

These w's were calculated using the following collision
diameters: TEMS, 8.6 A; TMS, 7.2 &; MES, 7.2 4; DMS,
6.6 A; DM, 5.5 A; Bd, 6.6 &; and 0y, 3.6 A. These values
are the Lennard-Jones collision diameters multiplied by the
square root of the collision integral Q2'2*(k7"/¢)(8, C. Chan,

B. 8. Rabinovitch, J. T. Bryant, L. D. Spicer, T. Fujimoto,

Y. N. Lin, and 8. P. Pavlou, J. Phys. Chem., 74, 3169 (1970)).
The collision diameters for the alkylsilanes were determined by
assuming that a 8i atom contributes as much to the collision
diameter of a molecule as two carbon atoms in an alkane. The
deactivation efficiency of oxygen was taken as 0.25 in
accordance with the results of G. H. Kohlmaier and B, §.
' Rabinoviteh, J. Chem. Phys., 38, 1709 (1963).

absence of any radical scavenger Hy, CH,, C.H,, C;Hs,
and ethyldimethylsilane (EDMS) were also formed.
Upon addition of Oy or 1,3-butadiene (Bd) to the reac-
tion mixtures the formation of CsHg and EDMS was
completely suppressed. The presence of either O, or
Bd should eliminate radical recombination reactions
since O, scavenges ground triplet state methylenes¥ as
well as other triplet or doublet radicals®® which are
formed in the system. H-atom, alkyl radical and trip-
let methylene additions to 1,3-butadiene are fast.!®
No attempt was made to measure ethylene, acetylene,
and propylene, which are formed by pure diazomethane
photolyses.

DMS-DM. In Figure 1 the ratios of TMS/MES
vs. 1/P are given for DMS-DM photolyses at 3660 A
in the presence and absence of Q.. For 1/P from 2 to
22 cm™! there appears to be no detectable differ-
ence between the two sets of points. But an average
of the high pressure points, 1/P < 2, gives a value for
TMS/MES = 2.30 in the presence of O, and 2.69 in the
absence of any scavenger.

Propane and ethyldimethylsilane (EDMS) formation
were completely suppressed upon addition of O, or 1,3-
butadiene to the reaction mixtures, indicating they
probably are formed by radical recombination pro-
cesses. 'The high pressure ratios of EDMS/MES and
C;Hs/MES in the absence of a scavenger were 0.24 and

CHy/TMS, are presented in Table 1.

0.03, respectively. The formation of C;Hs and EDMS
indicate that ethyl radicals are produced in this reaction
system.

The product ratios, Hy/MES, CH,/TMS, and
It was found
that H, was formed from photolyses of pure CH,N,.
The H, possibly is formed by molecular elimination
from chemically activated CpHy, formed by methylene
recombination or the reaction of methylene with diazo-
methane.® The addition of 1,3-butadiene did not
eliminate Hp formation. It was found that this source
of H; could be minimized by decreasing the fraction of
COH,N, in the reaction mixtures with DMS. A ratio of
DMS/DM equal to 8.5 gave no H; at a relatively high
pressure of 14.7 em and ratios of DMS/DM in the range
of 10-20 gave a linear relationship for Ho/MES vs. 1/P
(Figure 2). These results indicate that the H, forma-
tion from CH,N, photolyses is eliminated by using a
ratio of DMS/DM ~ 10-20.

The data in Table I and Figure 3 show that within
experimental error the CH,/TMS ratios are invariant
upon addition of Bd to the reaction mixtures, indicating
that CH, probably is formed entirely by a molecular
elimination process. It should be noted that at the
higher pressures CH, formation in the absence of a
scavenger is negligible.

The C;Hy/TMS ratios in Table I are greatly reduced
when Bd or Q, is added to the system, but C.Hs forma-

H, / Mes

L 1 i 1 L 1
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Figure 2. Plot of Hy/MES vs. 1/P (em~1) for CH,N»-DMS
photolyses at 3660 A: 0O, DMS/CH,N: = 5; O, DMS/CH,N,
= 10-20. The line was determined by the method of
least-squares with the intercept forced to zero.
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Table It Product Ratios from Photolysis of Diazomethane~Dimethylsilane Mixtures of 3660 A

