THE REACTIONS OF TRIDEUTEROMETHYL RADICALS
WITH
TETRAMETHYLGERMANE
AND
TETRAMETHYLSTANNANE
by
Peter William Slade

" B.Sc., University of Southampton, 1968

A THESIS SUBMITTED IN PARTIAL FULFILMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
in the Department
of

Chemistry

(::) PETER WILLIAM SIADE 1971
SIMON FRASER UNIVERSITY
April 1971



APPROVAL

Name: Peter William Slade

Degree: Master of Science

Title of Thesis: The Reactions of Trideuteromethyl
Radicals with Tetramethylgermane
and Tetramethylstannane

Examining Committee:

Chairman: Dr. D. Sutton

Dr. T. N. Bell
Senior Supervisor

ZA. z O WL .

Dr., L., K. Peterson

Dr. A. GE\Sherwood

Dr. A. C. Oehlsc%&géer

Date Approved: May 27, 1971

(ii)



Abstract

This thesis describes the reactions resulting from the
interactions of free radicals with substrates containing a
group IV element as the central atom, Previous work has been
surveyed and the author's own work described. The latter
consists of the measurement of the Arrhenius parameters for
the abstraction of hydrogen from tetramethylgermane and
tetramethylstannane with trideuteromethyl radicals. Radical
exchange in these systems has also been studied.

This completes the data on the reactions of both tri-
fluoromethyl and trideuteromethyl radicals with the group
IV tetramethyls.
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with
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and
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1. ‘Entroducgion.

Considerable work has been carried out on the reactions
of free radicals with organic compounds but until recently,
little had been attempted with inorganic substrates. Studies
of the latter are of interest with respect to the relationship
of their reactivity to the general properties of the central
metal atom. For instance, the properties of a molecule may
be altered distinctly if carbon is replaced by other group IV
elements. Consider the following datal: |

Electronegativity Covalent
(a) (b)  Radius (&)
C %He] pg® 2p2 2.55 2,50 0.77
si [Nel 3s2 32p2 1.90 1.74 1.17
Ge [Ar] 34! L4g? L4p® - 2.01 2,02 1.22
Sn [Kr] 44!° 552 5p= 1.96 1.72 1.40
Pb [Xe] 4f!* 53'° 652 6p= 2.3%3 1.55 1.54%
gag = Pauling series : C>Pb>Ge>Sn>Si
b)) = Allred and Rochow series : C>Ge> Si~8n> Pb
%+ = covalent radius of sntt
£ = ionic radius of Pbit

The group IV elements provide a striking example of an
enormous discontinuity in general properties between the first
and second members, carbon and silicon respectively, followed
by a fairly smooth change toward more metallic character in
the elements after silicon. The electronegativities do not
increase monatonically, which has been rationalized in terms
of the filling of the d, and later, f orbitals in the
transition elements and lanthanides respectively, which
affects the nuclear screening of the elements following.

In general, the hydrides of ths remaining group IV
elements, and their derivatives, are considerably more
reactive than the carbon analogues in hydrogen abstraction
reactions.

The silanes have been investigated, (see reference 2 and
appendix 1), and found to show higher reactivity for hydrogen
abstraction compared with the analogous carbon compounds.
This can be related to the respective bond strengths; the
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covalent bcnd strength of 51-H is about 25 kcal. mole”™
than that of C-H. o

The Ge-H and Sn-H covalent bond strengths are similar to
that of Si-H!,

M= C Si Ge 8n
M-H bond stren%th 99 Y5 T4 71
(kcal. mole~1)

Similar higher reactivity is noted for hydrogen abstract-
ion in substituted silanes, (for instance those containing
methyl groups and halogen atoms), compared with the carbon
analogues. This can be attributed to the difference in
electronegativities and to the utilization by silicon of its
d orbitals. The latter aspect can manifest 1tself in two ways:
silicon can increase its co-ordination number to five or six;
ﬁ—bonding may occur between the empty silicon d orbitals and
suitably filled ligand orbitals of the correct symmetry and
spatial orientation®°’%,

A similar influence of d orbitals is also expected with
germanium and tin systems.

‘Recent studies have included those of free radicals,

mainly °‘CHs, °CDs and °CFs, with inorganic substrates, in

>
particular the halosilanes®’®’7, methylhslosilaneg®29210211
and the group IV tetramethylg!®’1821%s15,

The results of hydrogen abstraction from the methyl-
fluorosilanes, (CHs)a_xSiFy where x = 0 - 3, using "CDs°,
and ‘CFs®, radicals demonstrate the differences between the
reactivities of the radicals.

A graph of activation energy for abstraction plotted
against proton chemical shift shows o gentle curve, increasing
from (CH3)4Si to CH3SiFs for both "CDhs and "CFsz radical attack.
Since the F3C-H bond is some 2kcal. mole-! higher in energy
than DsC~H, one might expect parallel curves, separated by a
function of the difference in bond energies.

In fact, the difference between the activation energies

_increases from CHsSiFs to (CHs).Si and this is rationalized

by considering the influence of both the inductive effect of
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the F atom(s) on the C-H bond strength, and the polar effect
which can be repulsive or attractive depending on the inter-
action of the electrophilic °*CFs radical with protonic or
hydridic hydrogen atoms, respectively.

The same graph for hydrogen abstraction from the corres-
ponding methylchlorosilanes by °CFs radicals!®, produces a
different curve., After an initial rise of about 2kcal. mole~!
from (CHs).Si to (CHs)sSiCl, 1little difference in activation
energy is noted between the latter, (CHs)-SiCls, and CHsSiCls.
To account for this similarity it is suggested that pm-dam
C1-Si pack bonding occurs from fiiied Ci p orbitals to the
empty Si d orbitals, which renders the polar effect constant.

In the last year or so, work has been reported on the
abstraction of hydrogen from all the group IV tetramethyls
using *CHg'321'%, CDs'®, and *CFs'22145%® padicals., In particu-
lar, Arrhenius parameters were measured for hydrogen abstraction
from C(CHsz)s, Si(CHs) ., Ge(CH3)4‘and Sn(CHs) 4+ using °CFgs
radicals?®, A plot of log k for abstraction against chemical
shift shows a gentle curve Where log k decreases in the order
S1 > 8n > Ge > C which is the order of increasing electro-
negativity of the group IV element.

After losing a hydrogen atom by abstraction, the tetra-
methyl substrate may combine with a °*CFs radical to produce a
hot molecule®2!7” ywhich can either be stabilized by collision,
or can undergo a B-fluoro rearrangement with subsequent

elimination of an olefin:

. * N .
*CFs + *CHoM(CHz)s — CHsCHoM(CHs)s — CFsCH:-M(CHs)s

™S 0F.CHs, + FM(CHs)a
where M = Si, Ge or Sn, N = third body.
The stabilized molecule may also produce an olefin by

thermolysis:

A
CF3CH2M(CHs)s = CF2CHz + FM(CHs)s
Also, evidence has been found for radical exchange,
(exchange between attacking °*CFs radicals and substrate CHs



groups1®):

*CFs + M(CHz)a4 = [CFs - M(CHz)al] = [CFaM(CHz)s] + °*CHs

It has been noted that the hot molecule rearrangement-
elimination reaction occurs when the central metal atom has
empty d orbitals available for bonding and that the radical
exchange mechanism, which requires a five co-ordinate inter-
mediate, is observed for Si, Ge and Sn, that is, where the
central (group IV) atom can utilize its d orbitals to attain
a co-ordination number greater than four. Investigation of
the reaction of °*CFs and ‘CDs radicals with B(CHs)s, tri-
methylborane?ohas algo yielded evidence for similar exchange
and elimination reections. In this case 1t is assumed that
the empty p orbital is used.

These aspects are considered of sufficient interest to

warrant further work In connexion with this field,
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2. Review of Previous Work.

2.1, Hydrogen Abstraction Reactions from Methylhalosilanes

using ‘CDs and °CFs radicals; references 8, 9, 10, 11.

The Arrhenius parameters have been measured for this process
in the case of the series (CHs).Si, (CHa)sSiX, (CHz)oSiXo,
CH3SiXs where X = F or C1. .

The work was performed with °*CFs and °*CDs radicals for the
methylfluorosilanes and with °*CFs radicals in the case of the
methylchlorosilanes., Hexafluoroacetone (HFA) and hexadeutero-
acetone (HDA) were photolyzed to produce, respectively, °CFgs
and °*CDs radicals. ,

The HFA + methylfluorosilane system was extensively in-
vestigated to check the possibility that the products of rad-
ical reactions were produced from a reaction of excited HFA
molecules and the substrate. A study of the emission spectrum
of HFA showed that the silanes only slightly enhanced the
spectra (an effect similar to that of COs) and gquenching was
noted when oxygen was used. The volatile products of the
photolysis of HFA mixed with silane were CO, CsFs, CFsH and
CF-CH-, the latter three being reduced by addition of oxygen
and wholly suppressed by 16 torr of the same gas; that is,
oxygen acts as a radical scavenger.

The same products were obtained if hexafluoroazomethane
(HFAM) was used as a radical source and since methane products
were not detected from the photolysis of HFA or HFAM alone,
they must come from the HFA + silane system, (Methane is also
produced by abstraction of hydrogen from unphotolyzed HDA
by °CDs radicals,)

2.1.1, Results.

The results obtained for work done on these systems are

as follows:
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"CDs
Log A oy Iog A EA
(kcal mole™?) (kcal mole™?)

(CHs) ,Si 12.0+£0.10  10.79+0.22 11.91+0.09 7.29+0,14
(CH3) aSiF 12.0£0.12 11.53%x0.21  12.43%0.05 9.48+0.09
(CHs) 28iF>  12,0£0.05 12.11x0.12 12,27+0.06  10.53+0.12
CH3SiF3 12,1+0.12  12,56+0.25  11.98+0.04%  11,71+0.09
(CHs)3SiCl 12,25+0,06 9.13+0.09
(CHs ) 2SiCls 11,79+£0.09 9.23+0,18
CH3S5iC1s 11.3120.13 9.35+0.21
2.1.2. Interpretation of Results

The values obtained by Kerr® for the HDA + methylchloro-
silanes showed A factors outside the normal range of 11,5 -
12.5 and were doubted on this ground by other workers. Kerr
re-investigated some other systems which had also shown
abnormal A factors”’!'® and found the subsequent values to be
Although the HDA + methylchlorosilane

systems were not re-investigated, Kerr's values are considered

in the normal range.

suspect and are not included,

Considering the HDA + methylfluorosilane system, a plot
of activation energy v. proton chemical shift indicates that
the reactivity of the silanes 1s decreased as F atoms replace
CHz groups. This can be explained in terms of the inductive
effect of the F atom(s) which reduces the electron density

on the H atom undergoing abstraction, (Hg).

