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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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1. - Introduction. -- ---------- 
Considerable work hss been camied out on the reactions 

of free radjcals 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 th3 central 

metal atorn. For instance', the properties of a molecule m.2y 

be altered distinctly if carbon is replaced by other group IV 
elements. Consider the following data1: 

Electronegativity Covalent 
(a> (b) Radius (A) 

2055 2.50 0.77 
Si lHe' Ne] 3s' 2s2 2P2 3p2 1.90 1.74 1.17 

2 Ge [Ar] 3d1•‹ 4s2 ;I2 2.01 2.02 1.22 
Sn [Kr] 4dT0 5s2 1.96 1.72 1.40% 
Pb [Xe] 4f1* 5d1•‹ 6s2 6p2 2.33 1.55 1.54* 

= Pauling series : C>Pb>Ge>Sn>Si 
= Allred and Rochow series : C > Ge> Xi Sn> Pb 

* = covalent radius of Sn I1 

* = ionic radius of Pb I1 

The group IV elements pr0vid.e a striking example of an 

enornous 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 thz remaining group IV 

elemmts, and their derivatives, are considerably more 

reactive than the carbon analogues in hydrogen abstraction 

reactions. 

The silanes have been investigsted,(see reference 2 and 

appendix I), and found to show higher reactivity for hydrogen 

abstraction conzpared..with the analcj,-r,ous carbon compounds. 

This can be related to the rzspective bond strengths; the 



covalent  bed. s t r e n g t h  of Si-H i s  atlout 25 kcal .  mole'' lower 

than t h a t  of C-H. 

The Ge-H and Sn-H covalent  bond s t r e n g t h s  a r e  s i m i l a r  t o  

t h a t  of s i - H 1 ,  

M = C S i  Ge Sn 
M-H bond s t r e n  t h  99 75 74 71 

(kca l .  mo1.e-') 

S imi lar  h igher  r e a c t i v i t y  i s  noted f o r  hydrogen a .bstract-  

i o n  i n  s u b s t i t u t e d  s i l a n e s ,  ( f o r  ins t ance  those conta in ing  

methyl groups and halogen atoms),  compared with t h e  carbon 

analogues. This can be a t t r i b u t e d  t o  t h e  d i f fe rence  i n  

e l e c t r o n e g a t i v i t i e s  and t o  t h e  u t i l i z a t i o n  by s i l i c o n  of i t s  
d  o r b i t a l s .  The l a t t e r  aspect  can manifest  i t s e l f  i n  two ways: 

s i l i c o n  can inc rease  i t s  co-ordinat ion number t o  f i v e  o r  s i x ;  

rr-bonding may occur between t h e  empty s i l i c o n  d  o r b i t a l s  and 

s u i t a b l y  f i l l e d  l igand o r b i t a l s  of t h e  c o r r e c t  symmetry and 

s p a t i a l  o r i e n t a t i o n 3  j 4 .  

A s i m i l a r  inf luence  of d o r b i t a l s  i s  e l s o  expected with 

germanium and t i n  systems. 

Recent s t u d i e s  have included those of f r e e  r a d i c a l s ,  

mainly ' C H 3 ,  " C D 3  and "'CF3, with inorganic  s u b s t r a t e s ,  i n  
----I-< ~ C L L  ~ J I L U L ~ L  -771 m -  + h n  b l i c  h - l ac . ;  I I C * I I V L ~ - L L L + I L C I O  l ~ n n c ~ ~ 6 j 7 ,  ~eJLh~rlh3losilanesb'9'1O'11 

and t h e  group I V  tet~arnethyls~~''~'~~'~~. 

The r e s u l t s  of hydrogen a b s t r a c t i o n  from t h e  rnethyl- 

f l u o r o s i l a n e s ,  ( c H ~ ) ~ , ~ s ~ F ~  where x  = 0 - 3, us ing  ' c D ~ ' ,  

and ' c F ~ ~ ,  r a d i c a l s  demonstrate t h e  d i f fe rences  between t h e  

r e a c t i - v i t i e s  o f  t h e  r a d i c a l s .  

A graph of a c t i v a t i o n  energy f o r  a b s t r a c t i o n  p l o t t e d  

aga ins t  proton chei~lical  s h i f t  shows a gen t l e  curve,  inc reas ing  

from ( c H ~ ) , s ~  t o  CH3SiF3 f o r  both 'CD, and "CF3 r a d i c a l  a t t a c k .  

Since t h e  F3C-H boqd i s  some 2kcal .  mole-' h igher  i n  energy 

than D3C-H, one might expect p a r a l l e l  curves,  separated by a 

funct ion  of t h e  d i f fe rence  i n  bond energies .  

I n  f a c t ,  t h e  d i f f e rence  between t h e  a c t i v a t i o n  en.erg$es 

i n c r e a s e s  from CH3SiF3 t o  ( c H ~ ) ~ s ~  and t h i s  i s  r a t i o n a l i z e d  

by considering t h e  inf luence  of both t h e  induc t ive  e f f e c t  of 



t h e  F  atom(s)  on t h e  C-H bond s t r eng th ,  and t h e  p o l a r  e f f e c t  

which can be repu l s ive  o r  a t t r a c t i v e  depending on t h e  i n t e r -  

a c t i o n  of t h e  e l e c t r o p h i l i c  'CF3 r a d i c a l  with pro tonic  o r  

hydr id ic  hydrogen atoms, respect ive ly .  

The same graph f o r  hydrogen a b s t r a c t i o n  from t h e  corres-  

ponding methylchlorosi lanes by 'CF3 r a d i c a l s l o ,  produces a  

d i f f e r e n t  curve. Af ter  an i n i t i a l  r i s e  of about 2kcal. mole-' 

from ( C H ~ ) ~ S ~  t o  ( c H ~ ) ~ s ~ c ~ ,  l i t t l e  d i f f e rence  i n  a c t i v a t i o n  

energy i s  noted between t h e  l a t t e r ,  (CH3)&3icl2 and CH3SiC13. 

To account f o r  t h i s  s i m i l a r i t y  it i s  suggested t h a t  PIT-drr 

I' C i - S i  back bonding occurs f r o m  i i i i e d  C i  p u r b i i a i s  iu iiie 

'I empty S i  d  o r b i t a l s ,  which renders  t h e  p o l a r  e f f e c t  constant.  

In  t h e  l a s t  yea r  o r  so,  work has been repor ted  on t h e  

a b s t r a c t i o n  of hydrogen from a l l  t h e  group I V  te t ramethyls  

using * c H ~ ~ ~ ~ ~ ~ ,  C D ~ ' ~ ,  and ' c F ~ ~ ~ J ~ ~ J ~ ~  r a d i c a l s .  In  p a r t i c u -  

l a r ,  Arrhenius parameters were measured f o r  hydrogen a b s t r a c t i o n  

from c ( C H ~ )  *, si(cH3) 4 ,  G ~ ( c H ~ )  and s ~ ( c H ~ )  using 'CF3 

radicals1' .  A p l o t  of log k f o r  a b s t r a c t i o n  a g a i n s t  chemical 

s h i f t  shows a  g e n t l e  curve where log k  decreases i n  t h e  order  

S i  > Sn > Ge > C which i s  t h e  order  of increas ing  e l e c t r o -  

n e g a t i v i t y  of t h e  group IV element. 

Af te r  los ing  a  hydrogen atom by a b s t r a c t i o n ,  t h e  t e t r a -  

methyl s u b s t r a t e  may combine with a  'CF3 r a d i c a l  t o  produce a  

hot  r n o l e ~ u l e ~ ~ ~ ~  which can e i t h e r  be s t a b i l i z e d  by c o l l i s i o n ,  

o r  can undergo a p-f luoro rearrangement with subsequent 

e l imina t ion  of an o l e f i n :  

' CF3 + * C H ~ M ( C X ~  ) - C H ~ C H ~ M ( C H ~ )  : C F ~ C H ~ M ( C H ~ )  

CF2CH2 + F M ( C H ~ )  3 

where M = Si ,  Ge o r  Sn. N = t h i r d  body. 

The s t a b i l i z e d  molecule may a l s o  produce an  o l e f i n  by 

thermolysis  : 

a 
C F ~ C H ~ M ( C H ~ ) ~  - CF2CH2 + F M ( C H ~ ) ~  

Also, evidence has been found f o r  r a d i c a l  exchange, 

(exchange between a t t ack ing  'CF3 r a d i c a l s  and s u b s t r a t e  CH3 



It has been noted t h a t  t h e  hot  molecule rearrangement- 

e l imina t ion  r e a c t i o n  occurs when t h e  c e n t r a l  metal  atom has 

empty d  o r b i t a l s  a v a i l a b l e  f o r  bonding and t h a t  t h e  r a d i c a l  

exchange mechanism, which requ i res  a  f i v e  co-ordinate  i n t e r -  

mediate, i s  observed f o r  S i ,  Ge and Sn, t h a t  i s ,  where t h e  

c e n t r a l  (group IV) atow: can u t i l i z e  i t s  d  o r b i t a l s  t o  a t t a i n  

a co-ordinat ion number g r e a t e r  than  four .  Inves t iga t ion  of 

t h e  r e a c t i o n  of 'CF3 and 'CD3 r a d i c a l s  with B(cH~)~, tr i-  
3 methylboran?,'has a l s o  y ie lded  evidcnce f o r  s i m i l a r  exchange 

and e l iminat ion  rezc t ions .  In  t h i s  case i t  i s  assuried t h a t  

t h e  empty p o r b i t a l  i s  used. 