Total
pressure® Bd/DMS % 02 (Bd + DMS)/DM
14.69 0.00 0 8.5
3.41 0.00 0 23.4
2.90 0.00 0 5.1
2.35 1.90 0 5.8
0.374 0.00 0 5.1
0.360 0,00 17 3.6
0.281 3.25 0 5.6
0.239 0.00 0 5.5
0.212 0.00 0 18 8
0.165 0.00 16 3.4
0.152 0.00 0 19.6
0.132 3.11 0 5.5
0.127 0.00 0 4.0
0.100 0.00 0 8.3
0.104 0,00 22 3.6
0.0989 3.80 0 10.0
0.0077 0.00 0 5.0
0.0973 3.22 0 8.1
0.0956 2.95 0 4.4
0.0869 0.00 0 16.4
0.0767 2.44 v 2.7
0.0764 0.00 11 2.8
0.0745 1.91 0 2.8
0.0725 0.00 0 6.6
0.0648 4.60 0 5.6
0.0645 0.00 0 6.2
0.0614 3.36 0 3.2
0.0612 1.05 0 5.2
0.0569 0.00 0 3.9
0.0520 0.00 0 11.3
0.0507 0.00 20 3.1
0.0472 2.52 0 2,7
0.0485 3.11 0 3.7
0.0464 0.00 18 3.5
0.0451 5.19 0 3.6
0.0427 3.12 0 6.1
0.0404 1.00 0 7.4
0.0357 2.08 0 2.6
0.0352 2.87 0 2.8

a The pressures are expressed in on.

TMS/MES H,/MES CH,/TMS CoHe/TMB
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Figure 3. Plot of CH4/TMS vs. 1/P (ecm™~1) for DMS-CH.:N,
photolyses at 3660 A: O, no scavenger added; O, Bd added.
The line through the CH,/TMS points with Bd added was
determined by the method of least squares with the intercept
forced to zero. The dashed line is the CH+/TMS plot that
would result if ks = 0.36 X 107 sec™1.
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tion is not completely suppressed. The C,Hy/TMS
ratios with O, as a scavenger were more reproducible
than the ratios with Bd as a scavenger; however, the
agreement is satisfactory and the data reveal that
C,H; probably is formed in part by a molecular elimina-
tion process. The MES peak was not measured in the
experiments with Bd added, since Bd and MES had
identical glpe retention times.

TEMS-DMS-DM. The ETMS/TMS ratios for
the photolysis of tetramethylsilane-dimethylsilane—
diazomethane mixtures at 3660 A with and without O,
added are presented in Table II. MES was not mea-
sured in this system since in the glpc analyses the tail of
the large tetramethylsilane peak swamped the MES
peak. The high pressure ETMS/TMS ratio is in-
creased upon O, addition. At the lower pressures the
difference between the ratios in the presence and ab-
sence of O is less significant. Also, the ETMS/TMS
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Table II: ETMS/TMS Product Ratios
Total (DMS8 4+ TEMS)/
pressure® CH:N: % Oz ETMS/TMS
67.8 6.8 0 0.86
19.3 10,4 0 0,98
12.2 6.2 0 1.16
10.4 11.4 0 0.61
4.48 7.6 0 1.08
1.06 7.9 0 1.32
0.231 7.6 0 1.85
120.0 7.9 31 1.26
117,2 6.1 48 1.17
99.9 7.2 18 1.06
10.6 6.3 30 1.30
19.1 8.2 10 1.23
9.01 6.5 12 1.16
8.13 5.8 30 1.34
4.72 6.5 11 1.33
1.87 6.4 28 1.62
1.04 6.2 27 1.41
0.479 6.7 28 1.74
0.379 6.6 12 1.97
0.290 6.3 27 2.16
0.258 7.6 10 2,04
0.144 6.0 34 2.81
0.143 6.1 13 2.67
0.116 6.3 27 2.84
0.093 4.9 27 3.72

« All pressures are expressed in cm.

ratios are independent of the percent Os added to the
reaction mixture in the range of 10-509,.

