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ABSTRACT 

This thesis describes two separate studies of the gas 

phase reactions of methylfluorosilanes. 

The first comprises the reactions of compounds of general 

formula MexSiFk-, with electronically excited NO, namely 4n 

NO. 

It was found that the decomposition of NO photosensitized 

by Hg 6 (  3 ~ 1  ) atoms shows enhanced formation of the 

decomposition products, N2 and N20, in the presence of the 

silanes Me2SiF2 and MeSiF3. 

A mechanism is proposed involving the formation of two 

different silane-NO intermediate complexes. This mechanism 

satisfies the experimental observations and incorporates the 

accepted mechanism for the Hg-sensitized decomposition of NO 

itself. 

The second series of reactions studied was that of 

methylene (CH2) produced from the photolysis of ketene at 

313 nm with, again, the series of compounds of general formula 

Me,SiF4-x. These reactions were carried out in the 

presence and absence of NO. 

The experimental observations of the products formed leads 

to the conclusion that singlet methylene inserts into the C-H 

bonds of MeSiF3, Me2SiF2 and Me3SiF to give the respective 

iii 



e t h y l  d e r i v a t i v e s ,  and i n  t h e  case o f  Me2SiF2 i n s e r t s  i n t o  t h e  

S i -F  bond t o  y i e l d  Me2Si(CH2F)F.  

The r a t e  c o n s t a n t s  f o r  i n s e r t i o n  i n t o  t h e  d i f f e r e n t  

s i l a n e s  were d e t e r m i n e d  w i t h  r e s p e c t  t o  t h e  known r e a c t i o n :  

The r e l a t i v e  r a t e s ,  so d e t e r m i n e d ,  f o r  i n s e r t i o n  i n t o  C-H 

b y  s i n g l e t  m e t h y l e n e  are as f o l l o w s :  

R e a c t a n t  

MeSiF3 

Me2SiF2 

Me3SiF 

Me4Si 

R e l a t i v e  R a t e s  

1 

2 .4  

6.6 

8.8 

I n s e r t i o n  i n t o  t h e  S i -F  bond o f  Me2SiF2 i s  6.5 t imes 

slower t h a n  t h e  c o r r e s p o n d i n g  i n s e r t i o n  i n t o  t h e  C-H bond.  

T h e s e  r e s u l t s  are d i s c u s s e d  i n  terms o f  bond e n e r g y  and 

s t e r i c  e f f e c t s .  
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General Introduction 

The research work presented in this thesis continues a 

series of studies in this laboratory with the organosilicon com- 

pounds of general formula MexSiF4,, (x = 0 , 1 , 2 , 3 , 4 ) .  

The present work was undertaken to obtain further informa- 

tion on the reactivity of these substances. Previous work has 

clearly shown that such factors as electronegativity, size, and 

dx-px bonding contributions make significant differences in the 

reactivities of silicon compounds compared to those of their 

carbon analogues. 

The methylfluorosilanes do not absorb light except in the 

far ultraviolet spectral region (below 180 nm), and thus, their 

reactions with species produced photochemically outside this 

spectral region can be conveniently studied. 

The work described in this thesis is in two main parts: 

PART I - Describes the reactions of the compounds of formula 

MeXSiF4-, with electronically excited NO, namely NO('%). 

The  NO(*^) is produced by reactions of NO with Hg 6 0 ~ ~ )  atoms, 

i.e., by the process of mercury photosensitization. The silanes 

are inefficient quenchers of excited mercury and thus there is 

no complication from the mercury photosensitization of these 

compounds. A mechanism is proposed to explain the kinetic data. 



PART I1 - Describes the reactions of the silanes MexSiF4-x 
with methylene (CH2) produced by the direct photolysis of ketene 

at 313 nm. Trends in reactivities of the series of silanes 

towards ' C H ~  were established, and relative rate constants 

measured for the insertion reaction into C-H bonds. General 

mechanistic proposals are made to account for the products 

formed. 



PART I 

THE EFFECT OF SILANES ON THE MERCURY-PHOTOSENSITIZED 

DECOMPOSITION OF NITRIC OXIDE. 

1-1, INTRODUCTION 

3 
The reaction of NO with Hg 6 (  Pi) is well known, and a 

mechanism proposed by Strausz and Gunning which involves the 

participation of an electronically excited NO molecule (4n) 

provides a good kinetic fit to their results. 

Our interest in adding methylfluorosilanes was to determine 

if collisions with  NO(^^) would cause C-Si bond cleavage and 

yield fluorosilyl radicals. No evidence of such a photosensi- 

tized reaction was found. Instead, it was determined that the 

silanes enhanced the decomposition of NO. 

The reactivity of the silanes, MeSiF3 and Me2SiF2, with 

3 
Hg 6 (  Pi) was also studied and under our experimental condi- 

tions, there was no indication of any reaction products. 

In the f~llowing literature survey, the literature relating 

to the work described in Part I is summarized. 



1-2. LITERATURE SURVEY 

1-2.1 Mercury Photosensitized Reactions 

The great majority of studies of atom-photosensitized 

reactions have involved the use of mercury. Two characteristics 

of mercury which have made it particularly useful ( 1 )  are: 

i) a sufficiently high vapor pressure at reasonably low 

temperatures, i.e., 1.43 mtorr at 22•‹C. 

ii) an excitation energy (468.6 kJ) of the right order of 

magnitude to be of interest from a chemical point of 

view. 

In other words, mercury-photosensitization provides a con- 

venient means of initiating gas phase chemical reactions. 

3 
The excited mercury atom, Hg 6( Pi) is produced by the 

absorption of 253.7 nm resonance radiation from a low pressure 

mercury lamp. This process may be represented: 

The photoexcited atom may lose its excess energy by the follow- 

ing photophysical and photochemical processes (2a): 

Photophysical processes: 

a) Resonance phosphorescence 

3 
1-2 Hg 6( Pi) + Hg 6('s0) + hvp 

b) Deactivation to the ground state 

3 1-3 Hg 6 (  PI) + M + Hg 6('s0) + Mv, where Mv is a 
vibrationally excited molecule decaying by a non-radiative 

physical process, 



c) Deactivation to a metastable state, eg., 

Photochemical processes: 
--A- 

d) Chemical quenching, via direct dissociation 

e) Chemical quenching, to form an electronically excited 

molecule 

The electronically excited molecule may subsequently 

react to form new products. 

f) Chemical quenching, dissociation via an intermediate 

The energy levels of the lower excited states of mercury 

and some relevant transitions are shown in Fig. 1-1. 