)
o
b Q-
o —0 —
e
=

inductive effect.



..7__

The removal of electron density from Hy strengthens the
C-Ha bond, making the abstraction of the Hg less facile. The
C—Ha bond strength is thus a function of F-substitution as in-
dicated by the bond strength data obtained from the Polanyi

equation which has been tested by Trotman-DickensonZ®Z:

E = 0.5 (Do_y -74.3)

Doon
kcal, mole™?
(CHs) 4S1 96.3  97.0
\CHg)gSiF 97.0
(CH3) 2S1F> 99.0
CH2SiFa - 99.9
(9) (16)

For the HFA + methylfluorosilane systems a plot of
activation energy v. proton chemical shift produces a curve
below the °CDs curve; the differences for each silane increases

as F atoms are replaced by CHs groups.

e "CDs
12k <_—‘_<FL,,_,,.———Eﬁ§%iF3
CHs) 2SiF

2 e P
(CHB)ssiF

™
I

A
(kcal, mole™') Y(CHs) .S1
10

LY
P
e

»] 4 } [
0 0.2 0.4 0.%
)

Proton Chemical Shift (p.p.m.
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A difference in activation energy for hydrogen abstraction
from a particular silane with the different radicals is expect-
ed because of the added inductive effect of the F atoms present
in the °*CFs radical, This is referred to as the polar effect.

One can predict the difference expected on heats of react-
ion differences for a given silane based on the bond energy
differences,

D - D o~
( FsC-H HsC-~-H

Consider the relationship between the bond energies and

106 - 104 ~ 2kcal, mole~?!)

activation energies for hydrogen abstraction from C(CHz).

- -

and Si{CHs)a4 using S
Doom Doom Botens). ~ Esi(cHs).

for C(CHz). for Si(CHs).

N e~ 10 1 .
CDs radicals:

(kcal, mole~?!) (kcal, mole™?!) (kcal, mole-1)
~ 99 -~ 97 12,0 - 10.8 = 1,2 (reference 12
12,0 - 10.4 = 1,6 (reference 16
Thus for a difference in bond energiles of about 2kcal.
mole~!, a difference in activation energies of about 1,5kcal.

mole~?! is observed. Since the difference DFSC—H - DH3C-H is

also about 2kcal. mole-?!, a difference in activation energies
for hydrogen abstraction by °CFs and °CDs radicals of 1,5kcal,
mole~! might be expected for each gilane,

Such a constant difference is not observed, indicating that

additional factors have some influence,

EBopg = Eors

(kcal. mole-1)
(CHS 4Si 505
CHg ) sSiF 0.1
CHs ) 5SiFs 1.6
CH3SiFa 0.8

The variation of this difference for each silane to that
expected from the aspect of bond energies, (1.5kcal. mole~1),

is attributed to the polar effect.
The polar effect arises from the interaction of the
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electrophilic °*CFs radical with methyl hydrogens. If the methyl
hydrogens are hydridic, as in the case of (CHs)4.Si, then the
attractive polar effect is enhanced and the activation energy
for hydrogen abstraction by °*CFs radicals is lower than that
anticipated by bond dissociation energy considerations; thus

the difference Bop, - ECFS is higher,

However, as the methyl groups are replaced by fluorine
atoms, the hydrogen atoms of the remaining methyl groups become
more protonic. In the case of CH3SiFs; the methyl hydrogens
are protonic in nature and it is the repulsive polar effect

-~ - Fad
L

that is enhanced. Thus the acllivatlon enerzy

I
I uiae sane

o
process is higher than anticipated solely from bond dissociation
energy considerations and the difference ECD3 - ECF3 is lower,.

The bond dissociation energy argument is, perhaps, only
semi-quantitative, but it is sufficient to demonstrate the
deviation from parallelism of the curves.

If one considers the °*CFs radical to be electrophilic,
then the polar effect operating to lower the activation energy
for (CHs)4Si, (and (CHs)sSiF), can be introduced into a

Polanyi type equation:

E, O {constant - AH) - &

The fact that AEA is lower than that anticipated on AH
considerations can be explained in terms of Ha becoming more
protonic in nature. For the case of compounds with protonic
hydrogens, EA(CFS) > EA(CDS)' For example: HC1l, HBr, HzS
and HSiCls.

A similar plot for the HFA + methylchlorosilanes shows
that after a 2kcal, mole™! rise in activation energy from
(CHs) 451 to (CHs)3S8iCl there is a mere 200cal. mole ~! difference
between (CHs)sSiCl, (CHs)»SiCl, and CHzSiCls.

The similarities over the latter three methylchlorosilanes
is rationalized by postulating that pT - 47 back-bonding occurs
from the filled Cl p orbitals to the vacant Si d orbitals. This
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effect can curtail the Si - Cl1 inductive effect(s) to such

an extent that a similar overall inductive effect is produced
for the intermediate states of the three methylchlorosilanes.
Thus the negative character of the Ha atom would be invariant
in each case, resulting in a constant polar effect.

However, the chemical shifts for the hydrogen atoms in
the methylchlorosilanes are larger than for the methylfluoro-
silanes which is not in keeping with the postulate of the last
paragraph. Possibly anisotropy plays a larger part in deter-
mining the chemical- shift than electron density. It is worth

noting that the differences between the chemical shifts of
chloro and fluorosilanes is not nearly so marked*223,24
chemical shift chemical shift
(p.p.m) (p.p.m)
SiHg 3.20
SiHsCl 4.59 SiHsF 4,76
SiH-Cl, 5.40 SiH-F» 4,71
SiHCls 6.07 SiHF5 b, 59

furthermore, the fact that chlorine abstraction is not
observed suggests that the Si~Cl bond is a strong one; pT - dm
tions would certainly be a positive factor toward bond
strengthening. Estimates for the Si-Cl bond strength vary*
from 82 to 120 kcal. mole ! which is significantly high.
Throughout these studies Ayscough's value for the rate
of recombination of ‘CFs radicals®! was used, as was Shepp's
value for the similar process involving °CDs radicals!®,
(The latter had been more recently verified by March and

Polanyi®®).

2.2 Hydrogen Abstraction Reactions from Halosllanes
using °CHs and °CFs radicals; references 5, 6, 7.

Kerr, Slater and Young worked on the reactions of °*CHs
radicals with the chlorosilanes (and methylchlorosilanes),

They noted that the reactivity of the silanes was higher com-
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pared with the carbon analogues and they accredited this be-
haviour to high A factors, rather than to low activation
energies®.

However, this work was doubted on the evidence of later
work with these systems® which showed that the A factors were
in the "normal range" of log A = 11.5 - 12.5. Subsequent
work by Kerr, Stephens and Young led to amended results.

2.2.1. Results.

log A EA Reference

(kcal. mole~1)

‘CHs + HSiCls 13 .4 8.5 Kerr, Slater, Young®

‘CFs + HSiClsa 12,13 6.82 Bell, Johnson®

‘CFs + HSlCls 11.77 5.9

"CHs + HSiCls 10.83 3 .30} Kerr, Stephens, Young
2.2.2. Interpretation of Results.

Thus in these systems, the A factors are in, or close to,
the normal range, and the higher reactivity of the silanes,
compared with the carbon analogues, 1s reflected in the lower
activation energies for hydrogen abstraction.

It is noted that the activation energy for the abstraction
of hydrogen from trichlorosilane, HSiCls, is higher for °*CFks
attack, which is the opposite effect to that noted with the
methylhalosilanes,

The hydrogen atoms in the methylhalosilanes are hydridic
in nature and thus more readily abstracted by the electrophilic
‘CFs radical. The hydrogen atom in HSiCls is more easily
affected by the inductive effect of the Cl atoms than are the
methyl hydrogens in fhe methylhalosilanes. Thus the hydrogen
atoms in the halosilanes are probably more protonic in nature.

Therefore, on pure qualitative reasoning one would predict
a higher activation energy for the °‘CFs + HS1iClsz system with

respect to the *CFs + HSiCls case.

7
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2.3, Hydrogen Abstraction Reactions from the Group IV

Tetramethyls using *CHs, °"CDs and °"CF5; Radicals;
references 12, 13, 14, 15, 16,

Arrhenius parameters have been recorded for hydrogen
abstraction from the tetramethyl compounds of the group IV
elements. Some studies have been of four members of the

group:

C(CHz)a4, Si(CHs)4, Ge(CHs)4, Sn(CHs)4, with °CFs radicals,
(Bell and Platt?®),

Si(CHz) 4, Ge(CHs)s, Sn(CHs)a4, Pb(CHsz)4, with °CHs radicals,
(Chaudhry and Gowenlock!®),

Other studies have included a comparison of C(CH3)4 and
Si(CHs)4 using °*CHs and °*CFs radicals, (Morris and Thynnel!*),
and a comparison of Si(CHsz). with four different radicals,
*CFz, °CHs, °*CDs and °CoHs, (Kerr, Stephens and Young!®).

2.5.1. Results.

log A EA log kH
(kcal. mole™?!) (400°K)

*CFs + C(CHs) .* 12.0 £ 0,09 8.37 + 0.09 7.43

+ Si(CHa) . 11.9 + 0.09 7.30 £ 0.1% 7.91

+ GegCH3)4 11.7 + 0.03 7.37 £ 0.03 7.67

+ Sn(CHs) 4 11.7 + 0.08 7.25 + 0,07 T.7h

reference: Bell and Platt !2,
*Bell and Zucker 8.

*CHs + Si(CHz). 12.6 + 0.19 11.0 £+ 0.34 6.59

+ Ge(CHz) . 11.8 + 0,21 9.6 £+ 0.39 6.56

+ Sn(CHs) 4 11.1 £ 0.13 8.6 £+ 0.24 6.40

+ Pb(CHz) . 10.2 + 0.48 7.4 + 0.88 6.16

reference: Chaudhry and Gowenlock!®,

*CHs + C(CHz) 4 12.3 12,0 5.74

reference: Kerr and Timlin!>.
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*CFs + Sl(CH3)4 11.90 + 0.05 7.23 £ 0,09 7.95
*CHas + 11.55 + 0.18 10.23 + 0.36 5.08
*Chs + 11.8% £+ 0.06 10.36 + 0.12 6.20
*CoHs + 11,88 + 0,22 11,40 + 0.48 5.68
reference: Xerr, Stephens and Young'®.
*CHs + C(CH3)426 11.3 10.0 5,84
+ Si(CHs) 4 11.5 z 0.2 10.3 + 0.4 5.87
“CFs + C(CHs).27 11,8 7.6 7.65
+ Si(CHs) 4 12.0 + 0.1 7.6 £ 0.2 7.85
reference: Morris and Thynnel*,
2.%.2. Interpretation of Results,

An analysis of the data of Bell and Platt!® gives impor t-
ant information on the relationship between reactivity and
electronegativity. A plot of log kH v. proton chemical shift
produces a gentle curve with log k decreasing with increasing
chemical shift, in the order Si(CHs)., Sn(CHs)., Ge(CHs), and
C(CHzs)4. (See graph 11). This suggests that the reactivity
of the tetramethyl decreases as the Pauling electronegativity
increases which is in keeping with the logic that abstraction
of hydrogen by the electrophilic °CFs radical would be more
facile with the more hydridic hydrogens. The most hydridic
hydrogen would be associated with Si(CHs) . as silicon has the
lowest electronegativity. This is confirmed by the results.

