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SUMMARY

Rate data are reportéd for the reaction of
hydroxyl radicals with a series of substituted silanes.
The data presented suggest the presence of polar
effects in the transition state. Good agreement is
reported between a relative rate study and an absolule
rate study, Table (i). The corresponding reaction of
chlorine atoms with the series of substituted silanes
support the suggestion of polar effects in the

transition state, Table (ii).

Rate data are also reported for the reaction of
hydroxyl radicals with a series of tetramethyl and
tetraethyl compounds of the Group IV elements. The data
presented show an enhanced reactivity along the series
from tetraalkylcarbon to tetraalkyllead. Good agreement
is reported between a relative rate study and an
absolute rate study, Table (iii). The corresponding
reactions of chlorine atoms also demonstrate enhanced
reactivity along the series from Letraalkylcarbon to

tetraalkyllead, Table (iv).

(1)



Table (i)

Rate constants for the reaction of OH radicals wilh a
series of substituted silanes.

12 3 -1 -1
k x 10 cm” molecule s , (298+2K). Errors are

twice the standard deviation of the slope.

SUBSTRATE RELATIVE RATE ABSOLUTE RATE
CONSTANT CONSTANT

SiH4 15.6 +2.1

SiD4 4,52+2.56

(C2H5)2SiH2 44,8 +1.4

(CZHS)BSiH 41.6 +3.9 39.8 +8.5

(CH3)31H3 33.8 2.7

(CH3)281H2 40.9 +1.9

(CH3)3SiH 36.4 +7.2 37.2 5.6

(CH3)381D 26.6 1.9

(1i)



Table {(i)/contd.

(CH3)281C1H 15.9 +1.4
(CHB)SiCle 5.16+0,24
SiClaH 2.39%0.26
(C2H5)481 8.24+1 .17 7.9220.54
(CH3)4Si 1.05+£0.08 1.12+:0.18
(CH3)3SiF 0.28+£0.03 0.35x0.05
(CH3)281F2 <0.10 0.09+0.04

(iii)



Table {(ii).

Rate constants for the reaction of Cl atoms with
a series of substituted silanes.

11 3 -1 -1
k x 10 cm” molecule s , {298*2K). Errors are

twice the standard deviation of the slope.

SUBSTRATE RELATIVE RATE
CONSTANT
SiH4 40.9 +4.,7
SiD, 41.6 +2.0
(C2H5)51H3 51.2 £3.2
(02H5)251H2 40,1 +1.2
(C2H5)381H 45.6 +2.9
(CH3)SiH3 38.0 +0.5
(CH3)251H2 33.1 #0.8
(CH3)381H 22.6 +0.5
(CH3)351D 23.5 +1.8

(iv)



Table (ii)/conld.

(CH3)251C1H 12.5 +1.3
(CH3)SiCl?H 8.34+0.24
SiCl3H 2.71x0.16
(C2H5)4Si 39.3 1.6
(CH3)481 13.7 0.8
(CH3)381F 1.53+0.60

(CH3)ZSiF2 <0.47




Table (iii).

Rate constants for the reaction of OH radicals
with Group IV compounds.

12 3 -1 -1 .
k x 10 cm” molecule s , (298+2K). Errors are

twice the standard deviation of the slope.

SUBSTRATE RELATIVE RATE ABSOLUTE RATE
CONSTANT CONSTANT
(CH3)4C 0.8420.11 0.79x 0.10
(CH3)4Si 1.05+0.08 1.12+ 0.18
(CH3)4Ge 1.22+0.08 1.362 0.17
(CH3)4Sn 1.52+0.03
(CH3)4Pb 4.10x0.22
(CZH5)4C 4.69+0.28 5.11+ 0.75
(C2H5)4Sl 8.24%1 .17 7.92+ 0.54
(C2H5)4Ge 15.9 0.7 15.0 = 2.1
(C2H5)4Sn 28.1 3.1 40.8 + 8.1
(C2H5)4Pb 65.1 +3.6 66.6 24 .1

(vi)



Table (iv}.

Rate constants for the reacticn of €l atoms with
Group 1V compounds.

11 3 -1 -1
k x 10 cm”™ molecule s , (298+2K). Errors are

twice the standard deviation of the slope.

SUBSTRATE RELATIVE RATE
CONSTANT
(CH3)4C 10.0 = 0.3
(CH3)4Si 13.7 = 0.8
(CH3)4Ge 15.4 + 1.1
(CH3)4Sn 217.6 £ 1.0
(CH3)4Pb 29.6 £ 0.3
(C2H5)4C 30.4 + 2.8
(C2H5)4Si 39.3 + 1.6
(C2H5)4Ge 53.3 £ 2.4
(C2H5)4Sn 61.1 + 1.2
(C2H5)4Pb 80.5 +10.3

(vii)



REACTIONS OF HYDROXYL RADICALS AND CHLORINE

ATOMS WITH COMPOUNDS OF GROUP IV ELEMENTS



1.0 INTRODUCTION

It is now well established that the hydroxyl
radical, OH, plays an important role in the chemistry of
the atmosphere, where it dominates the chemistry of the
troposphere in the same way that oxygen atoms and ozone
dominate the chemistry of the stratosphere.1 IL is Lhe
main reaction sink for both natural and anthropogenic
compounds emitted into the troposphere. For example, the
gas-phase oxidation of 802 and the homogeneous oxidation

of NO., compounds are principally photochemical oxidation

2
reactions, with attack by OH being the main reaction
pathway.2’3 The relative reactivity of organic species

with OH determine not only their level in the
troposphere bul also the amounts which are btransported
into Lhe stratosphere, and is a directly measurable
index of their potential importance in the production of
secondary pollutants.4’5 Hydroxyl radicals also play an
important role in the oxidation and combustion of
hydrogen containing compounds, the principal mechanism
of fuel consumption being the abstraction of hydrogen
atoms from alkanes by OH radicals. The rates of such a
reaction are reflected in the C-H bond energies which

vary with the degree of alkyl group substitution on the



\ 6
involved carbon atom.

The existance of the hydroxyl radical was first
recognised in 1924 by Watson,7 who proposed that the
water bands emitted by flames and electric discharges in
moist air were due to the OH radical., By 1928 Bonhoffer
and Reichardt8 had obtained the absorption spectrum of
the OH radical in partially dissociated water vapour,
and in 1935 Oldenberg9 was able to follow the decay of

the radical in the products resulting from an electrical

discharge through water vapour. Bates and
Witherspoon,10 1952, first indicated the importance of
the hydroxyl radical in atmospheric chemistry, by

proposing reactions involving OH and HO2 as likely sinks
for carbon monoxide and methane.2 Leighton,11 1961,
suggested that the OH radical could be an intermediate
species playing an important role in photochemical air
pcllution. Because free radicals have an unpaired
electron in their outer shell, and thus an affinity for

adding a second eleclron, they can act as strong

oxidizers of atmospheric trace gases.

The important socurces of ©OH radicals in the
troposphere are from the reaction of 0(1D) atoms, formed

from the photodissociation of O3 ( A2 319 nm) with water



4
vapour

O(1D) + H20 ——> 20H (1)

from the photodissociation of HONO ( » < 400 nm)

HONO + hv --> OH + NO (2}
and from the reaction of HO2 radicals with NO
HO, + NO --> OH + NO, (3)

Kinetic dalta are now available for Lhe gas-phase

reactions o©of the OH radical wilth a wide variety of

organics, such as alkanes, haloalkanes, alkenes,
haloalkenes, alkynes, oxygen-, nitrogen-, sulphur- and
phosphorus-containing organics. Aromatic and

organomelallic compounds have alsc been studied. The
greal majority of this work has been carried out since
1970. Computer modelling studies have aided in  the
elucidation of the reaclion sequences bult although
numerous mechanistic and product studies have been
carried oul in the past few vyears there are still
significant areas of uncertainky concerning Lhe
mechanisms and products of OH radical reaclions with

. 4
organic compounds.

In practice, two experimental methods have been used
to study the kinetics of OH radical reactions with

organics, namely absolute and relative rate constant



Lechniques. The absolute methods have involved mainly
the discharge flow and flash photolysis techniques with
technigues such as pulse radiclysis being used in only a

limited number of studies.

Recent discharge flow investigations have utilized
the reaction of the H atom with NO2 as a source of OH

H + NO2 -—> OH + NO (4)
with detection of the OH radical being accomplished by
technigues such as resonance absorption or resonance
fluorescence for example. In the flash photolysis
technique OH radicals are Lypically produced from the
pulsed photodissociation of HZO or HNO3, although other
methods may be used. The detection systems most commonly

emploved for the OH radical are kinetic spectroscopy or

resonance fluorescence techniques.

The technique of pulse radiolysis is analogous to
the older and more widely used flash photolysis
technique., It was first applied to liquid systems by
Matheson and Dorfman13 and extended to gases by Sauer
and Dorfman.14 Early studies on gases were limited
because the concentration of radical species is wmuch
lower than in a liquid system, since due to the lower
densities less energy can be absorbed. However, the use

of multiple reflection cells and the developement of



fast sensitive detection equipment such as kinetic
spectroscopy has made il possible to make observalions

comparable with those in liquid systems.15

To-day, precise relative ralte constant data for a
wide variety of organics can be provided, the lower
limit for the OH radical rale constants attainable being
set by the reproducibility of the analytical monitoring
technigques used.4 In general, the technique monilors the
relative rates of disappearance of two or more organic
compounds in chemical systems containing OH radicals. It
is clearly important Lthat the loss process measured
should be solely due to reaction with the OH radical and
any other loss processes must be taken into account.
Experimentally this is not, in general, a difficult

task.

The use of a collapsable Teflon bag reaction
chamber, as developed by Atkinson,16 avoids dilution
problems due to sampling and minimizes errors due to
wall effects. Analytical monitoring by gas
chromatography or infrared spectroscopy allows the
change in concentration of the compounds of interest to
be monitored during the course of an experiment. Only
relative measurements of the reactant substrate and

reference organic are necessary, so Lthat a constant



radical concentration is not required.

In certain cases kinetic data from gas-phase
reactions of the OH radical allow possible rate constant
trends and correlations to be examined.4 For example,
correlations have been made with other electrophilic

4,17 Such

species such as O(3P), NOB’ O3 and Cl altoms.
correlations are valid provided the reaction mechanisms
are the same. Correlabion between O(3P) atoms and the OH
radical are excellent as are correlations between Cl1
atoms and OH radicals for reactions wilkh the

! However, there are no apparent correlations

alkanes.
between the reactivilbies of Cl atoms and OH radicals
towards the oxygenated organics studied by Wallington et
al.17 suggesting that one or other of the reaclions may
proceed via an alternative mechanism. Similarly, the
effects of ring strain energy on the ozone reaction rate

constants make correlations with OH radical rate

constants much more complex.

For OH radical reactions which proceed via H-atom
abstraction, the most used correlation to date has been
that between the OH radical rate constant and the C-H
bond dissociation energy or the related guantity, the

18,19

C-H bond stretching frequencies. Other forms of

correlation based on a structure-reactivity relationship



have led to accurate ralke constant dakta predictions. For
example, Atkinsonzo has derived "group ralte' data for H-
atom abstraction from a 10, 20 or 30 carbon atom as well

as from a number of functional groups.

Kinetic isotope effects are often used in
mechanistic studies. For example, a C-H bond may be
substituted by a C-D bond. In such a case Lhe absence of
an isctope effect shows Lhat Lhe zero point energies
associated with the bending and stretching of Lthe C-H
bond are not changed significantly in going from the
reactants to the transition sltate. Such an observation
is usually transformed into the categorical conclusion
that the bond to hydrogen is nol being broken in the
rate controlling step o©of the reaction. This is not
necessarily the correct conclusion in all cases. In some
reactions, such as a highly exothermic reaction, the
isotope effect might be undetectably small merely
because only a slight weakening of the C-H bond would

bring the intermediate to the second transition state.

Chlorine atoms play an important role in the
chemistry of the stratosphere. The distruction of the
ozone layer by Cl atoms has received much media
attention lately. However, ¢l atom reactions are also

important loss processes for organics such as



hydrocarbons, chloroalkanes, aromatic species and

17,21

oxygenated species in Lthe stratosphere. Therefore

rate data for the reaction of €l atoms with Lhese

17,21,22 The mechanisms

species has been obtlained.
include simple two-step free radical chains which
substikbute chlorine for hydrogen in the original
starting materia123

Cl + RH --> HC1l + R (5)

R + C].2 --> RC1 + C1 (6)
Both steps are exothermic and proceed virtually at
collisional rates with close to zero aclivation

22,23
energy.

Little kinetic data is available for OH radical
and Cl atom reactions with other members of the Group IV
series,24 although the reacltions of many other atoms and
radicals with organometallic and inorganic compounds
have generated much interest. In particular, attack on
silanes by radical species has been extensively studied.
A considerable amount of kinetic data on hydrogen
abskraction from organosilicon compounds by atoms and

free radicals, particularly alkyl and fluorcalkyl

radicals, has been collected.25
Silicon is a larger atom than carbon (RSi = 1.17
A, R, = 0.77 A), it forms weaker bonds to itself, to

C



carbon and Lo hydrogen Lhan does carbon; but because of
its greater electroposivity, or because of its
accessible 3d orbitals, it forms stronger bonds than
does carbon to electronegative atoms with lone pairs,
such as halogens, nitrogen and oxygen. Also silicon does

not form stable prn-pn double bonds to itself or to other

elements.26
Silicon -~ hydrogen bonds are approximaltely 10, to
50 kJ mol | weaker than their carbon - hydrogen analogs.

A major feature of silane and Lthe wmethylsilanes is the
almost constant Si-H bond strength.27 This 1s in
contrast to the weakening effect of substituent wmethyl
groups in Lhe simple alkanes, Table 1. The difference
can be rationalized in terms of the lower
electronegativity of silicon compared to carbon (1.8 and
2.6 respectively on the Pauling scale). Hence, silicon
will be a poorer acceptor of electron density from the
substituent alkyl groups Lhan will carbon.27
Such differences between silicon and carbon make kinetic
studies on the reactions of silicon compounds of

interest in their own right as well as in relation to

the analogous reactions of carbon compounds.



TABLE 1

. . . . -1 . A
Bond dissociation energies (kJ mol ) in organo-silicon

compounds and their carbon analogues.

BOND D BOND D
H;Si-H 377.5° HyC-H 439, 3P
. C d
CH3SlH2~H 374.5 CH3CH2—H 410.5
. C . _ - d
(CI{3)281HmH 373.7 (C[l3)2CH H 397.5
. e d
(CH3)381—H 377.5 (CH3)3C*H 389.6
C1,8i-H 381.6° cl,C-H 401.3°
. ~ G _ g
(CH3)381CH2 H 414 .7 (CHB)BCCHZ H 416.8
, C h
(CH3)381—C1 472 .3 (CH3)3CﬁCl 334.4
- . C 3 h
(CH3)381 Br 401.3 (CH3)3C Br 267.5
. . C h
(CH3)381—I 321.9 (CH3)3C—I 213.2
28 i 31
a, Doncaster et al. e, Doncaster et al.
b, Baghal-Vayjooee et a1.29 f, Walsh et al.32
c, Walsh27 g, Doncaster et a1.33
d, Golden et al.30 h, Kerr el al.34

Reliable bond dissociation

energies for silicon-

containing compounds have enabled the factors influencing

reactivity to be closely studied.