In 1947, Laidler (3) rationalized the experimental results 

on metal-photosensitized reactions of hydrocarbons by applying 

the spin conservation rules (2) to these processes. In general, 

those processes in which the total spin angular momentum remains 

unaltered, are favored. Furthermore, an energy transfer reac- 

tion may take place if the quenching gas has low-lying elec- 

tronic states of the proper multiplicity. 



S I N G L E T S  

Fig. 1-1. Lower Energy Levels of Mercury. 

Reprinted with permission from (Progress in 

Reaction Kinetics, Vol 2, R.J. Cvetanovic, 

G. Porter (Ed.), Mercury Photosensitized 

Reactions), Copyright ( 1964) , Pergamon Press Ltd. 



1-2.2 Quenching Cross S e c t i o n  

The efficiency of the energy transfer process is given in 

terms of the quenching cross section, aQ2, which is defined by 

the following expression derived from the kinetic theory of 

gases: 

where A Z B  represents the frequency of collisions per unit 

volume between two species A and B of molecular weight MA and 

MB present in concentrations equal to NA and NB molecules 

per unit volume at a temperature T. 

In general, the disappearance of Hg* 6 ( 3 ~ 1  ) atoms by 

collision with any quencher Q is given by the rate equation 1-9: 

Assuming that every collision is effective in quenching, 

2 The value of oQ2 is usually expressed in A . 
Quenching cross sections have been obtained by the use of 

two different methods: 



a) Physical Method. 

This method was first employed by Zemansky in 1930 (4) 

and has been subsequently improved by several research groups 

(5). It is based upon physical measurements of the intensity of 

resonance phosphorescence in the absence and presence of an add- 

ed quencher. 

Assuming only the following processes are occurring: 

1-1 ~ g '  + hv + Hg* 

1-2 Hg* + H ~ O  + hvp 
I-lla Hg* + Q + Hgt + Q* 
I-llb Hg* + Q + Hg + PI + P2 

where Hg* = Hg 6(3~1), Hgt = Hg 6(3~0), ~ g '  = Hg 6('s0), Q 

is any quenching gas, Q* is the quenching gas with excess energy 

and P1 and P2 are dissociation products, then reactions 1-1 la 

and I-llb represent the total non-radiative consumption of ~ g * .  

atoms. 

Equation 1-12 is obtained when steady state treatment is 

applied to the above sequence, provided the presence of the 

quencher does not cause any change in the rate of production of 

the excited mercury atoms. 



Q where  Ip and  Ip  are t h e  p h o s p h o r e s c e n c e  i n t e n s i t i e s  i n  t h e  

a b s e n c e  and  p r e s e n c e  o f  t h e  q u e n c h e r ,  7"  is  t h e  l i f e t i m e  o f  Hg* 

i n  t h e  a b s e n c e  o f  q u e n c h e r ,  and k~ = ( k l  l a  + kl l b )  . 1-12 is 

known as t h e  S t e rn -Vo lmer  e q u a t i o n .  T" h a s  been  d e t e r m i n e d  t o  

b e  1 . 1 4 ~ 1 0 - ~  s ( 5 d )  , t h u s  kQ c a n  be  o b t a i n e d  f rom t h e  slope of 

p l o t s  o f  lp/1: v e r s u s  p r e s s u r e  o f  t h e  added  q u e n c h e r ,  a n d  

oQ2 is r e a d i l y  c a l c u l a t e d  f rom e q u a t i o n  1-10. 

E q u a t i o n  1-12 r e p r e s e n t s  an  i d e a l  s i t u a t i o n  which  i n  p r a c -  

t i c e  is n o t  a l w a y s  o b t a i n e d .  Thus ,  c e r t a i n  d i s c r e p a n c i e s  a r e  

found  i n  t h e  v a l u e s  o f  aQ2 r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 2 , 4 , 5 )  

as a r e s u l t  o f  d i f f e r e n t  a p p r o a c h e s  u sed  t o  correct f o r  f a c t o r s  

s u c h  a s  L o r e n t z  b r o a d e n i n g  and  r a d i a t i o n  i m p r i s o n m e n t  ( 2 ) .  

b )  C h e m i c a l  Method. 

T h i s  method d e v e l o p e d  by C v e t a n o v i c  ( 6 )  is b a s e d  upon 

c o m p e t i t i v e  q u e n c h i n g  and  is i n d e p e n d e n t  o f  t h o s e  a d d i t i o n a l  

f a c t o r s  wh ich  n e e d  b e  c o n s i d e r e d  i n  t h e  p h y s i c a l  me thod .  The  

method b a s i c a l l y  c o n s i s t s  o f  i r r a d i a t i n g  m i x t u r e s  o f  n i t r o u s  

o x i d e  and a s u b s t r a t e  S  i n  t h e  p r e s e n c e  o f  m e r c u r y  v a p o r .  The 

s u b s t r a t e  s h o u l d  react w i t h  oxygen  a toms  t o  a v o i d  t h e  d e p o s i t i o n  

o f  HgO on t h e  c e l l  windows and t o  s u p p r e s s  N2 f o r m a t i o n  by reac- 

t i o n  1-15. 

1-13 Hg* + N 2 0  + H ~ O  + N 2  + 0 

1-14 Hg* + S  + ~ g "  + p r o d u c t s  

1-15 0 + N 2 0 + 0 2 + N 2  



If reactions 1-13 and 1-14 represent the only fate of Hg* 

Cvetanovic has shown that the following expression for N2 

product ion is obeyed. 

where IA is the intensity of light absorbed by process 1-1. 

Equation 1-16 is independent of the time of irradiation, temper- 

ature, circulation or pressure. The ratio ks/kN20 is then 

determined from the slope and intercept of the linear plot of 

R ~ ~ - ~  against [S]/[N20]. This ratio is related to the effec- 

tive quenching cross-sections by the expression 1-17 (refer to 

eq. 1-10). 

Thus, quenching cross sections are determined relative to the 

cross section of nitrous oxide. 

The system has also proved useful as an actinometer. 

Relation 1-16 provides a method for the determination of the 

amount of light absorbed by mercury atoms. In such instances, 

mixtures of N20-nCqH10 are generally used (8). 



1-2.3 The Reactions of 89 6('p1) with Silanes 

Silicon hydrides and alkyl silanes, like hydrocarbons, do 

not absorb light of the near U.V. region, but they are suscept- 

ible to dissociation by mercury-photosensitization. 

Gunning and coworkers (9) studied the reactions of Hg* 

6 ( ) p l  ) with various methyl substituted silanes and have shown 

that the primary process is exclusively the cleavage of an Si-H 

bond if present; otherwise C-H scission occurs. The following 

simple sequence of reactions was offered to explain their 

results, where f ~ i - H  represents the silane. 

The radicals formed in the primary process will result in hydro- 

gen and the corresponding disilane through 19, 20 and 21. Thus, 

a compound such as Me3SiH will provide a clean source of substi- 

tuted silyl radicals. 