These aspects  a r e  considered of s u f f i c i e n t  i n t z r e s t  t o  

warrant f u r t h e r  w0r.k i n  connexion wlth t h i s  f i e l d .  



2. Review of Previous Work. 

2.1. Hydrogen Abstraction Reactions from Methylhalosilanes 
using 'CD3 and "CF3 radicals; references 8, 9, 10, 11. 

The Arrhenius parameters have been measused for this process 

in the case of the series ( c H ~ ) ~ s ~ ,  ( C H ~ ) ~ S ~ X ,  ( ~ ~ 3 ) ~ ~ i . x ~ ~  

CH3SiX3 where X = F or C1. 

The work was performed with 'CF3 and 'CD3 radicals for the 

methylfluorosilanes and with 'CF3 radicals in the case of the 

methylchlorosilanes. Hexafluoroacetone (HFA) and hexadeutero- 

acetone (HDA) were photolyzed to produce, respectively, 'CF3 

and 'CD3 radicals. 

The HFA + rnethylfluo~osilane 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 ~ 0 ~ )  and quenching was 

noted when oxygen vras used. The volatile products of the 

photolysis of HFA mixed with silane were CO, C2Fs, CF3H and 

CF2CH2, 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.  ethane is also 
produced by abstraction of hydrogen from unphotolyzed HDA 

by *CD3 radicals. ) 

2.1.1. Results. 

The results obtained for work done on these systems are 

as follows: 



Log A P 
"A 

Log A E~ 
(kcal mole' ' ) (kcal mole ' I) 

2.1.2. Interpretation of Results 

?"ne 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 soxe other systems which had also shown 

abnormal A factors7'16 and found the subsequent values to be 
in the normal range. Although the HDA -b methylchlorosilane 

systems were not re-investigated, Kerrfs values are considered 

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 is decreased as F atoms replace 

CH3 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, (H,). 

- 
inductive effect. 



The removal o l  e l e c t r o n  dens i ty  from Ha strengthens t h e  

C-Ha bond, aaking t h e  a b s t r a c t i o n  or' t h e  Ha l e s s  f a c i l e .  The 

C-IIa bond s t r e n g t h  i s  thus a i'unction of F - subs t i tu t ion  as i n -  

d ica ted  by t h e  bon3. s t r e n g t h  da ta  obtained from t h e  Polanyi 

equat ion which has been t e s t e d  by  rotm man-Di~kenson~~: 

D ~ - ~  
kca l .  mole-' 

For t h e  HFA + methylf luorosi lane systems a p l o t  of 

a c t i v a t i o n  energy v. proton chemical s h i f t  produces a curve 

below t h e  'CD3 curve; t h e  d i f fe rences  f o r  each s i l a n e  increases  

a s  F atoms a r e  replaced by CH3 groups. 

(kca l .  

Proton Chemical S h i f t  (p.p.m.) 



A d i f fe rence  i n  a c t i v a t i o n  energy f o r  hydrogen a b s t r a c t i o n  

from a p a r t i c u l a r  s i l a n e  with t h e  d i f f e r e n t  r a d i c a l s  i s  expect- 

ed because of t h e  added Lnductive e f f e c t  of t h e  F atoms present  

i n  t h e  'CF3 r a d i c a l .  This i s  r e f e r r e d  t o  a s  t h e  p o l a r  e f f e c t .  

One can p r e d i c t  t h e  d i f f e rence  expected on h e a t s  of r e a c t -  

ion  d i f fe rences  f o r  a given s i l a n e  based on t h e  bond energy 

d i f fe rences ,  
- 

( D ~ 3 ~ - ~  D ~ 3 ~ - ~  106 - 104 = 2kcal. mole-l)  

Consider t h e  r e l a t i o n s h i p  between t h e  bond energies  and 

a c t i v a t i o n  energies  f o r  hydrogen a b s t r a c t i o n  from c ( c H ~ ) ~  
. N h  and S i  { CH3 ) Lu3 ~ - . ~ ~ ~ ~ ~ ~ ~  

D ~ - ~  D ~ - ~  E c ( C ~ 3 > 4  *si(cH3), - 

f o r  c ( c H ~ ) ~  f o r  s ~ ( c H ~ ) ~  

( k c a l ,  mole-') (kcal .  mole-') (kcal .  mole-') 
rU 99 - 97 12.0 - 10.8 = 1.2 reference  12) 

12.0 - 10.4 = 1.6 reference  16) 

Thus f o r  a  d i f f e rence  i.n bond energies  of about 2kcal. 

mole-', a  d i f f e rence  i n  a c t i v a t i o n  energies  of about 1.5kcal. 

mole-' i s  observed. Sirice t h e  d i f fe rence  DF3c - - D ~ 3 ~ - ~  i s  

a l s o  about 2kcal. mole-', a d i f f e rence  i n  a c t i v a t i o n  energies  

f p r  hydrogen a b s t r a c t i o n  by 'CF3 and 'CD3 r a d i c a l s  of 1.5kcal. 

mole-' might be expected f o r  each s i l a n e .  

Such a constant  d i f f e rence  i s  not  observed, ind ica t ing  t h a t  

a d d i t i o n a l  f a c t o r s  have some inf luence.  

E ~ ~ 3  - E ~ ~ 3  

( k c a l .  mole-') 

The v a r i a t i o n  of t h i s  d i f f e rence  f o r  each s i l a n e  t o  t h a t  

expected from t h e  aspec t  of bond energies ,  (1.5kcal. mole-'), 

i s  a t t r i b u t e d  t o  t h e  po la r  e f f e c t .  

The po la r  e f f e c t  a r i s e s  from t h e  i n t e r a c t i o n  of t h e  



electrophilic 'CF3 radical with methyl hydrogens. If the methyl 

hydrogens are hydridic, as in the case of (CH3)4~i, then the 

attractive polar effect is enhanced and the activation energy 

for hydrogen abstraction by 'CF3 radicals is lower than that 

anticipated by bond dissociation energy considerations; thus 

the difference E 
CD3 - E ~ ~ 3  

is higher. 

However, as the methyl groups are replaced by fluorine 

atoms, the hydrogen atoms of the re~aining methyl groups become 

more protonic. In the case of CH3StF3 the methyl hydrogens 

are protontc in nzture and it is the repulsive polar effect 
-7 that is eni?anceci. lnus t h e  aci ivai iui i l  eilei-2y fey t he  s m e  

process is higher chan anticipated solely from bond dissociation 

energy considerations and the diff crence E - 
0 3  E ~ ~ 3  

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 'CF3 radical to be electrophilic, 

then the polar effect operating to lower the activation energy 

for ( c H ~ ) ~ s ~ ,  (and (cH~)~s~F), can be introduced into a 

Polanyi type equation: 

polar 
effect. 

The fact that LEA 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 

A similar plot for the HFA -1- methylchlorosilanes shows 

that after a 2kcal. mole-' rise in activation energy from 

(cH~) 4 ~ i  to ( C H ~ ) ~ S ~ C ~  there is a mere 200cal. mole difference 

between ( c H ~ ) ~ s ~ c ~ ,  ( C H ~ ) ~ S ~ C ~ ~  and CH3SiC13. 

The similarities over the latter three methylchlorosilanes 

is rationalized by postulating that pn - dn back-bonding occurs 
from €he filled C1 p orbitals to the vacant Si d orbitals. This 



effect can curtail the Si- Cl 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 
rl"JLiiig " 7 -  - "  "- " 2  0" - - -  

LLML bile U L L L C L C I L C C ~  betwezn the zhemizzl shifts cf 

chloro and fluorosilanes is not nearly so marked4y23~24. 

chemical shift 
(p.p.4 

chemical shift 
(p.p.4 

Furthermore, the fact that chlorine abstraction is not 

observed suggests that the Si-C1 bond is a strong one; pn - dn 
interactions would certafnly be a positive factor tor~rard bond 

strengthening. Estimates for the Si-C1 bond strength vary4 

from 82 to 120 kcal. mole which is significantly high. 

Throughout these studies Ayscoughrs value for the rate 

of recombination of *CF3 radicalsz1 was used, as was Shepp's 

value for the similar process involving 'CD3 radicalsi9. 

('The latter had been more recently verified by March and 

~olanyi~~). 

2.2 Hydrogen Abstraction Reactions from Halosilanes 

using 'CH3 and *CF3 radicals; references 5, 6, 7. 

Kerr, Slater and Young worked on the reactions of 'CH3 

radicals with the chlorosilanes (and methylchlorosilanes). 