10

Table 2 contrasts the



Arrhenius parameters determined for the reaction of

CCl3, CF, and CH, radicals with (CH3)BSiH and SiHCl

3 3 3

TABLE 2

Arrhenius parametersa for hydrogen atom abstraction from

CF, and CC1, radicals.

trimethylsilane and trichlorcosilane by CH3 3 3
f

b _
RH D(R-H) CH3 CF3 CCl3
log10A E log10A E log10A E
(cHy) il 377.5° g 19 3499 g7  33.0° 9.3F 23.4F
SiHC, 381.6° 7.89 18.09 8.67 40.69 g.8F 25 1F

a, E in kJ mol_1; Adin1lmol | g

b, D(R-H)} in kJ mol” ]

c, Walsh27

d, Berkley et al.35

e, Morris et al.36

f, Rice et al.37

g, Kerr et al.38

The decrease of 17 kJmol | in the activation
energy for H-alom abstraction in going from (CH3)3SiH to
SiHCl3 for the nucleophilic methyl radical can be

raticnalized in bterms of a change from repulsive to

11



attractive polar forces in the transition staltes of Lhe

two reactions,

&+ 6~ O+ 6 &+

C77 e m--HY 8177 (CHY)

o+ 6- o4 .G 6-
3 ¢’ ~——-H" ----5i C13

The change in the nalure of the polar forces for the

Hy

H

electrophilic species CF3 and CCl3 are in the opposite
direction compared Lo the methyl radical and leads to an
increase in the activation energy for the above
reaction.37 The polar attracltion between the abstracted
hydrogen atom and the eleclrophilic CCl3 or CF3 radical
decreases as the eleclron density on the hydrogen atom
is reduced by the increasing inductive effect of

chlorine substitution on Lthe sgilicon atom.

Rice et al.37 have shown that the variation in the
reaction rates of H-atom abstraction by the CCl3 radical
for a series of tri-substituted silanes arises mainly
from differences in the activation energies. These
authors have shown Lhat an increase in substitution of
alkyl groups by chlorine atoms increases the activation
enerqgy for hydrogen abstraction. Similar silicon-
hydrogen bond strengths in these compounds, Table 1,
indicate that the activation energy increase is probably
polar rather than enthalpy related. This is ascribed to
the inductive effect of the chlorine atoms reducing the

electron density on the hydrogen atom which is

12



abstraclted. This results in repulsion in the transition
state for the reacltion of the electrophilic CC13 radical

with chlorosilanes

65— _ 6+ O+

1 1] 6
R

c1 6-

+
Cl3
Polar effects have also been used to explain the
marked increase in aclivabtion energy with increasing
fluorination for hydrogen atom abstraction fLrom the
methyl group in methylfluorosilanes by CF3 and CZFS

39,40

radicals. Similar effects, although less

pronounced, have been reported for the reaction of CF3
radicals wilh chlorosubstituted methylsilanes.41’42

Analogous reactions of C(CCl1 radicals with chlorinated

3
methylsilanes show only a relatively small activalion
energy increase with increasing chlorination.37 The
Arrhenius parameters for (CH3)3SiBr are within

experimental error of those determined for (CH3)4Si.37

This suggests that the inductive electron withdrawing
effects of chlorine or bromine atoms bonded to silicon
do not significantly influence the rate of CCl3 radical
attack on a methyl group hydrogen in methylsilanes.
However, fluorine atom substitution in these compounds
does increase the activation energy for H-atom
abstraction from the methyl group.37 Presumably the
inductive effect of fluorine atoms is sufficient to

decrease the electron density on the abstracted hydrogen

13



atom, and hence Lo cause polar repulsion between kthe
substrate and the attacking CCl3 radical. The inductive
effects of chlorine and bromine atoms are progressively

weaker and hence so are the polar effecks in Lhe

transition state,

14



REACI'IONS OF HYDROXYL RADICALS AND CHLORINE ATOMS

WITH A SERIES OF SUBSTITUTED SILANES

2.1 INTRODUCTION

Little kinetic daka is available for the
abstraction of hydrogen atoms from silane and the
melhylsilanes. The most complete data set is for
abstraction by hydrogen atoms and has been reviewed by
Arthur et al.,44 Table 3. The data presented are 'best
value'" data representing a wide number of different
techniques. The authors suggest that within the large
error limits associated with the available rate
constants, the reactivities of SiH4 angd the
methylsilanes towards hydrogen atom attack on a H-atom
bonded to silicon are approximately the same. The data
available for the analogous reactions of OH radicals, Cl
and O(3P) atoms with silane and the methyl substituted
silanes, Table 3, suggests a much wider variation in the
reactivities of SiH4 and the methylsilanes. However, the

data is not sufficient to enable any clear trend or

mechanistic route to be proposed.
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TARLE 3

Rate constantsa for the reaction of OH radicals and O(BP),

H and €1 atons with silane and a series of methyl substituted

silanes, at 298 + 2 K.

. g 12 13 13 11 . b
Substrale kOHxIO k0x10 ka1O kClx1O D{Si-H)
Sil, 12.4: 1.9 a8 € 3.6 41.704.8% 377.5°

2,12 0.49 9.2¢2 D
siD, 0.74 ¢ 2.59
CH,SiH, 5.39 374,5"

. g i
(CH3)281H2 4.4 373.7
(CHy) ;i 40.0+20 J 26.03.07 3.89 377.5%

. 49 \ k
(CH3)481 <0.1 414.,7

. 3 -1 -1 - ) 46
a, units of cm™ molecule s g, Hoffmeyer et al.
b, D(Si-H) in kI mol ™), h, Schlyer et a1’
¢, Alkinson et al.43 i, Walsh27
d, Arthur et al.44 j, Hoffmeyer et al.48

[ =y

e, Niki et al.4J k, Doncaster et al.33
f, Doncaster et al.28

Atkinson et a143 reported an absolute rate

kK{OH + SiH4)= (12.4 = 1.9)

constant for the reaction of the OH radical with silane,

-1

12 moleCule"1 s,

10 cm3

16



at 300 K, and a ralte constant for the analogous reaction

-13

of O(BP), k(O(BP) + SiH,) = 4.8 x 10 cm3 mc»lecule_1

4
sﬂ1,at 297 K. Both rate constants were determined using
a flash photolysis technique. Hoffmeyer et al.,48 using

a discharge flow method, determined a value for the

. 3
3)381H of k(O("P) + (CH3)3
1

o molrszc:ule__l s = at 298 K. They

reaction of O(3P) with (CH SiH)

= (26.0 + 3.0) x 1074
argued that as the bond dissociation energies in SiH4
and (CH3)3SiH are almost equal, Table 3, and assuming H-
atom abstraction is the major reaction process in both
cases, 1t would be expected that the rate constant for
SiH4 should be aboul four times higher than thal found
for (CH3)3SiH on statistical grounds. On this basis
Hoffmeyer et al.48 suggested that Atkinson's value of
the ralte constant for O(3P) + SiH4 was anomalous.
However, further discharge flow measurements al room
46

temperature reported by Hoffmeyer et al for the

reaction of O(BP) with SiH4 and SiD4 gave the rate

constants k(O(3P) + SiH4) = (2.1 £ 0.4) x 10_13 cm3
molecule | s”' and k(O(3P) " SiD4) - 0.74 x 10" "3 cm?
molecule | s respectively, providing support for

Atkinson's original work. It was concluded that the
strong isotope effect found for the O(3P) + silane
reaction indicates a H-atom abstraction pathway and that
the significant increase in reactivity of (CH3)3SiH

probably arises from a change in mechanism, Il was

17



tentatively suggested that the accessable 3d orbitals
could lead to an addition process. A similar reaclbivitly
pattern for the reaction of OH radicals with Sii—l4 and

(CH3)351H has also been observed although the error

limits for the reported rate constant for the OH +

(CH3)3SiH reaction are extremely high.48

The rate constant for Ghe reaction of chlorine
atoms with SiH4 at room temperature has been determined

by Schlyer et a.'l..47 and Niki et a1.45 Schlyer reported a

-11 3

value of k(Cl + 8SiH = (9.2 + 2.0) x 10 om

=1 -1 . .
molecule s |, using a discharge flow resonance

4)

fluorescence method. However, Niki et al. obtained a
value of k = (41.7 £+ 4.8) x 10”11 cm® molecule—"I 571,
using a relative rate technique. Niki suggested that the
value measured by Schilyer could be in error, as in the
absence of 02 the initially formed radical SiH3 might
have reacted to a significant exltent with the Cl2 to
regenerate Cl atoms. These authors pointed out that
SiH4 is highly susceplible to chain <chlorination

yielding all the SiHXCl (x = 0-3) compounds, even in

4-x
the dark. Evidence for hydrogen abstraction was given by

Niki based on the stoichiometry of Lthe reaction.

In a later study, Niki et al.49 reported a room

temperature ralbte constant for H-atom abstraction from

18



SiC13H by Cl1 atoms, k(Cl + SiCl H) = (2.9 & 0.3) x 107"

3 -1 . , .
cm molecule s again using a relative rate

technique. They suggested that the reaction

Cl + SiClsH --> HCL + SiCl3 (7)
predominates, followed by 02 reaction with the primary
radical SiCl3. Interestingly, they remark on the value

of lthe rate constant for the reaction being an order of
magnitude smaller than thalt delermined for the analogous
reaction with SiH4,45 although the Si-H bond energies
for SiH4 and SiClBH are similar (377.5 and 381.6 kJ
mol“T, respectively.)SO However, no explanation for the

reduced reactivity of SiClBH compared to SiH4 was

provided.

In this work a comprehensive kinetic
invesligation of the reactions of OH radicals and Cl
atoms with methyl, ethyl and halogenated silanes has
been undertaken to establish the likelvhood or otherwise
of polar effects playing a part in Lhe mechanisms of
such reactions. Rate constant data is reported for OH
radical reactions with the silanes and is compared with
the data obtained, and reported, for the analogous
reactions of Cl aloms. An explanation for Lhe observed

reactivity trends in these reactions is provided.
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2.2 EXPERIMENTAI,

2.2a Materials:

The materials used and their manufacturers are listed

below:

Triethylsilane (>99%), diethylsilane {>98%),
tetrachlorosilane (>99%), dimethyldichlorosilane (99.5%),
ethyltrichlorosilane (>98%), trimethylsilane (>99%),
dimethylchlorosilane (>97%), methyldichlorosilane (>98%),
trichlorosilane (>99%), trimethylchlorosilane {>99%),
trimethylbromosilane (»>97%), trimethyliodosilane (98%),

and n-hexane (299.96%) were all obtained Ffrom Fluka AG.

Trimethylfluorosilane (»>99%) and dimethyldifluorosilane

(>99%) were obtained from Fluorochem Ltd.

Tetraethylsilane {(99%), tetramethylsilane {99.9%), n-
heptane (99%), n-nonane (99%), 2-iodo-2-methylpropane
(>98%), 2-bromo-2-methylpropane (>98%) and 2-chloro-2-
methylpropane (>98%) were all obtained from the Aldrich

Chemical Company Ltd,

20



i—-Butane (>99%), neopentane (2,2-dimethylpropane) {>99%),
1-butene (>99%), c-hexene (>98%), toluene (98%), sodium
nitrate (96%)}, methanol (99%), sulphuric acid (98%),
nitric oxide (99.6%), hydrogen peroxide (60% w/v) and

chiorine (99.9%) were all obtained from BDH Chemicals Ltd,

Ethane (>99%), ethene (>99%) and propene (>99%) were

obtained from Messer Griesheim GmbH.

c-Hexane (99.95%) was obtained fron May and Baker Ltd.

Diethylether (99%) was obtained from Riedel-de Haen AG.,

Artificial air (high purity), zero nitrogen (OFN grade)

and gas chromatographic gases; air, hydrogen and nitrogen

were obtained from BOC Ltd.

Argon (99.9%) was obtained from AGA Denmark.

Water was triply distilled.

All investigated materials were degassed and trap to trap

distilled, discarding the upper and lower fractions and

retaining the middle fifth before use.
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2.2b Preparation of materials.

.
(i). Silicon hydrides:31

Silane: A solution of LiAlH, in diethylether (pre-

4
dried with Drierite and sodium wire) was placed in a 500
cm3 3-necked round bottomed flask (cooled in a ice-salt
bath}. Tetrachlorosilane was added dropwise from a
dropping funnel flushed with zero nitrogen. The product,
SiH4, was carried by a zero nitrogen stream and collected
in a liguid nitrogen trap. Silane was analysed by infrared
spectroscopy and compared with literature spectra,49
Figure 1.

[ ¢ [~ =
Methylsilane,J2 Figure 2, ethylsilane,“’2’33

53,54

Figure
3, and dimethylsilane, Figure 4, were prepared in an
analogous manner from ethyltrichlorosilane, methyltri-
chlorosilane and dimethyldichlorosilane respectively. The

products were analysed by infrared spectroscopy and

compared wilth lilerature spectra.

Deuterosilane,55 Figure 5, and trimethyl deutro-
silane, Figure 6, were prepared from tetrachlorosilane and
trimethylchlorosilane respectively, in an analocgous manner

to silane, with the exception that LiAlD4 was used as the

22



hydrogenating agent. Each was analysed by infrared
spectroscopy and compared with literature spectra.

(ii). Methyl nitrite:>°

A solution of 50% sulphuric acid in distilled water
was added dropwise to a saturated solution of sodium
nitrite in methanol. The products were carried by a stream
of zero nitrogen through, firstly, a solution of sodium
hydroxide {(to remove excess acid) and secondly, Drierite
(to remove water). Methyl nitrite was collected at -96°¢
using an acetone / liquid nitrogen slush bath, and purfied
on a vacuum line by trap to trap distillation. The vellow
product was analysed Dby infra-red spectroscopy and

compared with literature spectra,57 Figure 8.
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FIGURE 1

Infrared spectrum of SiH, showing

4

Si-H stretching vibration at 2190 cm” |

Si-H bending vibration at 910 cm” |
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FIGURE 2
Infrared spectrum of (CI-IB)SiH3 showing
Si-H stretching vibration at 2160 em” ]
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FIGURE 3

Infrared spectrum of (CZHS)SiHB showing

Si-H stretching vibration at 2160 cm™
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FIGURE 4

Infrared spectrum of (CH3)281H2 showing

Si-H stretching vibration at 2120 cm™
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FIGURE 5

Infrared spectrum of SiD4 showing

5i-D stretching vibration at 1589 cm_1
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FI1GURE 6

Infrared spectrum of (CHB)BSiD showing

Si-D stretching vibration at 1550 cm |
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FIGURE 7

Infrared spectrum of SiClBH showing

Si-H bending vibration at 817 em™ !
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FIGURE 8

Infrared spectrum of methyl nitrite, CHBONO
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{iii). Hydrogen peroxide.

Hydrogen peroxide (60% w/v) was pumped by rotary
pump to approximately one-fifth of its original wvolume,
giving an approximate concentration of 90% H202 at a

vapour pressure of 1.5 torr.