Yarwood, Strausz and Gunning (5b) have previously deter- 

mined the quenching cross section of some silicon derivatives. 

They proposed that quenching occurs by the Si-H bond which is 

about 10-500 times more efficient as a quencher than the C-H 

bond. Their values, presented in Table 1-1, also show that the 



quenching reactivity of Si-H bonds increases with increasing 

alkyl substitution and that fluorine substitution strongly sup- 

presses quenching. 

The efficiency of the energy transfer process involved in 

mercury photosensitization has been related to the electrophilic 

character ( 10) of the Hg 6 ( 3 ~ 1  ) atom. Nevertheless, there is, 

as yet, no clear understanding of the details of the energy- 

transfer processes. 

In their study with the silanes, Gunning and coworkers (9) 

have also investigated the reactions of the silanes with 

Hg 6 ( 3 ~ 1 )  in the presence of NO. Addition of small amounts of 

Table 1-1 Quenching Cross Section of Silanes and their 

C-Analog with Hg 6 0 ~ ~ )  Atoms (5b) 

Compound A Analog A *  



NO completely suppressed the formation of the disilane (reaction 

1-20) and markedly increased the hydrogen yields. Moreover, N2 

and a disiloxane containing the primary radical were important 

products. High quantum yields suggested a chain process. These 

workers proposed the sequence 1-22 to 1-25, to explain their 

semi-quantitative observations. 

1-22 R + NO + RON 

1-23 2 R O N  + 2 R O + N 2  

1-24 RO + RH + ROR + H 

1-25 H + RH -+ H2 + R 

The addition of step 1-22 was favored by the authors in 

view of the much higher affinity of silicon atoms for oxygen 

than for nitrogen, i.e., bond dissociation energies (D) are: 

Dsi-0 = 812 kJ/mol in (MesSi)20 and D s i - ~  = 320 kJ/mol in 

(Me3Si)2NH (12). 



I -  The Reactions of Hg 6('p1)  with NO. 

The reaction of Hg* 6(3~1) atoms with NO was first studied 

by Noyes (13) who established that the rate of the reaction was 

i) first order in light intensity, and 

ii) first order in nitric oxide pressure in the range 0.003- 

0.13 torr. The primary process was found to be adequately 

described by, 

1-26 Hg* + NO + NO* + ~ g '  

where NO* represents a long-lived, vibrationally excited NO 

molecule. It should be noted that NO only absorbs light at 

wavelengths shorter than 230 nm (2). 

Subsequently, Bates (5a) determined a quenching cross sec- 

tion for NO, a Q 2  of 24.7 A ~ ,  which shows that nitric oxide is 

indeed an efficient quencher of Hg 6(3~P1) atoms. 

Later, Fallon and coworkers (14) proposed on energetic 

grounds that NO* corresponds to one of the lower vibrational 

levels of the 4x state. From spectroscopic data and quantum 

mechanical theory (15) they had estimated that the lowest vibra- 

tional level of the 4x state lies 448 2 10 kJ above the lowest 

2 vibrational level of the ground state ( x). Improved calcula- 

tions have placed the *x state of NO 453.5 kJ above the ground 

state. Fig. 1-2 shows the two lowest-lying electronic states of 

NO as given by Gilmore (16). Thus, the previous equation 1-26 



INTERNUCLEAR DISTANCE, A0 

F i g .  1-2. P o t e n t i a l  Ene rgy  C u r v e s  f o r  t h e  Lower E l e c t r o n i c  

S t a t e s  of N i t r i c  O x i d e ,  NO. ( 1  e v  = 96 .48  k J /mo l ) .  

(Adap ted  From R e f e r e n c e  16 )  



represents the process given in equation 1-27. Such a process 

complies with the spin conservation rules. 

More recently, Callear and Norrish (17) proposed that 

Hg 6 ( 3 ~ 1 )  must be converted directly to the ground state since 

3 no Hg 6 (  Po) was detected in the Hg-NO system. This observa- 

tion, therefore, excludes the following process from a mechanis- 

tic explanation of the reaction of Hg 6 ( 3 ~ 1 )  atoms with NO: 

where NOV is a vibrationally excited ground state molecule. 

Strausz and Gunning ( 1 8 )  presented a detailed study of the 

reaction of NO with Hg 6 ( 3 ~ 1 )  and for the first time, the forma- 

tion of nitrous oxide, N20, was reported. The reaction was 

investigated under static conditions at 3 0 " ~  aver the pressure' 

range 1 to 286 torr in which case N2, N20 and higher oxides of 

nitrogen were the observed products. It was found that above 4 

torr, the sum of the quantum yields, @ N ~  + @N~o, was 

independent of the NO pressure, while the ratio @N~o/@N~ 

increased linearly with the substrate pressure. The experiment- 

al results were consistent with the proposed mechanism: 
\ 



1-1 HgO + hv -t Hg* 

1-27 Hg* + NO + NO* + HgO 

1-29 NO* + N O +  2N0 
1-30 NO* + N O +  (N0)2* 

1-31 (N0)2* + N2 + 02 

1-32 (N0)2* + NO + N20 + NO2 

The primary step involves quenching of triplet mercury to yield 

NO* (~0~7~). This species may be either deactivated by collision 

with another NO molecule or may form the energy rich dimer 

(N0)2*. The excited dimer may then produce N2 or N20 by two 

different paths. It should be noted from the low quantum yield 

of product formation, 

@N2 + = 1.9~10-~ (moles/einstein) that the deactivation 

reaction (1-29) constitutes the most important fate of NO*. 



1-2.5 The Reactions o f  NO*('=) with Hydrocarbons 

Strausz and Gunning (19) studied the reactions of ~ 0 ( ~ n )  

molecules generated by Hg* 6(3~1 ) photosensitization with 

several hydrocarbons: methane, ethane, propane, and neopen- 

tane. The hydrocarbons have a small quenching cross section 

3 with respect to Hg 6( Pi) atoms. In all cases, a marked 

increase in the nitrogen and nitrous oxide yields was noticed. 

A detailed study of the ethane-nitric oxide system gave the 

following reaction products: N2, N20, H20, NO2, CO, C02, C2H4, 

acetaldehyde, nitroethane, ethylnitrite, ethylnitrate, nitro- 

ethylene, nitromethane, methylnitrite, methylnitrate and formal- 

dehyde. 

The following sequence was proposed to account for the 

experimental observations: 

1-1 Hg + hv + Hg* 

1-27 Hg* + NO - NO* + H ~ O  

1-33 NO* + RH + R + H + NO 

where NO* is acting as the sensitizer which causes the breaking 

of a C-H bond. 

