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ABSTRACT

The reactions of ethyl radicals with azoethane were
studied.: In photolysis at 97°C the secondary products
ethyl 2-butyl dZimide, ethanal diethylhydrazone, and
tetraethylhydrazine were found. 1In pyrolysis at 293°C
ethyl 2-butyl diimide and ethanal diethylhydrazone were
found, but tetraethylhydrazine was absent. The isomer of
azoethane, ethanal ethylhydrazone, was found to arise from
wall-catalyzed reaction of azoethane on fresh surfaces.
Isomerization of azoethane on conditioned surfaces or by a
free radical mechanism was found to be of minor importance.
The equilibrium constant for isomerization of azoethane was

determined as a function of temperature.

The reaction of n-propyl radicals with propane was
studied, using photolysis of azo-n-propane as the free
radical source.. Reactions of radicals with the azo compound
was found to be a serious complication. The Arrhenius
parameters for the abstraction of hydrogen from propane by

n-propyl radicals were determined.

The reactions of ethyl, n-propyl, and iso-propyl
radicals with silane, silane—d4, disilane, and disilane—d6
were studied. The Arrhenius parameters for these reactions
were found to be remarkably similar to those already

determined for methyl radicals. The results of Bond Energy



ii
Bond Order calculations for methyl, ethyl, n-propyl, and isb—
propyl radicals reacting with silane were contrasted with
the experimental data. The kinetic isotope effects found
experimentally were consistent with the other data obtained,

and were similar to those found previously for methyl

radicals.

The reactions of methyl radicals with methylsilane,
dimethylsilane, trimethylsilane, tetramethylsilane, and
methylsilane—d3 were studied. The reactions of trideutero-
methyl radicals with methylsilane-d3, dimethylsilane—dz, and
trimethylsilane-d were also studied. The reaction of methyl
radicals with the methyl groups in methylsilane—d3 and
dimethylsilane—d2 was found to be negligible, while there
was measurable reaction with the methyl groups of
trimethylsilane-d. The kinetic isotope effects were found
to be consistent with the other data. Methyl substitution
of silane was found to result in an increase in activation
energy for abstraction of hydrogen atoms bound to the
silicon atom. This is contrary to the trend in the

reported bond dissociation energies.
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INTRODUCTION

The Chemistry of Alkyl Radicals.
The Chemistry of the Azoalkanes.
The Reaction of n-Propyl Radicals with Propane.

The Reactions of Alkyl Radicals with Silanes.



INTRODUCTION

The study of the chemistry of alkyl radicals is
of considerable interest because of their frequent
occurrence as intermediates in chemical processes. The
relationship between the kinetic and thermochemical para-
meters for the reactions of alkyl radicals ié often a
valuable source of thermodynamic data (1-3), and there is
a large, well established body of information about the
kinetics and thermodynamics of their reactions with hydro-
carbons. Comparison of these to reactions with other
classes of molecules is a potentially fruitful source of
new information. In making such comparisons, it is
necessary to understand the essential features of alkyl

radical structure and reactivity.

l) The Chemistry of Alkyl Radicals:

The ground state configuration of the carbon atom
is 152,252,2px,2py, and it might be expected from this that
carbon would be divalent. However, it is generally
observed that carbon is tetravalent; due to hybridization

of its s and p orbitals to form four orbitals among which



the four electrons are distributed so that each is avail-
able for bond formation. The energy necessary to promote
the carbon atom from its 3P ground state configuration

to its excited hybrid state is more than replaced by the
two additional bonds which are eventually formed. A
detailed discussion of hybridization has been given by
Pauling (4).

Alkyl free radicals are alkane molecules in which
one of the carbon atoms has a free valence with one
unpaired electron. Radical formation can result from
homolysis of any single bond, or of more than one bond in
a molecule. However, the present discussion will be
restricted to alkyl monoradicals.

The structures of alkyl radicéls have been carefully
investigated. Herzberg (5) has analyzed the ultraviolet
absorption spectrum of the methyl fadical. Analysis of
evidence from vibrational and rotational intensity
distribution showed that the molecule must be planar or-
very slightly pyramidal. Karplus (6,7) has investigated
the electron spin resonance spectrum of methyl radicals, and
he has been able to show from 13C hyperfine interactions that
the deviation from planarity is probably limited to about 5°.
Although it is usually inferred that higher alkyl radicals
are also planar at the radical site, it has not been
possible'to determine this unequivocally. Fessenden and

Schuler (8) have studied the electron spin resonance spectra



of the lower alkyl radicals in the liquid phase. The
coupling constants they found are consistent with planar

_ structures but do not provide definite proof of planarity.
Symons (9) has recently reviewed the evidence available from
electron.spin resonance studies in both liquid and solid
phases and has concluded that it is very probable that alkyl
radicals are planar. Non-planar alkyl radicals such as 1-
apoéamphyl, which are constrained to a pyramidal shape at
the radical site by bridged, cyclic structures, are

nevertheless easily formed (10).

Though alkyl radicals are quite stable, they are
also highly reactive, and, in the presence of a reactive
substrate or of each other, they have very short lifetimes.
The fastest reactions which they undergo are combination
and disproportionation with each other. Combination takes
place when the free electron associated with one radical
pairs with the free electron of another radical so that a
single bond is formed, uniting the two radicals to form a

hydrocarbon molecule.

H i HH
B-G* + *C-H > H-C-C-H
H H HH

Radical combination appears to take place at a rate close to
the collision frequency for lower alkyl radicals, and
apparently does not require any activation energy (11-15),
or, at most, a very small activation energy (16). Bond

formation results in the release of a large gquantity of



energy, which, if iﬁ remains in the newly formed molecule
and is not dissipated, will result in its prompt
decomposition. Collision with other gas molecules is a very
effective means of stabilization, and the need for a third
body in the gas phase combination of methyl radicals is met
by a total pressure of at most 10 torr (17-21). There need
be no concern about third body stabilization at ordinary

pressures used in the gas phase study'of the hydrogen atom

abstraction reactions of free radicals.

Disproportionation involves abstraction of a

hydrogen atom from a carbon atom adjacent to the one bearing

the radical site.
H3C-CH2‘ + H3C—CH2' > B, C-CH + H.C=CH

This abstraction is unique in that, like combination, it
apparently has no activation energy (22), so there is a
characteristic constant ratio of the rate constants for
disproportionation and combination over a wide range of
temperature (23). Because of this, there has been
considerable discussion of whether or not disproportionation

and combination occur through a common transition state

(24-26).

Abstraction of an atom from another molecule is a

common radical reaction.



H H 1 I H H
B-¢* + H-C-H =~ H-C--'H-*-*C-H > H-C-H + -C-H
H H H H H H

Apparently the radical simply displaces the remainder of the
molecule from the atom under attack. The net result is
homolytic formation of one bond and homolytic breakage of
the other. This process is not as fast as disproportiona-
tion or combination, and it requires a measurable activation
energy. The present work is concerned almost exclusively

with the study of hydrogen atom abstraction reactions.

Addition to multiple bonds is a common and very

important reaction of radicals.

H
CHy* + H,C=CH, = CH3—E—

-0

It also requires an activation energy. When a radical adds
to a multiple bond, its free electron pairs with one of the
pi electrons to form a bond between the radical and one of
the atoms involved in the multiple bond. This eliminates
the pi bond and leaves an unpaired electron.associated with
the other atom which was involved in the double bond, so
that a new radical 'is formed. This new radical may react
with another double bond in the same manner. The eventual
result of such a chain process is usually formation of
polymer. Chain formation may be terminated by dispro-

portionation, combination, or abstraction.



Finally, radicals may decompose.

cngg > CHy* + H;c—c’H
3E & 3 H ¥

The mode of decomposition may involve either radical or atom
elimination to form a double bond. Decomposition is
essentially the reverse of addition to a double bond. It
generally requires a very large activation energy, and,
within the temperature range used in éhe study of radical

- abstraction reactions, is usually negligible. Kerr and
Lloyd (27) have recently reviewed these reactions, and they

will not be considered further here.

There are several ways of producing alkyl radicals
for study of gas phase reactions. Paneth in 1929 first
demonstrated the existence of free radicals by pyrolysis of
tetramethyl lead in a flow system (28,29). The radicals in
the gas stream removed a previously deposited lead mirror
from the wall of the glass flow tube. Free radicals may be
produced in the thermal decomposition of almost any compound,
but the classes of materials which may be pyrolyzed in a
manner sufficiently orderly for use in mechanistic studies
of alkyl radical reactions are limited. Thermal decomposi-
tion of most compounds takes place at such elevated
temperatures that reaction systems are complicated by
numerous processes which do not occur with measurable rates

near room temperature. The alkyl and acyl peroxides are



among the few classes of compounds which decompose with
sufficiently low activation energy to be used for radical
production at low temperatures, but their primary
decomposition forms oxygen containing radicalé,'and alkyl
radicals only result from secondary decomposition of these
peroxy rgdicals. In general thermolysis is not as suitable
a mefhod as photolysis for producing radicals for kinetic
studies. Pryor has given a far more detailed description of
radical sources, structure and reactivity than can be

included here (30).

The great advantage of photolytic decomposition of
molecules is that absorption of a single quantum of light
increases the energy of a particular part of a molecule by
a precise amount in a single, discrete step. From the
resulting excited state the molecule will then react by
the most favorable path. This may be fluorescence or
phosphorescence, deactivation by collision, molecular
elimination, homolysis of one or more bonds to form radicals,
or, at high energies, ionization or dissociation into
ionized fragments. Most of these paths would be unavailable
to a molecule in thermal decomposition, since it would
stand an excellent chance of being destroyed in some low
energy process before it could accumulate sufficient energy
at the right location by collisional activétion to undergo a
high energy process. Calvert and Pitts have written an

excellent discussion of the details of photolytic
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decomposition of molecules (31).

There are many kinds of compounds which may be
photolyzed to produce alkyl radicals. 2Among the more
important of these are the carbonyl compcounds, the mercury

dialkyls, and the azoalkanes.

Photodecomposition of aldehydes and ketones usually
occurs by cleavage at the carbonyl group to form an alkyl

radical and an acyl radical. At elevated temperatures the

~acyl radical decomposes to yield carbon monoxide and another

alkyl radical. The 3130 A photolysis of acetone at
temperatures above 100°C, for example, is a very clean
source of methyl radicals. However, aldehydes and ketones
react with some substrates, and, in many cases, they have

more than one primary mode of decomposition (31).

The principal advantage of the photolysis of dialkyl
mercury compounds as sources of alkyl radicals is that
there is only one primary process of decomposition to form
two alkyl radicals and a mercury atom. However, the
radicals are produced with some excess energy, and the

higher homologs of dimethyl mercury are not very volatile.

In a number of ways the azoalkanes are the most
suitable source for a homologous series of alkyl radicals
for mechanistic studies. Their primary decomposition mode,
while some doubt remains about details of its mechanism,

dependably yvields two thermally equilibrated alkyl radicals
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and a nitrogen molecule. They are fairly volatile, and
have been used in the production of all of the lower alkyl
radicals for kinetic studies (32). Finally, they are inert
toward a wide variety of substrate molecules. They have
been used exclusively as alkyl radical sources throughout

the present study, and a more detailed discussion of their

chemistry 1is therefore warranted.

2) The Chemistry of the Azoalkanes:

The azoalkanes are volatile, light yellow liquids.
The vapor pressure of azomethane is well above one
atmosphere at room temperature, while the vapor pressures of
the higher azoalkanes are all below one atmosphere. All of
these compounds can be photolyzed by daylight at wavelengths
where glass is transparent, so they must be stored in the

dark, preferably at low temperature.

The first azo compound containing no aromatic groups
was reported by Meyer and Constam (33) in 1882. The
synthesis of azomethane was described by Thiele (34) in
1909. Leermakers (35) and Rice (36) independently reported
mirror-removal experiments confirming the free-radical
nature of azomethane decomposition in 1933, while Burton and
co-workers (37) described the use of photolysis of
azomethane as a source of free radicals for the study of
radical molecule reactions in 1937. A variety of synthetic

methods of preparation for azoalkanes are available,
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including those described by Lochte, Noyes and Bailey (38),

by Jahn (39), by Renaud and Leitch (40), by Ohme and

. Schmitz (41), and by Spialter and co-workers (42).

The ultraviolet absorption spectra of azomethane
and azoethane are shown in Figure 1. They are characterized
by a very intense band at wavelengths below 2700 A.
Absorption of light in this region leads to decomposition
into highly excited radicals, and it will not be considered
further here. There is a very weak absorption in the
vicinity of 3600 A which is generally thought to result in a
singlet n+r* transition. Intersystem crossing to the
triplet state probably takes place, after which the excited
molecule either undergoes collisional deactivation or
cleavage of the C-N bond (43). Possibly clea&age of only
one C-N bond occurs at first to form an alkyl radical and a
RN2 radical. If so, this must evidently be followed very
rapidly by decomposition of the RN2 radical, since it has
never been detected (44). Fluorescence and phosphorescence
have never been detected in the acyclic azoalkanes in the

gas phase (45-49).

There are some minor differences between
decomposition of azomethane and decomposition of the other
azoalkanes. First of all, photolysis of azomethane at 3600
A results in decomposition with a quantum yield of unity
independent of pressure up to one atmosphere. The other

azoalkanes all exhibit a pressure effect in 3600 A
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Wavelength A

Extinction coefficients for azomethane
vapor (curve 1) and azoethane vapor (curve
2) as a function of wavelength; e = log(1iy/

I)/cl liter/mole-cm; data of V. McMillan

(Reference 31).
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photolysis, though pressure studies indicate unit quantum
yield of decomposition at zero pressure (45,46,50-53). The
activation energies for decomposition of the excited azo
compound have been determined for a number of cases, and
these are all on the order of two to Ffive kcal/mole.
Secondly, azomethane photolysis results in a small but
detectable yield of intramolecular ethane formation.