Discussion

Mechanism. The following reaction scheme, which
is consistent with previous work,-?! satisfactorily ex-
plains the observed products and their variations in the
present system.,

X
CH:N, 3£62> ICH; + N, (1a)
A
CHN, 5 iCH, + N, (1b)
ICH; + (CH;),8iH; — (CHjy)sSiH* (2)

—> C,H;(CHy)SiH,*  (3)
ICH; + (CH)Si — CHSI(CHy)*  (4)

ICH, + M —> 5CH, + M (5)
CH., + (CH,)SiH; —> CH; + (CH,).SiH  (6)
CH; + CH,N, — C,H; + N, )
CH; - (CHy).81H —> (CH;),SiH (8)
C,H; - (CHy),SiH —> CoH;(CH,).SiH 9)
C.H; + CH; —> C;H; (10)

CH; + CH; — C,H, (11)

(CH)SiH* 225 products (12)
—> (CHy):SiH (13)
CaHs(CHo)SH,* 25 products (14)

> OH(CH)SiH,  (15)

Reactions 12 and 14 represent sums of several paths
which will be discussed in a subsequent section. An
asterisk represents a species with internal energy in ex-
cess of that required for a decomposition reaction, and
w is the collisional stabilization rate constant. M de-
notes any bath molecule. All of the ETMS* was as-
sumed to be collisionally stabilized, since at the lowest
pressure used in this study less than 29, of the ETMS*
decomposed.??

Singlet methylenes are formed by the initial photo-
dissociation process (la) and triplet methylenes also
may be formed during the initial photodissociation
(1b) and by singlet to triplet methylene intersystem
crossing, %023 ‘

Reactions 2-4 represent the primary insertion reac-
tions of the singlet methylenes, The quantities k»/ks
and ks/(k, + ks) have been determined previously and
are 2.3 and 0.86, respectively.’® The quantity k./k, is
equal to the high pressure ETMS/TMS ratio. The
value of ky/k;, = 1.28 from the intercept of Figure 4 is
nearly identical with the value 1,23 which was reported
earlier, v

Reaction 6 is the abstraction of an H-atom from the
silicon atom of DMS by CH,. Experimental studies
show that it is the 3CH, which abstracts H atoms from
carbon.-28—2% Tt has not been determined that some

ETMS /TMS

L.O \uva. of Bpls.
avg- of 5pis,
o I | [ L 1 L ] 1
2 4 6 8 10 tz i<l 16
I/P (cm-Hg")

Figure 4. Plot of ETMS8/TMS8 vs. 1/P (em ™) for
TEMS-DMS-CH,N; photolyses at 3660 A: 0, no scavenger
added; O, oxygen added. The line through the ETMS,/TMS
points with oxygen added was determined by the method

of least squares.

(21) C. J. Mazac and J. W. Simons, J. Amer. Chem. Soc., 90, 2484
(1968).

(22) W.L.Hase and J. W. Simons, J. Chem. Phys., 52, 4004 (1970).
(23) J. A.Bell, J. Phys. Chem., 75, 1587 (1971).

E24) D. F. Ring and B. 8. Rabinovitch, Int. J. Chem. Kinet., 1, 11
1969).
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abstraction from silicon is not due to singlet methy-
lenes;?! therefore the abstracting methylene is desig-
nated CH,. C-H abstraction by triplet methylenes is
not included in the mechanism since there was no meth-
ylpropylsilane formed. This compound would be
formed by C,H; + CH,SiH,CH; recombination. The
presence of ethyldimethylsilane in this system and no
methylpropylsilane implies that C~H abstraction is
unimportant. In addition, at 300°K methyl radicals
abstract H atoms 3.6 X 105 times faster from SiH, than
from CH,* and assuming a similar trend for CH, it is
reasonable that O-H relative to Si~-H abstraction by
methylene radicals would be of minor importance in
this system.

Reaction 7, which has been proposed previously,”
was included to account for the formation of ethyl radi-
cals at the higher pressures in this system.

Reaction 8 accounts for the higher TMS/MES and
lower ETMS/TMS ratios for 1/P < 2 in the absence of
Q.. The equivalence of the TMS/MES ratios (Figure
1) in the presence and absence of O, for 1/P > 2 indi-
cates that reaction 8 becomes relatively less important
at lower pressures. The same conclusion can be made
from the ETMS/TMS ratios (Figure 3), where the dif-
ference between the ETMS/TMS ratios in the presence
and absence of O, decreases for the experiments per-
formed at the lower pressures. This could be a result
of higher concentrations of other radicals at the lower
pressures in this system competing with reaction 8 for
CH; and (CH;).SiH radicals.

Reactions 9 and 10 account for the formation of
EDMS and C;H; in this reaction system. Reaction 11
is included to allow for the formation of the large
amount of C;Hg in the absence of a scavenger (Table I),

Si~H abstraction by methyl radicals wag not ineluded
in the mechanism since the CH,/TMS ratios remained
unchanged when Bd was added to the reaction mix-
tures.