This reaction scheme is further complicated by the second- 

ary reactions of the alkylradicals produced in 1-33 which will 

react with nitric oxide to form the corresponding nitroso com- 

pounds : 



1-34 R + NO + RNO 

T h e s e  compounds may u n d e r g o  a series o f  r e a c t i o n s  w h i c h  fo rm  t h e  

o b s e r v e d  p r o d u c t s .  



A. Vacuum Apparatus 

I n  t h e s e  s t u d i e s ,  a c o n v e n t i o n a l  P y r e x  high-vacuum a p p a r a -  

t u s  was u s e d  ( F i g s .  1-3 ,  1 - 4 ) .  A c o m b i n a t i o n  o f  a DuoSeal  

(Welch  model 1402 )  vacuum pump w i t h  a t w o  s t a g e  m e r c u r y  

d i f f u s i o n  pump g a v e  a vacuum o f  torr or be t t e r .  A l i q u i d  

n i t r o g e n  t r a p  was p l a c e d  b e t w e e n  t h e  t w o  pumps. 

The a p p a r a t u s  was p r o v i d e d  w i t h  f a c i l i t i e s  f o r  g a s  i n t r o -  

d u c t i o n ,  measu remen t ,  p u r i f i c a t i o n  and  s t o r a g e  ( F i g .  1 - 3 ) .  I t  

w a s  a t t a c h e d  t o  a Gas Chroma tog raph  ( F i g .  1 -4 )  t o  allow p r o d u c t  

a n a l y s i s ,  s e p a r a t i o n  and c o l l e c t i o n .  D i s t i l l a t i o n s  were p e r -  

fo rmed  i n  a  t r a i n  o f  "Un t r a p s  i n t e r c o n n e c t e d  t h r o u g h  m e r c u r y  

f l o a t  v a l v e s .  P r e s s u r e s  were i n d i c a t e d  by  a f o u r  s t a t i o n  LKB 

A u t o v a c  Vacuum g a u g e  (Model 32948)  c a l i b r a t e d  a g a i n s t  a McLeod 

g a u g e  which  was c o n n e c t e d  t o  t h e  h i g h  vacuum m a n i f o l d  by a 

m e r c u r y  f l o a t  v a l v e .  

A s e c o n d a r y  vacuum l i n e  w i t h  a n  i n d e p e n d e n t  m e c h a n i c a l  pump 

p r o v i d e d  a r o u g h  vacuum which  w a s  u s e d  t o  lower t h e  m e r c u r y  f rom 

t h e  m e r c u r y  f l o a t  v a l v e s ,  T o e p l e r  pump, d o s e r  and  manometers  and  

t o  e v a c u a t e  s e c t i o n s  o f  t h e  vacuum l i n e  i n  o r d e r  t o  a v o i d  pump- 

i n g  l a r g e  q u a n t i t i e s  o f  m a t e r i a l s  t h r o u g h  t h e  p r i m a r y  pump. 



Fig. 1-3. Schematic Diagram of Vacuum Apparatus. 





Fig. 1-4. Schematic of Analytical System. 





Key to F i g u r e s  

F i g u r e  1-3 

Main vacuum manifold 

Mercury diffusion pump 

Mercury float valve 

Distillation train 

Connection to McLeod gauge 

Connection to analytical system 

Storage bulbs 

Pirani gauge head 

Connection to analytical system 

Gas metering device 

Mercury manometers 

Reaction system 

Connection to analytical system 

F i g u r e  1-4 

15. Cold trap to prepare solid nitrogen 

l6,24. Pirani gauge head 

17. Mercury diffusion pump 

18. Toepler gas burette 

19. Sample loop 

20. Gas chromatograph 

21. Traps 

22. Connection to secondary vacuum 

23. Analytical outlet 



T h r e e  r e a c t i o n  v e s s e l s  were u s e d  i n  t h e  c o u r s e  o f  t h i s  

r e s e a r c h .  The f i r s t  o n e  w a s  c y l i n d r i c a l  ( 5  c m  d i a m e t e r ,  10 c m  

l e n g t h ) ,  t o t a l  volume 215 5 3 cc, made o f  q u a r t z  and  w i t h  a  c o l d  

f i n g e r .  The s e c o n d  v e s s e l ,  u s e d  i n  t h e  p y r o l y s i s  s t u d i e s ,  was 

made o f  q u a r t z ,  t o t a l  volume 169 + 1 cc and  is shown i n  F i g .  

1-5. Each v e s s e l  was i n d i v i d u a l l y  c o n n e c t e d  t o  t h e  h i g h  vacuum 

a p p a r a t u s  and  u sed  i n  s t a t i c  e x p e r i m e n t s .  

A t h i r d  v e s s e l ,  made o f  P y r e x  w i t h  S u p r a s i l  windows w a s  

5 c m  i n  d i a m e t e r  and 2.2 c m  l o n g  and  w a s  u s e d  i n  c l o s e d  l o o p  

f l o w  e x p e r i m e n t s  whe re  a c i r c u l a t o r y  s y s t e m  was employed .  

A l l  v e s s e l s  were a t t a c h e d  i n  p o s i t i o n  b y  C a j o n  s t a i n l e s s  

s tee l  f i t t i n g s .  

The c i r c u l a t o r y  a p p a r a t u s ,  F i g .  I - 6 a ,  w i t h  a t o t a l  volume 

o f  238 + 1 cc was c o n n e c t e d  t o  t h e  h i g h  vacuum s y s t e m .  T h i s  

a p p a r a t u s  c o m p r i s e d  t h e  r e a c t i o n  v e s s e l ,  a g a s  c i r c u l a t i n g  pump 

and  a m e r c u r y  s a t u r a t o r .  

Key t o  Figure I-6a 

1.  R e a c t i o n  c e l l  

2. Mercury  s a t u r a t o r  

3 .  C o n d e n s e r  

4. C i r c u l a t o r y  g a s  pump 



Fig. 1-5. Vessel Used at High Temperatures. 



Fig. I-6a. Circulatory Apparatus. 

---A J 

lamp shutter filter cell 

Fig. I-6b. Optical Train. 



B. Radiation Source and Optical Train 

The 253.7 nm radiation was obtained from a low pressure 

mercury resonance lamp which was supplied with 50 mA of current 

at a potential of 5000 volts from a transformer. A Vycor 7910 

filter 2 nun thick was used to remove the 185 nm resonance line. 

A schematic diagram of the optical train is shown in Fig. I-6b. 

The lamp intensity was determined using nitrous oxide-n- 

butane actinometry, as mentioned in Section I-2.2b. A typical 
- 1 

plot of R N ~  versus P n - ~ 4 ~ l o / P ~ 2 0  is shown in Fig. 1-7. 