Several studies (54-57) of this process have established

the quantum yield at 0.007. Such intramolecular elimination
is insignificant for higher azoalkanes. Cis—-trans isomerism
of azomethane has been observed, conversion from cnes form to
the other being effected by irradiation with ultraviolet
light, and it has been proposed that the intramolecular
elimination of ethane in azomethane photolysis may occur
from the cis form of azomethane (54). However, cis-trans
isomerism has recently been detected in the irradiation of
higher azoalkanes as well (58,59), and it does not lead to

significant molecular elimination.

When radicals are produced from photolysis of
azoalkanes there are a number of possible ways in which they
may react. 1In addition to combination or disproportionation
with each other or abstraction from a substrate, they also
react with the parent azo compound, either by abstraction of
a hydrogen atom or by addition to the N=N double bond. The
abstraction reaction produces the same hydrocarbon as does

abstraction from the substrate, and this reaction must be
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taken into account in calculating rate constants for
reaction with the substrate. As a result, there have been
numerous determinations of the Arrhenius parameters for this
reaction for the various azoalkanes (45,46,51,60-66). On
the other hand, addition to the double bond is not expected
to lead to formation of any compound which might interfere
in kinetic studies of radical-substrate reactions, so very
little attention has been paid to this reaction, and there

are few determinations of its Arrhenius parameters in the

literature (45,67).

On the whole, surprisingly few of the products
resulting from reactions of alkyl radicals with azoalkanes
have been definitely identified. Gray and Thynne (61) have
found tetramethylhydrazine and methyl ethyl diimide in the
photolvsis of azomethane. Wacks (68) has observed the
formation of methyl amine in high temperature pyrolysis of
azomethane and has suggested that heterogeneous
isomerization of azomethane to formal methylhydrazone
followed by decomposition of the hydrazone to HCN and
methylamine may occur. Cohen and Zand (69) have reported
spectroscopic evidence for the formation of acetone
isopropylhydrazone in the pyrolysis of azo-iso-propane.
Cerfontain and Kutschke (45) have determined the Arrhenius
parameters for addition of ethyl radicals to the double bond
in azoethane, and they have also proposed that degomposition

of the radical formed by abstraction of hydrogen from the
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azo compound may be an important process in the system.
Sandhu (70) has also suggested this decomposition as part of
. @ proposed methanism for azoethane pyrolysis and has
reported mass spectral evidence suggesting formation of

ethyl amines in the pyrolysis of azoethane.

Because azoalkanes are such important and useful
sources of alkyl radicals, and because so few of the
products resulting from reactions of alkyl radicals with the
parent azoalkane have been definitely characterized, an
investigation of these reactions in both the photolysis and

pyrolysis of azoethane has been undertaken.

3) The Reaction of n-Propyl Radicals with Propane:

Alkyl radicals have been reacted with a wide variety
of alkane substrates. However, the overwhelming majority of
this work has been done with methyl radicals. A few
reactions of ethyl radicals with alkanes have been reported,

but reactions of higher alkyl radicals with alkanes have not

been reported.

The essential features of hydrogen abstraction
reactions of methyl radicals with alkanes appear to be well
understood. The activation energies vary in an orderly
manner with the bond dissociation energy of the bond under
attack, so that in general, the smaller the energy of the
bond, the lower the activation energy required to break it,

and the Polanyi Relation can be used to make an accurate
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prediction of the activation energy, if the bond energy is

known (71,72).

It must be accepted that during abstraction of a
hydrogen ‘atom some of the energy released in formation of
the new bond is used to supply the energy necessary for
breaking the o0ld bond. If this were not true, then the
activation energies for these reactions would be about equal

to the energy of the bond under attack. In fact the

~activation energies are about an order of magnitude smaller

than the bond energies. In view of this, it is reasonable
to expect that the magnitude of the energy of the bond being
formed must also have a significant effect on the activation
energy for abstraction. Thus, if two different radicals
react with bonds having the same energy, it would be
expected that the radical which forms the bond having the
higher energy should react with a lower activation energy.
Since the C-H bond dissociation energies of methane and
ethane are 104 and 98 kcal/mole, respectively, it would be
expected that ethyl radicals would require a larger
activation energy for abstraction of hydrogen from a given
molecule. The few studies which have been done of the
reactions of ethyl radicals with alkanes tend to bear this
out (71,73-79). However, there has been much work done on
the reactions of higher alkyl radicals with aldehydes, and,
if the data can be relied upon, the higher alkyl radicals

react with a substantially lower activation energy than do
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methyl radicals, in spite of the trend in the energies of
the bonds being formed (71,80-83). The Arrhenius parameters
for methyl radical reactions and for higher alkyl radical

reactions are contrasted in Table I.

The abstraction reactions of the higher alkyl
radicals with alkanes are of importance in a variety of
kinetic systems, particularly in mercury sensitization
reactions, so determination of Arrhenius parameters for
these reactions is of potentially great value. Accordingly,
the determination of the Arrhenius parameters for the

reaction of n-propyl radicals with propane has been carried

out.

4) The Reactions of Alkyl Radicals with Silanes:

Since part of the value of any study of the
abstraction of hydrogen from silanes must lie in the
comparison that can be made with the analogous reactions of

the alkanes, it will be useful to contrast the properties of

silanes with those of alkanes.

Silicon is the next heavier element than carbon in
Group IV of the periodic table. It has a lower electro-
negativity (1.8) than carbon (2.5) on the Pauling scale (4).
The ground state distribution of its 14 electrons is 152,252

2p°,35%,3p_,3p

r

v’ which is analogous to that of carbon.

There are two important consequences of the fact that the

valence electrons of carbon are in the second shell while
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Comparison of Arrhenius Parameters for Methyl Radical

Abstraction Reactions with Arrhenius Parameters

for Higher Alkyl Radical Abstraction Reactions

Radical

CD3

C,Ds

CD3

C,Dg

CH3

CH3

C,Dg

CH3

C2D5

CH3

tert-C4H9

CH3

sec—C4H9

CH

1so-C4H9

CH

n—C4H9

Substrate

n—C4Hlo

n-C,H,,

1so—C4H10

1so—C4Hlo

neo--CSH12

neo-Csle

neo—CSH12

cyclo-C_H

6712

cyclo-CsH12
tert—C4H9CHo

tert—C4H9CHO

sec-C4H9CHO

sec—CAH CHO

o
1so—C4H9CHO
1so-C4H9CHO

n-C4H9CH0

n-C4H9CHO

Log A

11.92
11.33
11.43
10.92
11.3
12.3
11.55
12.47
11.72
13.0
10.5
13.13
10.7
12.3
11.7
12.1
10.9

E
kcal/mole

9.6
10.4
8.1
8.9
10.0

10.2
4.3
10.4
4.9
8.4
6.5
8.0

5.4

Refer-
ence

77
74
76
74
75
73
74
78
79
80
80
80
81
80
82
80
83
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those of silicon are in the third shell. The covalent
radius (1) of silicon (1.17A) is larger than that of carbon
(0.777) , and, in contrast to carbon, the valence shell of
silicon contains empty d orbitals. These features are
related to some striking chemical differences between the
alkanes and the silanes. The valence electrons in silicon
are hybridized in a manner analogous to those of carbon to
form four equivalent sp3 orbitals. It seems likely, however,
that the 4 orbitals of the valence shell in silicon may be
involved in the resonance hybrid as well. Silicon atoms do
not participate in double bond formation as do carbon atoms,
and this may be due in some way to d orbital involvement in
hybridization, or it may be due simply to the greater
covalent radius of silicon. It is clear that the d orbitals
do tend to interact with p orbitals on neighboring atoms,
since, for example, trisilylamine is planar, in striking
contrast to pyramidal trimethylamine. They are alsoc able to
interact with nucleophylic 1ligands to form one or two
dative bonds, in addition to the usual four covalent bonds.
The empty d orbitals of silicon have often been invoked in
explaining the many unique features of silicon chemistry,

possibly more often than is justified.

Silyl radicals, in contrast to alkyl radicals, are
pyramidal rather than planar (84-87). The bonds to hydrogen
in the SiH3 radical are evidently very weak (88,89), and

disproportionaticn may be favered as a result.
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SlH3 + S:.H3 > SJ.H4 + SiH
. Evidently disproportionation in which an alkyl radical
acquires one of the hydrogen atoms of the silyl radical is
not of sufficient importance to affect kinetic studies of
alkyl radical.abstraction reactions (60,90). Formation of
silyl radicals is always associated with considerable solid
polymer formation (91-93), and this may be the fate of most

of the silyl radicals.

Carbon atoms can bond to each other to form highly
stable chain compounds, but the stability of silane
compounds decreases markedly with increasing length of the
silicon chain. 2Although hydrocarbons have large heats of
combustion, they are stable in the presence of oxygen at
elevated temperatures. Silanes, on the other hand undergo
spontaneous combustion in the presence of oxygen at room
temperature. Relatively little is known about the bond
dissociation energies of silanes in contrast to the very
large body of information available on hydrocarbons, but
what information is available strongly suggests that silanes
(94-102) have smaller bond energies than alkanes (2,3).
Aylett has published a comprehensive review of the chemistry
of silicon hydrides (103), and the features of silane
chemistry have also been reviewed by Eaborn (104), Stone

(105), Ebsworth (106), and Van Dyke (107).
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Compared with the vast body of knowledge about

hydrocarbons, information about the kinetics of silane
decomposition is relatively scant, although a number of
studies of pyrolysis (91,108,109), mercury photosensitized
decomposition (92,93), and photolysis (110-112) of silanes

have been reported.

Kerr, Slater, and Young (60,113) first reported
temperature studies for the reactions of methyl radicals
_with a number of substituted silanes. Some of the A factors
'they determined were about an order of magnitﬁde higher than
the A factors normally found in.abstraction from alkanes,
and they suggested this as the reason for the greater
reactivity of silanes. Hewever, subseguent work has
established that A factors for these reactions are about the
same as those for reactions with alkanes, and that lower

activation energies are the cause of the greater reactivity

of silanes (90,114-120).

Jakubowski and co-workers (115) have reported a
study of the reaction of methyl radicals with silane and
disilane. They calculated potential energies of activation
and kinetic isotope effects for these reactions by the Bond
Energy Bond Order method of Johnston (121) and obtained
results which were in reasonable agreement with experiment,
but which indicated that guantum mechanical tunneling was

probably significant.



23
Chaudhry and Gowenlock (léé) have studied the

reactions of methyl radicals with the Group IV tetramethyls.
Their results demonstrate a definite effect of the central
Group IV atom on the reactivity of the hydrogen atoms
attached to the methyl groups. Thynne has pointed out that
recent studies of methyl radical reaction with tetramethyl-
silane show Arrhenius parameters very similar to those
previously published for neopentane (75), and has suggested
that there is no difference in the effect of carbon and
silicon as central atom (118,123). However, Kerr and Timlin
(73) have recently redetermined the Arrhenius parameters for
neopentane, and have shown that in fact there is a pronounced

effect due to substitution of silicon for carbon as the

central atom.

Kerr, Stephens, and Young have reported reactions of
tetramethylsilane (116) and trichlorosilane (117) with
methyl, trifluoromethyl, and ethyl radicals. They have

obtained results which refute the large A factors which they

found earlier.

As a consequence of the lower electronegativity of
silicon, it forms the positive end of a dipcle with carbon
in most compounds, and hydrogen attached to silicon has a
much larger partial negative charge than hydrogen attached
to carbon. Consequently, silicon compounds should be

expected to display greater sensitivity to the polarity of

an attacking radical. Cheng and Szwarc {124} have



24
investigated the reactions of trifluoromethyl radicals with
a series of methylchlorosilanes, and Bell has also studied
trifluoromethyl radical reactions with silane compounds
(114,120). Jakubowski and co-workers (90) have reported a
study of trifluoromethyl radical reactions with monosilane.
The net effect of these studies is to suggest that polar
effects are indeed important in the radical abstractiocn

wda\SiL

reactions of the silanes.

Morris and Thynne have reported studies of the
reactions of silane, trimethylsilane, and tetramethylsilane
with methyl radicals (118) and with trifluoromethyl radicals
(119). The results show a difference in activation energy
between the two radicals which is prcbably toco great to
explain in terms of the differences in energy of the bond

being formed, and which suggests the effect of the polarity

of the trifluoromethyl radical.

Although there is much current interest in radical
abstraction reactions with silanes, there has been no work
done involving higher alkyl radicals with the exception of
the work recently reported by Kerr for the reaction of ethyl
radicals with tetramethylsilane (116) and trichlorosilane
(117). A study of the reactions of ethyl, n-propyl, and iso-
propyl radicals with monosilane and disilane has been
undertaken, in order to learn more about higher alkyl
radiéal reactions with silanes, and in hope of determining

the extent to which the energv of the bond being formed in a
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hydrogen abstraction reaction influences the activation

energy.

There have been only a few studies of the reactions
of methyl radicals with methyl substituted monosilane.
Other than tetramethylsilane, which has been investigated
many times, only trimethylsilane has been studied. The
results which have been reported (activation energies of 7
and 7.8 kcal/mole) are in fairly close agreement (113,118),
but, when compared with results for monosilane (115,118)
(activation energies of 7 and 6.9 kcal/mole), tend to suggest
a higher activation energy for abstraction of a hydrogen
atom which is bound with less energy. Therefore it appeared
to be desirable to undertake a thorough investigation of the
reactions of methyl radicals with methyl substituted silanes
with the aim of determining to what extent radicals react
with the methyl groups, and whether the activation energy
for abstraction from the Si-H bond in trimethylsilane is
actually higher than for abstraction from monosilane. Also,
it would be desirable to have a complete set of data for
reactions of methyl radicals with all of the methyl
substituted monosilanes, so that trends in reactivity could
be observed. Accordingly, a study of methyl radical

abstraction from silane, methylsilane, dimethylsilane,

triwethylsilane, tetramethylsilane, and neo-pentane has been

carried out.
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EXPERIMENTAL

The apparatus consisted of a photolysis system, a
pPyrolysis system, and an analytical system connected by a

standard high vacuum apparatus.

1) Vacuum System:

The vacuum system was constructed of pyrex tubing
and was evacuated to 10-'6 torr with a mercury diffusion pump
backed by a standard mechanical pump. High vacuum stopcocks,
helium tested Hoke valves, Springham stopcocks with Viton A
diaphragms, Teflon plug stopcocks, and Delmar mercury float
valves were employed in the system. All calibrated volumes

were kept grease free. 2 schematic diagram of the vacuum

system is given in Figure 2.