They noted that the reactivity of the silanes was higher com- 



pared with the carbon analogues and they accredited this be- 

haviour to high A factors, rather than to low activation 

energies5. 

However, this work was doubted on the evidence of later 

work with these systems6 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 E~ Reference 

(kcal. mole-' ) 

'CH3 + HSiC13 13.4 8 -5 Kerr, Slater, young5 
*CF3 + HSiC13 12.13 6.85 Bell, ~ o h n s o n ~  
'CF3 + HSiC13 11.77 5.98) 
'CH3 + HSiC13 10.83 4.30 Kerr, Stephens, young7 

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, is reflected in the lower 

activation energies for hydrogen abstraction. 

It is noted that the activation energy for the abstraction 

of hydrogen from trichlorosilane, HSiC13, is higher for 'CF3 

attack, which is the opposite effect to tha,t noted with the 

methylhalosilanes. 

The hydrogen atoms in the methylhalosilanes are hydridic 

in nature and thus more readily abstracted by the electrophilic 

'CF3 radical. The hydrogen atom in HSiC13 is more easily 

affected by the inductive effect of the C1 atoms than are the 

methyl hydrogens in the 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 'CF3 + HSiC13 system with 
respect to the 'CF3 + HSiC13 case. 



2.3. Hydrogen Abstraction Reactions from the Group TV 
Tetramethyls using 'CH3, 'CD3 and 'CF3 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(CH~) 4, s~(cH~) 4, Ge(cH3) 4, s~(cH~) 4, with 'CF3 radicals, 

 ell and Platt12). 

s~(cH~) 4, G~(cH~) 4y s ~(cH~) *, pb(C~3) 4, with 'CH3 radicals, 
(Chaudhry and ~owenlockl~). 

Other studies have included a comparison of c(cH=)~ and 
s ~ ( c H ~ ) ~  using 'CH3 and 'CF3 radicals,  o orris and Thynnei4), 
and a comparison of s ~ ( c H ~ ) ~  with four different radicals, 

'CF3, 'CH3, 'CD3 and *C2H5,  err, Stephens and ~oung"). 

2.3.1. Results. 

l og  A z~ log Ir "H 
(kcal. mole-') (400'~) 

reference: Bell and Platt 
*Bell and Zucker '. 

12.6 * 0.19 11.0 & 0.34 6.59 
11.8 & 0.21 9.6 * 0.39 6.56 

8.6 & 0.24 6.40 
10.2 0.48 7.4 & 0.88 6.16 

reference: Chaudhry and   ow en lock'^. 

'CH3 + c ( c H ~ ) ~  12.3 12.0 5.74 
reference: Kerr and ~imlin'~. 



reference:  Kerr, Stephens and youngi6. 

re ference  : Morris and ~ h y n n e l  4. 

2.3.2. I n t e r p r e t a t i o n  of Resul ts ,  

An a n a l y s i s  of t h e  da ta  of B e l l  and p l a t t 1 2  g ives  import- 

a n t  information on t h e  r e l a t i o n s h i p  between r e a c t i v i t y  and 

e l e c t r o n e g a t i v i t y .  A p l o t  of log  kH V. proton chemical s h i f t  

produces a  g e n t l e  curve with log  k decreasing wi th  increas ing  

chemical s h i f t ,  i n  t h e  order  si(cH3) s ~ ( c H ~ )  4 ,  G ~ ( c H ~ )  and 

c ( C H ~ )  4. (See graph 11). This suggests  t h a t  t h e  r e a c t i v i t y  

of t h e  te t ramethyl  decreases  a s  t h e  Pauling e l e c t r o n e g a t i v i t y  

inc reases  which i s  i n  keeping with t h e  l o g i c  t h a t  a b s t r a c t i o n  

of hydrogen by t h e  e l e c t r o p h i l i c  'CF3 r a d i c a l  would be more 

f a c i l e  with t h e  more hydr id ic  hydrogens. The most hydr id ic  

hydrogen would be as soc ia ted  with s ~ ( c H ~ ) ~  a s  s i l i c o n  has t h e  

lowest e l e c t r o n e g a t i v i t y .  This i s  confirmed by t h e  r e s u l t s .  

However, t h e  r e s u l t s  of Chaud-hry and   ow en lock'^ do no t  

complement t h e  l a t t e r  r e s u l t s .  Their  p l o t  of log kH a g a i n s t  

t h e  13c-H coupling cons tant ,  J ( ' ~ c - H ) ,  shows a  g e n t l e  curve 

but  with t h e  order  S i  > Ge > Sn > Pb which does no t  agree with 

t h a t  of Be l l  and P l a t t  f o r  t h e  'CF3 systems12, ( s e e  o v e r l e a f ) .  
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The results of Chaudhry and Gowenlock are doubted on 

several coumts, 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 ~latt), and furthermore, nearly all are outside the normal 

range. The authors make reference to results of Kerr, Slater 

and young5 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 'CD3 + c(CH3) 4 

system to the plots of Chaudhry and Gowenlock. Kerr and 

~imlin'~ have determined the Arrhenius parameters and 

~c~arlane*' has determined J('~c-H) for c(CH~)~ to be 122 copes.. 

It is seen clearly that the data for C ( C H ~ ) ~  does not fit onto 

either of the above graphs. 

Subsequent work on the 'CH3 + s~(cH~)* system by Kerr, 
Stephens and young16 and that by Morris and 'I'hynne14 shows 

close agreement between the two groups of workers but some 

differences to the figures of Chaudhry and Gowenlock. 

Sufficient evidence is available to justify a Te-l~vest- 

igation of the work of the latter. 

Referring again to Morris and Thynne, they have measured 

the Arrhenius parameters for hydrogen abstraction from S~(CHS)~ 

with both 'CH3 and 'CF3 radicals14, and compared their findings 

with some earlier results of the same radicals with c ( C H ~ ) ~  26, 27 

Morris and Thynne conclude that "for attack by the same 

radical, the Arrhenius parameters and velocity constants are 

identical, within experimental error, 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(CH~)~, chosen for comparison, have been super- 



seded. If one takes Kerr and Timlints values for 'CH3 + 
c ( c H ~ ) ~ ' ~  and Bell and Zuckerfs values for 'CF3 + C(CH3)48, 
then differences are noted for replacement of carbon by silicon 

for attack by both radicals. 

Morris and Thynnels own values for 'CH3 and 'CF3 attack 

on s ~ ( C H ~ ) ~  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 ~omg'" 

are complementary. 

The values for 'CF3 radical attack on ~i(CH3)4, obtained 

by both Kerr et all" and Heii and ~ucker" are ki exse::ent 

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 young1". The values of si(CH3) with both 'CF3 and 'CD3 

radicals compare fairly well with those of Bell and plattl*. 

It was deduced by Kerr et a1 that an order of reactivities 

maJT be stated: 

It is also noted that this sequence parallels that of 

bond dissociation energies : 

Secondary Reactions; references 17, 18, 28 

Other reactions have been noted in the reactions of the 

methylhalosilanes and group IV tetramethyls with 'CD3 and 'CF3 

radicals, 

One such reaction is that of hot molecule formation 

between the abstracted substrate and 'CF3 radicals. The hot 

i 



molecule either undergoes a $-fluor0 rearrangement reaction 

and elimination, or collisionally deactivates followed by a 

thermolysis reaction. In both cases CF2CH2 is formed. 

Both the above reactions occur only when the central 

metal atom has vacant d orbitals; neither reaction is noted 

for C(CH~) 4. 

When *CD3 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 ~ o r k ~ ~ j ~ ~  J 

and more recently fn tne reactions ul" ' C F 3  i - a d i c ~ l s  7.r-"h vV I UJ.l +ha VIA.4 

group IV tetramethyl~l~,~~ and of 'CD3 radicals with B(CH~)~~'~ 
In these more recent studies, direct exchange, resulting 

in the production of 'CH3 radicals, has been postulated to 

account for CH4, c2H6 and CF3CH3/CD3CH3, (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 Xi, 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 

*CF3 radicals with S ~ ( C H ~ ) ~  and the following reactions were 

proposed: 

Radical exchange: 'CF3 + sn(C~3) 2 [CF~ - s~(cH~) -) 
CF3 - sn(CH3), + 'CH3 1. 

Abstraction : 'CF3 + Sn 4 - ~ C F 3 H  + * C H ~ S ~ ( C H ~  )3 2. 
4-CH4 + ' C H ~ S ~ ( C H ~ )  3 3. 

Recombination : ' CF3 + ' CF3 -C2F6 4. 
'CH3 + 'CH3 -C2H6 M 5. 
' CH3 + ' CF3 -CH3CF3* - CH3CF3 6. 

-CH2CF2 + HF 7. 
For this system Bell and platt18 obtained a value of 

- 
5.9 x lo6 ml m-l s for k3 which compares with Chaudhry and 

-1 G o w e n l ~ c k ~ s ~ ~  value of 5 x l o 6  ml m-I s . 



Such experimental  evidence i s  i n  favour  of methyl products 

r e s u l t i n g  from ' CH3 r a d i c a l s .  