Intensities of absorbed light of 13.2 2 0.1, 11.2 2 0.1 and 

5.43 2 0.05 peinstein/min were used throughout this research. 

The decrease in intensity was achieved by adding an extra 

filter, Vycor 7900 2 mm thick, which was calibrated on a Unicam 

(SP800) U.V. spectrophotometer. 



Fig. 1-7. ~etermination of Light Intensity. 



C. Reactants 

Methyltrifluorosilane: obtained from PCR Research 

chemicals, Inc. had C02 and small amounts of Me2SiF2 as impuri- 

ties. The sample was degassed, distilled, and collected at 

-160•‹C. The purified gas contained less than 0.01% of Me2SiF2. 

Dimethyldifluorosilane: obtained from PCR Research 

Chemicals Inc. contained C02 which was completely removed when 

the sample was degassed, distilled and collected at -130•‹C. 

Tetrafluorosilane: obtained from the Matheson Co., was 

degassed and distilled. The purified reagent was collected at 

- 1 6 0 " ~  and contained an impurity which was not identified. The 

impurity showed chromatographically as a broad peak and did not 

interf ere with product analysis. 

Nitric Oxide: obtained from the Matheson Co., was prepuri- 

fied before being introduced into a storage bulb. The pre- 

distillat ion took place in additional traps which were connected 

to the main vacuum apparatus. There, the gas was introduced and 

trapped at -196"~. After being degassed, it was evaporated from 

-186•‹C and condensed again at -196•‹C while the system was con- 

tinuously pumped. The final portion collected at -196•‹C was 

introduced to the storage bulb and was redistilled. Fractions 

obtained at -196•‹C and -210•‹C were collected. 

The gas purified in the above manner contained a small 

amount of nitrous oxide. The exact amount was not determined 

because quantitative results for small amounts of nitrous oxide 

in a large excess of nitric oxide were not reproducible. 



D. Product Analysis 

A l l  a n a l y s e s  were p e r f o r m e d  on a Gow-Mac (Model 24-377) 

t e m p e r a t u r e  r e g u l a t e d  t h e r m i s t o r  c a t h a r o m e t e r  c o u p l e d  t o  a Gow- 

Mac (Model 40-05 D )  power s u p p l y .  

The c a r r i e r  g a s  c o n t r o l s ,  oven  and oven  c o n t r o l s ,  and  

sample  i n j e c t i o n  p o r t  o f  a P e r k i n  E l m e r  ch roma tograph  (Model 

9 0 0 )  were u s e d  i n  c o n j u n c t i o n  w i t h  t h e  above  d e t e c t i o n  s y s t e m .  

T h i s  a r r a n g e m e n t  was p r e f e r r e d  a f t e r  it was d e t e r m i n e d  t h a t  

r e s p o n s e  f a c t o r s  o b t a i n e d  f rom t h e  h o t  w i r e  d e t e c t o r  o p e r a t e d  a t  

225 mA and 250•‹C w i t h  a H e  f l o w  o f  50 cc/min were n e a r l y  h a l f  

t h e  v a l u e  o f  t h o s e  o b t a i n e d  f rom t h e  t h e r m i s t o r  d e t e c t o r  o p e r -  

a t e d  a t  7.5 mA and 50•‹C u n d e r  t h e  same c a r r i e r  g a s  c o n d i t i o n s .  

The s i g n a l  f r o m  t h e  d e t e c t o r  was r e c o r d e d  w i t h  a T e x a s  

I n s t r u m e n t  S e r v o / R i t e r  I1 (Model FT03W6D) r e c o r d i n g  p o t e n t i o -  

meter. The s a m p l e  i n j e c t i o n  p o r t  was a d a p t e d  t o  i n t r o d u c e  g a s -  

e o u s  m i x t u r e s .  I t  w a s  c o n n e c t e d  t o  t h e  sample  l o o p ,  shown i n  

F ig .  1-4 ( i t e m  1 9 ) ,  t h r o u g h  s t a i n l e s s  s tee l  t u b i n g  ( 1 . 6  mrn 0 . d . )  

and Swagelock  f i t t i n g s .  The c a r r i e r  g a s  f l o w  was measu red  w i t h  

a  s o a p  b u b b l e  f l o w - m e t e r .  Hel ium (Matheson  99.999% p u r e )  u s e d  

a s  t h e  c a r r i e r  g a s ,  w a s  d r i e d  by p a s s i n g  it t h r o u g h  a m o l e c u l a r  

s i e v e  1 3 X  column kept a t  -80•‹C which w a s  c o n d i t i o n e d  f rom t i m e  

t o  t i m e  a t  470•‹C. 



The  c o l u m n s  were made f r o m  t h i n  w a l l  s t a i n l e s s  s t ee l  t u b i n g  

( 4 . 8  mm 0 . d . )  o f  t h e  d e s i r e d  l e n g t h .  They  were f i l l e d  u s i n g  

s t a n d a r d  p a c k i n g  p r o c e d u r e s  and  were c o n d i t i o n e d  w i t h  ca r r i e r  

g a s  f l o w i n g  f o r  a t  l eas t  1 2  h o u r s  a t  t h e  maximum t e m p e r a t u r e  

recommended. The co lumns  u sed  are d e t a i l e d  i n  T a b l e  1-2 and 

t h e i r  s p e c i f i c  a p p l i c a t i o n s  i n  T a b l e  1-3.  

A c a l i b r a t i o n  was made f o r  a l l  r e a g e n t s  u sed  and p r o d u c t s  

o b t a i n e d .  F i r s t l y ,  t h e  i n d i v i d u a l  r e s p o n s e  f a c t o r s  were d e t e r -  

mined :  v a r i o u s  q u a n t i t i e s  o f  p u r e  s u b s t a n c e  were measu red  by 

means o f  t h e  g a s  b u r e t t e ,  t r a n s f e r r e d  t o  t h e  s a m p l e  l o o p  and 

f l u s h e d  i n t o  t h e  a p p r o p r i a t e  column o f  t h e  G.C. The d e t e c t o r  

r e s p o n s e  t r a n s l a t e d  i n t o  a p e a k - a r e a  was measu red  w i t h  a p l a n i -  

meter (Gelman 3 9 3 2 1 ) .  The s l o p e  o f  a p l o t  o f  t h e  p e a k  areas 

a g a i n s t  moles o f  material  i n t r o d u c e d  y i e l d e d  t h e  molar r e s p o n s e ,  

r j ,  f o r  e a c h  compound. 

S e c o n d l y ,  a r e l a t i v e  r e s p o n s e  fac tor ,  R i ,  was c a l c u l a t e d  

u s i n g  n i t r o u s  o x i d e  as t h e  r e f e r e n c e  compound. T h e s e  v a l u e s  a r e  

i n c l u d e d  i n  T a b l e  1-3. 