Hydrocarbons were kept in pyrex bulbs, while
azoalkanes and silanes were stored in glass fingers

maintained at -196°C.

Pirani tubes (Consolidated Vacuum Co. Type GP-001),
mercury manometers, and a McLeod gauge were used to measure
pressures. A distillation system consisting of three U-
traps, a spiral trap, a solid nitrogen trap, and a Toepler

pump was used for purification of reactants and separation

of products.
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2) Photolysis System:

The photolysis system consisted of a 54 mm. O.D.

" cylindrical quartz cell with an 11 mm. 0.D. cold finger
surrounded by a cylindrical aluminum block furnace 43 cm. in
length. Different cell lengths were used from time to time.
The ends of the furnace were covered with quartz windows,
and additional quartz windows were mounted inside the
furnace with brass snap rings to enhance temperature
stability around the cell. The furnace was heated by eight
Hotwatt pencil heaters (50 watt) to which power was supplied
by two variacs. The outside of the furnace was covered with
2 cm. of glass wool insulation. The cold finger and exit
tube could be heated to 80°C where necessary to prevent
condensation of heavy compounds. -A diagram of the

photolysis system is given in Figure 3.

Temperature measurements wére made with an Assembly
Products pyrometer connected to several iron-constantan
thermocouples through a selector switch. The pyrometer was
checked periodically against ice, room temperature as
measured by a calibrated mercury thermometer, and boiling

water, and was found to be consistently accurate to *1°.

Light (3650-3663a) was isolated from a medium
pressure mercury arc (Hanovia Type 30620) by an Eastman
Kodak Wratten 18A filter (50 x 50 x 5 mm.). In cases where
higher light intensity was desired, window glass filters

(78 x 80 x 2 mm.) were used. There was essentially no
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differencevin the short wavelength cutoff (~3200A) between

these two filters.

3) Pyrolysis System:

The pyrolysis system consisted of a cylindrical 125
ml. pyrex cell which was surrounded by an aluminum block
furnace insulated with glass wool and heated by two 300 watt
Chromalox pencil heaters. Temperature measurements were
made using two iron-constantan thermécouples which were
connected to the pyrometer. The entrance tube and valve
were kept heated to 60 to 80°C with héating tape. The

pyrolysis system is shown in Figure 4.

4) DAnalytical System:

The analytical system consisted of a gas burette and
a gas chromatograph. The gas burette was fitted to the top
of the Toepler pump at the end of the distillation system
and connected to the injection loop of the gas chromatograph
through another Toepler pump with a cold finger. Helium
was used as the carrier gas. It was passed through drierite,
ascarite, and then through an activated charcoal/molecular
sieves trap which was kept at -196°C. Flow rates were
determined by an oil manometer calibrated with a soap bubble
flow meter. Provision was made for heating the flow lines
to 60°C when necessary for analysis of heavy compounds.
Glass spiral columns were used, and an aluminum cylinder

wrapped with heating tape was used to maintain column



jorng
E3 Hoke Valve
™%

] IB\=
|
Pencil Pyrex
Heater RN Cell 1
il
Glass Wool {

Figure 4. Pyrolysis system. B, from powerstat;

E, tC pyrometer.
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temperature. A schematic diagram of the analytical system

is given in Figure 5.

The flow line was connected to the high vacuum
system by a sample loop through which the helium flow could
be diverted by means of three switch type Hoke valves.
Condensable samples could be frozen into the sample loop,
and noncondensable samples could be pumped in with the
Toepler pump. Four spiral traps with fiberglass plugs were
connected to the flow line downstream from the detector by
four-way stopcocks, so that eluted materials could be
selectively trapped. A thermal conductivity detector (Gow-
Mac Model Tr II B), a power supply (Gow-Mac Model 9999 C)
and a recorder (Sargent S-72180) were used. The thermal
conductivity cell was maintained at 300°F, and the filament

current was kept at 250 mA.

S5) Auxiliary Systems:

A small vacuum system with a distillation line was
used for purification of gases. A schematic diagram of this
system is given in Figure 6. A small aluminum block furnace
and photolysis cell were also attached and were used to
carry out some of the photolyses. No provision for
quantitative handling of nbncondensable gases was included

in this systemn.

Measurements of noncondensable gases and of isotopic

ratios were carried out using an Associated Electrical
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Industries MS-10 mass spectrometer. All analyses were made

using a trap current of 50 microamperes and an electron beam

. energy of 70 electron volts.

Mass spectra were also taken on AEI MS-2 and MS-9
instruments. The MS-9 was used for exact mass determinations

in identification of unknown products.

Nuclear magnetic resonance spectra were taken using
Varian 60 and 100 MHz spectrometers. Spin decoupling studies
with the 100 MHz instrument were used in determining

structures of unknown products.

6) Experimental Procedures:

The volume immediately adjacent to the photolysis
system was calibrated by determining with the gas burette
the quantity of N2 necessary to create a given pressure in
it. Gases used in photolysis runs were measured by
determining temperature and pressure in this volume. They
were then transferred to the cell by freezing into the cold
finger. The lamps were allowed a warm-up period of about
fifteen minutes prior to each run in order to reach
operating intensity. Runs were initiated by removing a
shutter between the lamp and the furnace window and
simultaneously starting an electrical timer (Precision
Scientific 69235). At the end of the run the products were

separated by low temperature distillation into convenient

fractions for analysis.
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The gas chromatograph was calibrated in terms of
peak area (in arbitrary units as measured with a planimeter)
per micromole of standard. The mass spectrometer was
similarly calibrated, using measured aliquots, in terms of
peak height (mm.) per micromole. Cracking patterns were
normalized against the sensitivity of the parent peak, and
the cracking'patterns of mixtures were resolved

algebraically.

Operating conditions and retention times for the gas
chromatograph system are summarized in Table II, and a list

of the materials used in this study is given in Table III.
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CHAPTER III

SECONDARY PRODUCTS IN THE PHOTOLYSIS AND PYROLYSIS

OF AZOETHANE (125)

RESULTS

1) Isomerization of Azoethane to Ethanal Ethylhydrazone.
2} Photolysis of Azoethane.

3) Pyrolysis of Azoethane.

4) Product Identification.

DISCUSSION

1) Mechanism.

2) The Azo-alkyl Radical.

3) The Triethylhydrazyl Radical.
4) Ethanal Ethyihydrazone.

5) Summary.
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RESULTS

1) Isomerization of Azoethane to Ethanal Ethylhydrazone:

Isomerization of azo compounds to hydrazones is well
known, having first been reported at the beginning of this
century (126). There has been much recent interest in these
reactions (127-133), and, since they might conceivably be of
some importance in systems where azoalkanes are used as free
radical sources, a preliminary study of the formation and
properties of ethanal ethylhydrazone was made. Using the
resulting analytical data, a careful search for this

compound among the products of azoethane decomposition was

made.

Isomerization of azoethane to ethanal ethylhydrazone
was observed in pyrex reaction vessels at 150°C. The rate
of isomerization was rapid at first, but decreased markedly
as the walls of the vessel became conditioned. Ethanal
ethylhydrazone was synthesized by condensation of
ethylhydrazine and acetaldehyde. When exposed to fresh
pyrex surfaces at 150°C it isomerized to azoethane. A
temperature study of the equilibrium constant for this
reaction was carried out, using a KOH lined pyrolysis cell to
establish equilibrium rapidly. The cell was prepared by
evaporating a methanol solution of KOH from it while it was

turning on a rotary evaporater. It was then attached o th
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high vacuum system, fitted with the pyrolysis furnace, and
evacuated at 200°C for two days until evolution of gases
. ceased. Each experimental point was determined by starting
with ethanal ethylhydrazone as well as with azoethane.

After eqﬁilibrium had been achieved (as determined by trial
runs to establish the necessary length of time) the cell was
opened and the products were quickly cooled to -196°C, after
which the cell was closed, and the products were transferred
to the injection loop of the chromatograph. The data are
summarized in Table IV and Figure 7. Least squares
treatment gives AH = +0.19 * 0.08 kcal/mole and AS = +2.72 *

0.22 cal/mole deg for a 90% confidence level.

An attempt was made to determine the equilibrium
constant (hydrazone/azo) for isomerization of‘azomethane{
but the amount of formal methylhydrazone produced was
extremely small and could not be accurately measured (K = 0).
In contrast to this, K = 3 was found for isomerization of
azoethane over a wide range of temperature. Ioffe and
Stopskii (131,133) have reported studies of the isomeriza-
tion of azopropanes at 100°C in which they found X = 26.0
for azo-n-propane and K = 70.4 for azo-iso-propane. They

also found a value of X

.82.3 for n-propane-azo-iso-propane.
This higher value arises from the fact that there are two
possible hydrazone isomers and only one possible azo isomer.
The equilibrium mixXture reported was 90.8% acetone n-

propylhydrazone, 8.0% propanal iso-propylhydrazone, and 1.2%
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Table IV

Determination of Equilibrium Constant as a Function
of Temperature for Isomerization of

Azoethane to Ethanal Ethylhydrazone

Temp Time Pressure Ratio
(°Cc) (min) (torr) (hydrazone/azo)
145 60 g2 3.12
144 45 42 3.15
173 30 g2 3.11
173 45 gP '3.26
95 105 92 2.96
95 120 &° 2.¢9¢9
72 255 52 2.87
71 240 52 2.89
39 245 62 2.92
39 253 50 2.99
52 240 62 2.94
124 60 52 2.98
124 60 4P 2.98

a Starting with azoethane.

b Starting with ethanal ethylhydrazone.
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with ethanal ethylhydrazoneV.
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n-propane-azo-iso-propane.

The values for the equilibrium constant obtained in
this study apparently form a consistent trend with those
found by Ioffe and Stopskif, and the stability of the
hydrazone isomer is seen to increase with increasing
substitution of the carbon atom which forms the double bond

to nitrogen.

2) Photolysis of Azoethane:

A number of photolyses of azoethane were carried out
at 100°C and 5 to 50 torr total pressure. In addition to
the expected nitrogen, ethane, ethylene, and n-butane,
three major heavy products were found. These were
tetraethylhydrazine, ethanal diethylhydrazone, and ethyl
2-butyl diimide. Some other products were also formed in
low yield. The yields of major products in photolysis are
sumnarized in Table V. When photolysis was carried out in
the presence of about 250 torr of propane, ethanal
ethylhydrazone was formed in small yield. Photolysis with
added nitric oxide was characterized by a complete
suppression of the carbon-containing products except for a
trace of ethanal ethylhydrazone which prqbably formed on the

walis. The yield of nitrogen was not diminished.

3) Pyrolysis of Azoethane:

Pyrolysis in the temperature range 240-300°C yielded

the expected nitrogen, ethane, ethylene, and n-butane and



Table V

Products of Photolysis and Pyrolysis of Azoethane

. Amount
Compound : imoles

Photolysis of 34 torr azoethane at 97°C

Unreacted azoethane 522

N, 20.5
CH, + C2H6 3.4
C4Hlo 12.9
Tetraethylhydrazine* 2.5
Ethyl 2-butyl diimide* 1.7
Ethanal diethylhydrazone* 1.5
Ethyl not accounted for 6.7

Pyrolysis of 29 torr azoethane at 293°C

Unreacted azoethane 130.5
N, 44.5
CZH4 + C2H6 22.2
C4H10 14.5
Ethyl 2-butyl diimide* 5.5
Ethanal diethylhydrazone* 3.4
Ethyl not accounted for 9.8

*It was assumed that the chromatograph detector

response was equal to that of azoethane.
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more than a dozen other products, which appeared in

quantities too small to permit identification. Since their
peaks ran together on the chromatogram, they could not even
be counted accurately. Evidently these products accounted

for a significant fraction of the azoethane consumed.

The two major secondary products were ethanal
diethylhydrazone and ethyl 2-butyl diimide. These were
formed in approximately constant proportion to the
. azoethane concentration, independent of the length of the
run, so they probably were being decomposed as well as
formed in the system. When pyrolysis was carried out at
240°C where decomposition is fairly slow, with a pressure of
about 500 torr of éropane, ethanal ethylhydrazone was formed

in low yield. VYields of major products in pyrolysis are

summarized in Table V.

4) Product Identification:

Molecular structures of the heavy products were
determined by mass spectrometry and nuclear magnetic
resonance spectroscopy. Mass spectral data are summarized
in Table VI, and NMR data are summarized in Table VII.
Exact mass determinations of parent peaks were used in
several cases to obtain molecular formulae. In NMR studies
spin decoupling was used to confirm the apparent positions
of the protons. The NMR spectrum of ethanal diethyl-

hydrazone shows no evidence of cis-trans isomerism, and is
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Table VI

Mass Spectral Data for Products of Azoethane Decomposition

Peak m/e Intensity
Azoethane
" Parent 86
1l 29 100
2 27 26
'3 28 17
4 57 14
5 15 6
6 30 6
7 42 5
8 43 5
9 86 5
10 41 4

Ethanal Diethylhydrazone

Parent 114
1 99 100
2 29 67
3 28 59
4 30 51
5 42 43
6 56 38
7 114 37
8 44 34
9 71 32

10 27 32



Table VI (continued)

Peak m/e Intensity
Tetraethylhydrazine C8H20N2*
Parent 144
1 115 100
2 144 60
3 29 39
4 87 ' 24
5 28 23
6 18 20
7 72 18
8 42 17
9 58 15
10 56 14
Ethanal Ethylhydrazone C4H10N2*
Parent 86
1 71 100
2 30 85
3 86 74
4 42 49
5 27 23
6 15 21
7 18 16
8 29 16
9 41 16

10 44 16



Table VI (continued)

Peak m/e Intensity
Ethyl 2-butyl diimide C6H14N2*
Parent 114
1l 29 100
2 41 50
3 57 45
4 27 12
5 56 10
6 114 8
7 42 7
8 39 5
.9 85 5
10 55 4

*Established by exact, high resolution

mass determination on parent peak.