A: The relative rate study

2.2c Apparatus:

The apparatus shown in Figure 9 consisted of a
conventional mercury-free, high vacuum line, made of Pyrex
glass. The vacuum was maintained by means of an Edwards
silicon o0il diffusion pump, model D202, backed by an
Edwards double stage rotary pump, model E2M2. Taps were of
the greaseless variety with Teflon o-rings, obtained from
J. Young Ltd. Acton. The vacuum was monitored using an
Edwards Pirani gauge head, model G6A, in conjunction with
an Edwards speedivac-gauge, model B5. Reactant pressures
were measured using an MKS Baratron type 222BA (0-760
torr), and an MKS Baralron type 222CA (0-10 torr), in
conjunction with a readout unit. A pressure of 1 torr of
reactant in the 565 cm3 mixing bulb corresponded to a

concentration of aboul 10 ppm of reactant when blown into
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the reaction chamber. I"igure 10, shows the reaction
chamber, lamp assembly and analytical layout. Irradiations
were carried out in an approximately 60 litre FEP Teflon
cylinderical reaction chamber surrounded by 10 TL 20W/08
"black" lamps (Philips) and 10 TL 20W/09 'sun'" lamps
(Philips). Both emit radiation between 300 and 450 nm with
a maximum intensity at approximately 352 nm. Photolysis of
H202 was achieved by 10-20 TUVI5W germicidal lamps
(Philips) with the major oulput at 254 nm. The lamp
assembly was arranged on four electrical circuits (two
front, two rear) with every second lamp being on a
different circuit. Thus variations in light intensity
could be achieved. Prior to irradiation, the reaction

chamber and lamp assembly were covered with an opaque

cover to prevent photolysis of the reactants.
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FIGURE 9

Diagrammatic representation of the

vacuum system used in the relative rale study.

a,b.

k,m,

Expansion bulbs

Storage bulbs

1. Vacuum gauge

n. Male conneclions

Storage traps o-p. T'raps
565(::113 mixing bulb q. Diffusion pump
MKS Baratron T. Air inlet

capacitance manometer S. To rotary pump

Readout-unit

S

| l s |"—:—"'_'l

(LD e bty

J

y]

.F
=y @Wﬁ

32




FIGURE 10

Diagrammatic representation of the reaction chamber - lamp
assembly - analytical layout used in the relative rate
study.
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2.2d Procedure:

The method of filling the reaction chamber was often
varied to check that it did not effect the results.
However, the following method was typically used., The
reaction chamber was approximately half-filled with
diluent gas {(zero nitrogen or artifical air). The wvacuum
line was then evacuated to about 10_5 torr pressure. A
reactant was released into the vacuum line and mixing bulb
until a desired pressure was achieved, typically 0.300 -
3.00 torr (3 - 30 ppm in lLhe reaction vessel). The 565 cm3
mixing bulb was sealed off from the remainder of Lhe line
and the reactant was mixed wilth diluent gas immediately
prior to being blown into the reaction chamber. The
reactant remaining in the vacuum line was frozen back into
its storage trap. The process was repealbled for each
reactant, and the reaction chamber was then filled to
capacity with diluent gas. The Teflon reaction chamber was
connected to the vacuum line and analytical insltruments by
means of 1/8" 0.D. Teflon tubing. The reaction mixture
was lefl in the dark for a periocd of about half an hour to
allow for mixing of the reactants. Complete mixing was
confirmed by gas chromaltographic analysis, or in special
cases by infrared analysis. The reaction mixture was kept
in the dark for up to three hours to determine the extent

of any dark reaction. It was also irradiated for a period
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of time, in the absence of the radical source, to ensure
that photolysis of the substrate or reference compound was

unimportant.
2.2e Analysis:

Two methods of analysis were used. For most reactant
compounds gas chromatography suffic ed, but for some, long

path infrared spectroscopy was employed.
Gas chromatographic analysis.

A Perkin-Elmer F1l1 gas chromatograph incorporating a
flame ionization detector was used for all gas
chromatographic analyses. The carrier gas was nitrogen,
Carrier flow was regulated with needle valve flow
controls. Sample injection was by a 2 cm3 (or occasionally
4 cm3 or 10 cm3) "on line" Teflon coated - stainless steel
injection loop, attached to a Valco 6-port gas sampling
valve. Hamilton gas-tight syringes were also used. The
chromatograms were recorded on a 2 mV f.s.d. Servogor
potentiometric chart recorder (Gelman instrument company)
with disk integrator. Relative concentrations of a
compound were determined during an analysis by measuring

peak heights and peak areas.

Tables 4 and 5 list the reference compound and
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analytical conditions used with each substrate for the OH
radical and Cl atom reactions respectively.

TARLE 4

Analytical conditions for OH radical reactions.

Substrate Reference Colum Type  Support Mesh  Length Oven Flow Rate

gize and 0.D. ‘'Tenperature (c:m3 min_1 ]
(")
SiH: n-Cgy, 20% DC200 Chramsorb-tP  80/100 4'x1/8" 30 35
*

§iD, n-CcHy 20% DC200 Chronosorb-WHP  80/100  4'x1/8" 30 35

(C}I3) 3SiH n-C.H,, 20% bC200 Chramsorb-wHP - 80/100 4'x1/8" 50 25
C3”6 15% Squalane Chromosorb-P 80/100 12'x1/8" 606 20

(CH,) 451D n-Cchy, 20% D200 Chramosorb-wilP  80/100  4'x1/8" 25 30
CyHe 15% Squalane Chromosorb-P 80/100 12'x1/8" 860 20

(CH, } 3SiH e-CgHy g 20% DC200 Chromosorb-WHE  80/100  4'x1/8" 060 20
C_C6H1 0 20% DC200 Chramosorb-WHP  80/100 4'x1 /8" 60 20
(CH3)3SiH 15% Squalane Chramosorb-P 80/100 6'x1/4" 25 15

(C,H;),8iH, 1-C Hg 15% Squalane Chromosorb-P 80/100 6'x1/4" 65 30
C—C6H10 15% Squalane Chromosorb-P 80/100 6'x1/4" 65 30

Chrewosorb-#P 807100 4'x1/8" 30 30

(C2H5)3SiH 20% DC200

36



Table 4/contd.

(L’.."rl3 ) 2SiH2

CH,SiH

(()Qs)zsiHCL

CHBSJ.HCl2

*
SiHCl3

},51

(CHg)y

(CH3 ) 4Si

(CH3)35iF

(Gi3) 2SlF2

Citlg

(CH3)3SiH

1 -C4H8

(CH3 } 3Si!!

n—C6H14

i-C,H

n-C_H

CoHe

1-Cytyo

(CH,) ,SiF

303

15% Squalane
15% Squalane

15% Sgualane
15% Squalane

20% DC200

20% DC200

15% Squalane

15% Squalane

15% Squalane

20% DC200

20% DC200

15% Squalane
20% DC200

20% DC200

20% bC200

20% pC200

Chrancsorb-P

Chramssorb-P

Chramosor-P

Chrcnosorb-p

Chrcmosorb-WHP

Chraiosorb-WHP

Chranosorb-P

Chranosorb-P

Chromosorb-P

Chronmosori>WHP

Chranosork-WHP

Chranosorb-P

Chromosorb-wWHP

80/100

80/100

80/100

80/100

80/100

80/100

80/100

80/100

80/100

80/100

80/100

80/100

80/100

12'x1 /8"

12'x1/8"

4'x1/8"

4'x1/8"

4'x1/8"

4'x1 /8"

6'x1/4"

6'x1/4"

6'x1/4"

4'x1/8"

4'x1/8"

6'x1/4"

12'x1/8"

Chromosorb-WHP 807100 12'x1/8"

Chromosorb-WHP  80/100 12'x1/8"

Chroanosorb-wHP  80/100 12'x1/8"

25

25

40

40

50

40

25

80

30

95

25

40

25

25

25

60

60

20

20

25

20

30

30

30

35

20

10

10

40

40

40

*
denotes a substrate also analysed by infrared spectroscopy
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TARLE 5

Analytical conditions for Cl atom reactions.

Substrate Reference Colum Type  Support Mesh  Length Oven Flow Rate
Size and 0.D. Temperature (v’ min™ 1)
(°c)
*
SiH, n-CgH, 4 20% DC200 Chramosorb-wHP  80/100  4'x1/8" 25 35
i-CyHy 15% Squalane Chranosorb-P 80/100 12'x1/8" 50 25
*
SiD, i-CyHa g 15% Squalane Chramwsorb-P 80/100 12'x1/8" 25 20
(CH3)351H 15% Squalane Chromosorb-P 80/100 12'x1/8" 25 20
(013)3SiH i-CyHyq 15% Squalane Chranosorb-P 80/100 12'x1/8" 50 30
(CH3)381D i-CHyg 15% Squalane Chranosorb-P 80/100 12'x1/8" 50 30
(CH.}SiH  c-Cely 20% DC200 Chramosorhb-WHP  80/100 4'x1/8" 60 20
(C2l15)251H2 n-Cchy 4 15% Squalane Chromosorb-P 80/100 6'x1/4" 715 30
C, Hg5it, (CH3)4C 15% Squalane Chroamosorb-P 80/100 12'x1/8" 25 10
(CHB)ZSJ"HZ n-CcH, , 15% Squalane Chranosorb-P 80/100 12'x1/8" 25 20
CH3siH3 i-CyHio 15% Squalane Chramsorb-P 80/100 12'x1/8" 50 20
(ma)ZSiHCl c-CeHy 20% DC200 Chranosorb-WHP  80/100 4'x1/8" 25 25
CeH:CH, 20% DC200 Chromosorb-WHE  80/100 4'x1/8" 25 25
CHySiHCL,  i-CyHy, 20% DC200 Chronosorb-wiHP  80/100 4'x1/8" 25 15
i-CyH, 15% Squalane Chromnosorb-P 80/100 &'x1/4" 25 5
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Table 5/contd.

*
SlHCl3 C2H6

(C2H5)4Si sH12

(Ci!a)‘;Si i—C4H10

i-C,H

SiF C2H6

1—C4H10

(CH3)3

(013)2SiF2 (013)3511?

15% Squalane

20% DC200

20% DC200

15% Squalane

20% DC200

20% DC200

20% DC200

Chreoosorb-P

Chranosorb-WHP

Chromosorb-¥iP

Chianosorb-P

Chranosorb-WHP

Chronosorb-rHp

Chromosorb-wWHP

80/100 &'x1/4"

80/100 4'x1/8"

80/100 4'x1/8"

807100 6'x)/4"

80/100 12'x1/8"

80/100 12'x1/8"

80/100 12'x1/8"

25

40

40

30

25

25

25

35

15

15

15

*
denotes a substrate also analysed by infrared spectroscopy
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Infrared analysis:

A Perkin-Elmer model 457 grating infrared
spectrophometer, with ordinate expansion, was used for
all infrared analyses. The instrument was fitted wilh a
Wilks 14.5 m variable pathlength gas cell (model 410).
The interior of Lhe cell was Teflon coated and housed
gold coated Pyrex mirrors and KBr windows. The cell was
evacuated and filled directly from the reaclion chamber.
The relative concentrations of the silane substrate were
determined by measuring the absorbance of either the Si-
H stretching or bending vibration band wusing the
equation, A = log10 IO/I, where A is the absorbance, I0
is the intensity of the incident radiation and I is the
intensity of the lLransmitted radiation. Where deviations
from the Lambert-Beer law occured a calibration curve

was used.
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B: 'The absolute rate study
2.2f Apparatus

The apparatus shown in Figure 11 consisted of a
stainless steel high vacuum 1line, with Viton o-ring
joints. The vacuum was maintained by means of a Leybold
rotary pump, model D2, and an Edwards silicon oil
diffusion pump, model D203, backed by an Alcatel rotary
pump, model 2008A., The taps were eilther Hoke vacuum
taps or Saunders Edwards speedivalves. The vacuum was
monitored using a Pirani-cold cathode gauge in
conjunction with a Pirani-cold cathode gauge control,
model PKG 020. Reactant pressures were measured using a
MKS Baratron 170 series absolule electronic manometer,
in conjunction with an MKS Baratron range multiplier,
type 170M-6C, and a Hewlett Packard 3465A digital

voltmeter.

Reactions were carried out in a stainless steel
cell (1 dm3 approximately), filtted with a set of
conjugate mirrors allowing a multiple pass (12
traversals) pathlength of 120 cm of analyzing light
through the sample, as described by White.58 The mirrors
were frequently changed to maintain the maximum optical

intensity, Figure 12.
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Reaclbions were iniliated by a single pulse of
electrons of 30 ns duration with a maximum current of
about 3000 amperes, provided by a field-emission
accelerator (Febelron 705B), Figure 12. In principle,
Lhe Febetron consists of a series of capacitor modules
in parallel, with their central spark gaps in open
circuit charged from a high-voltage power supply. The
high-voltage outpul is discharged via a shorlt pulse
adapter into the field-emission bLube and passed out of
the tube window. The pulse to pulse repeatability is

specified as 5%

42



FIGURE 11

Diagrammatic representation of the vacuum syslem used

the absolute rate study.

a. 1 dm3 reaction cell

b. Water trap

c. Pirani gauge head

d. Readout unit

e. MKS Baratron manometer
£. Readout unit

g. 60 dm3 Teflon chamber

h. Male connections
i, 60 Cm3 mixing bulb
J. Flowmeter

k. Diffusion pump
l-m. Cold traps

n-o. Rotary pumps

a
S

[o
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FIGURE 12

Diagrammatic representation of Lhe experimental

apparatus. (a) Layoul in the horizontal plane. (b)

Enlarged vertical cul showing the optics for the

analysing light beam from the xenon lamp.
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2.2g Procedure:

The normal procedure for filling the reaction cell
was to allow a known pressure of substralte to expand
directly into the evacuated reaction cell from ils cold
trap, followed by the addition of 15 torr of triply
distilled water. 7The mixlure was Lhen backed up with
argon to 1 abmosphere total pressure. However, using
this method it was suspected that compounds with a low
vapour pressure were adsorbed onto the walls of the
reaction cell. To avoid this problem the normal
procedure was altered. Where possible, a known pressure
of substrate was expanded into an evacuated 60 c¢m
mixing bulb, prior o being blown with Ar into an
approximately 60 dm3 FEP Teflon chamber (similar to that
used in the relative rate study), connected to the line
by 1/8" od. Teflon tubing. The chamber was filled with
Ar to a known volume through a 0-4 dm® min~! flow-
meter. The mixlture was allowed Lo mix in the chamber for
about thirty minutes. The water (15 torr) was expanded
into the reaction cell in the normal way and the
substrate / Ar mixture Lhen expanded into the cell to a

known pressure and backed up Lo 1 atm with aAr. In this



way different concentrations of reactant could be
obtained from the same reaction mixture in the chamber.
As the reactant was mixed in a similar manner Lo that
employed in the relative rate technique, any significant
difference in the experimental results between the
absolute and relative rate methods could justifibly be
attributed to the experimental technique and not to the

handling of the chemicals.

In some cases, the vapour pressure of the reaclkant
was too low to allow for a sufficiently high
concentration in the Teflon chamber. In such cases the
reactant was shared into the 60 cm3 mixing bulb as
before, and then mixed with 1 atm Ar expanded from the
Teflon chamber. The bulb was isolated and the reaction
cell filled with water in the normal way. The contents
of the mixing bulb were then blown into the reacktion
cell with Ar. The dilution factor was about 22.2. It was
expected that this method would prevent the substrate

going directly onto the stainless steel cell wall.

2.2h Analysis:

The reaction was analysed by a pulsed Varian 150
watt high-pressure xenon arc lamp. the lamp was coupled

to a 1m Hilger and Watts grating spectrograph with a
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1200-grove/mm grating blazed at 300 nm to obtain high
efficiency down into the uv region (and a reciprocal
dispersion of 0.8 nm/mm). The light intensity from Lhe
exit-slit of the monochromator was monitored using a
Hamamatzu R928 photomultiplier coupled to a current
inpult operational amplifer with adjustable offset. The
transient signals were stored in a Biomation 8100
waveform digitizer interfaced to a PDP11 computer that
controlled the storage and Lransfer of raw data for

further processing on a mainframe computer.