I n  t h i s  manne r ,  c o r r e c t i o n s  c o u l d  b e  made f o r  d a y  t o  d a y  

d e v i a t i o n s  i n  t h e  d e t e c t o r  s e n s i t i v i t y  d u e  t o  small  c h a n g e s  i n  

i t s  t e m p e r a t u r e  and  f l o w  ra te .  By m e a s u r i n g  t h e  d a i l y  molar 

r e s p o n s e  o f  N20, t h e  c o r r e c t e d  number o f  moles o f  t h e  d i f f e r e n t  

compounds c o u l d  b e  e v a l u a t e d  f rom t h e  f o l l o w i n g  r e l a t i o n :  
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where  

n i  = moles o f  t h e  compound i. 

A i  = a r e a  u n d e r  t h e  peak  due  t o  compound i. 

rs = m o l a r  r e s p o n s e  o f  N 2 0  ( i n t e r n a l  s t a n d a r d ) .  

R i  = ri/rs. 

The v a r i a t i o n  i n  t h e  r, v a l u e  was 2% w i t h  r e s p e c t  t o  t h e  

mean v a l u e  o b t a i n e d  f rom a set  o f  e i g h t  e x p e r i m e n t s  c a r r i e d  o u t  

d u r i n g  a  t h r e e  week p e r i o d .  

I n  a d d i t i o n  t o  g a s  ch roma tography ,  mass  s p e c t r o m e t r y  and I R  

s p e c t r o s c o p y  were  used  t o  check  t h e  p u r i t y  and i d e n t i t y  o f  

p r o d u c t s  and r e a g e n t s .  



E. Irradiation Procedure 

P r e l i m i n a r y  e x p e r i m e n t s  c a r r i e d  o u t  w i t h  MeSiF3-NO m i x t u r e s  

i n  a s t a t i c  s y s t e m  showed v e r y  small y i e l d s  o f  p r o d u c t s .  T h i s  

was d u e  t o  t h e  d e p l e t i o n  o f  m e r c u r y  v a p o r  i n  t h e  ce l l  t h r o u g h  

i t s  r e a c t i o n  w i t h  NO2 fo rmed  d u r i n g  t h e  r e a c t i o n .  T h e r e a f t e r ,  a  

g a s - c i r c u l a t i n g  c l o s e d  r e a c t i o n  s y s t e m  was u sed  ( F i g .  6 a ) .  I n  

t h i s ,  t h e  r e a c t a n t s  were c i r c u l a t e d  o v e r  a p o o l  o f  l i q u i d  

m e r c u r y  h e l d  a t  50•‹C. A c o n d e n s e r  downs t r eam f rom t h e  m e r c u r y  

k e p t  a t  2 5 " ~  e n s u r e d  a c o n s t a n t  p r e s s u r e  o f  m e r c u r y  v a p o r .  The 

d e t a c h a b l e  c e l l  w a s  c l e a n e d  w i t h  n i t r i c  a c i d  a f t e r  e a c h  r u n  and  

was l e f t  o v e r  n i g h t  u n d e r  h i g h  vacuum pumping.  

The g e n e r a l  p r o c e d u r e  f o l l o w e d  i n  t h e s e  e x p e r i m e n t s  was t o  

m e a s u r e ,  mix and  i r r a d i a t e  t h e  r e a c t a n t s .  A f t e r w a r d s ,  r e a c t a n t s  

and p r o d u c t s  were s e p a r a t e d  i n t o  d i f f e r e n t  f r a c t i o n s  t h r o u g h  

d i s t i l l a t i o n .  Each f a c t i o n  w a s  a n a l y z e d  q u a n t i t a t i v e l y  by g a s  

c h r o m a t o g r a p h y .  Each o f  t h e  s e p a r a t e d  p r o d u c t s  c o u l d  b e  t r a p p e d  

f rom t h e  GC e l u e n t  and  c o l l e c t e d  f o r  f u r t h e r  a n a l y s i s  ( I R ,  MS, 

NMR) . 
I n  o r d e r  t o  p r o d u c e  p r e s s u r e s  smaller t h a n  10 torr i n  t h e  

r e a c t i o n  v e s s e l ,  t h e  a p p r o p r i a t e  g a s  w a s  measu red  u s i n g  t h e  

c a l i b r a t e d  vo lumes  o f  a d o s e r  ( F i g .  1 -3)  and  t h e n  t r a n s f e r r e d  

i n t o  t h e  r e a c t i o n  v e s s e l .  F o r  p r e s s u r e s  h i g h e r  t h a n  10 torr, 

t h e  d e s i r e d  p r e s s u r e  i n  t h e  r e a c t i o n  v e s s e l  was o b t a i n e d  b y  

d i r e c t  d o s i n g  f rom t h e  s t o r a g e  b u l b .  The g a s  p r e s s u r e s  were 

r e a d  from a m e r c u r y  manometer .  



i )  Experiments in the Static System 

The static system was used with preliminary experiments. 

These include the mercury sensitized reaction of MeSiF3, the 

3 competitive quenching of Hg 6( P1) with MeSiF3-N20 mixtures and 

the pyrolysis of MeSiF3. 

Photosensitized reactions were carried out in the presence 

of a drop of clean mercury which was added to the reaction cell 

before it was attached to the vacuum system (Fig. 1-3). 

Pyrolysis temperatures were attained by surrounding the 

reaction vessel with a tubular furnace whose temperature was 

controlled with a Variac transformer and read by means of a 

chromel-alumel thermocouple. 

ii) Procedure Followed in Studying the Reactions of 

Me,SiFq,, with NO, 

Known pressures of ~ e * S i F s - ~  and NO were mixed in the 

reaction vessel. Irradiation times of 2 to 10 min were chosen 

so that the extent of decomposition of NO was generally less 

than 1%, although up to 3% decomposition occurred in experiments 

with low NO concentrations. 

After irradiation, the contents of the reaction vessel were 

divided into a fraction condensable at -196"~, and a volatile 

fraction consisting of mainly N2 with some NO. The latter was 

further fractionated at -210•‹C to remove any NO. The remaining 

Q was measured and quantitatively analyzed by gas chromato- 

graphy (Molecular Sieve). 



The f i r s t  f r a c t i o n  c o n d e n s a b l e  a t  -196'C was f u r t h e r  

s e p a r a t e d  by d i s t i l l i n g  t h e  m i x t u r e  t h r o u g h  t r aps  m a i n t a i n e d  a t  

-160•‹C, - 1 9 6 " ~  and -210•‹C. 