Table VII

NMR Spectra for Products of Azoethane Decomposition

Compound Structure T Splitting J
Azoethane CH3- 8.75 3 7
-CH,~-N 6.28 4 7

Ethanal ethylhydrazone CH3— (trans) 8.21 2 5
CH3- (cis) 8.39 2 5

-CH=N (trans) 3.23 4 5

-CH=N (cis) 3.64 4 5

N-NH-C 5.7 Broad -

N-CH,- 6.95 6 7

-CH, 8.91 3 7

Ethanaldiethylhydrazone CH3— 8.15 2 5
—-CH=N 3.34 4 5

N-CH,- 7.03 4 7

~CH, 8.97 3 7

Ethyl 2-butyl diimide CH3— 8.75 3 7
-CH,-N 6.30 4 7

N-C-H 6.79 Complex -

N-C-CH, 8.83 3 7

N—C—CHZ— 8.31 Complex -~

N—C—C—CH3 9.17 3 7

Tetraethylhydrazine CH,- 9.02 3 7

;-CHZ-N 7.61 4 7
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consistent with the results of Stopskii (128) and co-workers.

A sample of the ethyl 2-butyl diimide produced was
photolyzed and yielded the expected hydrocarbon products.
The NMR spectrum of ethyl 2-butyl diimide is shown in Figure
8. The NMR and mass spectral data for ethanal
ethylhydrazone produced in isomerization of azoethane were
identical to those for the synthesized sample, and the NMR

spectrum is quite similar to that reported by Lemal and co-

workers (134).

Detection of ethanal ethylhydrazone produced in
photolysis and pyrolysis of azoethane was complicated by the
fact that it had the same retention time on the silicone gum
rubber column as ethyl 2-butyl diimide. The peaks at m/e 71
and 86 are gquite small in the mass spectrum of ethyl 2-butyl
diimide, but in runs where high pressures of propane and low
decomposition rate would be expected to favor radical
abstraction reactions there was some slight increase in the
m/e 71 and 86 peaks relative to the spectrum of ethyl 2-
butyl diimide, and this was presumed to be due to the
presence of ethanal ethylhydrazone for which these peaks are

the principal and the parent, respectively.

DISCUSSION
1} Mechanism:

As may be seen from the relative amounts of products

formed, it is clear that formation of heavy products in
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secondary reactions initiated by radical abstraction from

or addition to azoethane, though not dominant, is quite

significant.

The products found suggest the following reaction

scheme:
hv or A

EtN=NEt > 2Bt + N, - (1)

2Et > C,H, + C,H (2)

2Et > CH,CH,CH,CH, (3)

Et + EtN=NEt > C,H, + CH,CHi:=:N::::NEt (4)

Et + CH,CH::::N::::NEt - CH,CHEtN=NEt (5)
Bt + CHyCHweeeNe2eeNEt » CH,CH=N-N(Et), (6)
RHE + CHyCH::2:N::2:NEt + R + CH,CH=N-NHEt (7)
EtN=NEt W31l CH,CE=N-NHEt (7a)

RH + CH,CH-:::N:2::NEt > R + EtN=NEt (8)
Et + EtN=NEt + (Bt),N-NEt (9)
Et + (Et),N-NEt - (Et) ,N-N(Et), (10)

2) The Azo-alkyl Radical:

It has occasionally been suggested that the
decomposition of the azoalkyl radical may be of possible
significance in the photolysis and pyrolysis of azoalkanes
at elevated temperatures (66,70). However, it was found in
this work that abstraction of a hydrogen atom from azoethane
to form an azoalkyl radical (Reaction 4) eventually results
in a radical combination reaction either at the carbon atom

where abstraction took place (Reaction 5) or else at the
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nitrogen atom farthest from it (Reaction 6). This indicates

that the radiqal must have an allylic structure, and it

. would be expected that such a radical would be guite stable.
Since the products of combination of this radical with ethyl
radicals.are found in similar yields both in photolysis at
97°C and in pyrolysis at 293°C, it would seem unlikely that
thermal instability of this radical could be important

within the normal temperature range used in kinetic studies

with azoalkanes.

3) The Triethylhydrazyl Radical:

In photolysis at 94°C tetraethylhydrazine was formed
by addition of an ethyl radical to the double bond of
azoethane (Reaction 9) followed by combination of the
resulting triethylhydrazyl radical with another ethyl
radical (Reaction 10). While tetraethylhydrazine was a very
important secondary product at 97°C, there was no Getectable
yield of it in pyrolysis at 293°C. This could be due to
thermal instability of the triethylhydrazyl radical or of

tetraethylhydrazine itself.

4) Ethanal Ethylhydrazone:

It would appear that even the most perfunctory
conditioning of cell walls should be sufficient to reduce
wall-catalyzed formation of ethanal ethylhydrazone to
relative insignificance. The evidence shown here tends to

indicate that its formation in free radical processes by
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disproportionation or abstraction reactions of the azoalkyl

radical must also be slight, since, at best, only a trace of
the compound was found in runs where a large concentration
of hydrocarbon substrate and a slow rate of azoethane

decomposition strongly favored its production by Reaction 7.

5) Summary:

The reaction scheme presented here differs from that
suggested by Cerfontain and Kutschke (45) only in that
- formation of ethanal diethylhydrazone occurs parallel to
formation of ethyl 2-butyl diimide. This could not affect
the activation energies they determined for abstraction (8
kcal/mole) and addition (6 kcal/mole) reactions between
ethyl radicals and.azoethane. However, it would appear that
the apparently high stability of the azoalkyl radical would
cast serious doubt upon the validity of any proposed
mechanism based on its thermal decomposition. On the other
hand, much of the complexity of the pyrolysis of azoethane
may be due to decomposition of ethanal diethylhydrazone and

ethyl 2-butyl diimide.

The mechanism of alkyl radical reaction with the
parent azo compound indicated by the results of this work is
almost identical to that assumed by previous workers, and
nothing found in this work offers any impediment to use of

azoalkanes as free radical sources.



CHAPTER IV

ARRHENIUS PARAMETERS FOR THE REACTION OF PROPYL RADICALS

WITH PROPANE (135)

RESULTS

1) Photolysis of Azo-n-propane and Azo-iso-propane.
2) Photolysis of Azo-n-propane in the Presence of Propane.
3) Determination of the Radical Disappearance Ratio.

4) Arrhenius Parameters.

DISCUSSION

1) Possible Consequences of the Mass Balance Defect.

2) Conclusion.
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RESULTS

1) Photolysis of Azo-n-propane and Azo-iso-propane:

The photolysis of the azopropanes at room temperature
yielded nitrogen, propane, propylene, and hexanes. The
results are summarized in Table VIII. A disproportionation
to combination ratio of 0.14 was found for n-propyl radicals
.and 0.55 for iso-propyl radicals. Kerr and Calvert (66)
reported a value of 0.157 for n-propyl radicals, which is in
close agreement with the result found here. In the course
of a series of high intensity photolysis studies (136,137),
Terry and Futrell found a value of 0.69 for iso-propyl
radicals. However, values quite close to 0.55 have been
determined by Riem and Kutschke (46) and by Durham and
Steacie (65) under conditions similar to those of the
present study. The values 0.15 for n-propyl radicals and
0.55 for iso-propyl radicals have been adopted for use in
further study of propyl radicals in this work. Photolysis
of a mixture of azo-n-propane and azo-iso-propane indicated
a ratio of disproportionation to cross combination for n-
propyl and iso-propyl radicals close to the mean value of

0.35, and this value has also been adopted here.

A temperature study of the photolysis of azo-n-
propane was carried out to determine the Arrhenius parameters

for abkstraction of hydrogen £from azo-n-propane by n-propyl
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radicals. The following mechanism was used

hv
n=PrN=Nn-Pr -+ 2n-Pr + N

2

"n-Pr + nPrN=NnPr - C,Hg + CH,CH.,,CHzzz: Nezuz: Nn-Px (a)
2n-Pr -~ C,Hg + C H (B)
2n-Pr -~ nC6H14 (C)

The vapor pressure of azo-n-propane is guite low, and, in

the static system used in the present study, it was difficult
to get sufficient conversion at the lower temperatures so
that accurate rate constants could be measured. Least
squares treatment of some of the points,.mostly at high

temperature, which appeared to fit an Arrhenius plot gave

the equation

X

. A _ 7990

eI T 4.74 3.303RT
C

While this hardly gqualifies as a determination of the

Arrhenius parameters, it nevertheless agrees closely with

the earlier value of

k
_ _ 7900
log—75 = 4.6 2.3038T
kC
found by Calvert and Kerr (66), who used a circulating
system, and the result has been adopted for further use in
this work. An analogous study of the reaction of iso-propyl

radicals with azo-iso-propane yielded
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k
A
log—=—5 = 4.01 % 0.37 -
N 1/2

C

7030 * 630
2.303RT

(All error limits quoted in this work are for a 95%
confidence level unless otherwise specified.) This result

is also in satisfactory agreement with the values of

k
A _ 6700
togg, = 33 7 TSmO
and
k
A _ 6500
1°9E5 = 3.4 3.303RT  (65)

reported previously. Rate constant data for these reactions
are summarized in Tables IX and X and the Arrhenius plots

are shown in Figure 9.

2) Photolysis of Azo-n-propane in the Presence of Propane:

When propane was added to the system, 2-methyl
pentane appeared among the products at room temperature.
With increasing temperature, many products of vapor pressure
lower than azo-n-propane began to appear, and the mass
balance, as calculated from the hydrocarbon products

decreased steadily.

Four of the heavy products were trapped, and their
identification was attempted. One of them proved to be the
hydrazone isomer of azo-n-propane, propanal propylhydrazone.

It was identified by mass spectrometry and NMR Cnly mass

aaave
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spectra were obtained for the other three products, since it
Qas impractical to obtain large enough samples for NMR
spectra. An exact mass measurement indicated that the
lightest of these products was a hydrocarbon, or mixture of
hydrocarbons, CQHZO' The cracking pattern did not match
closely the known cracking pattern of any individual isomer.
The other two products both had molecﬁlar formulae C9H20N2.
The two cracking patterns were virtually identical, except
that the product with the shorter reténtion time had a
'slightly larger peak at mass 15. The two mass spectra
appear closely analogous to that of ethyl 2-butyl diimide,
and it seems rexsonable to suppose that the one with shorter
retention time and larger mass 15 peak is propyl 2-methyl-3-
pentyl diimide, and that the other one is propyl-3-hexyl
diimide. This tentative identification is supported by the
fact that the first product is produced in increasing
amounts as temperature and isopropyl concentration increase,
while the second product is produced throughout the
temperature range of the study. The possibility of these
products being cis-trans isomers of propanal dipropyl-
hydrazone can be dismissed, since dialkyl hydrazones are
known not to display cis-trans isomerism (128), and the mass
spectrum is not analogous to that of ethanal diethyl-
hydrazone. NMR and mass spectral data are summarized in
Tables XI and XII, and the NMR spectra of propanal
propylhydrazone and n-propane-azo-iso-propane are shown in

Figures 10 and 11.
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Table XII

Mass Spectral Data for Products of Azo-n-propane Decémposition

Compound ' m/e Intensity

Azo—-n-propane

Parent 114
1 43 100
2 41 67
3 27 56
4 28 16
5 42 12
6 39 11
7 30 7
8 29 6
9 15 5
10 | 44 4
Propanal propylhydrazone C6H14N2*
Parent 114
1 30 100
2 28 66
3 85 55
4 18 48
5 27 33
6 29 32
7 41 | 24
8 56 20
9 43 19

10 17 . 11



Table XII (continued)

Compound m/e Intensity
Azo-iso-propane
Parent 114
1 43 100
2 41 34
3 42 24
4 27 24
5 39 6
6 15 6
7 114 6
8 56 4
S 44 4
10 29 4
n-Propane-azo-iso-propane
Parent 114
1 43 100
2 41 39
3 27 27
4 42 21
5 39 7
6 114 7
7 44 5
8 15 5
9 56 4
10 28 4

77



Table XII (continued)

Compound m/e Intensity

*
Unknown C9H20N2

Tentatively propyl 2-methyl-3pentyl diimide

Parent 156
1 43 100
2 41 16
3 85 14
4 57 10
5 27 9
6 29 6
7 28 4
8 . 33 3
S 44 3
10 55 2
Unknown C9H20N2*
Tentatively propyl 3-hexyl diimide
Parent 156
1 43 100
2 41 15
3 85 10
4 57 10
5 27 9
6 29 8
7 44 4
8 55 3
9 39 3
10 28 3
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The heavy products were eluted from the column as

very broad peaks with long retention times when the column

was operated under conditions optimal for separation of

hydrocarbon products, and it was impractical to attempt

quantitative analysis of them.