However, the results of Chaudhry and Gowenlock!® do not
complement the latter results, Their plot of log kH against
the '3C-H coupling constant, J(!'3C-H), shows a gentle curve
but with the order Si > Ge > Sn > Pb which does not agree with
that of Bell and Platt for the "CFs systems'® (see overleaf).
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The results of Chaudhry and Gowenlock are doubted on
several counts. One would expect an increasing order of log k
values compared to the decreasing order of activation energy
values, but the orders are the same. This suggests that the
A factors may be incorrect. On inspection one can see that the
A factors are considerably different, (unlike those of Bell
and Platt), and furthermore, nearly all are outside the normal
range. The authors make reference to results of Kerr, Slater
and Young® who later admitted their work to be incorrect on
the point of A factors being too high,

It is instructive to add values for the °CDs + C(CHz).
system to the plots of Chaudhry and Gowenlock. Kerr and
Timlin!® have determined the Arrhenius parameters and
McFarlane?5 has determined J('3C-H) for C(CHz). to be 122 c.p.S..
It is seen clearly that the data for C(CHs). does not fit onto
either of the above graphs.

Subsequent work on the *CHs + Si(CHaz)4 system by Kerr,
Stephens and Young!® and that by Morris and Thynne!*
close agreement between the two groups of workers but some
differences to the figures of Chaudhry and Gowenlock,

shows

igation of the work of the latter.

Referring again to Morris and Thynne, they have measured
the Arrhenius parameters for hydrogen abstraction from Si(CHs)4
with both °*CHs and °*CFs radicals'®*, and compared their findings
with some earlier results of the same radicals with C(CHz).=2®’27,

Morris and Thynne conclude that "for attack by the same
radical, the Arrhenius parameters and velocity constants are
identical, within experimental errbr, for neopentane and
tetramethylsilane, thus the substitution of the central atom
by silicon has little effect upon the reactivity of the
adjacent C-H bonds".

This rather dogmatic statement is in disagreement with
most other findings in this field of study. The rather old
values for C(CHz)., chosen for comparison, have been supef—




- 16 -

seded, If one takes Kerr and Timlin's values for °*CHs +

C(CHz) 4'° and Bell and Zucker's values for °*CFs + C(CHa) 4%,
then differences are noted for replacement of carbon by silicon
for attack by both radicals,

Morris and Thynne's own values for °*CHs and °*CFs attack
on Si(CHs)4 are in fair agreement with those of other workers.
In the former case of 'CH3 radical attack, the values of the
Arrhenius parameters determined by Kerr, Stephens and Young!®
are complementary.

The values for °*CFs radical attack on Si(CHs)., obtained
by both Kerr et all® and Bell and Zucker® are in excellen
agreement with those of Morris and Thynne.

Therefore, sufficient evidence is at hand to substantiate
the qualitative rule that replacement of the central carbon
atom does have an effect on the reactivity of the adjacent
C-H bonds.

Conclusions can be drawn from the work of Kerr, Stephens
and Young'®., The values of Si(CHs)., with both °*CFs and °*CDs
radicals compare fairly well with those of Bell and Platt!Z,
It was deduced by Kerr et al that an order of reactivities

may be stated:

.CF3 > 'CH3 ~ 'CD3 > .02H5

It is also noted that this sequence parallels that of

bond dissociation energies:
D(FsC-H) > D(HsC-H) > D(HsCo-H)

2.4, Secondary Reactions; references 17, 18, 28, 30.

Other reactions have been noted in the reactions of the
methylhalosilanes and group IV tetramethyls with °*CDs and °CFas
radicals.

One such reaction is that of hot molecule formation
between the abstracted substrate and *CFs; radicals., The hot
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molecule either undergoes a B-fluoro rearrangement reaction
and elimination, or collisionally deactivates followed by a
thermolysis reaction, In both cases CF-CH, is formed.

Both the above reactions occur only when the central
metal atom has vacant d orbitals; neither reaction is noted
for C(CHs) 4.

When °CDs radicals are used, the rearrangement-elimination
reaction is not possible.

Another reaction, of more pertinent study here, is that
of radical exchange which has been noted in earlier work®®:29,
and more recently in the reactions of *CFs radicals with the
group IV tetramethyls!”>!® and of °*CDs radicals with B(CHs)s3%.

In these more recent studies, direct exchange, resulting
in the production of °*CHs radicals, has been postulated to
account for CH,, CoHg and CFsCHs/CDsCHs, (methyl containing
products). The absence of such methyl containing products |
when neopentane is used as a substrate indicates that the
availability of empty orbitals, (d orbitals for Si, Sn, Ge;
and p orbitals for B), is possibly a crucial factor in the
exchange mechanism. Such a mechanism involves an intermediate
step where the co-ordination number of the central metal atom
is increased.

Quantitative yields were obtained only in the case of
*CFs radicals with Sn(CHs),. and the following reactions were

proposed:

Radical exchange: °‘CFs + $n(CHaz). = [CFs - Sn(CHs)a] -
CFs - Sn(CHz)s + °*CHs 1.
Abstraction : ‘CHFs + SDECHQ,; 4—>»CFsH + .CHQSD(CHg)s 2
*CHs + Sn(CHs),—>CH, + °*CHsSn(CHs)s 3.
Recombination : *CFs + ‘CFa—>CsFeg 4,
*CHs + °*CHs —=CoHg M 5.
CHs + ‘'CFPa —CHaCH g% —= CHaCIa 6.
TT™(CH.CF, + HF 7.

For this system Bell and Platt!® obtained a value of
5.9 x 10® m1 m™?! s~! for ks which compares with Chaudhry and

Gowenlock's!® value of 5 x 10° m1 m™ ! s 1.
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Such experimental evidence is 1in favour of methyl products
resulting from °CHs radicals,

Since the methyl products were not found either by heating
a mixture of HFA + Sn(CHs)4 or by photolyzing Sn(CHs). alone
under experimental conditions, the methyl radicals must originate
from an exchange process such as that indicated by equation 1.

Although full quantitative analysis was not possible with
substrates other than Sn(CHs)., estimates of the amounts of
CH, and CsHg produced lead to the following postulated order

of the relative rates of radical exchange:

B(CHs)s > Sn(CH3)4 >> Ge(CH3)4 ~ Si(CH3)4
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3. Research: The Reactions of °"CDs radicals with

tetramethylstannane and tetramethylgermane.

3.1, Experimental

2.1.1, Apparatus.

A greaseless vacuum system was employed. Photolyses were
carried out in a quartz Ultrasil cell of 125.4% ml illuminated
volume., The cell was fitted with plane end windows and had an
appendage centrally situated at right angles to the cell length.
The cell was enclosed in a well lagged tubular furnace whose
temperature was controlled to £0.2°C with an R.F.L. platinum
resistance proportional controller. Four chromel-alumel therm-
ocouples were used to measure the temperature and were situated
symmetrically around the reaction cell. The appendage extended
out of and below the furnace and lagging.

The light source used was a P.E.K. 200 W high pressure
mercury arc lamp. When acetone-ds was used as a source of
*CDs; radicals, light of wavelength around 3130 E wags isolated by
a Corning filter, CS 754, and standard solutions of nickel and
cobalt sulphate, and of potassium hydrogen phthalate3®!, When
azomethane—d% was used as a radical source, light of wave-
length 3660 A was obtained by using a combination of filters
CS 760 and 052, as used by Cheng, Nimoy and Toby®Z2,

Another section of the apparatus consisted of four small
flasks, of which adjacent pairs could be connected by opening
a stopcock; each of these flasks could be enveloped by a slush
bath. Bulb to bulb distillations and degassing of all mater-
ialgs was effected in this section of the apparatus, prior to
storage in blackened bulbs above the reaction vessel,

A standard system of oil rotary and mercury diffusion
pumps were used to attain pressures of around 10 ° torr or
better, The gaseous reaction products were collected by means
of the Toepler pump technique described by Gowenlock and
Melville®®, ‘
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3,1.2. Procedure.

In a typical experiment, the radical source and tetramethyl
substrate were admitted separately into the reaction cell from
their blackened storage flasks; a Ruska Instrument Company
precision quartz spiral gauge was used for Ppressure measurements.
The mixture was frozen down by liquid nitrogen into the appendage
and pumped out to less than 10~2 torr pressure. The outlets to
the pumping system were closed, the cold trap removed, and the
appendage warmed by hand to melt the frozen reactants. When
the gquartz spiral gauge recorded that the pressure had re-
turned to its original value and the reactants had been left
to mix and attain the furnace temperature, a photolysis was
carried out. The temperature'range employed for these experi-
ments was 25 - 150°C inclusive in 25° steps, (with the addition
of 137.5°C when HDA was used), When HDA was used as a radical
source, a partial pressure of 30 pm was%u§§§%fpr Ppth it and
the tetramethyl substrate., When HDAM was used then the partial
pressure of both it and t&&aiubstr@te was reduced to 20 mm,

In experiments with HDA, a photolysis time of 120 seconds
was used at reaction temperatures 150 - 100°C inclusive, 240
seconds at 75°C, 600 seconds at 50°C and 1200 seconds at 25°C,
However, when azomethane-dgs was used, a photolysis time of
120 seconds was found to be sufficient at all temperatures,

After photolyses, the products were collected in a cold
trap, which was maintained at ~160°C by an isopentane slush
bath, This condensed all compounds except methanes and ethanes
which were allowed to effuse into a Toepler flask on the open-
ing of a sultable valve, These gaseous products were collected
in the capillary tube situated vertically above the flask until
the pressure in that section of the apparatus had stabilized
at equal to or less than 3 x 10~2% torr. A rubber cup was
fitted to a position on the capillary tube such that the
addition of 1igquid nitrogen into the cup froze a plug of
mercury, thereby enclosing the sample gases in the tube avae
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the mercury. The capillary tube was then sealed below the
mercury plug and removed. Another capillary tube was then
glass-blown on in its place for the next experiment and the
whole apparatus pumped out to remove the condensables.