Since t h e  methyl products were n o t  found e i t h e r  by hea t ing  

a mixture of HFA + s ~ ( c H ~ ) ~  o r  by photolyzing s ~ ( c H ~ ) ~  alone 

under experimental  condi t ions ,  t h e  methyl r a d i c a l s  must o r i g i n a t e  

from an exchange process such a s  t h a t  ind ica ted  by equat ion 1. 

AlthougN f u l l  q u a n t i t a t i v e  a n a l y s i s  was not  poss ib le  wi th  

s u b s t r a t e s  o t h e r  than  s ~ ( C H ~ ) ~ ,  es t imates  of t h e  amounts of 

CH4 and C2H6 produced lead  t o  t h e  following pos tu la ted  order  

of t h e  r e l a t i v e  r a t e s  of r a d i c a l  exchange: 



Research: The Reactions of 'CD3 radicals with 

tetramethylstannane and tetramethylgermane. 

3.1. Experimental 

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-alwnel 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-d6 was used as a source of 
0 

'CD3 radicals, light of wavelength around 3130 A was isolated by 

a Corning filter, CS 754, and standard solutions of nickel and 
cobalt sulphate, and of potassium nydrogen ph~halate31. Whei? 

azomethane-ds was used as a radical source, light of wave- 
0 

length 3660 A was obtained by using a combination of filters 
CS 760 and 052, as used by Cheng, Nimoy and ~ o b y ~ ~ .  

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- 

ials 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 lo-' torr or 

better. The gaseous reaction products were collected by means 

of the Toepler pump technique described by Gowenlock and 

~ e l v i l l e ~ ~ .  



Procedure. 

In a typical. experiment, t h e  r a d i c a l  source and te t ramethyl  

s u b s t r a t e  were admitted separa te ly  i n t o  t h e  r e a c t i o n  c e l l  from 
t h e i r  blackened s to rage  f l a s k s ;  a  Ruska Instrument Company 

p r e c i s i o n  quar tz  s p i r a l  gauge was used f o r  pressure  measurements. 

The mixture was f rozen  down by l i q u i d  n i t rogen i n t o  t h e  appendage 
and pumped out t o  l e s s  than  t o r r  pressure.  The o u t l e t s  t o  

t h e  pumping system were closed,  t h e  cold t r a p  removed, and t h e  
appendage warmed by hand t o  melt  t h e  f rozen  reac tan t s .  When 
the  qix1rt7 s r i r a l  gauge recorded t h a t  t h e  pressure  had re-  

turned  t o  i t s  o r i g i n a l  value and t h e  r e a c t a n t s  had been l e f t  

t o  mix and a t t a i n  t h e  furnace temperature,  a photo lys is  w a s  

c a r r i e d  out .  The temperature range employed f o r  these  exper i -  

' ments was 25 - 1 5 0 " ~  inc lus ive  i n  25" s t e p s ,  (with t h e  a d d i t i o n  

of 137.5"C when HDA was used) .  When HDA was used a s  a r a d i c a l  

source,  a p a r t i a l  pressure  of 30 was used f o r  both  it and 
3 :  . < .?-.'LA. 

t h e  te t ramethyl  subs t ra t e .  When HDAM was used then  t h e  p a r t i a l  

pressure  of both it and t h e  s u b s t r p t e  was reduced t o  20 mrn. 
10 :: $3 ALL- '%)&/ 

In experiments with HDA, a photo lys is  time of 120 seconds 

was used a t  r e a c t i o n  temperatures 150 - 100•‹C inc lus ive ,  240 

seconds a t  75"C, 600,seconds a t  50•‹C an2 1200 seconds a t  25'C. 

However, when azomethane-d6 was used, a  photo lys is  time of 

120 seconds was found t o  be s u f f i c i e n t  a t  a l l  temperatures. 

Af te r  photolyses,  t h e  products were c o l l e c t e d  i n  a  co ld  

t r a p ,  which was maintained a t  -160•‹c by an  isopentane s l u s h  

bath. This condensed a l l  compounds except methanes and ethanes 

which were allowed t o  e f fuse  i n t o  a Toepler f l a s k  on t h e  open- 

ing of a s u i t a b l e  valve. These gaseous products were c o l l e c t e d  

i n  t h e  c a p i l l a r y  tube s i t u a t e d  v e r t i c a l l y  above t h e  f l a s k  u n t i l  
t h e  pressure  i n  t h a t  s e c t i o n  of t h e  apparatus  had s t a b i l i z e d  
a t  equal  t o  o r  l e s s  than  3 x 1 0 ' ~  t o r r .  A rubber cup was 

f i t t e d  t o  a p o s i t i o n  on t h e  c a p i l l a r y  tube such t h a t  t h e  

a d d i t i o n  of l i q u i d  n i t rogen  i n t o  t h e  cup f r o z e  a plug of 

mercury, thereby enclosing t h e  sample gases  i n  t h e  tube above 



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 mass spectrometer (~itachi RMU 6 ~ )  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 

to determine the CD3H : CD4 ratio (19 : 20 mass peaks) and 

to look at the 30 - 36 mass range to elucidate the amount of 
radical exchange. 

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 

CD2KCOCD3 present te about 5$. 

3.1.1.2. Hexadeuteroazomethane. 

This was obtained from Merck, Sharp and Dohme Ltd. of 

~ontrbal. 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  distillation^^^^^^^^^^^^^ the 
material was purified by distillation using traps at -98O, 
-131.5" and -196Oc, using slush baths of methanol and isopentane 

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 



directly to a blackened storage bulb situated above the reaction 

cell. The very small fraction at - 9 8 " ~  was combined with that 

from the first distillation. In neither distillation was any 

material collected at -196Oc. 

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 CD2HN2CD3 then azomethane 
was 91.97% AZM-d6 and 8.03% AZM-d5. 

This was obtained from Alpha Inorganics Ltd. 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, ~e(~l33)~. 

A procedure identical to that of tetramethylstannane was 

employed. 

3.2. 

3.2.1. 

Hydrogen Abstraction usin.g Hexadeuteroacetone. - 

Kinetics. 

Using hexadeuteroacetone (HDA) as a radical source, the 

following processes were involved. (The HDA was found to 

contain 5% CD2HCOCD3 as impurity. ) 

hv Photolysis : CD3COCD3 - 2'CD3 + CO 
CD2HCOCD3 hv .CD2H + 'CDB + CO 

la. 

lb. 

Abstraction of a hydrogen atom from the tetramethyl substrate 

to yield CD3H: 



'CD3 + M ( c H ~ ) ~  kp CD3H + 'CH~M(CHS) 3 
where M = Sn or Ge. 

Additional abstraction reactions within the radical source 

itself are : 

5 -- Recombination: '@D3 \+ w3 kc; + 

'CD2H + ' CD3 k R f  , 

'CD2H + 'CD2H kgf1 , 

Mass spectrometric analysis showed that R61 was very small 

and R ~ "  not detectable. 

Photolysis of HDA alone. 

Gas-liquid chromatographic and mass spectrometric analysis 

was employed to obtain 

which are subsequently 

From G. L. C. analysis : 

L 

values of ks/kF, at each temperature, 
5 

L 

used to evaluate k2/k2. 
5 

Rame thane 

'E2D6 

From mass spectrometric analysis: 

'CD~ + R ~ ~ 3 ~  

R a  now CD4 1 
-I--x - k3 

-T 

R;I,~6 
[acetone-d6] k2 

5 



Photolvsis of HDA ~ l u s  substrate, 

Mass spectrometric analysis only was needed, to obtain the 

ratio of the total rates of formation of CD3H : CD4, 

Rt Rt ( CD3H : CD~). 

- - k, [substrate] + kql [Ac-d5] + k41f [CD~H] (D) 

k3 [Ac-ds] k3 M - d s l  k3 LCD31 

(Ac = acetone) 

but from the photolysis of acetone alone: 

now, neither [Ac-ds] ,or [ CD2H1 depend on [substrate], 

[Ac-deI CcDsl 

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

R t ~ ~ 3 ~  - R a ~ ~ 3 ~  - - k 2  [substrate] 

R t ~ ~ 4  Ra CD4 k3 [Ac-d61 

thus k2 - - -  - 
k3 [substrate] CD4 

now k2 - 2 k k3 x - r  
k kH 

5 5 



1 
values of k3/kF are obtained from the photolysis of HDA alone, 

5 

(c ) ,  and thus: 

R t ~ ~ 3 ~  - R a ~ ~ 3 ~  
T- 
k2 5 [substrate] R t ~ ~ 4  a CD4 I x @  kT 5 

Since the hexadeuteroacetone (HDA) used was 9% Ac-d6 and 

equal partial pressures of HDA and substrate were used, 

C A C - ~ J  - - 0.95. 
r - . . h r , + ~ ~ + r \ l  L D U U D  U I U U L  J 



3.2.2. Results. 

3.2.2.1. 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 1 5 0 • ‹ C  were analyzed in the same way to 

check this work. Also two samples were obtained at 137.5"C. 
The full complement of results are also reported for the 

latter four samples in Table 1. 