Account of these products

was taken in the kinetic treatment in terms of the mass

balance defect.

treatment is summarized below:

The mechanism used for the kinetic

hv
n-PrN=Nn-Pr - 2n-Pr + N2
n-Pr + C3H8 > C3H8 + 1i-Pr (1)
i-Pr + C3H8 -> C3H8 + n-Pr (la)
n-Pr + 1i-Pr > 2-methylpentane (2a)
n-Pr + i-Pr -~ C3H8 + C3H6 (2b)
2n-Pr - n-hexane (3a)
2n-Pr - C3H8 + C3H6 (3b)
2i-Pr -+ 2,3-dimethylbutane (4a)
2i-Pr =~ C3H8 + C3H6 (4b)-
double bond
n-Pr + or radical + other products (5)
. double bond
i-Pr + o dieal other products (6)
The following assumptidn is made:
kpa * Kap = 2(k3, F o okg) = 20k, k)
Using
k.- k k
2 - 035 22 - oas 22 - ouss
~2a “3a “4a
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we obtain

2a  _ 1 70[i—Pr]
R3a * ""Tn-Pr]

and

Li=pz] _ R2a

0.59—
[n—-Pr] R3a

The rates of Reactions 5 and 6 may be expressed in terms of

mass balance:
Ro = Ry, = (Ryg + Rpp * Ryy + Rypy + Ry + Ryy)
Using the known values of kb/ka

RO = RNz - 1.35R2a - l.SSR4a - l.lSR3a

Since R0 represents the mass balance defect in terms of

radical pairs, while R5 and R6 account for the disappearance

of single radicals, then

R5 + R6 = 2R0

Now k5 and k6 will not, in general, be equal. They will be

related at a given temperature by

g - 3
ke
Thus
§§ _ k6[1-Pr][X] _ 1 [i-Pr] _ r
Rg akgIn-Prl{X] — q [n-Pr] a
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where [X] represents the collective concentration of double
bonds and radicals other than propyl radicals. The steady

state assumption for [i-Pr] gives

dli-Pr] _ _ _ _ _ - - -
—at = 0 = Ry =Ry, ~ Ry, = Rypy = 2R, - 2Ry - Ry

The rate constants kl and kla are related thermodynamically
and from the known entropies and heats of formation of the

isopropyl and n-propyl radicals (1)
kla = klexp(0.91 - 3500/RT)

This further leads to the expression (Appendix A):

.. . . 2rRg
kl _ .|..35R2a + 3.10R4a T o
1/2 B 172 _ _
k3a R3a [C3H8][l r exp(0.91 3600/RT) ]

3) Determination of the Radical Disappearance Ratio:

All the unknown gquantities needed for determination
of kl/k3al/2 can be evaluated from the results of photolysis
of azo-n-propane in the presence of propane with the
exception of g. At higher temperatures, reactions of
radicals with the azo compound and perhaps with propylene
formed in the system are evidently of substantial importance,
and, in order to evaluate kl/kBal/z' the value of g must be
known. This value was determined from the photolysis of n-
propane-azo-iso-propane in the presence of C3F8' added as a

pressure stabilizer, at several different temperatures. The
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ratio of n-propyl/iso-propyl radicals consumed in reactions
other than combination and disproportionation with each

other can be obtained from the mass balance ratio

Eﬁ _ RN, - (1.35R2a + 2.30R3a) .
R6 RNy, (1.35R2a + 3.10R4a)
Since g = rRS/RG' one obtains
R2-
q = 0.59§—§M
3a

Least squares treatment of the data gives a straight line

relation corresponding to the equation

log g 8.157 - 15/T
The data are summarized in Table XIII and Figure 12,

4) Arrhenius Parameters:

Rate constants for the reaction of n-propyl radicals
with propane are summarized in Table XIV and Figure 13.

Least squares treatment of the data gives the Arrhenius

equation
k
1 7800 + 410
log = 2.54 + 0.25 -
k3a172 2.303RT

The interference of reactions accounted for
collectively under Reactions 5 and 6 is most important under

the same conditions which favor high rates of abstraction
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Figure 13. Arrhenius plot for reaction of n-propyl radicals

with propane.
® r less than 1.1
A r greater than 1.1, not used in least squares

calculation.
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compared to combination. Hence these reactions will be most:
important in runs with a high value of r, the steady state
concentration ratio of isopropyl to n-propyl radicals. The
Arrhenius parameters have been recalculated eliminating the

two runs with the highest values of r. Thus, for r less

than 1.1,

k
1 8170 + 280
IOQT 2.78 £ 0.17 - 3.303RT
k3a )

In order to determine the value for kl it is
necessary to know the value of k3a‘ The measured value

reported in the literature (23,138)

_ 15.8 R | -1
k3a = 10 cC mole sec.

appears to be too high and cannot be considered reliable. It
is probably best to assume that n-propyl radicals recombine
with the same rate as ethyl radicals and accept the value

for the latter reported by Shepp and Kutschke (16)

log k3a = 14.2 - (2000 + 1000)/2.3RT

This would lead to

logk, = 9.9 - 2200

Combining these Arrhenius parameters with the
eguation for kla' the Arrhenius parameters of the reverse

reaction are given by
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- _ 12700
log k,, = 10.3 2. 3RT

Both the activation energy and the A factor determined here
for n—propyl radicals are lower than those found in the case

of methyl radicals reacting with propane (71,76).

log k, = 11.87 - 22200

DISCUSSION

1) Possible Consequences of the Mass Balance Defect:

The most obvious sources of uncertainty in the
determination of kl are the processes treated collectively
under Reactions 5 and 6 which are not directly monitored.
These processes include addition and abstraction reactions
with propylene and azo-n-propane and combination with the
resulting radicals. The concentration of propylene should
always be very small in the system, and, although small
quantities of C9H20 wvere detected among the products, it is
doubtful if radical reactions with propylene are of great
significance. On the other hand, alkyl radicals are known
to react very readily with azo-alkanes under the conditions
used in this study; and this is undoubtedly the dominant
cause of their "disappearance" from the system. There are
two plausible reactions involving the resonance stabilized
azo—alkyl_radical formed in the abstraction reaction which

are not included in the kinetic treatment; the thermal
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decomposition, and the abstractive attack on propane:

CH3CH2-CHL;;:NL;;;NC3H7 + C3H8 > CH3CH2—CH=N—NHC3H8 + C3H

CH3CH2-CH;;;:N;;;:NC3H7 + C3H8 -> C3H7N=NC3H7 + C3H7

7

Studies of the formation of heavy products in the azoethane
system led to the conclusion that neither decomposition nor
abstraction could be very important under ordinary conditions.
Although significant quantities of propanal propylhydrazone
were formed in the azo-n-propane systéﬁ, it must be
‘'remembered that the equilibrium constant for isomerization
of aio—n—propane is larger than for isomerization of
azoethane, and it is possible that much of the hydrazone
arose from wall catalyzed reaction during the 36 hour rums.
If a significant proportion of the propanal propylhydrazone
was formed from hydrogen atom abstraction by the azo-alkyl
radical, this could significantly influence the mechanism,
since it would form predominantly iso-propyl radicals. On
the other hand, if it resulted from disproportionation with
propyl radicals, it would probably remove more iso-propyl
than n-propyl radicals from the system. Of these
possibilities, the one which could have the most serious
effect on the results of this study is the abstraction of
hydrogen from propane by the azo-alkyl radical. The effect
of such a reaction would not be accounted for through the
radical "disappearance ratio" g, because, in the system
where g was determined, there was no large concentration

of substrate present from which hydrogen atoms could be
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abstracted. In a study of the pyrolysis of azo—-n-propane,
Geiseler and Hoffman (139) have concluded that although
formation bf azo-alkyl radicals is important, they do not
act as chain carriers at temperatures less than 400°C, and
it is reasonable to suppose that the activation energy for
abstraction of hydrogen from propane by the azoalkyl radical

must be higher than for its abstraction of hydrogen from

azo-n-propane.

~2) Conclusion:

Either the result reported here is correct, and the
activation energy for abstraction by n-propyl radicals is
actually lower than for abstraction by methyl radicals, or
else the system is being influenced by some process which
has not been accounted for in the kinetic treatment. If
there were an activation energy for n-propyl radical
combination larger than the 2 kcal/mole found for ethyl
radicals by Shepp and Kutschke (16), then this might be
sufficient to account for the result. The studies of iso-
propyl and t-butyl radical combination rate constants
reported by Metcalfe and Tfotman—Dickenson (14,15) indicate
no activation energy at all. However, measurements of
radical combination rates by intermittent illumination
techniques are tedious to perform, and temperature studies
typically take the form of a few (usually 3) careful
determinations at different temperatures. The possibility

of an activation energy for radical combination cannot be
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ruled out by such results, but it is clear that any
activation energy must be no larger than a few kcal/mole.

It would be of great benefit if more precise information
were available on the rates of higher alkyl radical
combination reactions. Information on the kinetic parameters
for the reactions of azo-alkyl radicals would also be very
useful in assessing the potential effect of their reactions

on the system.

Campbell and co-workers (140) have conducted a
temperature study of the mercury photosensitized
decomposition of propane, and they have found that the
Arrhenius parameters determined for Reaction 1 in this study
appear to predict reasonable values for the rate constants
in their system. However, this is not a rigorous test of

the validity of the results reported here.



CHAPTER V

THE REACTIONS OF HIGHER ALKYL RADICALS

WITH SILANE AND DISILANE

RESULTS

1)
2)

3)
4)

Reaction of Methyl Radicals with Monosilane.
Reaction of Ethyl Radicals with Silane, Silane-d4,
Disilane, and Disilane-ds.
Reaction of n-Propyl and iso-Propyl Radicals with Silane.
Determination of Relative Rates of Abstraction from
Silane, Silane-d4, Disilane, and Disilane—d6 by n-Propyl

and iso-Propyl Radicals.

5) Calculations.
DISCUSSION
1) Comparison of Arrhenius Parameters for Alkyl Radicals

2)

3)
4)

Reacting with Silanes and with Hydrocarbons.
Possible Reasons for the Lack of a Definite Trend in
Activation Energies for a Series of Alkyl Radicals
Reacting with Silane.

Kinetic Iéotope Effect.

BEBO Calculations.
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RESULTS

1) Reaction of Methyl Radicals with Monosilane:

The photolysis of azomethane proceeds via the

following sequence:

CH,N=NCH,, 1}3 8, + W, (1)

CH,N=NCH;  ~ CoHe + N, (1a)

CH; + CH,N=NCH, -~ CI'{.,; + CHzN=Ncﬁ3 (2)
2CH; - C,Hg (3)

The quantum yield of nitrogen in Reaction 1 is unity, and
that of ethane in Reaction la (54-57) is 0.007. BAllowance
has been made for this in determining the ethane produced in
Reaction 3. A temperature study of Reaction 2 has been
carried out using the relation

R
k CH4

1/2
k3 [Azo]R3

The Arrhenius equation was found to be

k)
logT = 4.49 + 0.25
k3

8050 * 440
2.303RT

The Arrhenius parameters are in reasonable agreement with

the values



97

k
2 . 7800 __
log—gz = 42 Z.303KT
3
found by Kerr and co-workers (60). They also agree
satisfactorily with a number of previous determinations
(61-63), and they have been adopted here for use in further
work with methyl radicals. The data for this determination
are summarized in Table XV and the Arrhenius plot is given

in Figure 14.

Wher methyl radicals are produced in the presence of
monosilane, they react by abstraction of a hydrogen atom.
CE, + SiH, > CH, + SiH, (4)
A temperature study of Reaction 4 was performed, and rate

constants were determined from the expression

R - R
k4 CH4

. 1/2
k3 [SlH4]R3

2

where R2 was calculated using the equation

X,

, 17233
3

l/2[Azo]

Least squares treatment of the data gave the Arrhenius
equation

k
4 C 449 5 0.17 7470 *+ 290

1°g;'1/§ = 3.303RT
3
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Figure 14. Arrhenius plot for reaction of methyl radicals

with azomethane.
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This is in reasonable agreement with the equations

k

- 4 _ _ 6990
logm = 5.13 m (115)
3
and
k
4 _ 6890
lng—l/—z- = 5.15 2.303RT (118)
3

reported previously. The rate constant data for Reaction 4
are given in Table XVI, and the Arrhenius plot is shown in

"Figure 15.

2) Reaction of Ethyl Radicals with Silane, Silane—d4,

Disilane, and Disilane-d6:

The photolysis of azoethane proceeds via the

sequence (45,64):

C,HN=NC,H_ Ev 2C,H, + N, (5)

C,Hg + CoHN=NC,H; > C,H, + CH,CHN=NC,H.  (6)
2C,Hg > C.H, + C,H (7)

2C,Hy >  CH,CH,CH,CH, (8)

A temperature study of Reaction 6 was carried out. The ratio
of disproportionation to combination of ethyl radicals (23)

was taken to be 0.14, and rate constants were determined

using the relationship

ks RC H - 0.14R
k81/2 [Azo]Rel/2
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Figure 15. Arrhenius plot for reaction of methyl radicals

with silane.
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The Arrhenius equation

k
6 8570 + 590
log;—i7§ = 4.87 £ 0.35 - 3. 303RT
8

was found. This is in fair agreement with the equations

k

6 _ _ 8000
s 17z = 46 3.3038F (45)
8
and
k
6 _ _ 17500
loos—717m = 42 7.303RF (64)
8

which have been reported previously. The data are given in

Table XVII, and the Arrhenius plot is shown in Figure 16.

When a silane compound is present, the ethyl

radicals react by abstracting a hydrogen atom.

Csz + SiH > C2H6 + 31H3 (9)

4
c235 + SiD4 > C2H5D + SiD3 (10)
C,B, + Si2H6 > 0236 + si2H5 (11)
C2H5 + 512D6 > C2H5D + Si2D5 (12)

Rate constants for these reactions were determined using the

expression

K, Re g - 0.14Ry - R
1/2

k8 [silane]R8

Temperature studies of the reaction of ethyl radicals with



104

*00 Z6T SUMTOA POFRUTUMTTI

‘00 8TZ SumTOA TT3D

269€0°0 £€6°6¢ ¢80 L6V 6L°S 6S°¢Cl 0€g°¢ 00°¢T 0°9¢
9LTZ" 0 08°62 S0°¥v LTV TAAE] N A 0TV € 00°ST 0°09
STEE" 0 08°6¢ 06°6 LTV LO'0T TL°2v 09Z°¢ 00°ST 0°8L
T68L°0 16°2¢ 82¢°0T ST°€ €V ET ST TV 09L°2 00°ST 0°%0T
T68°T T6°ST cevl A 66 °9T LT LE ove T 00°ST 0°Ge€T
£€69°C 0€°0T T8°9T A" ST LT 99°'%¢€ 006°T 00°ST 0°6¥vT
68C°T €9V 9L°0T €0°2 6L°CT T€°8¢€ 06T°C 00°ST 0°02T
8066°0 68°9¢ 9¢ 0T oL ¢ CT°vT Lo LY 0£9°¢ 00°ST 0°¢e6
8 9 L .
2/ oﬁmwo mmwo wmwo MMMMWW N oo\wmme (uTw) (D0)
9 9 SWTY, duo,
A L s oo/oTOoW __QTX °3ey J [02V¥] )

(A

PURY}S0ZY YITM sTeoTped TAY3d JO uoTlzoedy

IIAX STqel



105

1.0 T

-1.0 +

20 2.5 3.0
103/7°x

Figure 16. Arrhenius plot for reaction of ethyl radicals

with azoethane.
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each of the silane compounds gave the following Arrhenius

equations:

3
9 7250 + 380
log—775 = 5.06 *0.23 - 355 Es
k -
8
k
10 8350 * 670
log—j75 = 5.20 + 0.35 - s
k -
8
k
11 5650 * 450
log— 75 = 5.08 +0.28 - 22
k -
8
k
12 6840 + 270
109;—175 = 5.36 + 0.16 > —3055s
8

£
ERO2N

The data ethyl radical reactions with silane and silane-

d4 are given in Table XVIII, and the data for the reactions

with disilane and disilane-d6 are given in Table XIX. The

Arrhenius plots are shown in Figure 17.