The sample tubes collected thus, were placed in a suitable
device in the inlet system of a gas chromatography apparatus
or massvspectrometer (Hitachi RMU 6E) according to the data
required. Gas chromatographic analysis gave the rates of
production from photolysis of both methane and ethane from
which the ratios of total methane to ethane were calculated
for each temperature. Mass spectrometric analysis was used 1
to determine the CDsH : CD, ratio (19 : 20 mass peaks) and
to look at the 30 - 36 mass range to elucidate the amount of

radical exchange.

3.1.3 Materials and their Purification.

3.1.3,1, Hexadeuteroacetone.

This was obtained from Stohler Isotope Chemicals. Mass
spectrometric analysis showed that the sole impurity was

N mn
CD,HCOCDs present to about 5%.

3.1.1.2, Hexadeuteroazomethane,

This was obtained from Merck, Sharp and Dohme Ltd. of
Montréal. Mass spectrometric analysis showed various peaks
of mass number greater than 64, at 70, 78, 112, 131, 147 and
185, notably that at 147.

After reference to previous distillations
material was purified by distillation using traps at -98°,
-131,5° and -196°C, using slush baths of methanol and isopentane

32,34,35,36, -the

for the first two traps, and liquid nitrogen for the third.
After two hours the small tail fraction collecting at -98°C
‘was rejected and the major fraction collecting at -131.5°C

was re-distilled for a further two and a half hours. The
major fraction was collected again at -131.5°C and transferred
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directly to a blackened storage bulb situated above the reaction
cell. The very small fraction at -98°C was combined with that
from the first distillation. 1In neither distillation was any
material collected at -196°C.

A subsequent mass spectrometric analysis of the -131,5°C
fraction showed no mass peak greater than 64, However, there
was a small peak at 63; the ratio of 64 : 63 was 39.5 : 3.45,

If all the 63 peak corresponds to CD-HN-CDs then azomethane
- was 91.97% AZM-de and 8.03% AZM-ds.

3.1.%3.%. Tetramethylstannane, Sn(CHa) ..

~ & s s

This was obtained from Alpha Inorganics ILtd. and distilled
three times using traps at -98° and -131.5°. The fraction
collecting at -98° after the third distillation was thoroughly
degassed and stored in a blackened storage bulb above the

reaction cell.

3.1.3. 4., Tetramethylgermane, Ge(CHz)..

A procedure identical to that of tetramethylstannane was

employed.
3.2, Hydrogen Abstraction using Hexadeuteroacetone.
3.2.1. Kinetics.

Using hexadeuteroacetone (HDA) as a radical source, the
following processes were involved. (The HDA was found to

contain 5% CDoHCOCDs as impurity.)

Photolysis: CDsCOCDs —— 2°CDs + CO la.
hv

CDoHCOCDg——— "CDoH + °*CDs + CO 1b.

Abstraction of a hydrogen atom from the tetramethyl substrate
to yield CDSH:
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*CDs + M(CHs)s £2— CDgH + *CH-M(CHs)s o,
where M = Sn or Ge.

Additional abstraction reactions within the radical source
itself are:

“CDs + CDsCOCDs —X3— (D, + *CDaCOCDs 3.
"CDs + CDoHCOCDs —£4— CDgH + *CDaCOCDs Y,
, 11
“CDsH + CDsCOCDs —X%— CDgH + *CDoCOCDa ym,
N i = 2 s A kS ~ ™ [
Recombination: CDsg + "CDg — (CsDg De
!
*CDgH + *CDg  —K&l C,DsH 61.
Hi
*CD-H + °*CDoH —=£—— (CoD,H- 6",

Mass spectrometric analysis showed that Rg' was very small
and Rg" not detectable.

Photolysis of HDA alone.

Gas-liquid chromatographic and mass spectrometric analysis
' 1
was employed to obtain values of kg/k;, at each temperature,

1
which are subsequently used to evaluate kg/k;.

From G.L.C. analysis: R& ethane (A)
Rt D6
From mass spectrometric analysis: RCD4 (B)
Rep, * fepsm
(&) x (B): T®methane Rep, _ Raep,
T T -3
R& oD Rep, ¥ Bepar BeaDs
‘now RaCD4 - 1 _ kg (c)
T X = —r
R? [acetone-dg] k=
C2De v 5
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Photolysis of HDA plus substrate.

Mass spectrometric analysis only was needed, to obtain the
ratio of the total rates of formation of CDsH : CDg,

(Btepan ¢ Repy).

Rtopgn _

RtCD4

Thus

_ ko [substrate] . ka! [Ac-ds] + k4" [CDoH] (D)
ks [Ac-de] ks [Ac~del] ks [CDsl

(Ac = acetone)

but from the photolysis of acetone alone:

Fe0opaH _ ka' [CDs]lAc-ds] + k" [CDpHI[Ac-de]
R, ks [CDs][Ac-de]
_ ka' [Ac-ds] | k4" [CD-H] ' (E)
ka LAC—dE;:,‘ ka [CDg]
now, neither [Ac-ds] nor [CDeH] depend on [substrate],
[AC—de] [CDS:]

thus (E) may be subtracted from (D):

Rtop.u  F0DsH _ ko [substrate]

Rtep,  Mcp, ks [Ac-de]

thus ko _ _ [Ac-de] | ®Pcpan _ **cpeH | (F)
ks [ substrate] RtCD4 RaCD4

now ko _ ko o
ks

5

o
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1
values of ka/k® are obtained from the photolysis of HDA alone,
S

(C), and thus:

ke _ __ [Ac-del RiopaH RaCDSH} L ks (a)
X R-t Ra T
kz [ substratel CD4 CD4 k;

Since the hexadeuteroacetone (HDA) used was 95% Ac-de and
equal partial pressures of HDA and substrate were used,

[Ac-de] _ _ 0.95.
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3.2.2, Results.

%.2.,2.1. Photolysis of Hexadeuteroacetone alone,

Most of the gas liquid chromatographic analysis was per-
formed by Dr. A. E. Platt for concurrent work3° and the values
given are listed in Table 1 and subscripted (AEP). Two
samples obtained at 150°C were analyzed in the same way to
check this work. Also two samples were obtained at 137.5°C.
The full complement of resultis are also reported for the
latter four samples in Table 1,

Mass spectrometric analysis of the mass peaks at 19 and
20 produced the CDsH : CD, and CDsH : Total methane (CDsH + CDy4)
at each temperature and five pairs of figures for the 19 and 20
peaks obtained from the mass spectrometer for each sample.

See Table 2,
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Table 1, Photolysis of HDA alone; Mass Speétrometric Analysis

for Mass Peaks 19 and 20.

Temps 19 _ RaCDgH RaCD3H
°C o0 Régp, Raop,
(average) (mean of
average
values)
150 (e) 0.103 0.103
137.5 (a) 0.158
137.5 (b} 0.169 ! 0.164
125  (a) 0.213 0.213
100 (a) 0.241 0.241
75 (a) 0.200 0.200
50 (b 0.120
5 (o] 0.097 3 0.109
25 b 0.090
o5 §c§ olo8y 0.087
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3.2.2.2. Photolysis of Hexadeuteroacetone with Tetramethyl-

stannane.

Mass spectrometric analysis for the mass peaks 19 and 20
was obtained at each temperature. Several samples were
obtained at each temperature with five pairs of figures for
the 19 and 20 peaks obtained from the mass spectrometer for
each sample. See Table 3.

1
Values of kg/k; in equation G in section 3.2.1., were
obtained at each temperature by the method described in

section 3.2.1. utilizing values of ka/k® from Table 1. For
calculations see Table 4, 7

The Arrhenius parameters for the abstraction of hydrogen
from the substrate were evaluated from the standard Arrhenius
plot and least squares evaluation of the raw data,
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Table 3. Photolysis of HDA + Sn(CHs)a4; Mass Spectrometric

Analysis for Mass Peaks 19 and 20,

Temps 19 Rt

19 _ __CDsH
C o0 Rtep,
150 (a} ?.780
150 ébg 4,520
150 (c 5.075
137 éa% Lk 340
137 (b 4,980
125 (a 4,530
125 (b 4,350
125 (c 4,250
100 ga) 3,640
100 (b) 3.910
75 (a 2,850
75 (b 1.890
75 (c 1.780
50 éa; 1,750
50 (b 1.420
25 (a 0.910
25 (b 0.604
25 (c 0.631
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Table 4 (a). HDA + Sn(CHs). : Arrhenius Plot (graph 2)

Ol

f— - . ~ o /1. ~ S
The values ol kp/k  at each temperature were ave

o

apart from the value of -2,6346 at 25°C which was ignored.
least squares analysis was used to determine the Arrhenius

parameters,

Temps £
(10%/T °K) g
2.363 -0,2720
2.4326 -0.4936
2,512 -0.7167
2.680 -1.,2042
2.872 -1.7157
3,094 -2.1637
3,354 -2.8155
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3.2.2.%2 Photolysis of Hexadeuteroacetone and Tetramethyl-
germane,

Mass spectrometric analysis was performed in an identical
manner to that described in Section 3.2.2.2. using Sn(CHsz).
substrate., The Arrhenius parameters were subsequently
evaluated for the abstraction of hydrogen from Ge(CHs)., using
the standard Arrhenius plot and a least squares treatment of
the raw data. |
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Table 5. Photolysis of HDA + Ge(CHs)4; Mass Spectrometric-

Analysis for Mass Peaks 19 and 20,

Temp. 19 _ RtCD3H
°Q 20 Rbep,
150 (a) 2.975
150 (b) 2.773
150 (c¢) 3.568
157.5§a; 2.898
137.5(b 3,011
125 (b 2.801
125 c 2.928
125 d 2.722
125 (e 4,183
125 (f) 3.750
100 bg 3.151
100 (c 3,026
100 (4) 3,043
E %
C .
75 eg 3.430
75 (f 3,338
= g*” 125
C .
50 d% 1,630
25 (b 0.726
25 c 0,819
25 a 1.0406
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Table 6 (a). HDA + Ge(CHs)4 : Arrhenius Plot (graph 3).

1
The values of ka/kz at each temperature were averaged

out and a least squares analysis was used to determine the

Arrhenius parameters,

Temps log K
(102/T °K) K,
2.363 -0, 4266
2,436 -0.6996
2,512 -0.8281
2,680 -1, 2889
0,872 -1.5670
3,094 -2.2187
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3,3. Hydrogen Abstraction using Hexadeuteroazomethane.
5.5.1. Kinetics.