The decay of OH radicals was followed by
moniltoring the transient absorbance at 309 nm
A28+<—— in
Several sharp roltalional lines are significant in the
band used and deviations from the Lambert-Beer law
occur. A modified version of the Lambert-Beer law was

59,60 A = (Ecl)n, where

used to determine Lhe absorbance,
n is a fractional power between 0 and 1. In this study n
was obtained by varying the optical path length in the
cell. The observed transient absorbance was a direct

measure of the decay of the concentration of hydroxyl

radicals.
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FIGURE 13

OH decay. Upper left: pure H

atm.

Lower left: with added substrate.

2

O (15 torr) with Ar to 1

Figures are the corresponding logarithmic plots.
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2.3 RESULTS

A: The Relative Rate Method

2.3a Hydroxyl Radical Reactions:

Hydroxyl radicals were genervated by the photolysis

of methyl nitrite in air at wavelengths 2z 300 nm

CH3ONO + hv == cu3o + NO (8)
cn3o + 0, —=> HCHO + HO, (9)
HO, + NO --> OH « NO., (10)

Addition of NO Lto the reaction mixtures minimized
the formabtion of ozone.
NO + O3 —-—=> N02 + O2 (11)
Hydroxyl radicals were also generated by the
photolysis of hydrogen peroxide at A = 254 nm
H202 + hv —-> 2 OH (12)
The OH radicals generated via reactions (8)-
(10}, or in reaction (12), react with the substrate
and reference compound:
OH + substrate --> products (13)
OH + reference compound --> productls (14)
Assuming that the substrate and reference compound are
consumed only by reaction with OH radicals, and

providing dilulbion is negligible, then
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-d[substratel]/dt = k13[OH][substrate] (1)
-d[reference campound]/dt = k14[OH]Ireference canpound ] (I1)

where k13 and k14 are Lhe OH radical rate constants for

reactants (13) and (14) respectively. Hence,
~-dln{substratel/dt = k13[OH] (111)
-dln[reference compound]/dt = k14[OH] (1TV)
thus,

dln[substratel/dt = k13/k14 din[referance campound]/dt (V)

and
[substrate]o k13 [reference compound]0

1n = In (VTI)
[substrate]t k14 [reference compound]t

where [substrate]O and [reference Compound]0 are the
concentrations of the substrate and reference compounds
respecltively at time tO’ and [substrate]t and [reference
compound]t are the corresponding concentraltions at time

t.

Reactions were carried out at room Ctemperature
(298 * 2K) and atmospheric pressure {730-750 torr). The
relative reactant concentrations were varied as much as
the analytical methods permitted. In all cases a plot of
ln([substrate]O/[substrate]t) against In([reference
compound]o/[reference comp0und]t) gave a straight line
with zero intercept and slope k13/k14, Figures 14-18,

independent of relative reactant concentrations and
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light intensity.

Table 6 lisls Lhe OH reference rate conslanls used

in this work.

Table 6

OH reference ralte constants used in this work.

k in cm3 molecule—1 571 at 298 K and 1 atm.

X 1012

Reference k14

Compound

C,He 0.27%
n-C,Hq, 2.53%
i-C,H 2.372
n-CcHy, 5.58%
c-CcH, 7.38%
(Cilg), 0.85%
CyH 26.3 @
1-C,Hg 31.4
c-CeHy g 67.4 2
(CHy) ,Si 1.05"
(CH,) 5Sill 36.4 P
(CHg) 4SiH 41.6 P
a, Atkinson4 b, This work



Table 7 lists the reactant concentrations (ppm)

and slope, k13/k for the various, Substrate /

147

Reference Compound / CH,ONO / NO / Air, mixtures, where

3
1 ppm = 2.40 x 1013 molecules cm_3 at 296 K and 735-torr

total pressure.

Reactant concentrations anxl slope, k]3/k14, for the reaction of OH radicals with substituted

silanes at rocm temperature and atnospheric pressure.

Substrate Reference CH3GﬂD NO k13
Concentraticn Concentration Concentration Concentrakion E::
{pgan} {ppm) (ppm} { pjan)
Sin 30-50 n—CﬁH14 5-10 20-30 0-10 .80+0.40
SiD4 30-50 n—CGHM 5 30 10 810,50
(CH3)3SiH 3 n-CeHy 4 5 10 5 47+0.57
6 C3H6 5 5 3-10 .3910.08
(C}%)3SiD 20-30 C6H14 5 10-20 0-10 .89+0.03
20-30 C3H6 5 20 0-10 .03:0.04
(CZHS)BSiH 5-10 c—CGH12 5 10 0-10 L20+£0.12
5 c-Cglyg 5 20 0-10 .6210.03
6 (CH3)3SiH 6 10 0-10 31+03.09
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Table 7/contd.

((_2115) 281H2

(CH3) 251}{2

CH331H3

(CH3 ) 231}1(,‘1

C}1351HC].2

(C2H5)4Si

(CH3)4Si

(CHB)BSlF

(CH3)281F

20

10

10-20

10-20

10-20

10--20

5-10

30-40

50

30

10

10

10

1—C4H8

c—C6H10

(C2H5)3Siﬂ

C3te

(613)351H

IquH8

(CH3 )38111

i-C,H
rl—CE.)EI1 4

c-C H1

2

n-C_H

1-CaHyg

(CH3)351F

10

10

2-5

10
10

30

20-30

20-30

30

20-30

10

10

20

40

20

10-15

20

20

10

20

20

0-20

19

0-5

0-20

0-20

10

6-5

820,
.6610,

.0820.

.56+0,

L1240,

L0410,

L93+0,

.8610.

.2620.

L2180,

L2900,

860,

1720,

L4420,

L9310,

130,

.36+0.

11

06

02

07

04

06

22

60

09

03

01

04

02

02
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Table 8 lists the reactant concentrations (ppm)
and slope, k13/k14, for various,

Substrate / Reference Compound / H / NO [/ N,

202
Si was obtained in both zero
013

mixtures. Data for (CH3)4

N., and artificial air, where 1 ppm = 2.40 x 1

2

molecule cm_3 at 296 k and 735-torr total pressure.

Reactant concentrations and slope, k]3/k14, for the reaction of OH radicals

with substituted silanes at roon temperature and atmospheric pressure.

Substrate Reference H202 NO k1 3
Concentration Concentration Concentration Concentration k1 4
{ppm} (ppm}) {ppm) (prm)
(C2H5)251H2 10 C_C6H‘IO 5 15 0 0.82+0.08
SlHCl3 10-30 rt—CGEI.“l 5 15 0 0.20:0.0
(013)451 8-10 1—041{10 4-5 15 0-10 0.40+0.01




Figures 14 - 18 show Lhe data plotted in the form of

equabtion VI.

(8]
(3]



FIGURE 14

Plots in the form of equation VI from which k13/k14 was

obtained

OH + (CH3)4_n81Hn - (CH3)4_n81H + H,0
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FIGURE 15

Plots in the form of equabtion VI from which k

obtained

OH + (CH SiH  --> (CHy), SiB . + H,0

3)4—n
showing isotope effects.

13/k14

was

;™ —_—
- H

/[ Subst

substrate Jte

<

In( [




FIGURE 16

Plots in the form
obtained

OH + (CyHg),  SiH

.5

of equation VI from which k13/k14

+ H,O
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FIGURE 17

Plots in the form of eguation V1 from which k.]3/k14 was

obtained

OH + R3_n81XnH —=> R3_n81xn + H20
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FIGURE 18

Plots in the form of equation VI from which k13/k14 was
obtained

OH + R SiX CH., --> R
-n n_ 3

SiX CH., + H.,O
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2.3b Chlorine Atom Reaclions:

Chlorine altoms were generated by the photolysis of
C12 in zero N2 or artifical air at wavelengths 350-450 nm

Cl2 + hv -—-> 2 C1 (15)
Chlorine atoms generated via reaction (15) react with
the substrate and reference compounds in an analogous
manner to hydroxyl radical reactions, ie.

Cl + substrale --» producls {(16)

Cl + reference compound --> products (17)
Reactions were carried oubt at room temperature (298 + 2
K) and atmospheric pressure (730-750 torr}. Assuming
that the loss of substrale and reference compounds occur
solely via reaction with chlorine atoms,

[substrate]O k16 [reference compound]O

1n = —— 1In (VI1)

[substrate]t k17 [reference compound ]

A leasl-squares plobt of ln{[substrate]o/{substrate]t}

t

against In{|[reference compound]o/[reference Compound]t}
gave a stright line of zero intercept and slope k16/k17'

Figures 19-23.

Table 9 lisks the Cl reference rate constants used

in this work.
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Table 9

Cl reference rate constants used in this work.

k in cm3 molecule—1 8—1 ab 298 K ang 1 atm.

Reference k17 14 1011
compound
C,H, 6.17%
i-C H 13.7 P
n—C6l-114 30.3 b
c-CeHy 5 31.1 P
(cny), 1.0 P
CHCH 5.8 P
(CH4) jcCl 1.54°
(CH4) 4SiH 22.6 ©
(CHy) 4SiF 1.53P
a, Atkinson et al.61
21

I, Atkinson et al.

¢, This work

Table 10 lists the reactant concentrations (ppm)
and slope, k16/k17’ for the various,
Substralte / Reference Compound / Cl / N, (Air), mixtures,
where 1 ppm = 2.40 x 1013 molecules cm_3 at 296 K and

735-torr total pressure.
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TARLE 10
Reactant cancentrations and slope, k16/k17, for the reaction of Cl atans

with substituted silanes at room temperature and atmospheric pressure.

Substrate Reference cl Diluent k16
Concentration Concentration Concentration Gas ﬂ:;
{pumn) (ppm) (ppm)
Sill4 30-50 n-CBHM 5 20 Alr 1.18£0.44
30-50 i—C4H]0 3-5 20-50 Air 2.92+0.37
SiD4 30-50 iﬁC4H10 1 10 N2 3.05x0.16
30--50 (CII3)351'H 15 10 N2 1.78
(CH3)351H 5-50 i—C4H10 5-10 10-20 N2 1.66+0.05
5-10 5-10 10 Air 1.67:0.06
(CH3)3SiD 20-30 i—C4H1O 5 10 N2 1.72+0.08
(C2H5)381H 5-20 c—(,‘6H12 5-20 10-20 N2 1.51x0.07
5 5 10 Air 1.28:0.02
(CZHS)ZSiH2 10 n406”14 5 10 N2 1.33:0.04
5-10 10 5-10 Air 1.39:0.02
' _ H +0.
C2H581H3 20-30 (CH3)4C 10 10 Air 4,67+0.12
20-30 5 10 N? 4.6710.36
(CH3)281H2 30-40 nfcs}i14 10-20 10-20 N2 1.0920.03
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Table 10/contd.

CH,S5iH

(CH3)ZSiHCl

CII}SlHCl2
SiHCl

(C2H5)451

(G{3)4Si

(CH3)BSiF

(CH3)2SiF

10-20

10-20

20

20

30-50

15-40

10

10

10

10

i-CH

c—C6H12

CGHSCH3

26

ldeH.IO

(CH3)381F

10

10

tn

10

10

10
20

20

20

20

20

10

10

20

Arr

Air

Adx

Al

5920,

L7140,

13

08

+0.05

610,

L27+0,

L2420,

090,

L3110,

.05

02

.03

05

.13

.04

3

02

02
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Figures 19 - 23 show the data plotted in the form of

egquation VII.



FIGURE 19

Plots in the form of equation VII from which k

obtained
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FIGURE 20

Plots in the form of equaltion VII from which k16/k17 was

obtained
Cl + (CH3), SiH  --> (CHj}, SiH _, + HCIL
showing isotope effects.
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FIGURE 21

Plots in the form of equation VII from which k16/k17 Was

obtained

Cl + (C,H), SiH_ - > (C,Hg),  SiH 4 + HCL

1.0




FIGURE 22

Plots in the form of equation VII from which k

obtained
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FIGURE 23

Plots in the form of equation VII from which k16/k17 was

obtained
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B: The Absolute Rale Melhod

Pulse radiclysis may be defined as irradiation by
a short pulse of ionizing radiation, combined wilh some
kind of transienbt detection method.62 Electron beam
pulses are preferred over x-rays because o©of tLhe
relatively high energy loss of electrons per unit of

length traversed in condensed matter.63

The dose rates employed in pulse radiolysis are
high, and this can lead toc the building up of high
concentrations of radical species, thus giving rise Lo
radical-radical reactions. The advantage of using a
pulse forming network discharge accelerator, Febetron
705B, is that 1t has a pulse duration of 30 ns, the
primary effect being the formation of secondary
electrons, positive ions and excited atoms or molecules.
Other species are formed on a longer timescale and hence
do not interfere with the kinetics.64 The Febetron 705B,
used in a normal experimental situation produces free
radicals in concentrations of about 6 x 10‘I4 molecules
cm_B, sufficient for detection by a kinetic absorption
System.62 Other advantages o©of the Febetron are a
homogenous energy disposition and radical production

throughout the gas sample, small temperature changes (1-
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o 62

2 “C), and lack of errors due to wall effects.

2.3c Hydroxyl Radical Reactions:

Hydroxyl radicals were generated by excited Ar
atoms, Ar*, formed initially by a single pulse (30 ns
duration) of 2 MeV eleclrons from a Febetron 705B field
emission accelerator, which irradiated mixtures of 15
torr HZO and Ar to 760 torr; OH being produced through
the reaction

Ar* + HZO ~-—-> OH + I 1+ Ar (18)
Formation of OH is extremely rapid relative Lo the
time scale of the OH decay. In Lhe absence of added
compounds in the system, the decay of OH is governed by
the reactions

OH + OH + M —-> H202 + M (19)

H+ OH + M --> HZO + M (20)
where M is a third body, here Ar and H20. The OH decay
is described to a good approximation by the differential
equation

~aloH] /At = 2k, glOHI*[M] + k, [ORI[H][M] (VIIT)

On introducion of a substrate compound, S,

OH + substrate --> products (13)

~d[oHl/dt = k19[OH]2[M] + l<20[01{][H][M] + ]{13[OH}[S] (IX)

at sufficiently large concentrations of subslralte, 5,

12



such that

kigls) »> 2k19[OH][M] ¥ kzo[H][M] (X)
then,
~-d[oH]/dL = l, ;[OH][S] (XT)
= k'y508]
where
k'13 = k13[S] {XII)

A plot of the logarithm of the absorbance versus time
allows a clear distinction belween first- and second-
order kinetics. Such a plot is linear in the pseudo-
first-order approximation. Plolling slopes of Lhese log

plots, Kk verses [S] gives a near linear plobk wikth

1

137
32 .

slope equal to k13, Figures 24-26.

Table 11 lists Lhe reactant pressure ranges (torr)
and the slope, k13, for bthe various

Substrate / H.,O / Ar, mixtures, where

2
Concentration {(mol dﬁa) = Pressure (torr)/760xRT
R = 8.2057 x 10—2 dm3 albm mol ! K"1
T = 298 K

73



TARLE 11

Reactant concentraticns and rate constant, k13,

for the reaction of CH radicals with substituted

silanes at room temperature and abtmospheric pressure.

The Lype and volume of the mixing chamber is included.