3) Reaction of n-Propyl and iso-Propyl Radicals with Silane:

Rate constants as a function of temperature for

reaction of n-propyl and iso-propyl radicals with silane
were determined relative to the recombination of these

radicals:

n-C,H, + siH, - CjHg  + SiH3 (13)
2n—-C3H7 *  n-C.Hy, (14)
i-C,H, SiH, + CgHg + SiH, (15)
2i-C H, > (CH3) ,CHCH(CH,), (16)
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Figure 17. Arrhenius plots for reaction of ethyl radicals

with silane @, silane-d4 A, disilane B, and

disilane-ds'.
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The following Arrhenius equations were derived:

X
13 10 +
log—T/—Z- = 4.85 = 0.21 - 63,2031{340
Kia
.k
15 7640 + 330
log—i5 = 5.17 #0.21 - g e
ki6 )

The data for reactions of propyl radicals with silane are

given in Table XX and the Arrhenius plots are shown in

Figure 18.

4) Determination of Relative Rates of Abstraction from

Silane, Silane-d,, Disilane, and Disilane-dg by n-Propyl

and iso-Propyl Radicals:

When n-propyl radicals are produced in the presence
of a mixture of large quantities of silane and silane-d4 at
elevated temperatures, so that they react exclusively by
abstraction from silane compounds, the relative rates of
reaction with deuterated and light silane may be determined
by measuring the relative amounts of deuterated and light
propane which are produced.

n—c3H7 + SiH4 - c338 + SlH3 (17)

n—C3H7 + SiD4 -> n—C3H7D + SJ.D3 (18)

The rate constant ratio is given by the equation

. BT
KH RHLDJ
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Figure 18. Arrhenius plots for reaction of n-propyl radicals

®, and iso-propyl radicals &, with silane.
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In addition to the ratio of isotopic propanes produced, it

is only necessary to know the pressures of deuterated and
_nondeuterated silane in the cell in order to evaluate the
ratio kD/kH. Azo-bis-(n—propane—z,z-dz) was used as the
radical éource, since propane which is deuterated on the
second carbon atom has a very small n-1 peak in its mass
spectrum, and determination of isotopic ratios is simplified.
The ratios were also determined as a function of temperature
for mixtures of silane with disilane-d6 and disilane with

disilane-d..

6
n-C3H7 + Si2H6 -> C3H8 + 812H5 (19)
n—C3H7 + Si2D6 > n—C3H7D + SizD5 (20)

Relative rate constants for these reactions are listed in
Table XXI. Similar determinations of relative rate constants

were made for iso-propyl radicals, and the rate constants

(CHy) ,CH  + SiH, =+ CgHg + SiH, (15)
(CH;) ,.CH  + sip, = (CH;) ,CHD  + SiD, (21)
(CH;) ,CH  + SijH, =+ CgHg +  Si,Hg (22)
(CH3),CH + Si Dy =+ (CH3),CHD + Si,Dg (23)

are given in Table XXII. Arrhenius plots are shown in
Figures 19 and 20. The Arrhenius parameters for n- and iso-
propyl radicals are identical within experimental error, as
shown in Table XXIII. The results of these determinations
have been used to calculate Arrhenius parameters for

reaction with the individual silanes, and these parameters
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Figure 19. Arrhenius plots for relative rates of reaction of
n—pr0pyl—2,2-d2 radicals with silane and silane-
d4. , Silane and disilane-—dGA, and disilane and

d:i.s:i.lane--d6 a.
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Figure 20. Arrhenius plots for relative rates of reaction of
isopropyl radicals with silane and silane-d 40 , silane

and disila.ne—d6 4, and disilane and disilane--d6 8.
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Table XXIIZI
Arrhenius Parameters for Relative Rates of Reaction

of Propyl Radicals with Silanes

Reaction log = -
AH kcal/mole
n-C;H, + SiH, + SiD, 0.14 + 0.09 1.29 £ 0.17
n-C,H, + SiH, + Si,D¢ 0.60 + 0.06 0.08 * 0.11
n-C,H, + Si,H, + Si D, 6.14 * 0.17 1.03 = 0.33
iso-CgH, + SiH, + SiD, 0.12 * 0.20 1.24 * 0.38
iso-C,H, + SiH, + Si D¢ 0.50 + 0.13 -0.12 * 0.26
iso-C,H, + SiH, + Si D¢ 0.07  0.06 0.90 + 0.12

Erxor limits are for 95% confidence level.
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are listed in Table XXIV.

5) Calculations:

Experimental kinetic isotope effects over a
temperature range from 300 to 500°K were calculated from the
Arrhenius parameters obtained in this work. They are
contrasted with the isotope effects obtained for methyl
radicals reacting with silanes and with hydrocarbons in
Figure 21 to 24. 1In addition, the kinetic isotope effects

-at room temperature are listed in Table XXV.

Potential energies of activation for the abstraction
of hydrogen from monosilane by methyl, ethyl, n-propyl, and
iso-propyl radicals have been calculated (Appendix B) by the
Bond Energy Bond Order method of Johnston (121), using a
three mass point model. Similar calculations were also
performed for the reaction of methyl and ethyl radicals with
methane. The parameters used in these calculations are
given in Table XXVI, and the calculated potential energies

of activation are listed in Table XXVII.

DISCUSSION

1) Comparison of Arrhenius Parameters for Alkyl Radicals

Reacting with Silanes and with Hydrocarbons:

The A factors for alkyl radical abstraction from the

silanes all have similar values, and they are all about equal



Table XXIV

Arrhenius Parameters for Hydrogen

Abstraction Reactions of Alkyl Radicals

127

log A% E Refer-
Reaction cm3 ence
ole sec kcal/mole
CH, + SiH, 12.26 + 0.17 7.47 + 0.29 a
C,Hy + SiH, 11.73 + 0.23 7.25 + 0.38 a
C,H + SiD, 11.87 + 0.35 8.35 + 0.67 a
C,Hy + Si,Hg 11.75 + 0.28 5.65 £ 0.45 a
C,Hg + Si,D 12.03 £ 0.16 6.84 + 0.27 a
n-C,H, + SiH, 11.52 £ 0.21 6.91 + 0.34 a
n-C,H, + SiD, 11.66 + 0.30 8.20 + 0.51 a, b
n-C,H, + Si,H, 11.98 + 0.44 5.96 + 0.78 a, b
n-CzH, + Si,D 12.12 = 0.27 6.98 = 0.45 a, b
iso-C,H, + SiH, 11.84 = 0.21 7.64 + 0.33 a
iso-C,H, + SiD, 11.96 * 0.41 8.88 + 0.72 a, b
iso—C3H7 + Si2H6 12.27 £ 0.40 6.62 = 0.71 a, b
iso-C4H, + SiD. 12.34 + 0.34 7.52 % 0.59 a, b
CH, + SiH, 11.80 6.99 115
CH, + SiD, 11.98 8.19 115
CHy + Si,H, 11.96 5.63 115
CH, + Si,D¢ 12.19 6.96 115
CH, + SiH, 11.82 6.89 118
cH, + cn, 11.83 14.65 141
cp, + ct’p 12.60 17.80 142

=
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Table XXIV (continued)

log N
Reaction o3 E Rzgiz-
m kcal/mole
CD3 + C2H6 12.21 11.8 143
CD3 + C2D6 12.21 13.3 143

Error limits are for 95% confidence level.

& This work
Calculated from relative rate Arrhenius parameters.

c . _ .
Assuming (11) log(kcomb) = 13.34 in all cases.



129

' 1
CH +Si,H, -
CH¥81,Dg e
o -7
- 7
~ -
~
0.0 i . ! l 1 : i
2.0 103 7ok 30

Figure 21. Kinetic isotope effect for methyl radicals reacting

with: methane

(141,142) silane = — = (115)

ethane ——— ee=—— (143) disilan@-——= = (115)



130

| T i T T T T
| C2H5+SiH 4 -
05 + C,H;+5iD, - -
/
=)0 ~
Mo - )
8‘ C2H5+Sl H .
- C_H_+S1i.D
5
- / -
/
/
/
00 l ! | 1 1 : }
2.0 5 3.0
107 /T°K
Figure 22. Kinetic isotope effect calculated from experimental

data for ethyl radicals reacting with:
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data for n-propyl radicals reacting with:

silane

disilane —— a——



132

1 1 T I 1 t
_
i—C3H7+SiH4
i-C,H,+SiD, - —
Q5 = - =
- i-C,H_ +Si,H,
FP - — I-CjH +51 D,
o -
8 P
-
~
0.0 ~— ! : ' ' i
20 103/1°x 3.0
vFigure 24. Kinetic isotope effect calculated from experimental

data for iso-propyl radicals reacting with:

silane-

disilane —— wa—




Table XXV

Experimentally Determined Kinetic

Isotope Effects at 300°K

. kH

Reaction T

D

CH; + Silane® 4.9
CH; + Disilane® 5.5
C,H + Silane” 4.6
C2H5 + Disilaneb 3.9
n-C3H7 + Silaneb 6.2
n--C3H7 + Disilaneb 4.0
iso—C3H7 + Silaneb 6.0
iso—-C3H7 + Disilaneb 3.9
CH3 + Methane® 33.5
CH, + Ethane’ 12.4

a Reference 115

b This work

¢ Referepces 141 and 142

d Reference 143

133



Table XXVI

Input Parameters for BEBO Calculations

Bond Dissociation Energiesa
(kcal mole™1)

D (CH,~H) 108.3
D (CH ;CH,~H) 102.1
D(C,H CH,~H) 102.1
D[ (CH,) ,CH-H] 98.6
D (SiH,~H) 98.3
D (CH,~SiH,) 85.1
D(C,H -SiH,) 82.1
D (CH,CH,CH,~SiH,) 79.4
D[ (CH,) ,CH-SiH,] 81.2

o
Rond Distances A

Si-H 1.48
C-H 1.09
C-Si 1.87
c-C 1.54
Stretching Frequency, cm-l
C-Ssi 701
c-C . 1000
Morse Parameter B8, e~ L
CH3 + SiH4 1.435
CZHS l.461
n-C3H7 1.485

iso=C

[
[}

139
[¢)}
[Ya)

387

Refer-
ence

[ 8]

100
102
102
102
102

144
144
144

144

v o o U

134



Table XXVI (continued)

Bond Energy Indexes R:izz_
Si-H 1.003 c
CH,-H 1.089 c
C,H-H 1.081 c
CZHSCHZ—H 1.081 c
(CH3)2CH—H 1.076 c
2 Tncludes zero point energy.
® calculated (121) from 8 = 1.2177x10°W_ =
c 0.26[1n(E,_/E )]

Calculated (121) from p =

R_-R
b4

135
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Table XXVII
Potential Energies of Activation Calculated

by the BEBO Method

(-]
Bond Energy Bond Lengths (A)
. Order

Reaction (kcal
(Bond /mole) Bond Bond
breaking) Breaking Forming
CH3 + SiH4 0.70 10.0 1.57 1.40
CZHS + SlH4 0.61 11.0 1.6; i.33
n—C3H7 + SiH4 0.62 10.4 1.60 1.34
J.so--C3H7 + SJ.H4 0.55 12.0 1.64 1.30
CE3 + CH4 0.50 15.8 1.27 1.27

CZHS + CH4 0.41 18.1 1.32 1.23
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to those reported for abstraction from hydrocarbons. The

activation energies for abstraction from silanes are general-
ly lower than for abstraction from hydrocarbons, and this is
clearly the reason that silanes react faster. The

activation energies for different radicals attacking the

same silane compound are all about the same. It is remark-
able that they should differ by so little, in view of the

differences in energy of the bond being formed.

2) Possible Reasons for the Lack of a Definite Trend in

Activation Energies for a Series of Alkyl Radicals

Reacting with Silane:

Abstraction from silanes is more exothermic than
abstraction from hydrocarbons. More energy is supplied from
bond formation than is required for bond breaking, and the
transition state is reached at a point less than halfway
along the reaction coordinate. Because of this, it will
resemble reactants more than products. As a consequence,
variations in the energy contributed by carbon-hydrogen bond
formation would have a relatively smaller effect on the
magnitude of the activation energy than if the reaction
were thermoneutral. For a series of different radicals
reacting with the same substrate, this should result in a
smaller increase in activation energy for a given decrease in
energy of the bond being formed. It seems unlikely, however,
that the observed results could be explained solely on the

basis of the exothermicity of the reaction.
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It has been reported that there is an activation

energy of 2 kcal/mole for combination of ethyl radicals

. (16;. An activation energy of this magnitude could have an
effect of one kcal/mole on the measured activation energy of
hydrogen.atom abstraction, since the rate of this abstraction
is determined relative to the rate of radical combination.
It would seem plausible that the higher alkyl radicals
might have an activation energy of combination about equal
in magnitude to the barriers to rotation around the bond
which is formed in the resulting hydrocarbon. Such barriers
may be expected to have a magnitude in the range of 2-6
kcal/mole (1), and the existence of activation energies for
radical combination in this range could easily account for
the results found in this work. The temperature studies of
higher alkyl radical combination rates which have been
carried out do not unanimously indicate activation energies,
however, and unfortunately, they cannot be considered
sufficiently reliable to answer definitely whether or not

there is an activation erergy for radical combination (14-

16).