When hexadeuteroazomethane (HDAM) was used as a radical
source, some additional processes have to be taken into account.
Some 8% CDoHN = NCDs impurity was found by mass spectrometric

analysis.

Photolysis: CDgN =—=NCDs 22— 2°CDs + N 1a,
CDoHN==NCDs —2— *CD.H + *CDs + Nao 1b.
CDsll =—=NGDs —— CoDs + Na lc.

The latter process was noted by previous workers who used
azomethane (CHsN = NCHs), and a quantum yield of 1.0 + 0.1
has been reported for the formation of nitrogen 2°:37, Thus
1t was concluded that there was no evidence that collisional
deactivation competed with the dissociation processes for the
electronically excited azomethane molecules under normal con-
ditions., James and Suart®% find these conclusions consistent
with their own work which shows that the quantum yield of all
the processes of 1 are independent of temperature between

their working temperatures of 63° and 218°C.

Abstraction of hydrogen occurs from the tetramethyl substrate

yielding CDsH:

*CDs + M(CHsz)4 RER CDsH + °CHoM(CHs) 4 2,
where M = Sn or Ge,
(assuming °*CDsH radicals do not contribute

significantly).

Additional abstraction reactions occur from the radical source,
ag with HDA, to yield CDsH and CDg4:




- 43 -

*CDs CDsN ==NCDs —%— CD, + *CDoN==NCDs 3.
“0Ds  + CDoHN==DNCDa -Ki—a CDsH + *CDoN==NCDs U,
*CDoH + CDaN ===NCDs K4l CDsH + °*CDoN===NCDs 4",

+

Recombination:

“CDs + "CDs S5 C.Dg 5,

“CDoH + °*CDs X8y ¢.D.H 6.
1t

"CDoH + *CDoH X8 0.DLHs ' 6",

Reaction 5 was shown by mass spectrometric analysis to be
by far the major process ot the latter three,

Addition of *CDs radicals to the double bond is also
possible:

“CDs + CDgN==NCDs - (CDg)=N-NCDa 7.

James and Suart suggested that a sufficient excess of
*CDs radicals would remove the radical products of reactions
3, 4, and 7 by radical combination processes:

.CD3 + CD2N=NCD3 - CD3CD2N=NCD3 8.
*CDs + (CDs)sN—NCDs - (CDs) oN—N(CDs) 5 9.

3 2u

A1l these processes may be accounted for by an allowance
in the overall rate equation, The latter is slightly different
to that used for HDA. An allowance has to be made for the
ethane produced by the intramolecular elimination process lc,
thus:

ko[ HDAM] Rnethane 10.
DAM] _

20{H

k2 (R(Total)C2D6 B R(lc)chg)

R(lc)C2D6 is related to R(lc)Ng which is a fraction of

the total nitrogen produced. Some workers have used the

. P _ 2,32,38
approximation R(lc)N2 = O'OO7R(Tota1)N2 ey but James and

Suart derive a coefficient of 0.012 from their expression.




BT

log &, = 1og[2RCZH6/(RCH4 + 2R02H6)] = 52,08 = 0.4 11,

The quantum yield for the primary process of intramolec-

ular elimination of ethane was obtained by using cyclohexa-

1,4,-diene for quantitative scavenging of the methyl radicals

produced by the radical generating processes la and 1b.

The coefficient 0.012 was used in connexion with HDAM in

~the work described here.

Photolysis of HDAM alone,

Gas-1liquid chromatographic and mass spectrometric analysis

: 1
was employed to obtain values of kg/k;, at each temperature,

1
which are subsequently used to evaluate ky/k®.
5

From G.L.C. analysis: Ramethane
Ao

¥
“RCaDe
where *RCEDG = RCgDs - O'OlgRNg
R
From mass spectrometric analysis: “CDa
Rep, * Repan
(&) x (B): nethane Rep, _ Bagp,
I = I
“Re Dg Rop, * fepar *Feope
now RaCD4 1 _ ks
T X = T
*RZ2 [ AZM-de ] k*®
CgDe 5

Photolysis of HDAM plus substrate.

o

Mass spectrometric analysis only was needed, to obtain

' the ratio of the total rates of formation of CDsH

(Rtgp,u ¢ Bbep,)-

CD4:
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Thus TUCDsH _
Reep,

ko [CDs][substrate] + ka' [CDs][AZM-ds] + k4" [CD-HI[AZM-de]
k[ CDs ][ AZM-de]

_ ko [substrate] | ka' [AZM-do] , ka" [CDoH] (D)
ks [AZM-dgs] ks [AZM-ds] ks [CDs]

(AZM = azomethane)

hotolvgig of HDAM alone:

Re0DsH _ ko' [CDal[AZM-ds] + ky" [CDH[AZM-de]
R, ka [CDs][AZM-de]

ko' [AZM-ds] . ka" [CDoH] (E)
ks [AZM-ds]) ks [CDs]

now, neither [AZM-ds] nor [CDgH] depend on [substrate],
[AZM-de] [CDs]

thus (E) may be subtracted from (D):

Reop.n  FeDaH _ ko [substrate]

Rtap,  Feep, ko [AZM-de]

thus kp _ _[AZM-de] "epsn _ Raopan (F)
ks [substrate] Rtap,  Fep,

now k

i
values of ks/kZ are obtained from the photolysis of HDAM alone,
5

(C), and thus:




|
g !
!

Ko [AZM-dg] CD=H

O X 1®T " Ra * T
k" [ substrate] | CD4 CD4 ; k"~
5 : 5

Since the hexadeuteroazomethane (HDAM) used was 92% AZM-dg
and equal partial pressures of HDAM and substrate were used,
[AZM-de)]  _ 0.92.
[ substrate]




5.50.2. Fesults.

Since informatibﬁhdn the Arrhenius parameters of deuter-
ated azomethane is scant, the latter were fully investigated
before the azomethane was photolyzed with the tetramethyl

substrates.

3.3.2.1. Photolysis of Hexadeuteroazomethane alone,

Mass spectrometric analysis of the mass peaks at 19 and
20 produced the CDsH : CD4 and CDsH : Total methane (CDzH +
CD,) at each temperature. Normally, two samples were produced

for each temperature and five pairs of figures for the 19 and

20 peaks obtained from the mass spectrometer for each sample.

(See Table 7.)
Between two and four samples were produced for gas-liquid

chromatographic analysis to obtain the rates of formation of
total methane, ethane and nitrogen. (See Tables 8 and 9.)

The rates of formation thus calculated were substituted
into equation (G) from section 3.3.1. to generate the rate
constants ks/k%: Table 10 for azomethane-dg and ds; Table 12
for (pure) azoietnane-ag. Table 11 lists the "least squarecs”
values of ks/k% at each temperature for the Arrhenius plot of
azomethane-dg an ds, (graph 4), and Table 13 the correspond-
ing values for (pure) azomethane-de, (graph 5),that is, the
values of Kg/ké read directly from the straight line Arrhenius

plots.

" values of ks/k’ for azomethane-dg,

The "least squares
listed in Table 13, were used to determlne the values of kz/k°
for the Arrhenius plots of Sn(CHs). + HDAM and Ge(CHs). + HDAM
by the method described in section 3.3.1..

A least squares analysis was used in every Arrhenius plot,
and ks for hydrogen abstraction from both tetramethyl substrat-

es was obtained using Shepp's?® value for ks.
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Table 7. Photolysis of HDAM alone; Mass Spectrometric
Analysis for Mass Peaks 19 and 20.
Temp. 19 _ ®ongm R onaH
°qQ o0 Tecp, Reop,
(average) (mean of
average
values)
150 (a) 0.374 }
150 §b) 0.4o7* 0.371
150 (4d) 0.368
125 (a) o.i?o*
125 b 0.411
125 Ec§ 0,307 0. 404
100 (a) 0,406 '
100 éb§ 0. %60 } 0. 406+
75 a 0.489
N 0.493 3 0. 491
50 (a) 0.735
50 §b> 0.843 ) 0.8t
25 (a 1,236
o5 <b§ 1,002 } L.229

*yvalue ignored

tvalue taken as most likely after preliminary
calculations
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Sample Calculation of rates of formation from are¥ of ¢.L.C.

(see Table 8 and Appendix 2),

Rate of formation =

Area X Standard Volume % 1
Standard Area Volume of cell Photolysis Time

3 Area x L.22 x 107° B R Tt
Standard Area 1254 120

R 034 x 32 x 1,120 x 10 ° _ -2 - =1 s

methane = 551158 % 1058 % 120 = 3,667 x 10 mmnl !s 4
“ e _ ) i ‘1‘ “w

Rethane _ 1.28 x %2 x 1,122 x 10 = 8.9%2 x 10712 m m1 !t i

019,31 x 125,00 x 120

0.80 x 256 x 1.122 x 10™°

R . _ _ -11 -1."1
nitrogen = SR % 155 T % 150 = 6.856 x 10 mml s
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Table 11, Rate Constants for Azomethane-ds and ds from

least squares Arrhenius plot (graph %).

mp. k
chp log % ;%
(m1Pm~%s7%)
150 -0.057 1.943 0.8770
125 -0.362 1.638 0.434(5)
100 ~0.720 1.280 0.190(5)
75 -1.118 2.882 0.0762(1)
50 -1,589 2.411 0.0257(6)
25 -2.123 3.877 0.00753(%4)
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Table 13. Rate Constants for Azomethane-dg from least

squares Arrhenius plot (graph 5).

Temp. log ks ks
N~ k9 kz
5 5
1 1 X
(m1®m %" %)
150 -0.021 1.979 0.953
125 -0.3%26 : I.674 O. 472
100 -0.68%4 1.316 0.2070
75 -1,082 2,918 0.0828
50 -1.553 2. 447 0.0280
25 -2.087 3,913 0.00818(5)
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3.3.2.2. Photolysis of Hexadeuteroazomethane with Tetra-

methylstannane.

Mass spectrometric analysis for the mass peaks 19 and 20
were obtained at each temperature. The same procedure used
for HDAM alone was followed: two samples at each temperature
with five pairs of figures for the 19 and 20 peaks obtained
from the mass spectrometer for each sample.

Values of kg/k% in equation (G) in section 3.3.1. were
obtained at each teiperature by the method described therein,
utilizing the least squares values of ks/k%, that is, those
read from graph 5, the least squares Arrhegius plot for
azomethane-dg which are listed in Table 13.

Thus the Arrhenius parameters for the abstraction of
hydrogen from the substrate were evaluated from the Arrhenius
plot with a least squares treatment of the raw data, and the

19

use of Shepp's value for ks.
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Table 14. Photolysis of HDAM + Sn(CHs)4; Mass Spectrometric

Analysis for Mass Peaks 19 and 20.