Applying the steady state approximation to the
(CH;)28iH radical yields at high pressures the following
equation

TMS®* + EDMS _ klCHa]
MES + TMSi® [k + k]['CH,]

where TMS#* and TMSire signify the TMS formed by
abstraction—recombination and insertion, respectively.
Inserting the appropriate product ratios into eq I gives

WICHy] 269 —230 +024 _ .
(ks + k) ['CHL] '

1.00 + 2.30
Thus 169, of reaction of methylene radicals with DMS
under these conditions is abstraction of an H atom from
silicon. This value is slightly smaller than the value of
279, found by Mazac and Simons for reaction with
methylsilane,
Unimolecular Decomposition of TMS* and MES*.

ey
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I3E
1)

TMS / MES (l + kms/v)

W (l(fB :ec)

Figure 5. Plot of TMS/MES (1 + krus/w) vs. 1/w (1078 sec)
for DMS-CH,N~0, photolyses at 3660 A. The line was
determined by the method of least squares.

Application of the steady state approximation to TMS*
and MES* gives the following two equations for reac~
tions in the presence of a seavenger

ETMS &y | Krus ks an
T™S kb  w ke
TMS ]CTMS) ky | kums ks
MMy 2y B 111
l\/IES(l ks w ke ( )

where the ETMS/TMS produet ratio has been normal-
ized to a DMS/ETMS reactant ratio of 1.

A plot of the data according to eq II is shown in Fig-
ure 4 and the value derived for kryg is 2.93 £ 0.47 X
107 sec=1. A plot of the data according to eq IIT is
presented in Figure 5 from which a value of kuss =
3.30 £+ 0.43 X 107 sec~! iz derived.

The following reactions represent possible unimolee-
ular decomposition paths for TMS* and MES*

(CH,),SiH* —> CH, + (CHy).SiH  (16)
— H + (CHy)Si (17)

—> CH, + (CH):Si  (18)

—> CH, + CH,SiH  (19)
CHy(CHy)SiH,* —> CH, + CHSH,  (20)
—> CH; + CHSIH, (1)

—> H + GHy(CH)SIH (22)

—> H, + GHSICH, (23

—> CH, + GHSIH (24

—> C,H, + CHSIH  (25)

(25) D. F. Ring and B. 8. Rabinoviteh, J. Phys. Chem., 72, 191
(1968).

(26) O. P, Strausz, E. Jakubowski, H. 8. Sandhy, and H. E, Gunning,
J. Chem. Phys., 57, 552 (1971).

(27) (a) G. Z. Whitten and B. 8. Rabinovitch, J. Phys. Chem., 69,
4348 (1965); (b) B. M. Herzog and R, W. Carr, Jr., bid,, 71, 2688
(1967); (c) D. F. Ring and B. 8. Rabinovitch, Can, J. Chem., 46,
2435 (1968).



Reacrion oF METHYLENE RADICALS WITH DIMETHYLSILANE 465

Molecular elimination of CsjH; from MES* is not in-
cluded in the mechanism since C;Hg was not formed in
the presence of a scavenger.

A steady-state treatment of the above mechanism
leads to the following equations for the molecular elim-
ination processes

O————ﬁ‘g;m = %’? (VIII)

where the superseripts (TMS) and (MES) indicate the
product is formed by TMS* and MES* decomposition,
respectively.

CH, could be formed by either reaction 18 or 24, and
C.H, could be formed by either reaction 19 or 25. Re-
action 18 is the more likely source of CHj, since: (a)
2.3 times as much TMS* is formed as MES*, (b) the
ratio of the reaction path degeneracy of reaction 18 to
that of reaction 24 is 1.5, (¢) TMS* contains ~7 kecal/
mol more excess energy than MES* (the difference in
the energies of TMS* and MES* will be discussed in
the subsequent section) and (d) the critical energies and
A factors per path for reactions 18 and 24 should be
similar. A plot of CH,/TMS vs. 1/P is presented in
Figure 3, and a least-squares line with the intercept
forced through zero gives ks = 0.80 =+ 0.09 X 107 sec™
This procedure assumes kq equals zero.