Mass spectrometric analysis of the mass peaks at 19 and 
20 produced the CD3H : CD4 and CD3H : Total methane ( C D ~ H  + CD*) 

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. 



Table 1. Photolysis of HDA alone; Mass Spectrometric Analysis 

for Mass Peaks 19 and 20, 

Temps 

" C  

( a v e r ~ g e )  (mean of 
average 
values) 

125 (a) 0.213 0.213 

100 (a) 0.241 0.241 

75 (a) 0.200 0.200 
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3.2.2.2. Thotolysis of Hexadeuteroacetone with Tetramethyl- 

s tannane . 

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 k2/kT in equation G in section 3.2.1. were 
5 

obtained at each temperature by the method described in 
i 

section 3.2.1. utilizing values of k3/kF from Table 1. For 
5 

calculations see Table 4. 
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. 



Table 3. Photolysis of HDA + sn(C~3) 4; Mass Spectrometric 

Analysis for Mass Peaks 19 and 20. 

Temps 
O C 
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Table 4 ( a ) .  HDA + s ~ ( c H ~ ) ,  : Arrhenius Plot  (graph 2 )  

-. 1 
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5 

apar t  from the  value of -2,6346 a t  25•‹C which was ignored. A 

l e a s t  squares ana lys i s  was used t o  determine the  Arrhenius 

parameters. 

Temps 

( 1 0 3 1 ~  OK) 





3.2.2.3 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 s ~ ( c H ~ ) ~  
substrate. The Arrhenius parameters were subsequently 

evaluated for the abstraction of hydrogen from G ~ ( c H ~ ) ~  using 

the standard Arrhenius plot and a least squares treatment of 

the raw data. 



Table 5. Photolysis of HDA + G ~ ( c H ~ )  4; Mass Spectrometric- 

Analysis for Mass Peaks 19 and 20. 

Temp. 
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Table 6 (a). HDA + G~(CH~), : Arrhenius Plot (graph 3). 

I 

The values of k2/k2 at each temperature were averaged 
5 

out and a least squares analysis was used to determine the 

Arrhenius parameters. 

Temps 

( 1 0 ~ 1 ~  OK) 





3.3. Hydrogen Abstraction using Hexadeuteroazomethane. 

3-3-1, Kinetics. 

When hexadeuteroazomethane (HDAM) was used as a radical 

source, some additional processes have to be taken into account, 

Some 81 CD2HN = NCD3 impurity was found by mass spectrometric 

analysis. 

hv Photolykis : CD3N =?ED3 - 2' CD3 + N2 lae 
hv CD2HN=NCD3 - 'CD2H + *CD3 + N2 lb. 

C'j3iq - - -  h~ - 1uc;u3 - C2D6 t N2 Ie. 

The latter process was noted by previous workers who used 

azomethane (CH~N = NCH~), and a quantum yield of 1.0 k 0.1 

has been reported for the formation of nitrogen 3 5 9 3 7 .  Thus 

it 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 ~ u a r t ~ ~  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'~. 

Abstraction of hydrogen occurs from the tetramethyl substrate 

yielding CD3H: 

*CD3 + M ( C H ~ ) ~  -kL CD3H + 'cH~M(cH~)~ 
where M = Sn or Ge. 

(assuming 'CD2H radicals do not contribute 

significantly). 

Additional abstraction reactions occur from the radical source, 

as with HDA, to yield CD3H and CD4: 



Recomb i n a t  ion  : 

Reaction 5 was shown by mass spectrometr ic  ana lys i s  t o  be 

by f a r  t h e  major process or t h e  l a t t e r  th ree .  

Addition of 'CD3 r a d i c a l s  t o  t h e  double bond i s  a l s o  

poss ib le  : 

James and Suar t  suggested t h a t  a  s u f f i c i e n t  excess of 

*CD3 r a d i c a l s  would remove r a d i c a l  products of r eac t ions  

3, 4, and 7 by r a d i c a l  combination processes :  

A l l  t hese  processes may be accounted f o r  by an allowance 

i n  t h e  o v e r a l l  r a t e  equation. The l a t t e r  i s  s l i g h t l y  d i f f e r e n t  

t o  tha,t used f o r  HDA. An allowance has t o  be made f o r  t h e  

ethane produced by the  intramolecular  e l iminat ion  process I c ,  

thus : 

R ( l c ) ~ 2 ~ 6  
i s  r e l a t e d  t o  R 

( W N 2  
which i s  a  f r a c t i o n  of 

t h e  t o t a l  n i t rogen  produced. Some workers have used t h e  

approximation R ( w ~ 2  = 0 * 0 0 7 R ( ~ o t a l )  I!J2 
2 ~ 3 2 ~ 3 8  bu t  James and 

Suar t  der ive  G, c o e f f i c i e n t  of 0.012 from t h e i r  expression. 



- 44 - 

log 'lc = 1og[2RC2H6/("CH4 + 

The quantum yield for the pr imary 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 lb. 

The coefficient 0.012 was used in connexion with HDAM in 

the work described here. 

Photolysis of EDAM alone. 

Gas-liquid chromatographic and mass spectrometric analysis 
1 

was employed to obtain values of k3 / kT ,  at each temperature, 
5 

1 

which are subsequently used to evaluate k2/kF. 
5 

From G.L.C. analysis: Iiamethane 

where * R ~ 2 ~ 6  = RC2DB - 0.012R N2 
R 

From mass spectrometric analysis: "'CD4 

R~~ 4 R ~ ~ , ~  

(A) x (B): Rar,le thane R ~ ~ 4  - CD4 
Ra 

U - 

Ra now CD4 1 - k3 
- x  - I 
*RE [ AZM- ds] k' 2D6 5 

Photolysis of HDAM plus substrate. 

Mass spectrometric analysis only was needed, to obtain 

the ratio of the total rates of formation of CD3H : CD.4, 



- - k2 [substrate] + k4I [AZM-d5] + k41t [CD~H] (D) 
k3 [AZM-d~] k~ [AzM-ds] k3 [CDJ 

(AZM = azomethane) 

now, neither [AzM-d5] nor [ CD~H] depend on [substrate], 
[AZM-ds] C CD3 I 

thus (E) may be subt~acted from (D): 

now k2  - & k3 
-r - x -r 
k3 k3 kF 

5 5 

R t ~ ~ 3 ~  - R a ~ ~ 3 ~  - - k2 [substrate] 

R t ~ ~ 4  Ra CD4 k3 [AZM-d6] 

1 

values of k3/kz are obtained from the photolysis of HDAM alone, 
5 

(C), and thus: 

thus k2 - - - [AZM-d6] R t ~ ~ 3 ~  - 
k3  [substrate] R t ~ ~ 4  R a ~ ~ 4  RacD3Hj 



Since the hexadeuteroazomethane (HDAM) used was 92% AZM-d, 

and equal partial pressures of HDAM and substrate were used, 

[AzM-~~I - - 0.92. 

[ substrate] 

CAZM-dd k2 - R t ~ ~ 3 ~  - Iia CD3H I ks 
i 
1 x 7  

- [substrate] 
s ! R t ~ ~ 4  R a ~ ~ 4  1 k7 5 



Since information on 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 CD3H : CD4 and CD3H : Total methane (CD3H + 
C D ~ )  at each temperature. Normally, two samples were --.---A-n-- produced --..- - 

Between two and four samples were produced for gas-liquid 

chromatographic a,nalysis 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 
1 

constants k3/k7: Table 10 for azomethane-d6 and dg; Table 12 
5 

for (pure) azomethane-d6. Table 11 lists the "'--- I 1  Icaat sguares 
I 

values of k3/k5 at each temperature for the Arrhenius plot of 
5 

azomethane-d6 and ds, (graph 4)) and Table 13 the correspond- 
ing values for (pure) a,zornethane-de, (graph 5),that is, the 

1 
values of k3/kF read directly from the straight line Arrhenius 

5 
plots. 

1 
The "least squares'' values of k3/k7 for azomethane-d6, 

5 1 

listed in Table 13, were used to determine the values of k2/kF 
5 

for the Arrhenius plots of S ~ ( C H ~ ) ~  + HDAM: and G ~ ( c H ~ ) ~  + HDAM 
by the method described in section 3.3.1.. 

A lea,st squares analysis was used in every Arrhenius plot, 

and k2 for hydrogen abstraction from both tetramethyl substrat- 

es was obtained using ~ h e p p ~ s l ~  value for k5. 



Table 7. Pho to lys i s  of HDAM a lone ;  Mass Spec t romet r ic  

Analys i s  f o r  Mass Peaks 19 and 20. 

*value ignored 

( ave rage )  (mean of 
average 

v a l u e s )  

t v a l u e  taken  a s  most l i k e l y  a f t e r  p re l imina ry  
c a l c u l a t i o n s  
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Sample Calculation of rates of formation from are% of G. L. C. 

(see Table 8 and Appendix 2). 

Rate of formation = 



In 
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Table 11. Rate Constants for Azomethane-d6 and d5 from 
. . 

least squares Arrhenius plot (graph 4). 

Temp. 