Temp. 19 _ Repyn

°¢ o0 Btep,

(average)
150§a) 1.653
150(b) 1.567
1255&% 1.553
125(b 1.512
100(a) 1.54
100éb§ 1.603
75(a 1.664
75213; 1,776
SOga) 2.021
50(b) 1.861
25§a; 2.367
25(Db 1,927
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3.3.2.3. Photolysis of Hexadeuteroazomethane with Tetra-

methylgermane .

Mass spectrometric analysis was identical to that descri-
bed in sectlon 3.%.2.2. using Sn(CHs)a4 substrate. Similarly,
values of kg/kP were obtalned at each temperature using the
respective values of ka/ka read from graph 5, the Arrhenius
plot for azomethane-dg whlch are listed in Table 13.

The Arrhenius parameters for the abstraction of hydrogen

from the substrate were evaluated from the Arrhenius plot with
= st sauares + tment of the raw data, and the use of

Toaat nAn
& 1€adcu SQualtsS uvICauwne-

Shepp's!® value for ks.
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Table 16. ©Photolysis of HDAM + Ge(CHs).4; Mass Spectrometric

Analysis for Mass Peaks 19 and 20,

Rt

Temp . 12_2 CDaH

°q 20 REgp,

(average)
150%&? 1.317
150(b 1.226
125Ea% 1.457
125(b | 1.452
1oogag 1.404
100(Db 1.506
75(a) 1.823
752b§ 1.702
502a; 2,081
50(b 2.293
25§a; 2.974
25(Db 3,067
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3.0, Discussiocn of Results for Hydrogen Abstraction.

0f the two sources of "CDs radicals hexadeuteroazomethane
(HDAM) was considered to be the better. In the case of hexa-
deuteroacetone (HDA) an additional reactionboccurs at photolysis
to produce acetyl (°CDsCO) radicals, at temperatures below about

75°C.
hv

CD3COCD3 *CDs + *CDsCO 1.

The presence of °*CDsCO radicals can result in further
abstraction reactions, as noted in previous work29:39,40 gng,
therefore, further production of methane from equation 2.

*CDs + °*CDsCO - CD4 + °*CDoCO 2.
*CDs + CD3COCDs = CDg + *CD2COCDs 3.

The additional source of methane is probably the cause of
upward curvature of the Arrhenius plot for the photolysis of
HDA alone (see graph 1),

Since the CDsH and CD4 produced from the photolysis of
HDA 1is subtracted from the total amount produced in the photo-

lyses of HDA and the tetramethyl substrates to determine EQQQE
Rep.,
(corrected) any CD, produced by reaction 2 is also allowed for.
However, in the presence of tetramethyl substrate, any
*CDsCO radicals which are not consumed in the reactions above,
may well abstract hydrogen from the substrate and thereby inter-
fere with the investigation of the abstraction by *CDas radicals.
The Arrhenius plots of HDA with both Sn(CHs). and Ge(CHa)4
show a reasonably good straight line after a least squares
evaluation but the possibility of slight curvature at both ends
of the temperature range cannot be overlooked. If a least
squares evaluation is performed on the points at temperatures
150-75°C in the case of Sn(CHs)4 and 150-100°C for Ge(CHs).
(both ranges inclusive), the slope of the resultant line is
steeper. A difference in activation energy of about 1.3 kcal.
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mole~! is noted for Sn(CHs), and 1.8 kcal. mole~! for Ge(CHs) 4.
In addition, log A is increased from 12,36 to 13,08 for Sn(CHs) 4
and 11,46 to 12,44 for Ge(CHs),. This produces a value above
the normal range of 11,5-12,5 in the case of Sn(CHsz), and a
value only marginally inside for Ge(CHs)4 whose value for the
least squares evaluation of values at all températures is
already rather low, just on the lower limit.

Thus although these additional plots do indicate curvature,
the values found from the least squares evaluation on the points
at all temperatures are preferred and are the ones reported on
graphs 2 and 3 and in Tables 18 and 19.

Graph 8 shows a plot of log ks (400°K) v. proton chemical
shift and the values of log ks for the C(CHs)4 + HDA'S and
Si(CHs) . + HDA® systems, are added to the values obtained for
Sn(CHs)4 and Ge(CHs)4 with HDA., The points approximate to a
curve which shows an order of decreasing reactivity with in-
creasing electronegativity of the central group IV atom. Graph
9 shows a similar plot of log (ke x 107°) at 100°C v. proton
chemical shift for comparison with the plot of Bell and Platt
of the same group IV tetramethyls with °®CFs radicals., Both the
plot using °*CDs radicals (with HDA as the radical source) and
that using °CFs radicals show that reactivity decreases with
increasing electronegativity of the central group IV atom. The
two curves are very near to being parallel; the difference
between the curves is 1,97 log units at the point of Si(CHa)a,
1.8% log units at the point of C(CHz)4. The near constant
difference between the two curves represents the difference in
reactivity between °CFsz and °*CDs radicals.

A higher reactivity for hydrogen abstraction is shown in
the *CFs systems which is reflected by a higher log ko value,
compared to the value of log ks with °®CDs and the same sub-
strate., This demonstrates the importance of polar effects
within the *CFs radical; alternatively one can consider the
*CFs radical to be electrophilic and thus abstraction of a
relatively hydridic hydrogen will be more facile,

The lack of deviation from parallelism suggests that the



- 75..

polar effects, due to "CFs3, operative in other systems, such as
the methylfluorosilanes®, are very nearly constant here for
each tetramethyl. One would not expect a difference in polar
effect from one tetramethyl to another because of the relatively
large size and symmetry of each.

When hexadeuteroazomethane (HDAM) is used as a source of
*CDs radicals, there are no complications with the formation
of other radicals as in the case of HDA. Two sets of Arrhenius
parameters were determined in the case of azomethane alone,
(Table 18), namely for deuterium abstraction from azomethane-
de and ds, (graph %) and from {pure) azomethane-de, {graph 5).
Both plots give reasonably good straight lines and although
there is a certain amount of scatter at certain temperatures
there is 1little evidence of curvature,

The results of the latter two plots may be compared with
those of other workers who have used unsubstituted azomethane

(CH5NoCHs) :

E

iog A A log k

(kcal, mole~!) (400°K)
Toby and Nimoy32 11,47 8.7 % 0.5 6.71
Good and Thynne*? 11.55 8.7 + 0.2 6.79
James and Suart3*4 11,55 8.6 % 0.5 6.85
graph 4 §AZM—d6 and ds) 11.52 + 0,28  9.51 + 0.45 6.32
graph 5 (AZM-de) 11,56 + 0.28 9.52 % 0.45 6.36

The Arrhenius parameters for deuterium abstraction show
an activation energy of about 0.8 kcal. mole~! higher than
that noted for hydrogen abstraction; one would expect a differ-
ence2 of about 1 kcal. mole~!., A1l values of log A are similar
thus the values of activation energy can be directly compared

to show the differences in reactivity.
» 1
The values of ks/k° from graph 5 were the ones used to

1
evaluate kg/k; for the tetramethyl substrates.

Graph 5 differs from graph 4 in the term concerning the
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concentration of azomethane, Graph 4 is concerned with the
concentration of azomethane-dg and ds; graph 5 is concerned
with azomethane-de absolutely. This means a reduction of 8%
in the concentration term since there is 8%_azomethane—d5
present. However the Arrhenius parameters are virtually un-
changed. '

The Arrhenius plots of the photolyses of HDAM + Sn(CHs) 4,
(graph 6), and of HDAM + Ge(CHz)., (graph 7), produce very
good straight lines with reproducibility of individual points
at nearly every temperature. The difference between the values

1
obtained using the average and least squares values of ks/K*
5

is very slight thus only thbééﬂvalues using the latter will be
discussed.

The activation energy of the HDAM + Sn(CHs), system is
higher than that of HDAM + Ge(CHs)a, but, as in the case where
HDA was used, log A for the HDAM + Sn(CHs), system is also
higher than that of HDAM + Ge(CHs). which makes log ko for
HDAM + Sn(CHsz), higher than that for HDAM + Ge(CHsz)4. This is
in the same order for the substrates when used with HDA and
confirms the order of reactivity with electronegativity (Chemical
shift) (see Table 18 and graphs 8 and 9).

However, the log ks values obtained in the case where HDAM
was used are higher than the corresponding values obtained with
HDA as a radical source.

The difference between log ko (400°K) is HDAM-HDA = 6,40 -
5.99 = 0.41 for Ge(CHs), and 6.32 - 5,86 = 0.46 for Sn(CHs) 4.
Alternatively the ratios of k- x 10°° is

HDAM _ 2.089  2.89 for Ge(CHs)., and 2,512 _ 2.52 for Sn(CHs) 4.
ADA ~ 0.72% = 0.996

It is not obvious why a difference should be caused by a
change in radical source. Despite the fact that log A for
HDAM + Ge(CHs)., is outside the normal range, the Arrhenius
plots obtained using HDAM as a radical source are better in that

they show no signs of curvature, perhaps because HDAM is a
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better source of °*CDs radicals; better in the sense that no
complications arise due to °CDsCO radicals which could compete
for hydrogen abstraction,

Perhaps the uncertainty placed on the use of HDA, in the
temperature range employed, manifests itself in producing in-
correct values of log ks, If the effect of °CD3CO radicals is
common to each tetramethyl substrate then one might still
expect to see a curve representing loss of reactivity with re-
pect to electronegativity even if it is on a qualitative basils,
Such a line is seen in graph O.

As an extension to this work it would be instruc
determine the Arrhenius parameters for the systems of
C(CHs)4, Si(CHs), and Pb(CHs)4 to see whether a plot of log ko
v. chemical shift for the group IV tetramethyls with HDAM as
a radical source, would also give a line similar to that
obtained with HDA, only with higher log k. values for each

substrate,

4 2armn A
U c VU

HDAM with
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5.5. Secondary Reactions - Radical Exchange,

3.5.1. Kinetics.

Of the secondary reactions described in the past literature,
hot molecule formation followed by B-fluoro rearrangement and
olefin elimination, is noted for °CFs radicals only., A B-
deutero rearrangement is not expected on energetic grounds and
only radical exchange has been investigated.

It is proposed that exchange occurs between °"CDs radicals
and CHs groups from the tetramethyl substrate. Thls necessi-
tates that the group IV element Sn or Ge utilizes its empty
d orbitals to attain a 5 co-ordinate intermediate:

Radical exchange:
*CDs + M(CHs)as = [CDs - M(CHs)4] = CDsM(CHz)s + *CHs 1,

Previous work!®23° has shown the importance of empty
orbitals on the central metal atom; exchange is absent in the
case of neopentane where the carbon atom has no vacant orbitals
of a compatible energy.