The lack of C;H; formation in the presence of a scav-
enger suggests that molecular elimination reactions
involving two alkyl groups are unimportant for these
alkylsilanes relative to the other decomposition paths.
Intuitively one would expect these processes to be slow
due to tight complex structures. Thus, one would ex-
pect reaction 25 to be the major source of C;Hs in the
presence of a scavenger and not reaction 19. %y will
be taken as zero. Making this assumption, the C;Hs/
MES ratios are plotted vs. 1/P in Figure 6. The
least-squares lines give kqs equal to 0.36 = 0.04 X 107
sec™! and 0.61 £ 0.10 X 107 sec™ for the experiments
with O, and Bd added, respectively. Comparison of
the two sets of data shows that 0.36 X 107 sec—! prob-
ably is the more correct value for %y, since the data
with O, present is more reproducible and the C,Hs/
MES ratios are smaller with added O,, indicating that
O; is the more efficient scavenger.

A possible assumption would be that key > ke = 0.36
X 107 sec—!. Equating k,; with this value for ks would

L8t a
1.6
L4
A
f.2p
a Lo~ A
z =]
\ .&—
o -
TN ek o //9/
8} p g
AR o} o__.~" 1o ,/’"Q/(
o ey}
2k D,///’ [o)
W b L FRE T T
® 10 12 1d 16 18 20 z2 &4

1/® (cm'.ng")

Figure 6. Plot of C;Hy/MES ¢s. 1/P(em 1) for DMS-CH:N,
photolyses at 3660 A A, no scavenger added; O, Bd

added; and, O, oxygen added. The solid line is a least-squares
line through the open circles with the intercept forced to zero
and the dashed line is a least-squares line through the squares
with the intercept forced to zero.

yield &z = 0.65 X 107 sec™%. The plot of CH,/TMS
that would result if ks = 0.65 X 107 sec™* is indicated
by the dashed line in Figure 3.

Since H, formation was not measured with a seav-
enger present in the reaction mixtures, H, could be
formed by Si-H abstraction by H atoms. The source
of H atoms being reactions 17 and 22. The large excess
of methyl radicals in this system relative to H atoms
and the lack of evidence for SiH abstraction by CHj
radicals suggests that Si-H abstraction by H atoms is
unimportant. Also, it has been found? in this labora-
tory that chemically activated methylsilane and di-
methylsilane produced by silane-diazomethane and
methylsilane-diazomethane photolyses at 3660 & de-
compose almost entirely by molecular elimination, with
H; elimination being the primary decomposition path
in each case. No evidence for Si-H bond rupture was
found in these systems. Therefore, the formation of
CH, and C;H, by molecular elimination reactions in this
system suggests that Hj is also formed by molecular
elimination. Assuming H; is formed by reaction 23, a
plot of Hy/MES vs. 1/P is given in Figure 2. The
least-squares line gives a value for k3 = 1.837 = 0.07 X
107 sec~%. This represents the maximum value for ky;.
1f the H, were formed entirely by reaction 17, ki would
equal 0.55 X 107 sec—2.

A summary of the experimental rate constants is pre-
sented in Table III.

Theoretical Calculations

RRKM calculations were performed to determine
the A factor for methyl rupture from trimethylsilane
and to place some restrictions on the relative importance -
of the possible decomposition paths for TMS* and
MES*. The RRKM theory expression for kg»2*%
the specific dissociation rate at the energy E*, is

(28) Unpublished results.
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Table III:  Trimethylsilane and Methylethylsilane Unimolecular Rate Constants®

Rate constant, seo~!
Caled®

kryg = 2.93 X 107
kg = 2.00 X 107

Process

(CH3)sSiH* — products
— CH; + (CH;),SiH

Expt

krys = 2,93 4= 0,47 X 107
1.44 € kis € 2.93 X 107
(kg = 2.28 % 107]

-~ H + (OH;)sSi kir € 0.55 X 107 ki = 0.20 X 107
[k = 0.00]
—_ CH4 + (CHs)gSi ]C1g S 0.80 X 107 ]C15 = 0,74: X 107

[km = 065 >< 107]

— CoH; + CH:SiH Fis € 0,14 X 107 kip = 0.00
[k1s = 0.00]

C.H;(CH;)SiH:* — products kurs = 3.30 &= 0.43 X 107 kues = 3.30 X 107
— CH; + C.H:SiH, 0 € (kw + k) € 3.30 x 107 ks = 0.21 X 107
- C;H; + CH,S8iH, (koo + km) = 1.2 X 107 by = 1,09 x 107

_ [hsr = 1.71 X 107]
- H + CzHﬁ(CHa)SIH (kg2 + kzs) S 1.37 X 107 kyw = 0.12 X 107
[kae = 0.00] ko = 1.37 X 107
— H, + C,H8iCH, [kes = 1.37 X 107] [kos = 0,75 X 107]
— CH, + C.H;:SiH ke £ 2,00 X 107 ko = 0.15 X 107
lhes = 0.36 X 107]
- C;H, + CH,SiH ks £ 0.36 X 107 ka; = 0,36 X 107

[kys = 0.36 X 107]

® The error limits listed are those for a 909, confidence interval.