O c  





. . 
ICU ICU IN 



Table 13. Rate Constants for Azomethane-d6 from least 

squares Arrhenius plot (graph 5). 

Temp. 
"C  





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. 
1 

Values of k2/kF in equation (G) in section 3.3.1. were 
5 

obtained at each temperature by the method described therein, 
1 

utilizing the least squares values of ks/kF, that is, those 
5 

read from graph 5, the least squares Arrhenius plot for 
azomethane-d6 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 

use of shepplsl' value for ks. 



Table 14. Photolysis of HDAM + s ~ ( c H ~ )  4; Mass Spectrometric 
P 

Analysis f o r  Mass Peaks 19 and 20. 

Temp. - 19 = R t ~ ~ 3 ~  

" C  20 R t ~ ~ 4  

(average) 
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3.3.2.3. Photolysis of Hexadeuteroazomethane with Tetra- 

me thylgermane . 

Mass spectrometric analysis was identical to that descri- 

bed in section 3.3.2.2. using Sn(cHd.4 substrate. Similarly, 
1 

values of k2/kF were obtained at each temperature using the 
5 1 

respective values of k3/kz read from graph 5, the Arrhenius 
plot for azomethane-d6 which are listed in Table 13. 

The Arrhenius parameters for the abstraction of hydrogen 
from the substrate were evaluated from the Arrhenius plot with 

- +  - - n n t m ~ n t  of thp raw data, and the use of 2 l ~ a ~  C, D Y ~ ~ L  Gn % A  L a w + - - - - - .  

~ h e p p ~ s l ~  value for ks .  



Table 16. Photolysis of HDAM + G ~ ( c H ~ )  4; Mass Spectrometric 

Analysis f o r  Mass Peaks 19 and 20. 

Temp, 19 - - -  R t ~ ~ 3 ~  
"C 20 RtCD4 

(average) 
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3.4. Dlscussicrl of Results -. f o r  Hydrogen Abstraction. 

of the  two sources of 'CD3 r a d i c a l s  hexadeuteroazornethane 

(HDAM) was considered t o  be t h e  b e t t e r .  In t h e  case of hexa- 
deuteroacetone (HDA) an a d d i t i o n a l  r e a c t i o n  occurs a t  photolysis  

t o  produce a c e t y l  ( ' C D ~ C O )  r a d i c a l s ,  a t  temperatures below about 

75•‹C. 
C D ~ C O C D ~ ~  * C D 3  + 'CDJCO 1. 

The presence of 'CD3C0 rad.icals can r e s u l t  i n  f u r t h e r  

a b s t r a c t i o n  reac t ions ,  a s  noted kt previous work 29,39,40 and, 

the re fo re ,  f u r t h e r  production of methane from equation 2. 

'CD3 + 'CD3C0 + CD4 + 'CD2C0 2. 

' C D 3  + CD3COCD3 -+ CD4 + ' CD2COCD3 3. 

The a d d i t i o n a l  source of methane i s  probably t h e  cause of 

upward curvature of t h e  Arrhenius p l o t  f o r  the  photolysis  of 

HDA alone ( s e e  graph 1).  

Since the  CD3H and CD4 produced from t h e  photolysis  of 

HDA i s  sub t rac ted  f r m  t h e  t o t a l  amount produced i n  the photo- 

lyses  of HDA and t h e  te t ramethyl  s u b s t r a t e s  t o  determine R ~ ~ 3 ~  

R c ~ ,  
(co r rec ted)  any CD4 produced by r e a c t i o n  2 i s  a l s o  allowed f o r ,  

However, i n  t h e  presence of te t ramethyl  s u b s t r a t e ,  any 

'CD3C0 r a d i c a l s  which a r e  no t  consumed i n  t h e  reac t ions  above, 

may well  a b s t r a c t  hydrogen from t h e  s u b s t r a t e  and thereby i n t e r -  

f e r e  with t h e  i n v e s t i g a t i o n  of t h e  a b s t r a c t i o n  by "CD3 r ad ica l s .  

The Arrhenius p l o t s  of HDA with both s ~ ( c H ~ ) ~  and G ~ ( c B ~ ) ~  

show a reasonably good s t r a i g h t  l i n e  a f t e r  a l e a s t  squares 

evalua t ion  but  t h e  p o s s i b i l i t y  of s l i g h t  curvature a t  both ends 

of t h e  temperature range cannot be overlooked. If a l e a s t  

squares eva lua t ion  i s  performed on t h e  po in t s  a t  temperatures 

150-75'C i n  t h e  case of s ~ ( c H ~ ) *  and 150-100•‹C f o r  G ~ ( c H ~ ) ,  

(bo th  ranges i n c l u s i v e ) ,  t h e  s lope of t h e  r e s u l t a n t  l i n e  i s  

s t eeper .  A d i f f e rence  i n  a c t i v a t i o n  energy of about 1.3 kcal .  



mole-' is noted for s~(cH,), and 1.8 kcal. mole-' for G~(cH,)~. 

In addition, log A is increased from 12.36 to 13.08 for s ~ ( c H ~ ) ~  
and 11.46 to 12.44 for Ge(CH3) ,, This produces a value abo~re 
the normal range of 11.5-12,5 in the case of S~(CH~), and a 
value only marginally inside for G ~ ( c H ~ ) ~  whose value for the 

least squares evaluation of values at all temperatures 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 ar'e preferred and are the ones reported on 

graphs 2 and j and in Tables 18 and 19. 
Graph 8 shows a plot of log k2 (400'~) v. proton chemical 

shift and the values of log k2 for the c(cH~), + HDA" and 

s~(cH~), + HCA" systems, are added to the values obtained for 
s ~ ( c H ~ ) ~  and G ~ ( c H ~ ) ~  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. Grapli 

9 shows a similar plot of log (k2 x 10"~) at 100•‹C v. proton 
chemical shift for comparison with the plot of Bell and Plat% 

of the same group IV tetramethyls with 'CF3 radicals. Both the 

plot using 'CD?  radicals (with HDA as the radical source) and 

that using 'CF3 radicals show that reactivity decreases with 

increasing electronegativity of the centra,l 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 s~(cw~) 4, 

1.84 log units at the point of C(CH~) ,. The near constant 

difference between the two curves represents the difference in 

reactivity between *CF3 and 'CD3 radicals. 

A higher reactivity for hydrogen abstraction is shown in 
the 'CF3 systems which is reflected by a higher log k2 va,lue, 

compared to the value of log k2 with 'CD3 and the same sub- 

strate. This demonstrates the importance of polar effects 

within the 'CF3 radical; alternatively one can consider the 

'CF3 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 



polar effects, due to 'CF3, operative in other systems, such as 

the methylfluorosilanes8, 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 

'CD3 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, 

 a able 18), namely for deuterium abstraction from azomethane- 
d6 and d5, (graph 4) and from (pu re )  aaoiii~thaiie-d,, (grsph 5 ) .  
Both plots give reasonably good straight lines and although 

there is a certain amount of scatter at certain temperatures 

there is little evidence of curvature. 

The results of the latter two plots may be compared with 

those of other workers who have used unsubstituted azomethane 

( CH3N2CH3 ) : 

log A *A log k 
(kcal, mole-') (400' K) 

Toby and ~imoy"' 11.47 8.7 1- 0.5 6,?1 
Good and ~hynne~' 11.55 8.7 5 0.2 6.79 
James and suart3" 11.55 8.6 * 0.5 6.85 

graph 4 [ A Z M - ~ ~  and dg) 11.52 * 0.28 9-51 * 0.~5 6.32 
graph 5 AZM-d,) 11.56k 0.28 9.52h 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. molem1. All 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/kF from graph 5 were the ones used to 
5 

J. 

evaluate k2/kT for the tetramethyl substrates. 
5 

Graph 5 differs from graph 4 in the term concerning the 



concentration of azomethane. Graph 4 is concerned with the 
concentration of azomethane-d6 and d 5 ;  graph 5 is concerned 
with azomethane-d6 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 + s ~ ( c H ~ ) ~ ,  
(graph 6), and of EDAM + Ge(CH3) 4, [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 k3/kF 
5 

is very slight thus 

discussed. 

The activation 

higher than that of 

HDA was used, log A 

higher than that of 

only those values using the latter will be 

energy of th.e HDAM + sn(C~3) system is 
HDAM + G ~ ( c H ~ ) ~ ,  but, as in the case where 

for the HDAM + sn(cH3') system is also 

HDAM + G ~ ( c H ~ )  which makes log k2  for 

HDAM + s~(CH~) higher than that for HDAM + Ge(cH3) 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 k2 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 k2 (400'~) is HDAM-HDA = 6-40 - 

5.99 = 0.41 for G~(cH~), and 6.32 - 5.86 = 0.46 for s ~ ( C H ~ ) ~ .  
Alternatively the ratios of k 2  x loe6 is 

It is not obvious why a difference should be caused by a 

change in radical source. Despite the fact that log A for 

HCiAM + G~(cH~) 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 



better source of 'CDJ radicals; better in the sense that no 

complications arise due to 'CD3C0 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 k*. If the effect of 'CD3C0 radicals is 

common to each tetramethyl substrate then one might still 

expect to see a curve representing loss of reactivity with re- 

qect to electronegativity even if it is on a qualitative basis. 