The f r a c t i o n  c o l l e c t e d  a t  -210•‹C c o n s i s t e d  o f  u n r e a c t e d  NO 

which  w a s  combined w i t h  t h e  NO f rom t h e  f i r s t  f r a c t i o n  and  

measu red  i n  a g a s  b u r e t t e .  

The f r a c t i o n  c o l l e c t e d  a t  - 1 9 6 ' ~  was m a i n l y  N 2 0 .  I t  was 

measu red  and  q u a n t i t a t i v e l y  a n a l y s e d  by g a s  c h r o m a t o g r a p h y  

( P o r a p a k  Q )  . 
The f r a c t i o n  c o l l e c t e d  a t  - 1 6 0 " ~  c o n t a i n e d  t h e  u n r e a c t e d  

s i l a n e  and  some N 2 0 .  An a l i q u o t  o f  t h i s  f r a c t i o n  was a n a l y z e d  

w i t h  t h e  P o r a p a k  Q column;  t h e  N 2 0  f o u n d  i n  t h i s  f r a c t i o n  

a c c o u n t e d  f o r  10-20% o f  t h e  t o t a l  amount  p r o d u c e d  i n  t h e  

r e a c t i o n .  

N o  o t h e r  v o l a t i l e  p r o d u c t s  were f o u n d  i n  any  of t h e  s y s t e m s  

s t u d i e d .  



1-4 EXPERIMENTAL RESULTS 

A - Preliminary Experiments 

T h r e e  d i f f e r e n t  t y p e s  o f  r e a c t i o n s  were c a r r i e d  o u t  w i t h  

MeSiF3 a t  t h e  b e g i n n i n g  o f  t h i s  r e s e a r c h  work.  T h e s e  e x p e r i -  

m e n t a l  r e s u l t s  w i l l  b e  d e s c r i b e d  b r i e f l y .  

1 .  The Reaction of ECJ 6 ( 3 ~ 1 )  with ileSiF3. 

M e t h y l t r i f l u o r o s i l a n e  w a s  i r r a d i a t e d  f o r  15 min i n  t h e  

p r e s e n c e  o f  m e r c u r y  v a p o r  a t  a p r e s s u r e  o f  a p p r o x i m a t e l y  51 

torr.  The a n a l y s i s  o f  t h e  d i f f e r e n t  f r a c t i o n s  by GC y i e l d e d  no  

p r o d u c t s  f rom t h e  s y s t e m .  

A f i n a l  e x p e r i m e n t  u n d e r  s i m i l a r  c o n d i t i o n s  was d o n e  i n  

which  t h e  i r r a d i a t i o n  a t  253.7 nm w a s  e x t e n d e d  t o  12 h r s .  The 

mass  s p e c t r u m  o f  t h e  t o t a l  m i x t u r e  condensed  a t  - 1 9 6 ' ~  w a s  

i d e n t i c a l  t o  t h a t  o f  MeSiF3. 

2. Quenching C r o s s  Section of MeSiFj 

M i x t u r e s  o f  a b o u t  50 torr o f  N20 and v a r y i n g  p r e s s u r e s  of 

MeSiF3 (50-300 torr)  were i r r a d i a t e d  a t  253.7 nm f o r  15  min i n  

t h e  p r e s e n c e  o f  m e r c u r y  v a p o r .  The n i t r o g e n  p r o d u c e d  was quan-  

t i t a t i v e l y  d e t e r m i n e d  b y  g a s  c h r o m a t o g r a p h y .  From s e v e r a l  

e x p e r i m e n t s  it w a s  f o u n d  t h a t  t h e  amount o f  N2 p r o d u c e d  i n  t h e s e  

e x p e r i m e n t s  w a s  i r r e p r o d u c i b l e .  The r e s u l t s  i n  T a b l e  1-4 demon- 

s t r a t e  t h i s  i r r e p r o d u c i b i l i t y .  T h e r e f o r e ,  a r e l i a b l e  v a l u e  f o r  

t h e  cross s e c t i o n  c o u l d  n o t  b e  o b t a i n e d .  



Table 1-4 

Attempts to Determine ,rp2 for MeSiF) with Hg 6( 3 ~ 1 )  

IA = 0,565 [peinstein/min] 

Run 'total 'P4eS.i~~ /P~20 2  

[tor r] [einstein/mol] 

3. Pyrolysis of MeSiFg 

About 50 torr of methyltrifluorosilane was heated to 

various temperatures and for different periods of time. The 

compound did not show appreciable decomposition at temperatures 

lower than 700•‹C, as evidenced by no change in the pressure of 

the system and no products as determined by GC analysis. 



Decomposition products from 50 torr of MeSiF3 found at 

714 + 1 • ‹ C  which were identified from their GC retention times 

and MS are: CHI,, H 2 ,  C 2 H g  and SiF4. The formation of other 

products cannot be discounted since no further pyrolysis experi- 

ments were performed with this system. 

B. The Reactions of Electronically Excited Nitric Oxide with 

Me,SiFb-x. 

The reaction of  NO(^^) molecules was examined with three 

compounds in the series MexSiFq,,. These corresponded to 

( x  = 0 , 1 , 2 ) .  

Preliminary experiments carried out under static conditions 

had shown that the amount of N 2  produced from the mercury photo- 

sensitation of NO in the presence of MeSiF3 (reactant ratio 

1 : 1 8 )  had increased by a factor of 4 compared to that obtained 

in the reaction of NO alone. These results suggested that 

further studies should be made of this system. At this point, 

the gas circulatory-mercury saturation apparatus (Fig. I-6a) was 

connected to the high vacuum system. 

The results presented in Table 1-5 demonstrate the effect 

on the rates of formation of N 2  and N 2 0  caused by the presence 

of the different silanes. 



Table 1-5 

The E f f e c t  of He,SiF4,, on t h e  Rates of Formation of 

N2 and N20 in the Reaction of NO with Eg 6 0 ~ ~ ) .  

(c) 
MexSiF4-x psi1 PNO N2 N2•‹ 

[torr] [ pmoles/min] x 1 o2 

- 100.4(~) 0.09 3.15 

SiF4 (a) 298.0 101.5 1.31 not measured 

MeSiF3 (a) 304.8 98.1 31.7 57.5 

Me2SiF2 (b) 71.9 99.1 54.2 58.6 

(a) Irradiation time = 10.00 min. 

(b) Irradiation time = 5.00 min. 

(c) Sil = MexSiF4-x. 

Several experiments, with the Me,SiF4-, compounds were 

carried out to search for products other than N2 and N20. In 

neither case, were products found additional to those formed in 

the NO/Hg system. Furthermore, there was no observed decrease 

in the amount of silane during the experiments. The magnitude 

of the observed effects is such that the enhanced decompositions 

of NO caused by the silanes is in the order 

Me2SiF2>MeSiF3>>SiF4. 