Substrate Concentration Mixing Volume k13 X 1012
range (torr) chamber (an3) (r::m3mualecn,ll(f1 5_1)
(C2H5)3SiH 0.05 - 0.095 Teflon bag 60,000 39.8 8.5
(CH3)3SiH 0.025- 0.28 Teflon bag 60,000 37.2 5.6
(C2H5)4Si 0.10 - 1.00 Reaction Cell 1,000 7.92+0.54
(CH3)4Si 1.00 -10.00 Reaction Cell 1,000 1.12+0.18
(CH3)3SiF 0.56 - 3.75 Teflon bag 60,000 0.35+0.05
(CH3)2SiF2 1.58 - 3.10 ‘Teflon bag 60,000 0.09+£0.04
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FIGURE 24

Plot of k'13 versus substralte concentration from which

K13
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FLGURE 25

Plot of k'

13 versus substrate

k13 was obtained for

OH + (C2H5)351H
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FLGURE 26

Plot of k'13 versus substrate concentration from which

ki3

OH
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2.4 DISCUSSTION
-
Previous studieszJ have shown that the pre-
exponental factors for hydrogen atom abstraction from
aliphaltic hydrocarbons by atomic and radical species

vary only slightly with the tLtype o©of H-atom being

abstracted, ie. 10, 20, 30, with A facktors for
. » . o -11x0.5 3
abstraction falling wilthin the range 10 cm
_ T - =
molcule ! s ] for atomic species, 10 13+0.5 cm3
— — _ F [»4
molecule ! s ! for diatomic radicals and 10 14205 Cm3
molecule—1 5—1 for abstraction by polyatomic radicals.

Similarly it has been shown25 that the a faclors flFor H-
atom abstraction from silicon compounds also lie within
these relativly narrow ranges. LIk is therefore not
unreasonable to suppose that the A factors for OH
radical and Cl atom induced H-atom abstraction reactions
from silicon compounds play only a minor role in
determining relative reacltivities. Hence, varialtions in
reaction wrates arise mainly from differences in the
activation energies, which, it may be assumed are
largely determined by two factors, (i) the overall
enthalpy change for the reaction and (ii) polar effects
in the transition stale between the attacking radical

and the substrate.

Rate constant data are reported in this work,
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Table 12, for Lhe reaction of OH radicals with silane,
deuterosilane and a series of methyl and ethyl
substituted silanes. Boeoth relative and absolute rate
constant data are reported for tetramethyl- and
tetraethylsilane and for trimethyl- and triethylsilane.
The quoted error limits for the rate data obtained from
the relative rate measurements do not include any
contribution from errors in the reference rate
constants. Typically this would add aboult 20% to the

gquoted errors.

79



Table 12

OH (Cl) + (CHg), SiH  ——> (CHy), SiH , + H,0
OH (CL) + (C,Hg),  SiH - --> (CoHg),  SiH ., + 11,0
Substrate  k 1014 1007 p(si-n)
uns d OHX {Clx 1
SiH, 15.6£2.1%  40.9+4.7%  377.89
12.4+1.9%  41.7+4.8°
9.2:2.0F
siD, 4.5¢2.6%  41.6+2.02
CH,SiH, 33.8+2.7%  138.0:0.5% 374.9P
(CH,),SiH, 40.911.9%  33.1:0.8% 374 .10
(CH,) 4SiH 36.4%1.2%  22.6+0.5%  377.8%
37.245. 60
40.0+20 9
(CH,);8iD  26.6%1 9%  23.5:1.8%
51.2+3.2°

(C2115)51H3
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Table 12/contd.

(C, ) ,SiH, 44.8+1.4%  40.1:1.2%
(C,H),SiH 41.6+3.92  45.6+2.9%
39.8+8.5°

(CHy) ,Si 1. 05+0.082 13.7+0.8%  415.1
1.12+0.18°

(C,He) 51 8.24:1.17% 39.3+1.6°
7.92:0.54P

. 3 -1 -1
k in cm™ molecule s at 298+2K

D{(Si-H) in kJ molm‘l
Error limilts are twice the standard deviation of the slope.
a, This work; relative rate

b, This work; pulse radiolysis, kinetic spectroscopy

c, Atkinson et al.43 g, Doncaster et al.28
d, Hoffmever et al.48 h, Walsh27

e, Niki et al.45 i, Doncaster et al.31
f, Schyler et al.47 j, Doncaster et al.33

Both the relative and absolubte rate constant data

reported in this work for OH radical reactions agree
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within experimental error. Such agreement gives
confidence to the results obtained as both techniques
differ greatly. The relative rate data measurements
assume thalt substrate and reference compounds are
removed only via OH radical reactions, whereas, in the
pulse radiolysis experiments it is assumed that the only
loss process for OH radicals is via reaction with the
substrate. In addition, the rate constant data
determined in this work are in good agreement with those

43, 48 The room temperature

reported in the literature.
relative ralte constant for the reaction of OH SiH4
measured in this work is in good agreement with that
reported by Atkinson et al.43 using a flash photolysis
technique. Hoffmeyer et al.48 using a discharge flow
technique, estimated the room temperature rate constant

for the reaction of OH + (CH SiH from experiments

3)3
primarily designed to study the reaction of O(3P) with

({CH SiH. The estimated value of Lthe rate constant is

3)3
consistent with values obtained in this work using both
relative and absolute rate techniques. The rate
constants for methyl, dimethyl and trimethyl substituted

silanes are similar and about twice that for silane,

Table 12,

Three possible reaction pathways may be considered

for Lhe reaction of OH radicals with silane and Lthe

82



methyl substituted silanes. Direct hydrogen atom
abstraction may involve either a hydrogen atom bonded to
silicon

NgioH ¢+ OH --> 28i + H.O (13a)

- - 2
or a hydrogen atom from a methyl group

SSiCH, + OH --> 28iCH, + H,0 (13b)
It is also possible that, due to the accessibility of
the silicon 34 orbiltals, the reaction of OH radicals
with the silanes can occur via the formation of an
addition complex. Subseqguent decomposition of the
complex would give the same reaction producls as
proposed for Lthe direct abstraction of a hydrogen atom
directly bonded Lo silicon, reaction (13a),
OH

SSi-H + OH £ 3Si-H --> 38i + H,0 (13c)
|
Tetramethylsilane is comparatively unreactive to the
silanes containing an Si-H bond. Hence hydrogen atom
abstraction from a methyl group, reaction (13b}, cannot
be an important reaction channel for the reaction of OH
S5iH. Thus

radicals with CH351H3, 3)2 3)3

the increase in reactivity of the methylated silanes

(CH SiH2 and {CH

relative to SiH4 cannot be due to hydrogen abstraction

from the methyl group.
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A possible explanabtion for the reactivity trend is
that formation of the addition complex is the dominant
channel at least for the methylsilanes. However, it is
difficult to justify such an argument on a number of
grounds. Firstly, the rate constant for OH + Sil-I4 shows
no dependence on the reaction pressure. Atkinson's43
room temperature rate constant for OH -+ Si}-i4 was
measured from 25-50 Lorr and is in excellent agreement
with the corresponding ralbte constankt reported in this
work at 760 torr. The ralte constant measured al low
pressure might be expecled to be lower since
decomposition of the addition adduct back to reactants
would become more likely at lower pressures., Secondly,
rate constants for the OH + SiH4 and OH + (CH3)3SiH
reactions show significant isotope effects on
deuteration. The kinetic iscotope ratio for kSiH4 and
kSiD4 may be calculated using a simple model which
assumes that, on passing from reactants to aclivated
complex, the zero-point energy associated with the
stretching frequency of the bond being attacked is
losl:,44 ie,

kH/kD = exp( & zpe)} /RT (XTTT)
where Azpe is the difference in zero-point energies of
the Si-H and Si-D bonds. The =zero poinlt energy

difference calculated for a single Si-H stretching

vibration is 2.6 kJ mol_1 ( v (8i-H) = 2190 cm“1 and
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J(8i-D) = 1589 cm_1), which from equation (XTII), gives
kH/kD = 4.3 at 298 K. This is close to the experimental
ralktio of kH/kD = 3.5 at 298 K, Table 12, indicaling that
the addition pathway cannot be the major reaction
channel for the OH + SiH4 reaction. An isotope effect is
also observed for the reaction of OH with
trimethylsilane, kH/kD = 1.4 at 298 K, Table 12.
Although this is somewhat below the calculated value of
3.5 at 298 K wusing a =zero point energy difference
estimated for a single Si-H stretching vibration of 3.1
kg mol” ! (¥ (Si-H) = 2105 em™ ! and 3 (8i-D) = 1555
cm_1), it may reflect an early transition stalte for the

SiD isotope effecls

reaction. Both the SiD4 and (CH

3)3
are relatively strong, implying Lhal energies associated
with the bending and stretching vibrations of the 5i-H
bond undergo significant change in going from reactants
to the transition state. Thus, it may be inferred that
the Si-H bond is being broken in the rate-controlling
step of the reaction. Finally addition Lo substituted
silanes must be less favoured on steric grounds. Hence
the available evidence suggests that abstraction of a
hydrogen atom bonded to silicon, reaction {13a), is the

major reaction channel for the reaction of OH radicals

with the methylsilanes.

The Si-H bond dissociation energies in the
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silanes are almost equal,27 and presuming that the
reaction involves a simple hydrogen atom abslraction
process, reaction (13a), one would expect the rate
constant for the reaction of OH + SiH4 to be higher than

that for OH + (CH SiH on a statistical basis alone.

3)3
Indeed one might expect to see a steady increase in the
reactivity for these reactions in the order - (CH3)3SiH

< {CH SiH, < (CH3)3SiH < SiH which was not observed

3)2 2 3 47

experimentally.

The possibility of the alkyl group effecting the
rate of abstraction of hydrogen atoms directly bonded to
silicon was examined. Rate constant data for a series of
methyl and ethyl substituted silanes were determined,
Table 12, and the values of the rate constants are
reported per Si-H bond in Table 13. The reaction of OH
radicals with (C2H5)4Si is significantly more facile
than the corrosponding reaction with (CH3)4Si. Hence,
the contribution to the measured rate constant of H-atom
abstraction from the ethyl group in the ethylsilanes is
non-negligible. In order to estimate the rate constant
for hydrogen abstraction per Si-H bond in these

compounds the contribution from H-atom abstraction from

the C2H5 groups, based on the rate constant for OH +
(CZHS)Si’ was substracted from the measured rate
constant.,
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Table 13

Rate consltants per Si-H bond

OH Ko(3p) Xe1 ‘cr3 Km Keus

<1072 x10"3 x10"" x10"® x10"3 x10"7

Substrate k

Sill, 3.99 1.2€ 10.22 0.63% 6.43"" 5.0°
3.1¢  0.59 q0.af 1.44"
2.39
$iD,, 112 0.29 10.4% 0.2 ¢ o0.51" 1.3%
CH,SiH, 11 .32 1152 3.83" 3.8
2.717
(CHy),SiH,  20.5° 13,12 2. 00 2.9¢
4.36"
(CH,) 4SiH 36 42 26.0° 12.4% 2.95% 3,720 2 4%
37. 20 7.59%
40.0°%
(CH,) 581D 26.6% 13.3%
C,H Sily 13.8% 3.33"%
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Table 13/contd.

(C,H),SiH, 20.39 10,29 8.30"

(C,Hg)Sin 35.29 16.12 13.50°"
33.5b

k in em® molecule | s | at 298:2K except for kg,

and kCFB which are at 400K

a, 'This work; relalbive rate

b, This work; pulse radiolysis, kinetic spectroscopy

c, Atkinson et al.43

d, Hoffmeyer et al.46

e, Arthur et al.44

£, Niki et al.?

g, Schyler et al.47

h, Cowfer et al.65

i, Austin et al.66

The data in Table 13 indicates that the rate
constants per S$i-H bond for H atom abstraction by OH
radicals from the silanes increases with increasing
methyl or ethyl substitution. This can be explained by

the inductive effecl of the methyl or ethyl group
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increasing the electron density on the abstracted H
atom, resulting in an increased polar attraction in the
transition state for the reaction of the electrophilic
OH radical with methyl or ethyl silanes,
HO® Ot si% (cn,) 0.

3'3
It is apparent from the data that the inductive effect
of methyl and ethyl groups are approximately equal. The
rate constants per Si-H bond are plotted against the
numbers of substitutenlt alkyl groups in the silane in
Figure 27. The dala show ralther convincingly that the

rate constant Ffor abstraction increases almost linearly

with the number of alkyl groups present, Figure 27.
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FIGURE 27

Plot of k.. X 1012 (cm3 molecule T sFl) per Si-H bond

versus the number of substituent alkyl groups for a

series of methyl and ethyl substituted silanes.
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The reactions of electrophilic chlorine atoms with
the silanes are expeckted to show similar trends to those
for the analogous hydroxyl radical reactions. The value
reported in this work for the reaction, Cl + SiH4, Table
12, is in good agreement wilh that previously reported
by Niki et al.45 who sighted evidence, based on the
stoichiometry of the reaction, for a direct H-atom
abstraction mechanism. ‘The rate constant data presented
in this work, Table 12, show a consbtant decrease down
the series from SiH4 to (CH3)3SiH. However, when the
relatively large conlribution of H-atom abstraction Lrom
the methyl group, based on the value for Cl + (CH3)4Si,
is subtracted and Lthe rate constants recalculated per
Si-H, it becomes apparent that the reaction rate
constants per Si-H bond are approximately equal, Table
13. Similarly, the rate of H-atom abstraction from the
ethylsilanes by ¢l atoms is about equal to that in the
methylsilanes, Table 13. The reactions do, however, as
pointed out by Niki et al.49 approach a collision rate
with virtually zero activation energy. The lack of any
isotope effect is thus explained by a very slight
weakening of the Si-H bond being sufficient to bring the
silane bto the transition state. In such a case any

increase in the rate constant due to a polar effect is

likely to be negligible.
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The enhanced rate constant, observed for CH
radical atom abstraction of H-atoms from methyl
substituted silanes should also prevail with CF3
radicals and O(3P) atoms since both species are also
electrophilic. Results previously reported by Arthur et

44 46

al and Hoffmeyer el al. do indeed show this trend,

with a SiH4:(CH SiH rate constant ratio of at least

3)3
1:20 at 298 K for O(BP) aloms and 1:5 al 400 K flor CF3
radical reactions, Table 13. The smaller ratio for the
corresponding OH radical reaclions of 1:9 need not
imply a lesser effect to O(BP), as the reactions are
significantly faster. Hydroxyl radicals are less
selective and any enhancement would therefore appear
less pronounced. Reaction with H-atoms would not be
expected to show a polar effect since the H-atom cannot
be described as being electrophilic or nuclecphilic.

65’66about

There is some disagreement in the literature
the rates of H-alom abstraction from the silanes by H-
atoms, however, Lthere is no obvious trend in the rate
constants per Si-H bond which show 1little variation
when compared with the anaolgous O(BP) atom reactions,
Table 13. Nuclecophilic CH3 radicals should effect the
rate constant in the opposite direction to electrophilic
atoms or radicals. Again, evidence of this effect is

obtained from the rate constant data for the reaction of

CH3 radicals with a series of substituted silanes,
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Table 13. where the rate constant ratio of

81H4:(CH3)381H is 1:0.48.

The importance of polar effeclts in these reactions
was further investigated by measuring the rate constants
for H-atom abstraction by 0H radicals and Cl atoms from
a series of halogen substituted silanes. The strongly
electron withdrawing halogens are expecled Lo cause an
inductive effect in the opposite direction to that of
the alkyl groups, thus inhibiting the abstraction
process. Substilution of wmethyl in (CH3)3SiH by chlorine
atoms reduces lLhe electron density on the hydrogen atom
which is absgtracted. Thus, LlLhere is an increase in the
polar repulsion between the electrophilic hydroxyl
radical and the substratle

HOO - Ot 5i%* 1.9

and as a conseguence chlorination leads Lo an increase

in the activation energy for abstraction.