3) Kinetic Isotope Effect:

The variation of experimental kinetic isotope effect
with temperature observed in this work may be seen, by
reference to Figures 21 to 24, to be guite similar to that
found previously for methyl radicals reacting with silanes

(115). The isotope effects are generally consistent with
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the other features of the data. They are lower than the

corresponding isotope effects found for hydrocarbons, which
is in keeping with the greater exothermicities and smaller
activation energies of the silane reactions. Théy show a
slight trend toward increasing isotope effec£ with
decreasing exothermicity along the series methyl, ethyl,
n—prépyl, and iso-propyl, and there is a significant
decrease in isotope effect in going from monosilane to di-
silane which must be due to the smaller zero point enerqgy of
the latter compound. One must be cautious not to read too
much into minor variations in the isotope effects. .For n-—
and iso-propyl radicals the isotope effects were determined
directly by competitive reaction, and, at 300°K, the isotope
effects for n-propyl appear to be higher thén for iso-propyl.
However, they were calculated from the Arrhenius parameters
for the relative rates of reaction, and these did not differ
outside statistical error. Consequently, the difference between
the experimental isotope effects for these two radicals must
be more apparent than real. Greater caution must be used in
assessing the significance of variations in the isotope
effects for the other radicals, since they wefe not
determined from relative rates of reaction and are therefore

probably less accurate.

4) BEBO Calculations:

Examining the results of BEBO calculations may

provide some insight into the peculiar features of alkyl
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e

radical reactivity with silanes. The calculated potentiél
energies of activation are smaller and closer together for
silanes than they are for hydrocarbons. While the BEBO
calculations do suggest less difference between activation
energies for a series of alkyl radicals reacting with silane,

they do not necessarily suggest that there should be no

difference at all.

The predicted potential energies of activation are
3 to 5 kcal/mole higher than the experimental activation
energies. Inspection of Figures 25-27 shows that the
triplet repulsion energy, which predominates only slightly
in the case of alkyl radicals reacting with hydrocarbons, is
the dominant source of the predicted energy barrier to
reaction of alkyl radical with silanes. This is primarily
true because the energy barrier associated with bond
breaking and formation is very small for alkyl radicals
reacting with silanes. It is also noteworthy that the
differences in the maxima of the "bonding" energies

predicted for different radicals are quite small.

The small magnitude of the energy of the bonding
term is partly due to the fact that the reactions are all
exothermic. Of greater importance in the calculations is
the fact that the bond energy index for the Si-H bond is
very near unity, while that for C-H bonds is somewhat higher.
A bond having an energy index near unity will show a lower

energy requirement for effecting a given decrease in its
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Figure 25. Potential energy vs. SiH3-H bond order for methyl

radicals

and ethyl radicals — — reacting with silane.
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order than a bond with a higher index. Thus Si-H bonds are

predicted to be more easily broken than C-H bonds when

attacked by alkyl radicals.

Examination of the potential energy curves for the
silanes reveals that the differences in the predicted
potential energies of activation do not arise directly from
differences in the maxima of the bonding energy terms. The
bonding terms are much smaller than the triplet repulsion
-energy terms, and, since the reactions are exothermic, the
maxima of the bonding terms are displaced toward higher
order of the bond being broken. Since the triplet terms are
symmetrical, they tend to displace the point of maximum
total energy towara their own maxima at bond oxrder 0.5,
thus obscuring to some extent the differences in the maxima
of the bonding terms. For methyl and ethyl radicals
reacting with methane, the bonding terms are much larger.
The bonding term for methyl is symmetrical, while that for
ethyl is nearly so, and the maximum values of the bonding

terms add directly to the maximum values of the triplet

terms.

It is necessary to remember that the BEBO method is
empirical, and that its principal justification lies in the
fact that it often predicts reasonable potentiai energies of
activation. Obviously there can be no guarantee that the
behavior of the calculated "bonding" and “"triplet"™ terms

corresponds closely to reality, but it is interesting to
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observe that in this case they seem to offer some insight

into observed behavior.

It would be prudent to consider some of the more
hazardous features of the calculations presented here.
Except for methylsilane, the C-Si stretching frequencies
needed for calculation of the triplet repulsion energy are
not known, and it has been assumed that they are all the
same as for methylsilane. The bond dissociation energies
for the alkyl silanes used were calculated from electron
impact data and appear to be reasonably reliable. It is
clear, however, that variations in C-Si stretching
frequencies and bond energies can have a substantial effect
on the magnitude of the triplet repulsion energy. Since the
bonding energy terms are small, any significant variation
in triplet repulsion energy between two different radicals
attacking silane would have a substantial effect on the
relative magnitude of their calculated potential energies of

activation.

For the interaction of hydrogen atoms, the triplet
energy falls off more rapidly with increasing distance than
the Morse function predicts, and this is particularly true
for distances in excess of two Angstroms (121). In the case
of the alkyl radical-silane system, the closest approach of
carbon to silicon predicted by the calculations is just
under three Angstroms. The triplet repulsion considered

here is not that between hydrogen atoms, however, but
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between alkyl and silyl groups. The electrons involved in

triplet repulsion are not highly localized in the 1s

. orbitals of hydrogen atoms, but are spread out in the larger

orbitals of the alkyl and silyl groups. Because of this
they may interact meaningfully at greater internuclear
distances. The combined effect of the longer internuclear
distances and tbhe larger orbitals is impossible to assess
quantitatively. James and Suart (145) have reported
Arrhenius parameters and calculated potential energies of
activation for hydrogen abstraction from cyclohexadiene by
methyl, ethyl, iso-propyl, and tert-butyl radicals. They
found that the measured activation energies were all
approximately equal for the different radicals, while BEBO
calculations predicted increasing potential energy of
activation with decreasing energy of the bond being formed,
and they also have suggested that the triplet repulsion
energy may not be given accurately by the Morse function for

systems where there is considerable delocalization of

electrons.



CHAPTER VI

THE REACTIONS OF METHYL RADICALS

WITH METHYL SUBSTITUTED SILANE

.RESULTS

1) Reaction of Methyl Radicals with Tetramethylsilane and
neo—-Pentane.

2) Reaction of Methyl Radicals with'Methylsilane-d3.

3) Reaction of Methyl—d3 Radicals with Deuterated

Methylsilanes.

4) Reaction of Methyl Radicals with Methylsilanes.

DISCUSSION

1) Comparison of Arrhenius Parameters with Previous Values
for Silanes and for Hydrocarbons.

2) Kinetic Isotope Effect.

3) Correlation of Kinetic Data and Magnetic Shielding.



148

RESULTS

1) Reaction of Methyl Radicals with Tetramethylsilane and

neo-Pentane:

The photolysis of azomethane was used as the source
of methyl radicals. Photolytic decomposition of azomethane

proceeds by the following sequence:

Cit jN=NCH,, :E 2cH, + W, )
CH3N=NCH3 > C2H6 + N2 (1a)

CH3 + CH3N=NCH3 > CH4 + CH2N=NCH3 (2)
2CH; + C,H (3)

Temperature studies of the reaction of methyl
radicals with tetramethylsilane and with neo—-pentane were

carried out.

CH3 + (CH3)4Si - CH4 + CHZSi(CH3). (4)

CH3 + (CH3)4C - CH4 + CHZC(CH3) (5)

The rate constant data for these reactions are summarized
in Table XXVIII. Least squares treatment of the data
yielded the Arrhenius equations

Ky

log——=
k31/2

. _ 9660 : 410
= 4.67 + 0.23 2.303RT

and
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k
los—173 5.25 + 0.48 - 11720 920

2.303RT
3

The Arrhenius plots are shown in Figure 28.

2) Reaction of Methyl Radicals with Methylsilane—d3:

When methyl radicals are produced in the presence of

methylsilane, they may react either with the silyl group or

with the methyl group. In an attempt to assess the relative
.importance of the two reactions, methyl radicals were
reacted with methylsilane—d3.

CH +

3 CH3SJ.D3 > CH3D + CHBSiD (6)

Methane was produced by Reaction 2, and methane-d was

produced by Reaction 6. The rate constants for Reaction 6

were determined by means of the expression

'R
ke _ CH D
—1/z = 172 )
k3 R3 [CH381D3]
The Arrhenius egquation
loar8  _  cssso0.09 . 9220 £ 150
gk 1/2 .28 = 0. 2.303RT
3 .

was found. Data for the reaction of methyl radicals with

methylsilane—d3 are given in Table XXIX and the Arrhenius
plot is shown in Figure 29.
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Figure 28. Arrhenius plots for reaction of methyl radicals

with tetramethylsilane @, and neo-pentane A.
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Figure 29. Arrhenius plot for reaction of methyl radicals

with methylsilane-d3.
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A small amount of methane was produced in addition
to that which could be accounted for by Reaction 2. In
order to establish whether this was produced by abstraction
from the methyl group, it was decided to repea% the study
using trideuterdmethyl radicals produced in £he photeolvsis

of azomethane-ds.

3) Reaction of Methyl-d5 Radicals with Deuterated Methyl-

silanes:

It is reasonable to assume that the mechanism of
azomethane—d6 photolysis is perfectly analogous to‘that of

azomethane photolysis.

CD N=NCD, E: 2Cp,  + ¥, (7)
CD3N=NCD; > C,D, + N, (72)

Ch; + CDgN=NCD; > CD, + CD ,N=NCD, (8)
2CD; > C,D, (9)

except that, of course, the rate constant for Reaction 8
should be smaller than that of Reaction 2. The rate of
Reaction 9 would be expected to be indistinguishable from

that of Reaction 3 (121).

A temperature study of the photolysis of azomethane-

d6 was carried out, and the Arrhenius equation

k

8
log—r>=
k91/2

8210 * 250
2.303RT

|

o
.

b=
(%
+
©
L

ot
wn
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was found. Data for Reaction 8 are listed in Table XXX and

plotted in Figure 30.

The Arrhenius equation for Reaction 2

k
8 8050 + 440
109;—I77 = 4.49 + 0.25 - > 303RT
3

is surprisingly similar to that for Reaction 8. Such a
small difference in activation energies was not expected,
and it would seem probable that one of the determinations
must be in error. The rate of Reaction 8 was so small over
most of the temperature range of the study that it was
difficult to measure accurately, and this may well be the
source of the discrepancy. The result obtained was
nevertheless used in determination of rate constants fer
trideuteromethyl radical abstraction reactions, since the
rate constants invoclved are so small that they.are unlikely

to introduce much error in the results.

Reaction of trideuteromethyl radicals with Si-
deuterated methylsilanes is a very effective method of
determining the relative importance of abstraction from the
methyl group, since aany hydrogen abstraction results in the
appearance of methane—d3, the mass spectrum of which has its
parent (and principal) peak at mass 19. The mass 19 peak in
the mass spectrum of methane-d4, however, is extremely small,

and is, of course, due mainly to isotopic impurity. The
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Figure 30. Arrhenius plot for reaction of trideuteromethyl

radicals with‘azomethane-ds.
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relative abundance of mass 19 in the mass spectrum of

methane—d4 produced in photolysis of azomethane—d6 alone
~was noted, and a comparison was made with the abundance of
mass 19 in the spectrum of methane produced by reaction of
trideutefomethyl radicals with methylsilane—d3. It was
evident that formation of methane-d3 in the reaction of
trideuteromethyl radicals with methylsilane--d3 was too
slight to measure. A trace of methane-d3 was obtained at
room temperature, and this was probably due to isotopic

impurity of the methylsilane—d3.

A temperature study of the reaction of trideutero-

methyl radicals with methylsilane-d3 was carried out.

CD3 + CH3SiD3 > CD4 + CH.SiD (10)

3 2
The Arrhenius eguation for Reaction 10 was found to be

k

log—0_ = 5.82 + 0.3¢ - 2200 2 330

k 1/2 - 2.303RT
9

Rate constants for trideuteromethyl radical

abstraction from dimethylsilane-d2
CD; + (CH),8iD, > €Dy +  (CHy),SiD (11)

were similarly determined, and again, no significant

abstraction from the methyl groups could be detected. The

Arrhenius equation
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k
R 8820 + 390
1°9;'I7§ 5.25 + 0.24 T
9

was found for Reaction 1l.

In the reaction of trideuteromethyl radicals with
trimethylsilane-d, a measurable amount of abstraction from

the methyvl group occurred.

CD3 + (CH3)3SiD > CD4 + (CH3)3Si (12)

SiD(CH

CD3 + (CH3)3SiD - CD3H + CH (13)

2 3)2

From the methane-d4 produced, the Arrhenius equation for

reaction with the silyl group

k
12 9210 + 330
logk—l/—z = 5.11 + 0.19 3. 30 3RT
9

was found. The methane-d., was also measured, and the

3
Arrhenius equation
toe I3 | a1 . 053 - 9070 £ 920
gk /2 - - e 2. 303RT
9

for reaction with the methyl groups was determined. Rate
constants for reactions of trideuteromethyl radicals with
the series of deuterated, methyl substituted silanes are
listed in Table XXXI, and the Arrhenius plots are shown in
Figure 31. The result obtained for Reaction 13 does not

differ greatly from that obtained for tetramethyvlsilane. It
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must be considered that Reaction 13 is small compared to

Reaction 12, and at lower temperatures the small quantity of
undeuterated trimethylsilane present would make a
significant contribution to the methane—d3 produced.
Inspection of the Arrhenius plot for Reaction 13 reveals the
curvature that would be expected from this. Also, because
of this curvature, the statistical error limits for this

set of rate constants are larger than for most of the other
reactions in this study. In view of the uncertainty inherent
in the treatment of these results, it was decided to use the
Arrhénius equation determined for tetramethylsilane in
calculating the rate of abstraction from the methyl groups

of undeuterated trimethylsilane.

4) Reaction of Methyl Radicals with Methylsilanes:

A temperature study of the reaction of methyl

radicals with trimethylsilane was conducted.

CH3 + (CH3)3SiH > CH4 + (CH3)3Si -(14)

ca,  + (cH,,siE - CH, + CHySiH(CH3), (15)

3)3

Rate constants for Reaction 14 were calculated from the

relation

14 _ CH, 2 15
1/2 1/2 .
k3 R3 [(CH3)381H]

Least squares treatment of the data resulted in the

Arrhenius eguation
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k
14 8310 * 470
log;—I7§ = 5,02 t 0.27 T353R0
3

The reactions of methyl radicals with methvlsilane
and with'dimethylsilane were also studied.