Such a line is seen in graph 9. 
As an extension t o  this work it wouid be  l i i s e i - ~ ~ % h ~  ts 

determine the Arrhenius parameters for the systems of HDAM with 

c(cH~)~, s~(cH~) and P~(cH~) to see whether a plot of log k2 
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 2  values for each 

substrate. 



3.5. Secondary Reactions - Radical Exchange, 

3.5.1. Kinetics, 

Of the secondary reactions described in the past literature, 

hot molecule formation followed by p-fluoro rearrangement and 

olefin elimination, is noted for ' C F 3  radica.1~ only, A g- 
deutero rearrangement is not expected on energetic grounds and 

only radical exchange has been investigated. 
It is proposed that exchange occurs between " C D 3  radicals 

and CH3 groups from the tetramethyl substrate. This necessi- 

tates that the group IV element Sn or Ge utilizes its empty 

d orbitals to attain a 5 co-ordinate intermediate: 
Radical exchange: 

Previous work18~30 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 *CH3 radicals are present as well as *CD3 and 'CD2H 

species and the following processes are possible: 

Abstraction: 

Recombination : 



Experimentally, only the products of equations 2,  5, 6 
and 7 were obtained i n  measurable amounts. 



3.5.2. Results with Hexadeuteroacetone, 

3.5.2.1. He~ade~teroacetone and Tetramethyl~tannan~, (Table 20). 

Temps. Factor Mass Peaks (in.) 
"C 30 31 32 33 34 35 36 

Each set of figures was analyzed as follows: the contribution 

to the various peaks due to C2D6 was subtracted, this contri- 

bution being indicated by the 36 peak. Pro rata contributions 

to the 34, 32 and 30 peaks were calculated using the table in 
appendix 5. A small contribution of C2D5Hs indicated by a 
small 35 peak was treated in a similar fashion. In every case 

t h z  34 peak xas exhausted after allowing f o r  C2D5H, thus no 
C2D4H2 was noted. CD3CH3 was indicated by a residue of 33 peak. 



Sample Calculations 

10.90 1.6 47.38 1.25 8.3 0.6 12.85 
C2D6 : 12.75 60.0 9.45 12.85 
remainder 0. 1.6 0. 1.25 0. 0.6 0. 
C2D5H: 0.38 1.32 1.19 0-33 - 0.11 0.6 
remainder 0. ?x-z8 0. 0.92 0. 0. 
CD3CH3 : 3.1 0.66 0.45 0.92 

0. 0. 0. 0. 

thus 

C2D6 : 
remainder 
C2D5H : 
remainder 
CD3 CH3 : 

thus  



Table 21. HDA + s ~ ( c H ~ )  : Radica l  Exchange. 

1 5 0 ( a )  2 1 . 4 :  1.0 : 1.53 1 4 . 0 :  1.0 
150 (b )  20.8 : 1.0 : 1.45 14.4 : 1.0 

1 2 5 ( 4  20.0 : 1 . 0  : 1.45 13.8 : 1.0 

100 ( a )  22.0 : 1 .0  : 1.45 15.2 : 1.0 

? 5 ( 4  20.6 : 1.0 : 1.38 15.0 : 1.0  

5 0 ( 4  22.2 : 1 .0  : 1.73 1 2 . 8 :  1.0 

25 (4 26.4 : 1.0  : 2.25 1 1  : 1.0 
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3 . 5 2 2  Hexadeuteroacetone with Tetramethylgermane, (Table 22). 

Factor 

x200 
xlOO 

xlOO 

xlOO 
xlOO 

xlOO 

xlOO 
xlOO 

x 50 
xlOO 

x 50 
xlOO 

Mass Peaks 
31 32 33 

(in. > 
34 35 

Each set of figures was analyzed in exactly the same way 

as those involving s ~ ( C H ~ )  with HDA. Analysis produced the 

following results in Table 23 overleaf. 



Table 23. HDA + G ~ ( c H ~ ) ~  : Radical Exchange. 



3.5.2.3. Discussion of Results. 

Common to both s ~ ( c H ~ ) ~  and G ~ ( C R ~ ) ~  is the fact that 

only the ethanes C2D6, C2D5H and CD3CH3 are found by the 

analysis described in sections 3.5.2.1. and 3.5.2.2..  Sub- 

traction of the  contribution^^^ due to C2D6 and C2D5H, in every 
case, completely accounts for the 34 peak, thus C2D4H2 is not 
present in measurable quantities. Similarly, the contributions 

due to CD3CH3, (based on the remainder of the 33 peak), erase 

that remaining of peaks 33, 32, 31 and 30.  The absence of any 

contrib~tion ~f mass 30 slcggests -t.hat, +here is not a measurable 

amount of C2H6. 

Therefore, it was impossible to determine the cross- 

combination ratio, @ ,  in the manner of previous work 18,30 

R from equations 5, 7, 10: @ = CD3CH3 

If @ is assumed to be unity, R ~ Z ~ 6  would be less than 0.01 

times smaller than R ~ ~ 3 ~ ~ 3 .  This is too small to be detected 

under the conditions employed. 

A shilar argument explains the fact that no C2D4H2 was 
detected; the 'CD2H radicals are present in small quantity 

since the HDA contains only 5% CD2HCOCD3. 
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 C2D6 : C2D5H : CD3CH3. 

However, a qualitative assessment of the ratios of the 

ethanes, (~ables 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 



case one may deduce that the ratio of C2D6 : CD3CH3 is about 

14 : 1 for both s ~ ( c H ~ ) ~  and G ~ ( c H ~ ) ~ .  

Alternatively, the amount of radical exchange can be 

expressed as a percentage, deduced from the experimental find- 

ings. For example, in the case of s~(cH~) 4, and assuming that 

the presence oT each 'CH3 radical means the previous presence 

of a 'CD3 radical which has been lost by exchange: 

C2D6 : C2D5H : CD3CH3 

21.2 : 1.0 : 1.5 (in the average case) 

Thus about 3.5% of the 'CD3 radicals are lost by exchange 
ith s ~ ( c H ~ ) ~  to produce 'CH3 radicals, assuming that the 

'CD2H 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 + G ~ ( c H ~ )  4 

system also. 



3.5.3. Results with Hexadeuteroazomethane . 
3.5.3.1. Kexadeuteroazomethane and Tetrame-il?ylstan~~ane, 

Temp. Factor Mass Peaks (in. ) 
" C  30 31 32 33 34 35 36 

25(a) xlOO 27.3 2.35 110-5 2.0 16.2 0.65 22.9 

These figures were analyzed by the procedure described in 

section 3.4.2.1. for HDA and s~(cH~)~. The 36, 35 and 33 
peaks were taken as indicating C2D6, C2D5H and CDsCH3 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. 



Table 25. HDAM + s~(cH~) : Radical Exchange. 

Temp. C2D6 : C2D5H : CD3CH3 OT C2D6 : CD3CH3 



3.5.3.2. Kexadeuteroazomethane and Tetramethylgermane, 

te able 26) .  

Temp. Factor Mass Peaks (in. ) 
oc 30 31 32 33 34 35 36 

15o(b)  X ~ O O  14.0 1 .2  56.5 1.08 9.0 0.32 12.4 

125(a)  xlOO 20.5 1.55 83.0 1.75 13.15 0.6 18.0 

50(b)  xlOO 11.6 0.8 46.68 0.9 7.3 0.2 10.1 

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 + G~(cH~) : Radical Exchange. 

Temp. C2D6 : C2D5H : CD3CH3 o r  C2Ds : CD3CH3 
"C 



Ir; essence t h e  d i s c ~ s s L ~ n .  hex-e p a r a l l e l s  ?";had concemi~47rzg 

r a d i c a l  exchange wi th  HDA ( ~ e c t i o n .  3.5.2.3), t h e  imtrTnsic  

d i f f e r e n c e  be9ng -thatHIiDAM has  a l a r g e r  %mo!;mt of i so tap lc :  - 

Lrqm:r i. t y  . 
With b o t h  x ~ ( c R ~ )  and G~(c&), s u b s t r a t e s ,  t h e  only  

e thanes  p r e s e n t  i n  an amount d e t e c t a b l e  by mass spectrometr5c 

eva1:lation wevxe c!23G, C,C,H %nil CD3CH3i Even though the  

azomethane was found "c oecnta,in 8% CD2Hi\j2CDr3 impurLty, ne i t he r  

C2D4H2 n o r  C& could be measured because ~ u b t r a c t k n  of  p r e  

r a t a  co'ntrri.bui;ions i n  conn.exion. with peaks of h ighe r  mass 

produced l e f t  ri.ega-Live amomits f o r  t h e  34 and 30 peaks,  

Thus once aga in ,  t h e  cross--con!bination r a t i o s  coneemi;llg 

CD3CH3 and C2D511 could no t  be d.eteminecl, If' @ i s  assumed i;o 

be ~ ~ n l t y  then ,  r e spec t ive ly , ,  'C,H~ and R ~ 2 ~ 4 ~ P  would be :less 

t h a r ~  0.01 t imes sma l l e r  than 'c,D,. Both. a r e  t o o  smal l  t o  be  

d e t e c t e d  unde:r+ t.he cond i t i ons  employed. 