The data presented in this work, Table 14, shows a
continuous decrease in the rate constant per Si-H as the
methyl groups on silicon are successively replaced by
Ccl atoms. The data for OH radical reactions show a
decrease in Lthe rate constant with the rate constant
ratio for (CH3)BSiH ¢ 8iCl.H being of the order of 15

3
1. Enthalpy effeclts may be considered to play only a
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minor role in the relative reaction rates since the Si-H
bond strengths are similar throughout the series,
DI(CH,) ,Si-H] = 377.8 kJ mol™ ! and DICL,Si-H]} = 382.0 kJ
mol_1.27 Thus it may be inferred that the major factor
contributing to the activation energies 1is a polar
effect.

Table 14

Rate constants for H atom abstraction from methyl- and

chloro- substituted silanes.

Substrate kOH kCl kCF3 kCCl3 kCHS
x1012 x101! <1070 x10"" x10"7
() SiH  36.4¢1.2% 22.6:0.5% 3.0° 6.6°  2.4°
37.245.6° 1.79
40.0+20 ©
(CH, ) ,SiCIH 15.941.4% 12,541.32 1.9%
CH,S1CL M 5.240.2% 8.3t0.2° 1.05 10.78
SiCLH 2.4+0.3% 2.7:0.2% 0.44% 0.66° 49.0°
2.9:0,39 0,660
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Table 14/contd.

Error limits are bwice the standard deviation of the slope.
k in Cm3 molecule_1 s;u1 at 298 + 2 K for a-d
k in cm3 molecule_1 571 al 400 K for e-h

a, This work; relative rate

b, This work; pulse radiolysis, kinetic spectroscopy

c, Hoffmeyer et al.48
d, Niki et al.49
e, Arthur et a1.44
f, Rice et al.37
g, Baruch et al.67
68

h, Ormson et al.

It can be seen from Figure 28 and Table 15 that
substitution of Sin by methyl-groups or halogen-atoms
leads to opposing polar effects when reacted with OH
radicals.

Table 15

OH + R4—nSlHn —=> ngnS:LHn_1 + H20

Substrate k x10'2 k x10'" D(Si-H)

SiH, 3.9 377.8°
(CH4) 451k 36.4% 377.8°

sicl.H 2. 48 2.7 382,09

3
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Table 15/contd.

k in cm3 molecule"‘l 8"1 at 298x2K and 1 atm.
D(Si-H) in kJ nol ™

Error limits are twice the standard deviation
of the slope.

a, This work; relative rate

b, Doncaster et ai.28

¢, boncaster et a1.33

d, walsh et al.>?

Similar effects have also bheen observed f[or the
electrophilic CF3 radical while an analogous but
opposite effecl 1is evident for methyl radicals, Table
14. Bell and Zucker69 have suggested that the inductive
effect of chlorine atoms bonded to silicon is offset to
a certain extent by dn¢-pn electron transfer in the Si-
Cl bond. Gowenlock and Thoma370 proposed that this back-
coordination reaches a maxium when three chlorine atoms
are attached to silicon. On this basis, the inductive
effect may well be about ULhe same for mono-, di- and
trichloro substitution 1leading Lo a similar electron

density on the hydrogen atom and thus a fairly constant

polar effeckt.
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Plots in the form of egualion VI for

FIGURE 28
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Similar polar effects are suggested for the
corresponding reactions of Cl1 atoms with the chloro-
substituted silanes, Table 14. The Cl atoms attached to
silicon reduce the electron density on the H-atom which
is abstracted, increasing the polar repulsion between
the electrophilic Cl1 atom and the substrate thereby
increasing the activation energy for abstraction.

c1® O s19%c1.%”

Electron withdrawing substitutents attached to
silicon also effect the rate of H-atom abstraction from
alkyl groups. Rate constant data for OH radical
reactions with mono- and difluoro substituted
methylsilanes are reported in Table 16. In contrast to
the effect of halogen substitution of a methyl group on

the Si-H rate constant, the effect of halogen

substitution on the }SiCHz—H rate constant was examined.
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Table 16

Rate data for H atom abstraction from fluoro- subslituted

methylsilanes.

Substrate kOH kCl kCF3 kCCl3
x1012 x10H x1016 x1019

(CH,) 51 1.05:0.08%  13.65+0.80% 1.4° 5. 54
1.12:0.18°

(CHy) 4SiF 0.28+0.03° 1.5320.60% 0.28°
0.35%0,05°

(CH3) ,SiF, <0.102 <0.47° 0.05° 0.709
0.0940.04°

k in cm’ molecule ' s7 at 29842 K, except for CFy

at 400 K and CCl., at 250 K.

3

Error limits are twice the standard deviation of the slope

a, This work; relative rate

b, This work; pulse radiolysis,

¢, Arthur et al.44

d, Rice et al.37
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The data reported in Table 16 shows that
replacement of a methyl group in (CH3)4Si by a F atom
changes the rate constant significantly for reaction
with a variety of radical species. This may be explained
by the inductive effect of the F atom decreasing the
electron density on the methyl-hydrogen atoms and
therefore increasing the polar repulsion in the
transition state. The effect is enhanced by substitution
by a second F atom. Similar effects have been observed

for the electrophilic CF, and CCl3 radicals.

The corresponding Cl atom reactions with these
substrates show similar effects, Table 16. Substitution
of a methyl group by a F atom results in a large
decrease in the rate of reaction, which is further
decreased by substitution of a second F atom. The value
reported for (CHB)ZSiF2 is, however, an upper limit as
experimental difficulties prevented a more accurate

measurement from being obtained.
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REACTION OF HYDROXYL RADICALS AND CHLORINE A'T1'OMS

WITH TETRAALKYL COMPOUNDS OF GROUP IV ELEMENTS

3.1 INTRODUCTION

Organclead compounds have been added to gasoline
to prevenl pre-ignition or "knocking'" since 1923 when
tetraethyllead was first added to gasoline in the United
States. Within a couple of vyears 1its use had been
briefly suspended due to several deaths occuring in the
production and handling of (C2H5)4Pb. From 1960,
mixtures of (CH3)4Pb and (C2H5)4Pb were marketed, with

(CH Pb soon gaining a greater share of the market as a

3)4
lead additive to gasoline.71 By 1977, 3.4 x 'IO4 tons of
lead compounds were being used as gasocline addilives in
the western world.72 The effective concentration of
(C2H5)4Pb added to prevent knock is normally 1-3g/gal of
fuel.72 Environmental concern has lead to a decrease in
overall lead consumption in recent years, particularly
in Europe, Japan, the US and USSR where lead free petrol

is encouraged. However, its usage in some other

, \ . . 7
countries is still extensive.

As the body burden of organolead compounds in
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urban populations is thought to be primarily caused by
the uptake of R4Pb from the air, sources of air
pollution are of particular interest.71 Much of the R4Pb
in wurban air, 7000 tons,71 still comes from lead
additives to gasoline. About 75% of alkyllead additive
in fuel is emitted from Lhe exaust as a complex mixture
of inorganic lead salts, about 1% is emitted unchanged
in the exaust, while perhaps another 1% comes from

evaporation and spillage.72

For over a decade the use of organolead compounds
has given rvise to concern. Traces of organolead
compounds found in human brain tissue, particularly in
inner city areas, has led Lo legislalion Lo reduce or
eliminate organolead additives to gasoline. Organolead
compounds are readily absorbed through the regspiratory
and gastrointestinal tracts and through the skin. They
are metabolized into Ltrialkyllead compounds which are
responsible for the toxic effects. These include
insomnia, anorexia, nausea, tremor, restlessness,
cramps, deli num and coma.71 The brain being the organ
most sensitive to intoxication, means that children with

a developing nervous system are particularly at risk.

The main atmospheric removal pathway for

tetraalkyllead compounds appear to be the reaction with
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the OH radical. Removal by photolysis or by reaction

62,74

with O and O(3P) are less important The

3

estimation of atmospheric lifetimes based on the
reaction with OH radicals and the fate of the products

of such reactions therefore becomes important.

To-date, two room temperature studies of the

reackion of OH radicals with (CH3)4Pb have been

74,75

reported. Harrison et al.;’4 using a relative method

determined a rate constant for k{(OH + (CH3)4Pb) of (9.4

+ 1.7) x 10_12 cm3 molecule_1 s” ). Nielsen et al.75

using a pulsed radiolysis technique measured a value of

(6.3 + 1.3) x 10g12 cm3 molecule_1 5_1 for this

reaction. Although lthese values are in reasonably good
agreemenkt, the same papers veport widely differing

values for the analogous reactions of OH radicals with

(C2H5)4Pb, Harrison el al.74 reporting a value of (83.1

£ 12.0) x 10 % cm® molecule ' s !, while Nielsen et
al.75 determined a value of (11.6 % 1.7} x 10_12 cm3
molecule_1 5_1. Harrison et el.72 subsequently re-

determined their value, placing it on an absolute basis

based on the previous (CH3)4Pb values reported.74’75

Their new value of (30.5 = 3.0) x 10"12 cm3 molecule_1

s~1, does little to resolve the discrepancy.

74,75

Published OH radical rate constant data for
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(CH3)4Pb show it to be considerably more reactive Lhan
its carbon analogue, neo-pentane, which has a well-
defined room temperature rate constant with OH radicals
of 0.85 x 10712 cm’ molecule | s '.% Mo value for the
analogous reaction of OH radicals with (CZH5)4C has been
reported. An estimate of the room temperature rate

constant for Lthis reacltion of about 5 x 10_12 Cm3

moleculef1 5_1, can be derived from Atkinson's2

recommended "group rate constants' for OH radical altack
on organic compounds. Clearly, the reported values of
the rate constant for the reaction of OH with (C2H5)4Pb

also demonstrate an enhanced reactivity over its carbon

analogue.

The increase in reactivily for the reaction of

tetraalkyllead compounds with Cl atoms over their carbon

analogues is also evident. Kikuchi et al.76 have

determined a room temperature rate constant for the

reaction of €1 atoms with (CH3)4Pb of (16.0 +* 3.5) x

1071 cm® molecule_1 s, They later83 recalculated

‘heir data and obtained a value of (41.0  5.0) x 107"

cm3 molecule_1 Sﬁ1. The analogous reaction of Cl atoms
with neo-pentane has a rate constant of (11.0 £ 0.3) x
1010 ca? molecule ' sV Y0 Kikuchi et a1l.’® aid not
give a value for the reaction of €l atoms wikth

(C2H5)4Pb. However, Lthey noled that the rate appears to
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be faster than that forxr Cl atoms with (CH3)4Pb. The
authors have shown that about 18% of the Cl atoms react
3)4Pb to give CH3Cl, and assumed thalt the

remainder of the reaction involves H atom abstraction.

with (CH

Their study of Cl1 atom reactions with (C2H5)4Pb has
shown a yield of C2H5Cl of approximately 7 * 2%, with
almost 90% of Lthe reaction presumably being H-atom
abstraction. The authors did not discuss a possible
mechanism, however, Lhe absence of an effect on the
CH3C1 yield with added 02 clearly shows that CH3Cl is

not formed via the reaction

CH3 + C12 -=> CH3Cl + Cl. (21)

since O2 would rapidly scavenge CH3 radicals.24

The aim of this work was Lo delermine room
temperature rate constants for the reacltions of OH
radicals and Cl1 atoms with tetraalkyl compounds of Group
IV elements. It was hoped that the results would resclve
the discrepancy in the reported rale constants for the
reactions of OH radicals with (C2H5)4Pb. Also, it was
hoped that the data delermined in this work would, by
establishing reactivity trends, provide an explanation
for the enhanced reactivity of the telraalkyllead

compounds over Lheir carbon analogues.
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3.2 EXPERIMENTAL

3.2a Materials:

The materials used and their suppliers are lisled below.

3,3-Diethylpentane (>99%), tetraethylsilane (99%),
tetramethylsilane (99.9%), telraethylgermanium (>98%)
tetramethylgermanium (99.5%), tetraelhyltin (97%),
tetramethyltin (99%}, n-heptane (99%), n-nonane (99%) were

all obtained from Lhe Aldrich Chemical Company Ltd.

Neo-pentane (>99%) ,n-butane (99%), i-butane (>99%),

sodium nitrite (96%), sulphuric acid (98%), melthanol

(99%), nitric oxide (99.6%), hydrogen peroxide (60% w/v),

chlorine (99.9%) were all obtained from BDH Chemicals Ltd.

n-Hexane (>99.96%) was obtained from Fluka AG.

Propene (99%) was obtained from Messer Griesheim GmbH .

c-Hexane (99.95%) was obtained from May and Baker Ltd.

Artificial air (HP grade), zero nitrogen (OFN grade), gas
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chromatography gases; air, hydrogen and nitrogen were

obtained from BOC Ltd.

Argon (99.9%) was obtained from AGA Denmark.

Water was triply distilled.

Tetraethyllead and tetramethyllead were gifls from

Risg National Laboratory, Denmark.

all investigated materials were degassed and trap to

trap distilled, discarding the upper and lower fracltions

and retaining the middle fifth before use.

3.2b Preparation of materials.

The preparalion of materials is described in

section 2.2b.
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A: The Relative Rate Study

3.2¢c Apparatus:

The apparatus used is described in section 2.2c.

3.24 Procedure:

The procedure is described in section 2.2d.

3.2e Analysis:

The analylical method used was gas chromaloyraphy
and has been described in secltion 2.2e. Tables 17 and
18 list the analytical conditions used for the reaction
of OH radicals wikth tetramethyl compounds and tetraethyl
compounds of Group IV elements respectively. Tables 19
and 20 1list the analytical conditions used in the

corresponding Cl1 alom reactions.
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TARLE 17

analytical conditions for OH radical reactions with tetramethyl compounds of Group v
elements.
Subskrate Reference Colum Type  Support Mesh Length Oven Flow
Size and 0.D. Tenperabure Rate
(“c) (cm3 min ')
(CH3)4C n-CH Poropak Q 80/100 4'x1/8" 100 30
((31-[3)451 14C4H10 20% DC200 Chramosorb-WHP  80/100  12'x1/8" 40 10
n-CeHyy 15% Squalane Chronosorb-P 80/100 6'x1/8" 40 10
(CZ!-IB)qu i-C4Hqg 20% DC200 Chramsorb-wHP  80/100  6'x1/4" 40 35
(CH3) 450 (CH,) ,C 20% DC200 Chramosorb-WHP  80/100  4'x1/8" 25 15
(('H3)qu n-C()H]4 20% DC200 Chranosorb WHP - 80/100  4'x1/8" 60 30
c-Cehyy 20% DC200 Chramosorb-WHP 807100 4'x1/8" 60 30
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TABLE 18

Analylical conditions for the reaction of OH radicals with tetraelthyl canpourds

of Group IV elements.

Substrate Reference Colum Support Mesh Length  Oven Flow
Type Size and 0.D. Temperature Rake
°c) (an® min~ )

(C2H5)4C c-CeHy 20% DC200 Chramcsorb-vitiP 80/100 2'x1/4" 35 25
(CHo} 81 c-Cely o 20% DC200 Chromosorb-wWHP 80/100 4'x1/8" 95 20
(CZHS)qu C_C6H12 20% DC200 Chromoscrb-WHP 807160 4'%1/8" 40 35
n—C.j,H16 20% DC200 Chromosorb-wWHP 80/100 4'x1/8" 40 35
n-CgH,,, 20% DC200 Chromosorb-wHP 807100 4'x1/8" 40 35
(Cz}ls)48n (:—CE.H12 20% DC200 Chromosorb-WiP 80/100 4'x1/8" 100 35
(C2H5)4Pb n-CoH, 20% DC200 Chremosorb-WHP 806/100 2'x1/8" 110 35
CyHg Poropac ¢ 80/100 2'x1/8" 60 40




TABRLE 19

Analytical conditions for the reaction of Cl atoms with tetramethyl canpouxds of

Group IV elements.