Thus °*CHs radicals are present as well as °CDs and *CDzH

species and the following processes are possible:

Abstraction:

*CDs + M(CHs), - CDsH + *CH-M(CHs)s 0,
.CDQH + M(CH3>4 - CDzHg + .CHQM(CH3>3 3.
*CHs + M(CHs)s = CHs + °"CHoM(CHs)s 4,

Recombination:
*CDs + °*CDs - CoDs 5.
*CDs + °*CDoH =~ CoDsH 6.
*CDs + °CHs = CDsCHs 7.
*CDoH + *CDoH ~ CoD4Hs 8.
*CD-H + *CHs - CsDoHa 9.
1o,

.CH3 + .CHg d CgHg
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Experimentally, only the products of equations 2, 5, 6
and 7 were obtained in measurable amounts. '
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3.5.2. Results with Hexadeuteroacetone.

3.5.2.1. Hexadeuteroacetone and Tetramethylstannane, (Table 20),
Temps. Factor Mass Peaks (in.)

°C 50 31 52 55 34 35 36

150(a) X200 10,90 1,6 47,38 1,25 8.3 0.6 12.85
150(b) x200 10.05 1.75 45,38 1.2 T7.75 0.6 12,5
125(a) x200 10,05 1.6 35.9 1.2 7.6 0.6 12,0
100(a) x200 10,65 1.35 48,75 1.2 8.4 0.6 13.2
75(a) x200 12,2 1.8 53,75 1,35 8.95 0.7 1445
50(a) x200 13.15 1.7 57.5 1,6 10.15 0.7 15.55
25(a) x200 5.95 1.55 ‘24.65 0.7 4.2 0.25 6.6

Each set of figures was analyzed as follows: the contribution

to the various peaks due to CzDs was subtracted, this contri-

bution being indicated by the 36 peak. Pro rata contributions
to the 3%, 32 and 30 peaks were calculated using the table in

indicated by a

in a similar fashion., In every case

after allowing for CsDsH, thus no

appendix 5. A small contribution of CzDsH,

small 35 peak was treated

+WA~A ZEH mpasls

cine oh pear was exhausted

Cz-D4H> was noted. was indicated by a residue of 33 peak.
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Sample Calculations

150°(a)
30 31 32 3% 34 35 36
10.90 1.6 47,38 1.25 8.3 0.6 12.85
CoDe : 12.75 60.0 9.145 12,85
remainder 0. 1.6 0. 1.25 0. 0.6 0.
CoDsH: 0.38 1.32 1.19 0,33 0.11 0.6
remainder 0. 0.28 " 0. 0.92 0. 0.
CD5CHs : 3.1 0.66 0.45 0.92
0 0. 0. 0.
thus CoDg : C2DsH : CDaCHa
12.85 : 0.6 : 0,92
21,40 : 1,0 : 1,53
150°(b)
30 31 . 32 3% 34 35 36
10.05 1.75 45,38 1.2 7.75 0.6 12,5
CZDB . 12.4 58.56 9.2 12.5
remainder 0. 1.75 0. 1.2 0. 0.6 0.
CoDsH 0.38 1.32 1,19 0.3% 0,11 0,6
remainder 0. 0.4% 0. 0.87 0 0.
CDsCHs: 2.94 0.62 0.43 0.87
0 0. 0. 0.
thus | Cng . CZD5H : CD3 CH3
12.5 : 0.6 : 0.87

20.8% : 1.0 : 1,145
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Table 21, HDA + Sn(CHsz). : Radical Exchange.
Temp. CoDe : CoDsH : CDsCHs or CoDe
°c
150(a) 21,4 : 1,0 1.53 14,0
150(b) 20.8 : 1.0 1,45 14,4 .
125(a) 20,0 1.0 1.45 13.8
100(a) 22.0 1.0 1.45 15.2
75(a) 20,6 1.0 1.38 15.0
50(a) 22,2 1.0 1,73 12,8
25(a) 26,4 1.0 2,25 11.7

. CD3 CH3

=

I N =
L[] L L] L3
O (@] O O @] O O

=
.



- 83 -

3.5.2.2. Hexadeuteroacetone with Tetramethylgermane, (Table 22).

Temp. Factor Mass Peaks (in.)
°Q 30 31 32 35 3k 35 36
150 (a) x200 20.1 2.5 83,0 2.2 13,4 1,1 20.8
150 (b) x100 14,6 2.0 65.0 1,65 11,05 0.8 16.6
137.5(a) x100  12.65 1.6 55.0 1.% 8,9 0.6 13.5
125 ga; x100 14,15 1,85 66.5 1.5 10,4 0.7 16.0
125 (b) x100 15.85 1,95 68,25 1,75 11,65 0.8 17.6
100 (a) x100 19.6 2.5 88.0 2,2 14,9 1.0 22,4
75 éa; x100 22,3 2,85 99,5 2,6 16,25 1,3 24,85
75 (b) x100 15,3 2,2 68,0 1.7 11.6 0.7 17.2
50 éag x 50 20.9 2.75 93.4 2,35 15,3 1,2 23.35
50 (b)) x100 12.55 1.5 50.5 1,3 9.05 0.6 1%.85
25 gag x 50 15.55 2.05 69.0 1.6 10.8 0.82 16.25
25 (b) x100 5.95 0.7 25,2 0.5 4.1 0.25 6.6

Fach set of figures was analyzed in exactly the same way
as those involving Sn(CHs)s with HDA. Analysis produced the
following results in Table 23 overleaf,
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Table 23, HDA + Ge(CHs). : Radical Exchange.

Temp. CsDe : CoDsH : CDaCHs or CgDe : CDaCHs
°C

150 (a 18,9 : 1.0 1,45 13,1 : 1.0
150 gbg 20.75 : 1,0 1,51 13,7 : 1.0
137.5(a) 22,5 1.0 1.45 15.5 : 1.0
125 (a 22,85 : 1.0 1.59 14,4 1.0
125 §bg 22,0 : 1.0 1,64 13.5 : 1.0
100 (a) 004 1.0 1.65 13.6 1.0
75 (a 19,15 : 1.0 1,45 13.2 : 1.0
75 gb; 2L, 6 . 1,0 1.88 13,1 : 1.0
50 (a 19.4% : 1.0 1.40 13,9 : 1.0
50 §b; 19,75 : 1.0 1,61 12.% : 1.0
25 a 19,8 1.0 1.40 14,1 1.0
25 éb; 26,4 1.0 1.45 18.2 : 1.0
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3.5.2.%5., Discussion of Results.

Common to both Sn(CHs). and Ge(CHs), is the fact that
only the ethanes CzDg, CzDsH and CDsCHs are found by the
analysis described in sections 3.5.2.1. and 3.5.2.2.. Sub-
traction of the contributions?® due to CzsDg and CoDsH, in every
case, completely accounts for the 34 peak, thus CsD4H- is not
present in measurable quantities. Similarly, the contributions
due to CDsCHs, (based on the remainder of the 33 peak), erase

that remaining of peaks 33, 32, 31 and 30. The absence of any
i of mass 30 guggests that there 1s not a measurable

comtribhition
contripution m ISau 8 The

amount of CsHg.
Therefore, it was impossible to determine the cross-

. . . . . 3
combination ratio, &, in the manner of previous work!'®,3°.

from equations 5, 7, 10: ¢ = RCD30H3
T x1

RooHe RCoDs

If ¢ 1s assumed to be unity, R02H6 would be less than 0.01
times smaller than RCDsCHs. .This is too small to be detected
under the conditions employed.

A similar argument explains the fact that no CzD4H- was
detected; the °CD.H radicals are present in small quantity
since the HDA contains only 5% CDoHCOCDs.

Nor is it possible to set up a material balance relation-
ship where the concentration of carbon monoxide is related to
the addition of all methanes and ethanes because of lack of
sufficient information.

Since the subtraction of pro rata contributions produces
negative answers to the peaks at 34, 32, 31 and 30 it was
felt unjustified to make a fully quantitative critique of the
ratios of CsDe : C2DsH : CDsCHs.

However, a qualitative.assessment of the ratios of the
ethanes, (Tables 21 and 23), shows that they are fairly con-
stant and independent of temperature. Certainly there is no

obvious trend and one can only conclude that under the exper-

imental conditions employed these statements hold. In this
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case one may deduce that the ratio of CzDg : CD3CHs is about
14 : 1 for both Sn(CHsz). and Ge(CHsz) 4.

Alternatively, the amount of radical exchange can be
expressed as a percentage, deduced from the experimental find-
ings. For example, in the case of Sn(CHs)., and assuming that
the presence of each °"CHs radical means the previous presence.
of a *"CDs radical which has been lost by exchange:

CsDs : CsDsH ¢ CDsCHa
21.2 : 1.0 : 1.5 (in the average case)

. CDs : CHs is (42.4 + 1.0 + 3.0) : 1.5
100 2 3.4

Thus about 3.5% of the °*CDs; radicals are lost by exchange H
with Sn(CHs)4 to produce °*CHs radicals, assuming that the | '
*CD-H radicals are present in small enough quantities that they
do not add significantly to the exchange process.

A figure of 3.5% is obtained for the HDA + Ge(CHz)4

system also.
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3.5.3. Results with Hexadeuteroazomethane.

3.5.3.1. Hexadeuterocazomethane and Tetramethylstannane,
(Table 24),

Temp. Factor Mass Peaks (in.)
°C 30 31 32 33 34 35 36
150(a x 50 25.4% 1.9 95.0 2.15 15.5 0.55 21.5
125(a X.5O 31,0 2.0 118.0 2.5 19.1 0.8 26,0
125(Db x 50 29.2 2.45 11%.32 2.4% 17.9 0.7 25.0
20.2

x100 25.6 1.7 96,0 1.8 14,32 0.675 21,7

(a)

100(a) x100 23,8 1,9 91.0 1.7 14.% 0.6
(a)
(a) x100 28.9 2,1 121.5 2.% 19.% 0.75 13.65
(a)

x100 27.3 2.35 110.5 2.0 16.2 0.65 22.9

These figures were analyzed by the procedure described in
section 3.%.2.1, for HDA and Sn(CHsz)4. The 36, 35 and 33
peaks were taken as indicating CsDe, C2DsH and CDsCHs re-
spectively and pro-rata contributions were subtracted from
the whole range (30 - 36) using appendix 3. Analysis produced
the following results in Table 25 overleaf,
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Table 25. HDAM + Sn(CHs). : Radical Exchange.

ngp. CoDe : Cz2DsH : CDgCHg or CgDg : CDsCHg
150(a) 39,1 : 1,0 3.36 11,65 : 1,0
EA IS A S S oL BT S o
100(a) 33,7 : 1,0 2,28 14,77 + 1.0
75(a) 32,2 : 1.0 2.12 15.19 : 1.0
50(a) 6.4 0 1,0 2.65 13,74 1.0
25(a) 35.2 : 1,0 : 2,53 13,95 : 1,0



- 89 -

5.5.5.2. Hexadeuteroazomethane and Tetramethylgermane,
(Table 26),

Temp. Factor Mass Peaks = (in.)
°C 30 31 32 33 B2 35 36

)  x100 14,0 1.2 56,5 1.08 9,0 0.32 12.%

) x100 20.5 1.55 83.0 1.75 13.15 0.6  18.0
100(p) x100 18.9 1.35 76.0 1.6 12,6 0.575 17.8

) x100 28.0 1.85 116.0 2.5 18.5 0.8 26,1

) x100 11,6 0.8 416,68 0.9 7.3 0.2 10.1

) x200 11.8 0.75 48,0 0.98 7.9 0.3 10,8

Once again, analysis was effected using the method de-
scribed in section 3.4.2.1. with the values listed in appendix
5 for the contributions for the isotopic species of ethane

involved in this system. Thus the following results were
obtained in Table 27 overleaf,



Table 27. HDAM + Ge(CHs).
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: Radical Exchange,

38.
30.
31.