CH3 + CH3SiH3 +~ CH, + CH3SiH2 (16)

CH 4 + (CH

3 + (cH SiH > CH

3),SiH, 3),SiH (17)

On the basis of the results obtained from the studies of
trideuteromethyl radical radical reactions with methylsilane-
d3 and dimethylsilane-d2 it was assumed that no significant
reaction of methyl radicals with the methyl groups of
methylsilane and dimethylsilane took §1ace. Temperature

studies yielded the following Arrhenius equations:

k
16 8130 * 390
109—172— = 5.61 + 0.24 - 3. 303RT
k3 *
k
17 8300 = 310
log;—I7§ = 5.40 £ 0.18 - 5. 303RT
3

The rate constant data for'methyl radical reactions with
methyl substituted silanes are given in Table XXXII, and the

Arrhenius plots are shown in Figure 32.
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Figure 32. Arrhenius plots for reaction of methyl radicals
with methylsilane @, dimethylsilane &, and

trimethylsilane B,
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DISCUSSION

1) Comparison of Arrhenius Parameters with Previous Values

for Silanes and for Hydrocarbons:

The Arrhenius parameters determined in this study
are contrasted in Table XXXIIT with those found by previous
authors for silane and hydrocarbon compounds. The
activation energies obtained for methyl radical abstraction
from silane, trimethylsilane, tetramethylsilane, and neo-
pentane are substantially in agreement with the results of
Kerr (73,116) and Thynne (118), while the value for
tetramethylsilane is lower than that reported by Gowenlock
(122). However, Gowenlock's value for the A factor was also
guite high, and it seems possible that his results may be
slightly in error. The higher activation energy for neo-
pentane than for tetramethylsilane reported here and by Kerr
is in keeping with the trend in activation energies for the

Group IV tetramethyls established by Gowenlock, however.

The A factors for methyl radicals abstracting
hydrogen from the methyl substituted silanes are all about
the same and are similar to the values found for hydrocarbons
and unsubstituted silanes. The activation energies for
abstraction of the hydrogen bound to silicon are usually
lower than for hydrocarbons. ' There is an increase in

activation energy with substitution of silane by one methyl
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Arrhenius Parameters for Hydrogen Atom Abstraction

by Methyl Radicals

log A E
Reaction gm3 kcal RZﬁiZ-
mole sec mole

SiH, 12.26 7.47 a
SiH, 11.80 6.99 115
SiH, 11.82 6.89 118
CH,SiH, 12.28 + 0.24 8.13 * 0.39 a
CH,SiD, 12.25 + 0.09 9.22 * 0.15 a
CH,SiD," 12.49 = 0.34 9.20 * 0.55 a
(CH,) ,SiH, 12.07 + 0.18 8.30 = 0.31 a
(CH,) ,8iD,P 11.92 + 0.24 8.82 * 0.39 a
(CH,) ;SiH 11.69 + 0.27 8.31 * 0.47 a
(CH,) ;5iDP 11.78 = 0.19 9.21 * 0.33 a
(CHj) 58iDP 10.98 * 0.53 9.07 + 0.92 a
(CH;) 38iE 11.34 7.83 118
(CH,) ;SiE 11.1 7.0 113
(CH;) ,Si 11.34 + 0.23 9.66 * 0.41 a
(CH3) ,Si 11.53 10.30 118
(CHj) ,Si 12.6 11.0 122
CH, 11.83 14.65 141
c, H.P 12.21 11.8 143
C,HP 11.87 10.2 76



Table XXXIII (continued)
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log A E
Reaction cm3 kcal RZiiZ_
moie sec mole
(CH3)3CHb 11.43 8.1 76
(CH3)4C 11.92 + 0.48 11.72 * 0.92 a
(CH3)4C 12.33 12.01 73
(CH3)4C 11.17 10.0 75

a This work

b CD3 radicals
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group, but additional methyl substitution does not result in

further significant increase.

Abstraction from the methyl groups is insignificant
compared with abstraction from the silyl group for methyl-
silane and dimethylsilane, but measurable abstraction of

methyl group protons occurs in the case of trimethylsilane.

2) Kinetic Isotope Effect:

Kinetic isotope effects as a function of temperature
have been calculated from the Arrhenius parameters and are
plotted in Figures 33 and 34. The isotope effects at 300°K
are also listed in Table XXXIV. 1In general, they tend to be
smaller for the heavier molecules. This is to be expected,
since the difference in zero point energies should decrease
with increasing size of the molecule. The isotope effect
for dimethylsilane does not fit the trend established by the
results for methylsilane and trimethylsilane, and this
appears to be due to a small error in the activation energy
found for dimethylsilane—dz. For monosilane the isotope
effect is smaller than for methylsilane, and this is in
keeping with its lower activation energy for reaction with
methyl radicals. The isotope effects obtained in this work
are reasonably consistent with those obtained by Jakubowski
(115), and they appear.to be consistent with the assumed

mechanism and with the exothermicities of the reactions.
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Table XXXIV

Experimental Kinetic Isotope Effects for Methyl Radicals

Reactions ;% 300°K References
Monosilane 4.9 115
Methylsilane 6.7 a
Dimethylsilane 3.4 a
Trimethylsilane 3.7 a
Methane 33.5 141, 142
Ethane 12.4 143
Propane (secondary H) 11.0 76
iso-Butane (tertiary H) "11.9 76

a This work
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3) Correlation of Kinetic Data and Magnetic Shielding:

Szwarc (124), Gowenlock (122), and Bell (120) have
demonstrated the existence of correlations between
electronic shielding of the protons in the Group IV methyl
compounds and the activation energy for their abstraction by
methyl and trifluoromethyl radicals. Szwarc and Bell have
both suggested that the results obtained with trifluoro-
methyl radicals were due to polar effects and that similar
effects do not occur with methyl radicals. Gowenlock has
observed an inverse relationship between activation energy
for methyl radical abstraction from Group IV tetramethyls

13

and the C-H coupling constants, which he suggests may be

related to the fraction of s character in C-H bonds.

Activation energies for methyl radical abstraction
are contrasted with NMR chemical shifts and Hg 6(3Pl)
quenching cross sections in Table XXXV. The activation
energies for methvl radical abstraction of hydrogen from
silicon are seen to increase upon methyl substitution,
while the opposite trend is observed for methyl substitution
of carbon. The tau values of the methyl group protons
change very little with increasing methyl substitution of
'silane, but there is a substantial decrease in tau value for
the silyl group protons with addition of the first methyl
group, and relatively smaller decreases with each succeeding
methyl group. A parallel trend in tau values is seen for

the corresponding hydrocarbon compounds. It is clear Irom
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Comparison of Activation Energies for Methyl Radical

Abstraction Reactions with NMR Chemical Shifts and with

Quenching Cross-Sections for Hg6(3Pl) Atoms

L 29

Compound ) J("7si-H) cQz/A2 E
SiH CH

SiH, 6.802 - 202.5° 26t 7.4%
CH,SiH, 6.42° 9.81°  194.4° 32} 8.1°
(CH,) ,SiH,  6.18° 9.86°  190.0¢ 33l 8.3°
(CH,) ,SiE  6.00° 9.93°  190.0° 30t 8.3°
(CH,) ,Si 10.00 5.0% 9.7%
cH, 9.63 0.06%  14.7%f
C,H, 8.9¢ 0.10f  11.89
(CH,) ,CH, 8.5% 1.5% 10.2"
(CH,) ,CH 8.3% 6.8% g.1®
(ciy) ,C 3.063 1.4% 11.7°
2 Ref. 146 £ Ref. 141

b pef. 147 9 Ref. 143

© Ref. 148 D pef. 76

d Ref. 149 1 Ref. 92

€ This work 3 Ref. 150
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examination of the data that the Hg 6(3Pl) quenching cross

sections for silane compounds are due mostly to interaction
of the excited mercury atoms with the protons attached to
the silicon atom. Similarly, the cross sectioﬁs‘found with
increasing methyl substitution of methane are mostly
attributable to interaction with protons bound to the
central carbon atom. It is seen that there is a pronouhced
increase in the quenching cross section per hydrogen atom
both for increasing methyl substitution of silane and for
increasing methyl substitution of methane. This t;end is
probably due to progressive weakening of bonds between
hydrogen and the central atom. The pattern of the tau values
suggests that the trend is procbably not basgd on the electro-

phylicity of triplet mercury atoms.

The available information on bond dissociation
energies for silane, trimethylsilane, methane, and isobutane
are contrasted in Table XXXVI. The bond dissociation energy
for the Si-H bond in trimethylsilane is undoubtedly lower
than that for the Si-H bond in silane, and the trend in
activation energies found by Thynne (118) and substantiated
in this work is rather puzzling. It is true that the
difference in bond dissociation energy between silane and
trimethylsilane might be less than the corresponding
difference for methane and iso-butane, and.it is al;o true
that silane bond dissociation energies are not established

with great certainty, but it is hardly likely that they



for Hydrogen Atom Abstraction by Methyl Radicals

Table XXXVI

Comparison of Activation Energies

with Bond Dissociation Energies

Activation Energy

Bond Dissociation

Substrate kcal/mole Energy
CH, 14.7% 1049
sif, 7.52, 7.0%, 6.9¢ 9B, o5t
(CHg) 4CH  g.31° 919
(CH,) ,SiH 8.3°, 7.89, 7.0f 743, 79%, 81f, gg!
2 Ref. 141 9 Ref. 2

b This work h Ref. 95

¢ Ref. 115 1 Ref. 100

d Ref. 118 J Ref. 99

© Ref. 76 X Ref. 102

£ Ref. 113 1 Ref. 98
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could be sufficiently in error to explain the trend in

activation energies.

The trend of decreasing bond dissociation energy
with increasing methyl substitution of both methane and
silane can be rationalized in terms of an increase in
capacity for hyperconjugation of the resulting radical.
One consequence of this hyperconjugation must be
delocalization of the electron left behind in homolysis of
the bond to the central atom. Perhaps this increase in
delocalizatioh with methyl substitution results in an
increase in the distance at which triplet interaction with
another radical would become important. If so, the lesser
electronegativity of silicon, the availability of its
empty d orbitals, and its greater covalent radius make it
likely that such an increase in triplet repulsion would be
much greater for the methyl substituted silanes than for
the corresponding methyl substituted methanes. Thus the
effect of the bond dissociation energy difference between
trimethylsilane and moncsilane might be obscured by a
difference in triplet repulsion energy. In any case, it is
clear that the reactivities of the methyl substituted
silanes with methyl radicals cannot be explained on the

basis of the measured bond dissociation energies.
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APPENDIX A

Derivation of the Expression for kl/k3al/2

(Reaction of n-Propyl Radicals with Propane, Chapter IV).
Combining the rate expression for Reaction 1 with
the steady state.assumption for iso-propyl radicals

R1 = kl[n—Pr][C3H8] = Rl + R + R + 2R + 2R + R

a 2a 2b 4a 4b )
R2a + R2b = 1.35 R2a
2(R4a + R4b) = 3.10 R4a
The relationship between kl and kla is
kla = klexp(O.Bl - 3500/RT)
Therefore
kl[n—Pr][C3H8] = klexp(0.9l - 3500RT)[i-Pr][C3H8]
+ 1.35 R2a + 3.10 R4a + R6
Since
[i-Pr]
r [n-Pr]
. _ 1.35 R2a + 3.10 R4a + R6
1 [C3H8]{l - r exp(0.91 - 3500/RT)} [n-Pr]

R6 can be expressed in terms of r, RO’ and g. Since

R5 + R6 = ZRO



and

- then

Expressing the value of k

1/2
3a

193

Ry = 2R

2rR
R = 0
6 r+ g

/2 o

1/2
3a as 3a

/[n-Pr]l, we obtain

2rR
_ 1.35 R2a + 3.10 R4a + ;—;ﬂg
173
Ry / [C3Hgl {1 - r exp(0.91 - 3500/RT)}
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The Bond Energy Bond Order BEBO Method of Calculating

Potential Energy of Activation

for a Three-Atom Model of Reaction (121).

For the reaction

AH + B > A°***H***B > A <+ HB

‘the following model and notation are used:

A+-.-H----B

Bond length in stable molecule R
Bond oxrder
Bond energy index P

Single bond length in stable

ls

molecule R
Single bond energy E
R-R r

s

1ls

1s

RZS

EZS

rZS

The electron spins on adjacent atoms

transition state must be antiparallel,

in the

which requires that the electron spin functions of the two

radicals must be parallel, so there will be a triplet

repulsion between them.
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When a homolytic hydrogen transfer reaction.takes

place, the energy released by the bond being formed supplies
part of the energy required to break the other bond. It is
assumed that the path of lowest energy is that along which

the sum of the bond orders is unity.
n + m = 1

The energy of the linear complex along the locus of unit

total bond order is given by

vV = Els - El - E2 + Vtr

where Vtr is the triplet repulsion energy. The relationship

between bond length and bond order is taken to be

R = Rs - 0.26 1n(n)

and the relationship between bond energy and bond order is

taken to be

where p is the bond energy index.
The bond energy indexes are given by -

0.26‘1n(Es/ex)

p = =
Ry = Rs

where R, is the equilibrium internuclear distance (A) in the

corresponding noble gas diatomic cluster or "molecule" and
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e, is the depth of its Lennard-Jones potential (cal/mole).

(See Ref. 121, page 81).

Thus the potential energy along the reaction path is

given by the equation

= - P _ - q
vV = E E. _n EZél n) + V

1s 1ls txr

The triplet repulsion energy is obtained from the function
Ve = E3sl/2exp(-33r3)[} + l/2exp(—83r€ﬂ

where-83 is the Morse parameter, which is calculated from

the relation (151):

_ u
By = 0.12177m3 /57325555

wsg is the stretching frequency of A-B in cmfl, and p is the

reduced mass of A-B in atomic mass units.

The potential energy of the system along the locus

of constant bond order is then given by the eguation

vV = Py - -9 —n2yY _2\Y
V = Els(l n) Ezs(l n)?* + E3SB(n n)'[1 + B{n-n")"']

where
Yy = 0.263
B = l/2exp(-83ARs)
ARs = Rls + RZs - R3s

are defined for convenience.