Substrate Reference Colum Type Support Mesh  Length  Gven Flow
Size and 0.D. Tewmperature Rate
{“c) (c:m3 min

(CH4) ,C i-C,H,,  Poropac Q 80/100 4'x1/8" 60 30
((‘H3)dSi i"C4H10 20% DC200 Chramsorb-WilP 80/100 4'x1/8" 40 5
n-CcH, 4 15% Squalane Chranosorb-P  80/100 6'x1/8" 30 15
() Ge i-CyH,,  20% DC200 Chramosorb-WHP 80/100 6'x1/4" 40 35
((}!3)4Sn (CHy) 4 C 20% DC200 Chromosorb-WHP 80/100 4'x1/8" 25 15
(CH3)48i 20% DC200 Chramosorb-WHP 807100 4'x1/8" 25 15
(CH,) ,Pb c-CeHy 20% DC200 Chromosorb-WHP B0O/100 4'x1/8" 60 30




TABLE 20

Analytical conditions for the reaction of Cl1 atans with tetraethyl campounds of

Group IV elements.

Substrate Reference Colum Support Mesh Length  Oven Flow
Type Size and 0.D. Temperature Rate
(“c) (cm3

(Cz“s)qc c-CeHy 203 DC200 Chramosorb-WHP 807100 2'x1/4" 35 25
n-CcH,, 20% DC200 Chronosorb-WHP 80/100 2'x1/8" 35 25
(CZHSJQSi c-CgH 5 20% DC200 Chramosorb-WHP 80/100 4'x1/8" 90 20
(C2H5)4Ge nACGHM 20% DC200 Chrornosorb-wWHP 80/100 2'x1/8" 55 35
(C2H5)45n c—C6H12 20% DC200 Chromosorb-WHP 807100 4'x1/8" 100 35
(C2E15)4Ge 20% DC200 Chranosorb-wHP 80/100 4'x1/8" 100 35
(CZHS)qu c-CgHy 20% 0200 Chramosorb-wHP 80/100 2'x1/8" 110 35
11~C7H16 30% DC200 Chromosorb-WHP 80/100 2'x1/8" 110 35




B. The Absolute Rate Study

3.2f Apparatus:

The apparatus used is described in section 2.2f.

3.2g Procedure:

The procedure used is described in section 2.2g.

3.2h Analysis:

The analysis of the reactions is described in

section 2.,2h.



3.3 RESULTS

A: The Relative Rate Method

3.3a Hydroxyl Radical Reactions:

The

detail in

The

this work

reactions of OH radicals

section 2.3.

OH radical reference rate constants used

are listed in

Table 27.

are

discussed

in

in



Table 21

OH reference rate constants used in this work.

k in cm3 moleculeu1 5—1 at 298K and 1 atm.

Reference k14 e 1012
compound

n—C4H1O 2.539
1-C,H,, 2.37°
n-CeH, 4 5.58%
c-CgHy 7.38%
n—C7H16 7.2 2
n-CgH,q 10.0 @
(CH) 0.85%
CyH 26.3 °
(CHj) 81 1.05"

a, Atkinson4 b, This work

Table 22 1lists the reactant concentrations (ppm) and
slope, k13/k14 for the reaction of OH radicals with
tetramethyl compounds of Group IV elements, where 1 ppm
= 2.40 x 1013 molecule cnf3 at 296 K and 735-ltorr total

pressure.



Table 22

Reactant Concentraticns and slope, k13/k14, for the reaction of OH radicals with

tetramethyl compounds of Group IV elements at rocm temperature and atmospheric pressure,

Substrate Reference (}13(1\() NO k1 3
Concentration Concentration Concentraticn Concentration k1 4
{ppm) {ppom) {pgn) {prm)
(CH3)4C 5-10 n~(34H10 5-13 20-40 0-10 0.33:0.04
(CH3)48)'. 5-10 J'.—CtlH10 5 20 0-5 (0.4420.04
7-10 n—CE’H14 5 20 0-5 0.17:0.MNM
(C'H3)4(;e 5-7 i—(24H10 3-5 20 0-10 0.54+0.04
(013)4Sn 5-10 (CH3)4C 3-5 20 0-10 2.02+0.03
10 (013)481 10 20 10 1.74:0.04
(CH3)4Pb 5 n—C6H1 4 3 15 0-10 0.71+0,05
5-10 cﬁCGH12 3 15 0-10 0.5120.05




FIGURE 29

Plots in Lthe form of equation VI from which

k13/k14 was oblained.

OH + (CH3)4M --> Products
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Table 23 lists the reactant concentrations (ppm)

and slope, k }

13/

2.40 x 1013 molecule cm

pressure.

Table 23

‘14

tetraethyl compounds of Group IV elements, where

for the reaction of OH radicals with

1 ppm =

at 296 K and 735-torr total

Reactant Concentrations and slope, k13/kld' for the reactiaon of OH radicals with

tetraethyl campounds of Group IV elements at room temperature and atmospheric pressure.

Substrate Reference (}13@13 NO k 13
Concentration Concentration Concentration Concentration k1 4
(ppm) {pEm) {pam) {prm)
(C2}15)4C 5-15 cﬁCE’H12 5-15 10-20 0-20 0.64+0.04
(C2H5)4Si 5-10 c—<36[-i12 5-10 10-15 0-5 1.15#0.16
(C2H5)4Ge 6-10 c:-C6H12 5 10-15 06-5 2,120,112
5 n—(:.J,H16 10 15 0-10 2.3320.0
5 rngH20 10 15 0-10 1.53
(C2H5 ) 4Sn 5 c—CGH1 2 3-10 10-15 0-10 3.81:0.20
(C2H5)4Pb 4 n—C9H20 5-10 10-15 0-10 5.28:1.4
4 C3H6 10 10 0-10 2.52+0.04




FIGURE 30
Plots in the form of egualtion VI from

which k was obtained.
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3.3b Chlorine Atom Reactions:

The reactions of Cl atoms are described in detail

in seclbion 2.3.

The €1 atom reference rake constants used

work are listed in Table 24.

Table 24
Cl reference rate constants used in this work.

k in cm3 moleculem1 s;I ak 296K and 1 alm.

Reference I, x 10

Compound

n—C4Hy 19,7
i-C4Hy g 13.7°
n-CgH, , 30.3%
c-CcHy,, 31.1°
CgH CH, 34.1°
(CH4) ,C 11.0%
(Clg),Si 13.77
(CH, ) ,Ge 53.3P
21

a, Atkinson et al.

b, This work
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Table 25 lists the reactant concentrations (ppm) and
slope, k16/k17 for the reaction of Cl atoms with

tetramethyl compounds of Group IV elements.

Table 25
Reactant Concentrations and slope, k16/k17' for the reaction of Cl atans with

tetramethyl compourds of Group IV elements at rcom temperature and atmospheric pressure.

Substrate Reference Cl Diluent k16
Concentration Concenkration Concentralion Gas k]7
(ppm} {ppn) {ppm)

(CH3)4C 5-10 nmc‘,lH10 5-10 10 N2 0.5120.08
5 10 10 Alr 0.5240.02

(CH3)451 10 i—C4H10 5 10 N2 1.01£0,13
10 5 10 Air 0.9810.04

(CH3)4Ge 5-10 i—C4H10 5-10 10 N2 1.40+0,10

(CH3)4Sn 5-35 (CH3)4C 6-35 10-20 N, 2.0310.07
4 (CH3)45i 4 5 Air ¥.53+0.10
10 n—CGH]4 10 10 AT 0.670,01

(C}%)4Pb 5 c—CGH12 3 5-10 N2 0.95:0.0
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FIGURE 31
Plolts in the form of eqguation VII from
which k16/k17 was obtained.
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Table 26 lists the reactant concentrations (ppm}) and
slope, k16/k17 for Lthe reaction of Cl atoms with

tetraethyl compounds of Group IV elements.

Table 26
Reactant Concentrations and slope, k, 6/k‘|7' for the reaction of Cl atoms with

tetraethyl conpounds of Group IV elements at room temperature and almospheric pressure.

Substrate Reference Cl Diluent k1 6
Concentration Concentraticn Concentration Gas k”
(p@n) {ppm) {ppm)

(C2H5)4C 6 e 3 10 Air 0.92+0.09
10-15 n-CBH14 5-10 10-20 N2 0.98£0.10

(C2H5)4Si 5-10 c-CgHy 5 5-10 7-10 N, 1.27:0.05

(C2"5)4Ge 6 11—(26HM 5-10 7-10 N2 1.72+0.08
5 5 7 Alr 1.82+0,10

(C2H5)45n 5 c—C6H12 5-10 5-10 N, 2.03+0.05
5 3 10 Air 1.93+0.05
5 (C2H5)4Ge 5 10 Air 1.21£0.01

(C2H5)4Pb q nACﬁH12 3-10 10 N2 2.53:0.31
4 nfC_j,H16 10 10 N2 2.69:0.72
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FIGURE 32

Plots in the form of equation VI from
which k16/k17 was obtained.

Cl + (C2H5)4M --> Products
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B: The Absolute Rate Method

Table 27 lists the reactant pressure ranges {Lorr),
and the rate constant, k13, for the various, Substrate /

H,O / Ar, mixtures.

2

TABLE 27

Reactant pressures (torr) and rate constant, k13, for the
reaction of OH radiclals with tetraalkyl cownpounds of
Group IV elements at room temperature and atmospheric

pressure. The type and volume of the mixing chamber is

included.
Substrate Pressure Mixing Volune k13 X 1012
range {(torr) chamber (cm3) (Cm3 molecmle_1 5_1)

(CH3)4C 1.0 - 3.52 Reaction cell 1,000 0.79+0.10

(CH3)4Si 1.00 -10.0 Reaction Cell 1,000 1.12+£0.18

(CH3)4Ge 0.25 - 3.0 Reaction cell 1,000 1.3620.17

(C2H5)4Si 0.10 - 1.00 Reaction Cell 1.000 7.92+0.54

(C2H5)4Ge 0.022- 0.125 Glass bulb 60 15.0 2.1

(C2H5)4Sn 0.008- 0.020 Glass bulb 60 40.8 8.1

(C2H5)4Pb 0.006- 0.015 Glass bulb 60 66.6 +24.,1
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FIGURE 33
Plot of k
which k13
OH + (CH3

versus
13

substrate concentration from
was obtained for
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IFIGURE 34

Plot of k13' versus substrate concentration from
which k13 was obltained for
OH + (C2H5)4M —~—->» Products
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3.4 DISCUSSION

Generally good agreement was obtained between the
room temperature rate constant data determined from both
the relative technique and the absolute technique, Table
28. However, the measured rate constant for the reaction
of OH radicals with (C2H5)4Sn obtained by the pulse
radiolysis technique was about 30% higher than that
obtained using the relative rate technique. It is not
clear as to the reason for this relatively large
difference, however, it is felt that the most likely
explanation is that some reactive impurity was present
in the sample of (C2H5)4Sn employed. The presence of
such an impurity would not affect the results from the
relative rate experiments but would provide a high value
for the determined rate constant in the pulse radiolysis

study.
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Table 28

OH + (CH,) ,M --> Products

374
OH + (C2H5)4M -->» Products

Substrate k 1012 v 9 D(M-C)

oH * YCH
(CH3) ,C 0.84+0.112 2934 343,50
0.79+0.10" 351,51
0.85° 367.07
(CHy) i 1.05+0.082 2939 386.6"
1.12+0.18P 374.1°
316.37
(CH,) ,Ge 1.22+0.08% 2954 250.60
1.360.17° 347.3%
(CHy) ,Sn 1.52+0.03% 2960 201 . 3"
297,11
226.07
(CHy) ,Pb 4.10+0.22% 2978 137,70
9.4 +1.7 © 238.5%
6.3 1.3 & 157.77
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Table 28/contd.

(C,Hg) ,C 4.69+ 0.282 343, 1"
5.11+ 0.75° 330.6%
5.07°

(C,H.),Si  8.42¢ 1.17° 259 . 40
7.92+ 0,54

(C,H.),Ge 15.9 + 0.7 ° 237. 20

15.0 ¢+ 2.1 P
(CoHg) ,Sn 28,1 ¢ 3.1 a 19330
40.8 + 8.1 P 263.6"
(C,H ) ,Pb 65.1 + 3.6 ° 128.9M
66.6 +24.1 ° 230.1%
83.1 +12.0 ©
1.6 + 1.7 &
30.5 + 3.0 °

k in cm3 molecule;I su1 at 298+2K

. } =1 — . -1
D(M-C) in kJ mol ¢ Vey In cm

Errors are lwice Lthe standard deviation of the slope
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Table 28/contd.

a, This work; relaltive rate

b. This work; pulse radiolysis, kinetic speckroscopy
c, Atkinson4

d, Estimate20

e, Harrison et al.74
. . 75

£, Nielsen et al.

g, McKean et al.77

h, Lappert et a]_.’8

i, McMillen et al.’?

3, Steel80

k, Hewitt et al.72

The room temperature rale constant delermined in
this work for the reaction of OH radicals with

(CH3)4Pb is slightly lower, though in reasonable

agreement, with that measured by Harrison et al.’4 and

5 Table 28. The value reported by

by HNielsen et al.7
Nielsen et al. is an absolute measurement, determined by
pulse radiolysis, whereas Lhe value given by Harrison et
al. was determimed from a relative study under smog-
chamber-like conditions. Although reaction with ozone is
a possibility in a smog-chamber study, it is unlikely to
effect the result to any great extent since Lhe (03+

74,81

({CH Pb) reaction is relatively slow. However,

3)4

reaction of the substrate with an additional reaclive
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species in the smog-chamber can lead to erronously high
results, hence one is drawn in favour of the lower
estimate. The wvalues vreported in this work for the
reaction of OH radicals with (CH3)4C are in good
agreement with the wvalue recommended by Atkinson,20
Table 28. The first kinelic data on H-atom abstraction
from 3,3-diethylpentane (tetraethylcarbon), is reported
in this work. The room Ltemperalture rate constant
oblained for the OH radical reaction agrees well with a
value calculalted using Atkinson'520 recommended '"'group
rate constants" for Ol radical attack on organic

compounds .