4o,
36,

: 02D5H :

=
O

CDscHa or CgDe .

2.82
2.36
2.23
2.57

;3,05

2.71

13,75 =
12,70 :
13.88 :
12,68 :
13,25
13,27 :
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N
=

Discussion of Results,

In essence the discussion here parallels that concerning
radical exchange with HDA (Section 3.5.2.3), the intrinsic
difference being that HDAM has a larger amount of isotopic
Jmpurity.

With both Sn{CHs), and Ge(CHs). substrates, the only
ethanes present in an amount detectable by mass spectrometric
evaluation were CzoDg, CzDsH and CDsCHs. Even though the
azomethane was found to contain 8% CD-HN-CDs impurity, neither

oy
ST

Fy

CoDaHe nor CoHe could be measured because subtraction o
rata contributions in connexion with peaks of higher mass
produced left negative amounts for the 34 and 30 peaks.

Thus once again, the crecgs~combination ratios concerning

CDaCHs and CsDsH could not be determined. £ & ig assumed to
be unity then, respectively, RCgH@ and RCED4H2 would be less

than 0.01 times smaller than RCZDSB Both are too small to be
detected under the conditions employed.

A material balance equation relating the concentration of
nitrogen to the addition of methanes and ethanes was not con-
sidered because of lack of sufficlient information.

As with the HDA systems, a full quantitative appraisal 1is
deemed unjustified but qualitativeiy similar deductions can be
made concerning the independence from temperature of the ethane
ratios (and thus the amount of radical exchange).

The ratio of CoDs : CD=CHs is about 13.5 : 1 for Sn(CHs)4
and about 13 : 1 for Ge(CHaz)4 which compares reasonably well
with the figures obtained with the HDA systems.

Tt is noted that there is less CsDsH produced in the HDAM
systems compared with HDA which is surprising since there is
a larger isotopic impurity present in HDAM.

' for

Nevertheless, the "percentage of radical exchange'
both substrates is very close to that with HDA, The same
assumptions are made:; namely, that each *CHs radical present

represents the previous loss of a *CDs radical by exchange, and
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the °*CDoH radicals do not exchange too,

Thus, for Ge(CHs)a:

CQDG : C D’-DH . CDSCHS

54,8 ¢ 1.0 : 2.62 (in the average case)
. CDs : CHs is (69,6 + 1.0 + 5,24) 2.62
75.84 2.62
100 3.5

This suggests that about 3.5% of the °*CDs radicals exchange
with Ge(CHs). to produce °CHs radicals, which figure is algo
obtained for the HDAM + Sn{CHa)., system,

Thus both tetramethyl substrates show the same amount of
radical exchange with both radical sources using this rudi-
mentary approach,

However, more work of a more gquantitative nature is
required to completely investigate the several possibilities

of reactions,



_95_

Appendix 1. Comparison of the Arrhenius Parameters of some

Silanes with thelr Carbon analogues;

references 2,473,404 45,

log A E
(kcal. mole™1!)

*CHs + C'%H, - CHg 11.8% 14,65
‘CDs + C'%Dy - CD4 12.60 17.80
"CDs + CoHg - CDsH 12.21 11.8
"CDs + CoDg = CD4 12.21 13.3%
*CHs + SiH, - CHg 11.80 £ 0.32 6.99 £ 0.56
‘CHs + SiDs - CHsD 11.98 + 0.3%7 8.19 + 0.65
"CHs + SioHg - CHy 11.96 £ 0.18 5.6% + 0.32
"CHs + SisDg - CHsD 12.19 + 0.21 6.96 £ 0.35
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Appendix 2., Standard Areas of Selected Gases for Gas-Liquid

Chromd%bgraphic Analysis.

Standard conditions:

Chart speed : 2 in min~!
Detector current : 9 milliamps.
Column : Porapak Q

v1mn Famrate Frimas o 9N
: 070

Flushing gas : Helium
Flushing speed : 50 ml1 min™!
Standard volume : 1.122 x 10-° moles.

Standard areas:

CH, : 2211.6 in?
CoHeg : 3419.,3% in®
CoFs : 53%1.6 in¥®

No : 2478.4 in®




Appendix 3. Relationship of concentration to partial pressure

of reactsnt in reaction cell (Volume = 125.4 ml)

for the temperature range 25 - 150°C.

Temp. Partial Conc. log;o Conc.

Pressure (m m1-1)

(m-m) X 107
150°¢C %0 11.38 6.0561 ~5.9439
(423, 16°K) 20 | 7.586 7.8800 ~6.1200
125°C 30 12.09 6.0825  -5.9175
(298.16°K) 20 8.061 7.9064 ~-6.0936
100°C 30 12.91 6.1109  -5.8891
(373.16°K) 20 8.602 7.9346 -6.0654
75°C 30 13.82 6.1406  ~5.8594
(348.16°K) 20 9.217 7.9646 ~6.0354
50°C 30 14,89 6.1729 -5.8271
(223.16°K) 20 9.9%1 7.9970 -6.0030
25°C 20 16.4Y 6.2159 -5.7841
(298.16°K) 20 10.76 6.0%20 -6.9680
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Appendix 4. Fortran IV Computer Programme for Least-Squares

Evalusgtion.

Cards as printed:

= \O QO

202

203

204

LEAST SQUARES EVALUATION

A=INTERCEPT, B=SLOPE, C=ST. DEV. OF A, D=ST. DEV. OF B
E=ST. DEV. OF ENTIRE FIT(PLATT), F=ACTIVATION ENERGY
G=ST. DEV. OF ENTIRE FIT(SLADE

DIMENSTION T(5C),Y(50),TITLE(19),X(50)
READ(5,100,END=8)N,TITLE

FORMAT(I3%,10A4)

WRITE(6,200)TITLE

FORMAT ('1',19A4////)

READ(5,101) (T(1),Y(I),I=1,N)

FORMAT(°FIO 0)

CALCULATE RECIPROCAT, TEMPERATURES

DO 99 I=1,N
X(I)=1.O/( T
CALL PWSLS(X,

(1)+273.16)

X
$RLOGZ, CHISQ%

L

)+2
Y,A,B,C,D,E,F,G,N,RLOGA,RLOGK,RLOGW,

WRITE(6,202)B,D,F,A,C,RLOGA, RLOGK RLOGW,RLOGZ,E,G,CHISQ
FORMAT (' SIOPE = ',G15.5, 5%, STANDARD
$DEVIATION = ',G15.5,//' ACTIVATION ENERGY = ',G15.5///
$' INTERCFPT = ',G15.5,5X STANDARD

$DEVIATION = ',G15.5///" LOG A = ',015.5//

$' LOG K AT uoo K ="',G 15 5,5%,

$' LOG K AT 1/T=0.0023 = !,G15.5,

$' I10G K AT 1/7=0.003% = ',G15.5///

$' PLATT ERROR IN ENTIRE FIT =',G15.5///

$' SLADE ERROR IN ENTIRE FIT =1.615.5///
CHISG =',G15.5/////)

WRITE(6,203)

FORMAT (4X,' TEMP',4X,!'YEXPT',5X,'YCALC',6X,'DIFF'///)

DO 98 I=1,N

YCALC =A+B*X(TI)

DIFF=Y(I)-YCALC

WRITE(6,204)T(1),Y(

FORMAT(FlO 1,3F10.5

GO TO 9

STOP

END

Y(I),YCALC,DIFF
)
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Appendix 4. Continued

SUBROUTINE PWSLS(X,Y,A,B,C,D,E,F,G,N,RLOGA,RLOGK,RLOGW,
£RIOGZ ,CHISQ)
c PETER SLADE'S OWN LEAST SQUARES PROGRAMME TO FIT
£Y=A+B#X
DIMENSION X(50),Y(50)
$X=0.0
SY=0.0
SX¥Y=0.0
$X2=0.0
Do 89 I=1,N
SX=SX+X (1)
SY=SY+Y({T)
SXY=SXY+X§I§*Y§I§
89 SX2=8X2+X (I )*X(I
7 =N#SX2-SX#SX
A=(SX2*SY-SX#SXY)/Z
B=(N*SXY-SX*8Y)/7Z
YMEAN=SY/N
R=0.0
SIG=0.0
DO 88 I=1,N
YCALC—A+B* (I
SIG=SIG+(Y(I)
88 R=R+(YCALC-Y(
SIGMA=SIG/N
S=SQRT(R/(N-3%.0
C=SQRT(SX2/Z)*3
0

)
~YMEAN )32
I))#x2

))

D=SQRT(N/Z )#*S
E=SQRT(R/(N-1.
F=B*(-4.5738)
G=SQRT(R/Z)*S
CHISQ—R/(SIGMA) (SIGMA)
RIOGA=A+6.67
RLOGK=RLOGA+B#0. 0025
RLOGW=A+B#*0.002%
RLOGZ=A+B#0.0033
RETURN

END

))
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Appendix 5. Mass Spectra Data; reference 42,

For an ionization voltage of 70 volts:

I_n- CD3 CD3 oo CD2H CD3 CDH2 CDH2 CH3

e L | | é | | |
Ds CDoH CDoH Ha CDH> . CHg CHs

36 100

25 100

24 73.6 18.7 100

33 55.2 36.5 100

32 468.8 197.5 117.4 49.2 100
31 ‘ 220.0 230.4 71.6 64.2 100
30 99.2 63.6 156.5 337.4  258.1 72.9 100
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