A m a t e r i a l  ba,lance equa-tion reia. t i .ng the  c~ncen- t r a t~ io r t  of 

n i t r o g e n  t o  t h e  a d d i t i o n  of methanes and e thanes  was n o t  con- 

s i d e r e d  because of l ack  of s u f f i c i e n t  in format ion .  

A s  with t h e  HDA systems, a full qnanf; i . ta t ive  appra,l .sal ris 

deemed un jtis t i f  ied b u t  q rxa l i t a t i ve ly  s .irni!-ai- deductj.or,s can be 

made concernl.ng t h e  indepe.ndence from temperature  of t h e  etha.ne 

r a t i o s  (and  th-xs -t:he amount of r a d i c a l  exchange) ,  

The r a t i o  of C2D6 : CD3CH3 i s  about 13.5 : 1 f o r  s ~ ( c & ) *  

and about 2 3  : 1 f o r  G ~ ( C H ~ ) ~  which compares reasonably w e l l  

w i th  -th.e flgilx-es ob tab ted  1~~5th t h e  HDA systems. 

it i s  noJced t h a t  t shere  i s  l e s s  C2D5H produced i n  eke HDAM 
syste,ms compared .with HDA which. i s  surp-l..isril?g s i n c e  .there is 

a l a r g e r  i s o t o p i c  impurri.ty p r e s e n t  i n  HDAM. 

Nevertheless, t h e  "percenta,ge of r a ,d i ca l  exchange" f o r  

bo th  su 'bs t rz ' tas  i s  very c l o s e  t o  th.a-t wi th  HDA. The same 

ass~;iinptions a r e  made; -i?arnel.y, t h a t  each ' CH3 r a d i c a l  p r e s e n t  

r e p r e s e n t s  t h e  previous  l o s s  of' a 'CD3 railica: by exchange, and 



the "CD& r a d i c a l s  do no t  exchange too,  

Thus, f o r  ~e ( r : ~ 3  ) : 

Tliia szgges ts  t h a t  aloout 3.5; of the "CD3 radi.ca,ls exchange 

with G ~ ( C & ) ,  t o  produce 'CH3 radicals, which figure. I s  a l s o  

obtained f o r  the  IIDAM + S Y ~ ( C I H ~  j system, 

Thus both te-l;rameth.yl s u b s t r a t e s  show the  same amount of' 

r a d i c a l  exchange with both radical sources using t h i s  r u d - i -  

mentary approach. 

However, more work o f  a  more quant i ta t - ive na ture  i s  

requi red  t o  completely i n v e s t i g a t e  the severa l  p o s s i b i l i t i e s  

of  r eac t ions .  



Q~endix 1. C o ~ q a r i s o n  of t h e  Arrhenirxs Parameters of  sorne -- --- ----------.-- --- -- - - - - - -- - - - - -- - --- --- - -- 

lop, A E~ 
(kcal. mole-' ) 



Appendix 2. Standard .- Areas of Se lec t ed  Gases f o r  Gas-Liquid -- 

Standard cond i t ions :  ---- 

Chart  speed : 2 i n  min-I 

Detector  c u r r e n t  : 9 milliamps.  

Column : Porapak Q 

0 - 7  ,.,, nm,,-,+ .,,, . g O c  L,"*U, ,UL tGMYGJ.  a U U L  G . 
Flushing gas : Helium 

Flushing speed : 50 m l  min'l 

Standard volume : 1.122 x l o e 5  moles. 

Standard a r e a s :  ------ 

C H4 : 2211.6 i n 2  

C 2H6  : 3419.3 i n 2  

C2F6 : 5331.6 in"  

N2 : 2478.4 i n 2  



e n  3. Relat ionshi2 of concentrat ion t o  p a r t i a l  pressure  ----- -------- --- 
of r eac tan t  i n  r e a c t i o n  c e l l  (volume = 125.4 m l )  - ------- ---- 
---I____ __ _I_-------- -- ---. _-- 

Temp. P a r t i a l  Cone. loglo  Conc. 
Pressure ( m  ml-l) 

(mm 1 x l o 7  



Appendix 4. --- Fortran IV Computer Programme for Least-Squares - - --- ----- .--------- 

Cards as printed: 

LEAST SQUARES EVA-LUATION 
A=INTERCEPT, B=SLOPE, C=ST. DEV. OF A, D=ST. DEV. OF B 
EST. DEV. OF ENTIRE FIT(PLATT), F=ACTIVATION ENERGY 
G=ST. DEV. OF ENTIRE FIT(SLADE 
DIMENSION T(~c),Y(~o),TITLE(~~ 
 READ(^, ~OO,END=~)N,TITLE 
FOFXAT (13, 1GA4 ) 
 WRITE(^ ,~OO)TITLE 
FORMAT(' 1 1 ,  i9~4////) 
~ ~ ~ ~ ( 5 , 1 0 1 )  (~(1) ,Y(I) ,I=I,N) 
FORMAT(~FIO. 0) 
CALCULATE RECIPROCAL TEMPERATURES 
D3 99 I=l,N 
x(I)=~.o/(T(I)+~~~. 16) 
CALL PwsLs(x,Y,A,B,C,D,E,F,G,N~RL~GA,RL~GK,RL~GW, 
$RLOGZ, CHISQ) 
WRITE(~,~~~)B,D,F,A,C,RLOGA~RL~GK~RLOGW,RLOGZ,E,G,CHISQ 
FORMAT(' SLOPE = ',G15.5,5X,' STANDARD 
$DEVIATION = ,Gl5.5,//' ACTIVATION ENERGY = ' ,G15.5/// 

INTERCEPT = ',~15.5,5~,' STANCARD 
$DEVIATION = ' ,Gl5.5//'/' LOG A = ' ,G15.5// 
$ LOG K AT 400 K = ',G15.5,5X, 
$ 1  LOG K AT l/*T=o.oo,zg = : ,i;i5.5, 
$ I  LOG K AT 1/~=0.003~ = ' ,Gl5.5/// 
$ PLATT ERROR IN ENTIRE FIT =' , Gl5.5/// 
$ SLADE ERROR TR ENTIRE FIT =' ,GI 5.5/// 
$ '  CHISQ =',~15.5/////) 
WRITE(~,~O~) 
FORMAT(~X,' TEMP~,~x,'YEXPT',~X,'YCALC',~X,'DIFF'///) 
DO 98 I=l,N 
YC ALC =A+B+$ X ( I ) 
DIFF=Y (I) -YCALC 
WRITE(~,~O~)T(I) ,Y(I) y ~ ~ ~ ~ ~ , ~ I F F  
FORMAT(F~O.~,~F~O.~) 
GO TO 9 
STOP 
END 



A p p e n d i x  4. - C o n t i n u e d  

SUBROUTINE PWSLS(X~Y~A~B~C,D~E~F~G~N~RLOGA~RLOGK~RLOGW~ 
SRLOGZ ,CHIS&) 

C PETER S L A D E ' S  OWN LEAST SQUARES PROGRAMME T O  F I T  
,gY =A+B* X 

DIMENSION x ( ~ O ) , Y ( ~ O )  
SX=O. 0 
SY=O. 0 
SXY=O. 0 
S X 2 = 0 . 0  
DO 89 I=I,N 
s x = s x + x ( 1  ) 
CTT-CVLTT / T \ 
,JJ.-UJ. I L \ L /  

S X Y = S X Y + X [ I ) ~ Y [ I  
89 sx2=sx2+x I ++X I 

Z=N*SX2 -SX$+SX 
A = ( S X ~ + + S Y - S X + S X Y ) / Z  
B= ( N ~ ~ S X Y - S X + G Y ) / Z  
YMEAN=SY/N 
R=O. 0 
S I G = O .  0 
DO 88 I=l,N 
YC ALC =A+B+t X ( I ) 
SIG=SIG+(Y ( I  ) -YMEAN)~+G 

88 R=R+(YCALC-Y ( I )  )3=2 
SIGMA=SIG/N 
S = S Q R T [ R / ( N - 3 . 0 ) )  
C=SQRT S X ~ / Z ) + ~ S  
D=SQRT ( N  /Z  j+:-s 
E=SQRT(R/(N-1 .  0 )  ) 
F=B++ (-4.5738) 
G=SQRT ( R / Z  ) 3 s  

CHISQ=R/ (SIGMA)-:: (SIGMA) 
R L O G A = A + ~ .  67 
RLOGK=RLOGA+B++O. 0025 
RLOGW==A+B++O. 0023 
RLOGZ=A+B*O . O O 3 3  
RETURN 
END 



Appendix 5. Mass Spectra  Data; r e fe rence  42. -- -- - - 

For an i o n i z a t i o n  vol tage  of 70 v o l t s :  
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