® The experimental rate constants given within the brackets are

those which result if C,H and H, are formed only by reactions 25 and 23, respectively. CH, is formed by reactions 18 and 24, and

kM = kZE-
equal to kyzs.
reactions 17, 22, and 23 instead of only 23.

° RRRM theory calculations in which (k1 + kir + kig) was set equal to krus and (ko + ko + ko2 + Koz + k2o + kos) was set
k10 = O was assumed. The rate constants in brackets are those which result when it is assumed that the H, is formed by

ker = AL 2 P(Evw*) /RN (Bv:*) (IX)

where d is the reaction path degeneracy, I, is the adia-
batic partition function ratio, ZP(E,.t) is the sum of
all vibrational-internal rotational energy eigenstates
for the activated complex up to the energy E+ (E+ =
E*¥ — Ey), h is Planck’s constant, and N(E,,*) is the
density of the vibrational-internal rotational eigen-
states for the activated molecule. A more recent treat-
ment of adiabatic overall rotations gives results identi-
cal with the expression above for this particular calcu-
lation.?!

The energy, E*, of TMS* is defined by the equation

—EB* = AH:°(TMS) — AH,°(DMS) —
[AH:°('CHy) + E*('CHy)] — En  (X)

E*('CH,) is the excess energy carried by !CH, from the
photolysis reaction into TMS8* and Ey, is the average
thermal energy of the formed TMS*. The value for
[AH:°(*CHy) -+ E*(:CH,)] is 116.1 keal/mol,2432 and
Euw, calculated from statistical thermodynamics, is 3.3
keal/mol. The difference in the heats of formation of
TMS and DMS was determined by the following pro-
cedure. Combining reactions 26 and 27

(CHy):SiH, —> (CHg)oSiH + H D °,y95(Si-H)

CH; + (CH,)SiH —> (CHy)SiH
— D°544(8i-C)

(26)

(27)
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leads to the following equation
D%y(Si-H) — D°y5(8i-C) =
AH®e(H) — AH:%,(CH;) +
[AH °505(TMS) — AH:%s(DMS)] (XI)

From a survey of the literature®—% we derive a value of
6 = 2 kcal/mol as the most likely difference between
the Si~H bond dissociation energy of DMS and the
Si-C bond dissociation energy of TMS. Using AH;%50s-
(H) = 52.0 keal/mol and AH:®(CH;) = 34.0 keal/
mol,# the difference in the heats of formation of TMS
and DMS at 298°K is —12 =% 3 keal/mol. This is in
agreement with the most recent bond additivity deter-
mination of this quantity, —11.3 kcal/mol, by Pot-
zinger and Lampe.® At 0°K this difference between

(29) (a) R. A. Marcus, J. Chem. Phys., 20, 359 (1952); (b) G. M.
Wieder and R. A. Marcus, tbid., 37, 1835 (1962).

(80) B. 8. Rabinovitch and D. W. Setser, Advan. Photochem., 3, 1
(1964).

(81) (a) R. A. Marcus, J. Chem. Phys., 43, 2658 (1965); (b) E. V.
Waage and B. 8. Rabinovitch, Chem. Rev., 70, 377 (1970).

(32) J. W.Simons and G. W. Taylor, J. Phys. Chem., 73, 1274 (1969)7
G.W. Taylor and J. W. Simons, tbid., 74, 464 (1970).

(33) W. C. Steele, L. D. Nichols, and F. G. A, 8tone, J. Amer. Chem.
Soee., 84, 4441 (1962).

(34) 8. J. Band, I. M. T. Davidson, and C. A, Lambert, J. Chem.
Soc. A, 2068 (1968).

(85) M. Ya. Agarunov and 8. N, Hadzhiev, Dokl. Akad. Nauk SSSR,
185, 577 (1969).

(38) J. A. Kerr, Chem. Rev., 66, 465 (1966).
(87) P. Potzinger and F. W, Lampe, J. Phys. Chem., 74, 719 (1970).
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the heats of formation of TMS and DMS is —10.5 +
3.0 keal/mol. The value for E*, the energy of TMS¥
is 130 = 8 keal/mol.