The room temperature rate constanb data available

72,74,75  ¢0r the reaction of OH

in the lilterature
radicals wilkh (C2H5)4Pb are in considerable

disagreement, Table 28. The first reported value was a

smog chamber study by Harrison et al.74 who found
(C2H5)4Pb to be nine times more reactive towards OH
radicals than (CH3)4Pb. This resull was contested by

5

Nielsen el al.7 using a pulse radiolysis technigque, who

found a corresponding variance in reactivity of less
than a factor of two. Later, Harrison etk al.72
remeasured bLtheir wvalue of the rate constant for the

OH radical reaction with (C2H5)4Pb, again using a

relative rate technique and a complex mixture of
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reactants. Although they obtained a lower estimate for
the rate constant, there is still a considerable
discrepancy belween Lheir value and that of Nielsen et
al. The rate constant obtained in this work using kthe
relative rate method supports an answer considerably
higher than that of Nielsen et al. and is in reasonable
agreement with that first reported by Harrison et al.
Table 28. The possibility of ozone influencing the
reaction to any significant extent is unlikely as its
reacltion with (C2H5}4Pb is known Lo be relatively

Slow.74’8I

The presence of NO in the reaction mixture
used in the present study would also have inhibited
czone formation.16 Other reactive species could of

course still be responsible for the high rate constant,

but it seemed logical to re-examine the absolute rate

5

data originally reported by Nielsen et al.7

Initial room temperature experiments using the pulse
radiolysis technique of Nielsen et al., performed during
the course of this study, reproduced their original
value for the reaction of OH radicals with (C2H5)4Pb of

\ N 3 : -1 -1 } .
ca. 12 x 10 cm molecule s . However, Lhe
possibility of some wall loss due to the "sticky' nature
of (C2H5)4Pb exiskts and since Lkhe Lechique requires an

absolute concentration of substrate to be known, any

such wall loss would thus lead to a lower rate constant
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being calculated. Careful pre-mixing of the lead

Table 29

Cl + (CH M ——> Products

3)4
Cl o+ (CZH5)4M ——> Products

11 e

Substrate kCl x10 ;CH D(M-C)
(CHy) 4,C 10.0+ 0.3% 2934 343.5°
11.0+ ©.3° 351.59

367 . 0"

(CHy) ,8i  13.7¢ 0.8% 2939 286.6"
374,19

316.30

(CHy),Ge  15.4% 1.12 2954 250.6°
347 .39

(Chy),Sn 21.6% 1.0% 2960 201.3%
297.19

22600

(CH3) ,Pb 29.6% 0.3% 2978 137.7°
16.0+ 3.5° 238,59
41.0: 5.09 157. 70

134



Table 29/contd.

(C,H ) ,C  30.4+ 2.8% 343.1F
330.69

(C,H.),Si 39.3: 1.6 259.4F
(C,H.),Ge 53.3t 2.4° 237.2f
(C,Hg),Sn 6114 1.29 193 3f
263.69

(C Hg) 4 PD 80.5+10.3% 128.9fF
100% 230.19

Kk in cmj moleCUle_1 sﬁ1 at 298+2 K

, -1 . -1
D{(M-C) in kJ mol ; VCH in cm

Errors are twice Lhe standard deviabion of the slope

a, This work; relabkive rate

I, Atkinson et al.21

¢, Kikuchi et al.76

d, Iyer et al.82

e, McKean et al.77

f, Lappert et al.78

g, McMillen et al.79

h, SteelS?
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substrate in a vessel where wall loss could be minimized
would alleviate Lthe problem. Such experimenls were
performed using the mebthod described in section 3.2,
and the results reported, Table 28, indicated the low

5 .
to be in error.

answer of Nielsen et al.7

The corresponding reactions of Cl atoms have also
been investigated, Table 29. There is good agreement
between the room temperature value for k (Cl + (CH3)4C)
obltained in this work and that reported by Atkinson et
271

al This value also agrees with that calculalted using

the 'group rate'" data reported by Atkinson et al.21 for
Cl atom attack on organic compounds. Similary, Lhe data
reported for Lhe reacltion of ¢l atoms with (C2H5)4C is
in good agreement with the value calculated from "group

rate" data recommended by Atkinson et al.21

There is, however some discrepancy belween Lhe
rate data determined in this work for the reaction of Cl

atoms with {CH Pb and that reported by Kikuchi et

76,83

3)4

al The original estimate of Lhe rate constant was

determined relative to the rate constant for the

reaction of €l atoms with C2H4. The value of the rate

constant was later re-evalualted based on a more recent
83

estimate for k(Cl + C2H4) , Table 29. However, kthis

could still lead Lo error as the reaction of Cl atoms
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wilth C2H4 has been shown Lo be pressure dependent.83

Kikuchi et al.76 also showed that the overall reactivity

of (CZH Pb towards €l atoms was aboult eight Ltimes

5)4

that of (CH )4Pb, thus, an approximate room temperalure

3
rate constant for the reaction of <ClL atoms with

(C2H5)4Pb is about 1x10_10 cm3 moleculeﬂ'I 5—1. This is
in reasonable agreement with the corresponding room

temperature rate constant obtained in this work.

A number of possible mechanisms may be postulated
for the reaction of OH radicals or Cl atoms with the
tetraalkyl compounds of Group IV elements. AL first
sight the most likely primary step would appear Lo be
abstraction of a hydrogen altom from the alkyl group by
the OH radical or Cl atom, ie.

oH (Cl) + (CH3)3CCH3 -=> (CH3)3CCH + HZO (HC1) {(13a)(16a)

2

2H5)3CCH2CH3 -—> (C2H5)3CCHCH3

Good agreement between the rate constant data reported

OH (Cl) + (C + HZO (HCL) (13a)(16a)

in this work for the reaction of OH radicals and Cl
¢ and those calculated

using Atkinsons "group rate" data20’21, Tables 28 and

atoms with (CH3)4C and (C2H5)4
29, suggest the above primary steps to be correct at
least for the carbon compounds. The difference in rate
constants between (CH3)4C and (C2H5)4C is likely to be
due to bthe presence of secondary hydrogen atoms in

(C ¢. Abstraction of a secondary hydrogen atom 1is

o)y
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more rapid than of a primary hydrogen atom.20’21

Similar C-H stretching frequenciesBo for all the
tetramethyl compounds of Group IV elements, suggest
similar <C-H bond dissociation energies, in these
compounds. This implies that the observed increase in
the values of the rate constants going from neo-pentane
to tetramethyllead is unlikely Lo be due Lo differences
in the rate of H atom abstraction. In this work Lhe data
reported for OH radical and Cl atom reactions with both
the tetramethyl and Lhe tetraethyl compounds show a
increase in rveactivibty in the order, C ¢ 5i < Ge < 5n <
Pb, Tables 27,28. Similarly nuclear magnetic resonance
data obltained in Lhis work for (CH3)4Ge, (CH3)4Sn,
(C2H5)4C, (C2H5)4Si, (C2H5)4Ge, (C2H5)4Sn and (C2H5)4Pb
relative to (CH3)4Si show no significant difference in
the chemical shifts of the CH3 groups or of the C2H5
groups. This suggests that the electron density on the
C—-H bonds varies little down the group and hence is

unlikely to contribute significantly to the increase in

rate consltants down the group.

an additional reaction channel might provide an
explanation for the increase in the observed Cl atom
rate constants going from tetraalkylcarbon to

tetraalkyllead. Kikuchi et al.76 observed CHBCl and
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C2H5Cl in the reactions of Cl atoms with (CH3)4Pb and
(C2H5)4Pb respectively which they proposed to come From
a bimolecular substitulion reaction. However, they did
not discuss a specific reaction mechanism. A weakening

77,78,79 Tables 28,29,

of the M-C bond down the series,
indicates that a reaction palthway involving attack at
the M-C bond could be of increasing importance in going

from carbon to lead. A number of reaction channels are

possible,
Ccl o+ (CH3)4Pb -=> (CH3)3PbCH2 + HC1 (16a)
Cl + (CH3)4Pb —=> (CH3)3Pb + CH3C1 {16b)
(1)
Cl -=> (CH3)3PbCl + CH3
I
~—> SPb- (16c)
| (ii)
- (CH3)3Pb + CH3C1

Route (16a) involves direct bimolecular abstraction of

CH by the Cl atom whereas zroute (16c) involves

3
formation of an addition complex followed by eilbher (i)
loss of a CH3 radical or (ii) elimination of CHBCl.
Kikuchi et al.76 found that approximately 18 * 2% of the
Cl atoms reacted with (CH3)4Pb to form CH3C1. They
assumed that the remainder of the Cl atoms form HCl by

H-atom abstraclion in reaction (16a). Similarly, they

observed about 7 + 2% of the €l atoms reacted with
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(CZH5)4Pb to form C?HSCl, the remainder again forming

HCl1l by H-atom abstraction.

The resulls determined in this work confirm the
observaltions of Kikuchi et al. The yield of CH3Cl from
the reaction of Cl atoms with (CH3)4Pb was about 25% of

Lhe (CH Pb consumed, Figure 35. An estimate for C2H5C1

3)4
formed from the corresponding reaction of Cl1 altoms wilh
(C2H5)4Pb was below 10% of the (C2H5)4Pb consumed. No
effect on the yield of CH3C1 was observed when O2 was
added Lo the system. This clearly shows that CH3C1 is
not formed via the reaclion
CH3 + Cl2 -=> CH3C1 (21)
24

since 02 would very rapidly scavenge CH3 radicals.

Thus reaction (16ci) cannot be important.

83

Kikuchi el al. have also shown that

(CH Sn reacts with IF atoms to form CHBF, with a yield

3)4
of approximately 8%. In this work a CH3C1 vield of about
2% from Lhe reacltion of €l atoms with (CH3)4Sn was
observed. ‘This, of course cannolt accounlt for the
enhanced reactivity of (CH3)4Sn relative Lo (CH3)4C.
Methyl chloride was not detected in the reactions of Cl
atoms with (CH3)4Ge, (CH3)481 and (CH3)4C. Similarly,
C.H_.Cl was nol detected in the reaction of Cl atoms with

275
(C2H5)4Sn. Secondary reactions of CH3C1 and CZHSCl with
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Cl atoms are unlikely under present experimental
conditions as the reactions of Cl atoms with CH3C1 and

C2H5Cl are relatively slow compared to the reacticon of

84,85

Cl atoms with the tetraalkyl compounds. The room

temperature rate constants for reaction of Cl atoms with

0—13 3

CHBCl and C.,H_.Cl are (5.10 =+ 0.14) x 1 cm

275

molecule_1 5“1 and 8.3 x 10_12 cm3 molecule—1 5"1,

respechtively.
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FIGURE 35

Concentration versus time

CH3Cl formation
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Evidence for an alternative reaction channel to H-
atom abstraction exists at least for the reaction of Cl

)

5 4Pb. However, the

relatively low yields of CH3C1 and C2H5Cl indicate that

alkyl chloride production cannot provide the explanation

atoms with (CH3)4Pb and (C2H

for the large increase in reactivity down Lthe group.
The corresponding reaction of OH radicals with (CH3)4Pb
and (C2H5)4Pb might be expected to produce CH3OH and
C2H50H respectively, if Lhe Pb-C bond was being broken
in the reaction. No such products have been detected for
these reactions, or in the reaclions of any of the other
tetraalkyl compounds studied in this work. However, an
addition pathway may still be possible and may correlate
with increasing d-character down the group. In addition
to a direct hydrogen atom abstraction reaction (13a), an
addition complex may form, reaction (13b), which

subsequently decomposes to give the same reaction

products as in the direct H-atom abstraction process,

ie.
OH + (CH3)3PbCH3 —_——— (CH3)3PbCH2 + HZO (13a)
—— > (CH3)3—Tb—TH2 ——— (CH3)3PbCH2 + HZO (13b)
OH H

Additional experiments would have to be carried

out to demonstrate the likelihood or otherwise of such a
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reaction pathway. Pressure studies and the effect of
isotopic substitution would help in the elucidation of

such a reaction channel.

It is evident from both the reactions of OH
radicals and ¢l atoms with tetraalkyl compounds of Group
IV elements reported in this work that a correlation
exists between the rate constant for the reaction and
the bond strength of the M-C bond, although there are
inconsistencies in the bond strength data

78,79,80 The most recent bond strength data for

reported.
tetramethyl compounds is reported by Steele,80 and a
plot of the OH and Cl1 rate constants obtained in this
work against the corresponding M-C bond dissociation

energies D(M-C) shows a direct correlation in the order

Pb > 8n » Si » C, Figures 36, 37.

The size of the central metal atom and the rate
constant for reaction of OH radicals and Cl atoms with
the tetraalkyl compounds of Group IV elements appears
also to be related. Both properties decrease in the
order C ¢ Si ¢ Ge ¢ Sn < Pb. This may provide an
explanation, at least in part, for the reactivity trends
in these reacltions. It is suggested that the methyl or
ethyl groups on the smaller central atoms restrict the

approach of the alttacking radical due to a higher degree
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of crowding. f"Thus the increase in reactivity, with
respect to the addition channel, in going from carbon
to lead may be a consequence of decreasing steric
hinderance, together with increasing availability of d

orbitals down the group.
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FIGURE 36
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FIGURE 37

80 . 3
Plot of loglokcl versus D(M-C). k in cm
molecule T s_l, D{(M-C) in kJ mol ™,
2.0 -
[ o
\\\\\\\\“\ )
U
O
- N
— ™~
o
2 1.0
+
0.5
0.0 T I
1C0.0 2000 300.0
D(C—)

147

4000



TARLE 30

Arrhenius parameters for the reactions of CH3, 0)3 and CF3

with a series of tetraalkyl campounds of Group IV elements.

Substrate CH,® ca3b CF3b
10 B kxi0'® ax10'? B ka0’ axioPE Kkx101 7
(@) ,C 331 s0.2 9.2 16.6  35.1 4.3
(CHy),S5i 66.1  45.9 11.2 16,6 45.1 20.9  13.2  30.5 13.6
(CHj)Ge 10.5 401 8.0 4.2 42.2 12.7 8.3  30.9 7.5
47.2 11.7 8.3 30.5 8.6

(CH3)45n 2.1 36.0 5.3 26.3

(CH3)4Pb 0.3 30.9 3.0

A in an molecule_1 s_1. E in kJ mol—1.

a, Chaudhry et al.87

b, Bell et al.co

Kk in cams molecule | s”! at 400 K.

Although trends in the reactivity of the series of

tetramethyl compounds of Group

CD3 and CF3 radicals

IV elements towards CH3,

have been reporbted
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87,86 6

previously, Table 30, the results of Bell et al.8

for CD. and CF. radicals are somewhat at variance with

3 3
those of Chaudhry and Gowenlock87 for CH4 radicals. The

rate constants for both thege studies were determined
using a competitive method in which the rate of hydrogen

atom abstraction

R + (CH M --> RH + (CH MCH (22)

304 3)3MCH,
was measured relative to that of the corresponding
radical recombination
2R --> R {23)
87

2

Chaudhry et al. found an increase in reactivity for
abstraction by nucleophilic CH, radicals in the order 5i
> Ge > Sn > Pb. The large variation in the per-
exponential factors for the reactions indicates that the

mechanisms are more complex than originally assumed.

Azomethane was used as the radical source in these

6

studies, however, subsequent work by Bell et al.8 have

shown that data obtained from the photolysis of
hexadeuterocazomethane in the presence of the higher
members of the Group IV alkyls did not give the simple
kKinetic order expected for a H-atom abstraction
process, despite the observation of linear Arrhenius
plots. They suggested the presence of some additional
complicating molecular reaction which occurs at a
sufficiently fast rate to interfere with the kinetic

analysis applied to the formation of methane. Thus, the
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available evidence suggests the kinetic data reported
for reaction of CH3 radicals with the tetramethyl
compounds of higher members of Group IV are in error.
Bell et al.86 studied the analogous reacltions with CD3
and CF3 radicals using the corresponding ketones as the
radical sources. The A factors were all in the range
expected for hydrogen atom abstraction processes and Lthe
differences in reactivity of the methyl alkyls towards
abstraction by both CD3 and CF3 radicals showed liltle
variation along the series for each radical. Such
differences as exist showed a reactivity sequence Si >
Sn > Ge > ¢ which follows the Allred Rochow
electronegativity value588 for the central atoms and
also correlates with the proton chemical shift. No such
relationship was found 1in this work for either the OH
radical or €l atom reactions, suggesting that the
relatively large increase in the rate constants observed
down the group is not a consequence of enhanced H-atom

abstraction but of the involvement of a new reaction

channel.
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