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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












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

121



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

)4M -—->» Products

4’" /
;
N i — 5y ya
® CH O / /
54 ; :
o .
LEES o1 Sl = ,
N _:. ! - /“
. /_. .
Ut f ‘_ il } \::f s
S I
ot // £
ry ;
./ /‘
7 s
/s
;/ ,«"
ay
- /,
_ b y;
V3 ’/" 4
r r <
/S
/ v
g iuES — : /
. ;
i = P
-.\\ .'_ 1
— N /
. - s
¢ £
) o
sos /"
’ P
s e
‘ e
S.0E4 — c : .
P .
& o
i
3 -
td
X 8
; L
> -
. )
| ;
i -
s
S 8
Jind
/ﬁ-'%"\‘).-"'
=
& .
,/\// e
i s
0.6 —L —
! | \ I
2.0 5.0e~5 PLOE— 1.50E—-4 20F—4 2.5
=
- - —
I R JPI e I I B e
PoUDSTTie s s e ules Cm




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
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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

139



(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
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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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