The critical energy, Eq, for Si~C bond rupture in tri-
methylsilane is probably equivalent to the Si~C bond
dissociation energy. Steele and coworkers® deter-
mined a value of 86 keal/mol for the Si~C bond disso-
ciation energy in methylsilane. Recent electron impact
studies by Davidson and coworkers®® and Lappert,
et al.,® place the Si-C bond dissociation energy in tetra-
methylsilane at approximately 76 and 74.5 keal/mol,
respectively. More recently, Davidson and Lamperti?
have measured an activation energy of 76.5 keal/mol
for Si-C bond rupture in trimethylsilane. A value of
78 x 2 keal/mol was used for the critical energy in the
calculations presented here.

Three activated complex structures were derived to
fit the median value for ki, 2.2 & 0.8 X 107 sec—!, with
a theoretical rate constant at E* = 130 keal/mol and
Ey = 76, 78, and 80 kcal/mol. In each complex a 8i-C
stretching vibration was taken as the reaction coordi-
nate and two rocking and two bending motions were
each lowered by constant factors until the calculated
rate was identical to ks = 2.2 X 10" sec~!, These ad-
justments are consistent with previous complexes for
alkane and alkylsilane decompositions.?2:2¢ The ad-
justed vibrational frequencies for the four complex
models are given in Table IV. In the calculations all
internal rotations in the molecule and activated com-
plexes were treated as free rotors, since the barrier to
internal rotation about a C-8i bond is low.%

Table IV: Activated Complex Models for Si~C Bond Rupture
in Trimethylsilane®®:°

Mole- ————~Complex model—————
Motion cule I II III
Si—C stretch 714 R.C.° R.C. R.C.
Si~-CHj; rock 874 404 344 289
Si-CH; rock 835 386 329 276
C-8i-C bend 244 113 96 81
C-8i-C bend 225 104 89 75
log A° 15.3 15.6 15.9

¢ I, = 1.6 for each complex model, ref 22. ® The reaction path
degeneracy is 3 for each complex. °R.C. = reaction coordinate.
4 Theoretical Arrhenius A factors at 1000°K. For calculational
procedure see S. Glasstone, K. J. Laidler, and H. E. Eyring,
“The Theory of Rate Processes,” McGraw-Hill Book Co., New
York, N. Y., 1941. °The vibrational frequencies used for tri-
methylsilane are by I. F. Kovalev, Opt. Spectrosc. (USSR), 8,
166 (1960).

The calculational results are presented in Table V.,
Complexes I, II, and III give calculated rates that fit
the experimental rate at B, = 76, 78, and 80 keal/mol,
respectively. The A factors for complexes I-III lie in
the range 10%640.3 geec—1 (Table IV). If the uncer-

Table Vi Caloulated kp+ (sec™!) Values for
Methyl Rupture from Trimethylsilane

e Complex modelsg-————-————
1 I s
Eo E* = 130 keal/mol
76 2.2 X 107 4.3 x 107 8.5 X 107
78 1.1 X 107 2.2 X 107 4.4 X 107
80 0.6 X 107 1.0 X 107 2.2 X 107

kis = 2.2 £ 0.8 X 107 sec™!

Calculated Values of kgx (sec™?) vs. B*
For Complex II and Ey = 78 keal/mol

E* kg*, sec™!

123 6.80 X 108
124 8.13 X 108
125 9.68 X 108
126 1.15 X 107
127 1.36 X 107
128 1.60 x 107
129 1.88 X 107
130 2.20 X 107
131 2.57 X 107
132 3.00 x 107
133 3.48 X 107

tainties in E* and the experimental rate constant were
included in the calculations, complex structures giving
A factors in the range of 101:0-10%-2 sec—* would fit
these chemical activation results, in agreement with
1018-8+0.7 goe 1, reported by Davidson and Lambert.?
This 4 factor also agrees with those which have been
calculated for methyl rupture in tetramethylsilane'®®
and ethyltrimethylsilane,® 10%0£08  gee~! and
1018 £ 0.6 gec—1, respectively.

The relative importance of reactions 16-25 depends
in part on the difference in the energies of TMS* and
MES*. The energy of MES* is defined by an equation
identical with eq X except AH:°(MES) replaces
AH(TMS). The difference in the heats of formation
of DMS and MES was determined by the following pro-
cedure. The difference in the heats of formation
of twenty related compounds, AH:°(CH;X)-AH:°-
(C.H;X), gave an average value of 3.5 % 0.5 keal/mol,
the substituent group varied from alkyl, alkenyl, and
alkynyl to NH; and O=COH. Using this value, the
energy of MES* is 122.9 kecal/mol. Thus TMS* con-
tains ~7 keal/mol more internal energy than MES¥,
The data in Table V show that a change in E* of 7
keal/mol lowers the rate constant for methyl rupture
from trimethylsilane by a factor of 3.2.

In order to make a qualitative comparison of caleu-
lated rate constants for reactions 16-25, which fit the

(38) M. F. Lappert, J. Simpson, and T, R. Spalding, J. Organometal.
Chem., 17, 1 (1969).

39) J. R. Durig, 8. M. Craven, and J. Bragin, J. Chem. Phys., 52,
2046 (1970); 53, 38 (1970).

(40) W. L. Hase and J. W. Simons, J. Organometal. Chem., 32, 47
(1971).
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experimental results presented in this study, the follow-
ing two approximations were made: (1) that similar
decomposition paths for TMS* and MES* have rate
constants which differ by a factor of 8.2 per path, and
(2) the ratio, &is/ku, can be derived from the Arrhenius
parameters determined by Davidson and Lambert!® for
8i~C and Si-H bond rupture in trimethylsilane, The
first approximation assumes identical critical energies

and A factors per path for similar decomposition modes. -

The validity of the second approximation depends on
the validity of Davidson and Lambert’s data. The
agreement between our calculated A factor and theirs

Table VI: Complex Models for 8i-C and Si~H Bond Rupture
in Trimethylsilane Derived from Experimental A factors®
———8i~C Bond rupture®————
Motion Molecule Complex
Si-C stretch 714 R.C.
Si—-CH; rock 874 282
Si—CH; rock 835 269
C-8i-C bend 244 79
C-Si-C bend 225 73
log A% = 15.9 E, = 76.5
keal/mol
kg« (130 keal/mol) =
7.2 X 107 sec™1L
——————8iH Bond Rupture® —_
Motion Molecule Complex
Si-H stretch 2118 R.C.
H-8i-C bend 914(2) 92(2)
log A% = 15.6 E, = 80.3
keal/mol

kg#(130 keal/mol) = 7.2 X 108 sec™!

® For these calculations K, was assumed to equal B, °I,
= 16. °I. = 1.0. “The complex structures were determined
using this A factor at a temperature of 1000°K, the median of
Davidson and Lambert’s study. 18

The Journal of Physical Chemistry, Vol. 76, No. 4, 1972

for 8i~C bond rupture in trimethylsilane supports the
second approximation. The first approximation gives
k13/k24 = 48, k]_(;/kgo = 9.6 and kﬂ/kzs = 1.6, TO sat-
isfy the second approximation, complex models were
chosen that fit Davidson and Lambert’s?® Arrhenius A
factors and are given in Table VI. The calculated val-
ues of ks and ky; are presented in Table VI and kye/kyr
= 10.00. Rate constants which result from making
these two approximations are given in Table III. The
calculated rate constants in brackets for reactions 21
and 23 are those which result when it is assumed that
the H,; measured in these experiments is formed by re-
actions 17, 22, and 23 instead of only 23.

We are not suggesting that these various rate con-
stants are correct as to absolute values but their relative
sizes do indicate which paths are the important decom-
position paths for TMS* and MES*. The results show
that CH; rupture is the most probable decomposition
path for TMS* and H, molecular elimination and C.H;
rupture are the most probable decomposition paths for
MES*,

The formation of CH, by molecular elimination from
TMS*, as the data implies, does not contradict the pro-
posal of Davidson and Lambert that at 1000°K tri-
methylsilane decorposes entirely by 8i-C and Si-H
bond rupture. If the A factor and critical energy for
reaction 16 are assumed to equal 105¢ gec—!, and 78
keal/mol, respectively (Tables IV and V), the following
sets of A factors and critical energies for reaction 18
yield the minimum value of kie/kis 3.0 (Table III):
1057 gec—!, 82 keal/mol; 10%-¢ sec—!, 80 kcal/mol;
101t gee—1, 78 keal/mol; 1048 gec—!, 76 keal/mol; and
10145 gec-1, 74 keal/mol. None of these sets of 4 fac-
tors and activation energies agree exactly with that
measured by Davidson and Lambert!® for CH, forma-
tion and indicate that they were probably correct in as-
sociating their Arrhenius parameters with Si-C bond
rupture.