S y s t e m a t i c  s t u d i e s  o f  t h e  ~ 0 / M e S i F 3  and t h e  NO/Me2SiF2 

s y s t e m s  were u n d e r t a k e n  t o  d e t e r m i n e  t h e  e f f e c t s  o f  t i m e ,  l i g h t  

i n t e n s i t y ,  and  v a r y i n g  p r e s s u r e s  o f  s i l a n e  a t  c o n s t a n t  NO p r e s -  

s u r e s  and  v i c e - v e r s a .  

1. The Reaction of NO('R) w i t h  M e S i F 3 .  

F i g .  1-8 p r e s e n t s  t h e  r e s u l t s  o b t a i n e d  when m i x t u r e s  o f  

NO/MeSiF3 were s u b j e c t e d  t o  d i f f e r e n t  i r r a d i a t i o n  t i m e s .  P r e s -  

s u r e s  o f  s i l a n e  and  NO were 188.4  + 0 .1  and 98.1 + 0 .8  torr, 

r e s p e c t i v e l y .  I A ~ ~  = 13 .2  [ p e i n s t e i n / m i n ] .  The l o n g e s t  

i r r a d i a t i o n  t i m e  p r o d u c e d  3 .1% o f  NO d e c o m p o s i t i o n .  

The e f f e c t  o f  l i g h t  i n t e n s i t y  was s t u d i e d  f o r  1:1 m i x t u r e s  

o f  NO/MeSiF3. Ave rage  v a l u e s  o f  t w o  d e t e r m i n a t i o n s  a t  e a c h  

l i g h t  i n t e n s i t y  a re  summar ized  i n  T a b l e  1-6. The quantum y i e l d s  

o f  N2 and N 2 0  a p p e a r  i n d e p e n d e n t  o f  l i g h t  i n t e n s i t y  w i t h i n  

e x p e r i m e n t a l  error. 

The e f f e c t  o f  t h e  c o m p o s i t i o n  o f  t h e  r e a c t i o n  m i x t u r e  o n  

t h e  quan tum y i e l d s  of t h e  p r o d u c t s  is shown i n  T a b l e  1-7 and  

1-8. A t  c o n s t a n t  p r e s s u r e  o f  NO, t h e  quan tum y i e l d s  o f  N 2  and  

~ 2 0  i n c r e a s e  m a r k e d l y  w i t h  i n c r e a s i n g  p r e s s u r e s  o f  MeSiF3. B u t ,  

w h i l e  t h e  quan tum y i e l d  o f  N 2  r e a c h e s  a c o n s t a n t  v a l u e  a t  p r e s -  

s u r e s  o f  s i l a n e  o f  a b o u t  200 t o r r ,  t h a t  o f  N 2 0  c o n t i n u e s  t o  

i n c r e a s e  s t e a d i l y  w i t h  t h e  p r e s s u r e  o f  t h e  added  s i l a n e .  A t  

c o n s t a n t  p r e s s u r e  o f  MeSiF3 w i t h  v a r y i n g  NO, t h e  quan tum y i e l d  

o f  N2 r e m a i n s  v i r t u a l l y  unchanged  w h i l e  t h a t  o f  N 2 0  d e c r e a s e s  

r a p i d l y  t o  r e a c h  a c o n s t a n t  v a l u e  a t  p r e s s u r e s  o f  NO h i g h e r  t h a n  

200 tor r .  



Time [minJ 

Fig. 1-8. Time Dependence of N2 and N 2 0  Yields from 

MeSiF3-NO Mixtures: 0, N20; A, N2. 



Table 1-6 

Product Quantum Y i e l d s  of MeSiF3-NO Mixtures as a Function of 

Light  I n t e n s i t y .  

P M & ~ F ~  = PNO = 9 9 . 6  [torr] 

Table 1-7 

Product Quantum Y i e l d s  of MeSiF3-NO Mixtures at 

PNO = 9 8 . 4  f 0 . 3  [torr] 

Run ' ~ e ~ i ~ j  
.------ 
[torr] 



Table 1-8 

Product Quantum Yields  of MeSiF3-NO Mixtures at 

PnesiF3 = 100.2 2 0.4 [torr] 

I A ~ ~  = 11.2 [peinstein/min] 

Run P~~ - -- 
[ t o r r ]  

8 3  10.4 

8 0  31 .4  

78 SO. 5 

79 79 .8  

77 101.0 

7 5  203.0 

76 300.3 

4 2. The Reaction of NO( R )  with MepSiFp. 

The  r e s u l t s  o b t a i n e d  are a n a l o g o u s  t o  t h o s e  a l r e a d y  

d e s c r i b e d  f o r  MeSiF3. T a b l e  1-9 shows t h a t  t h e  quan tum y i e l d s  

o f  t h e  p r o d u c t s  a p p e a r  i n d e p e n d e n t  o f  l i g h t  i n t e n s i t y .  T a b l e  

1-70 shows  t h a t  b o t h  quan tum y i e l d s  o f  N2 and  N 2 0  i n c r e a s e  

m a r k e d l y  w i t h  i n c r e a s i n g  Me2SiF2 p r e s s u r e s  and  f rom T a b l e  1-11 

it c a n  b e  s e e n  t h a t  N 2 0  d e c r e a s e s  w h i l e  N 2  i n c r e a s e s  w i t h  

i n c r e a s i n g  p r e s s u r e s  of NO a t  a f i x e d  p r e s s u r e  o f  Me2SiF2. 
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Table  1-9 

Product Quantum Y i  e l d s  of Me2SiF2-NO Mixtures a s  

Light  I n t e n s i t y .  

Q e 2 s i F 2  = 50 .6  +- 0 . 4  [torr] 

PNO = 100.5 f 0 . 2  [torr] 

unction of 

Table 1-10 

Product Quantum Y i e l d s  of Me2SiF2-NO Mixtures 

PNO = 100.7 f 0 .7  [torr] 

I A ~ ~  = 11.2 [yeinste in/min]  

Run * ~ e 2  ~ i ~ 2  ---- 
[torr] 



Table 1-1 1 

Product Quantum Yie lds  o f  Ple2SiF2-NO Mixtures 

PMe2sip2 = 50.5  + 0 . 5  [torr] 

I A ~ ~  = 11.2 [peinstein/min] 

Run 'NO ----- 
[ torr]  



1-5. DISCUSSION 

A. Preliminary Experiments 

Exploratory experiments carried out at the beginning of 

this work were aimed at the possibility of producing SiF3 

radicals from CH3SiF3. Various methods were attempted: 

1. Mercury Photosensitized Decomposition at 253.7 nm: 

No decomposition was found under our experimental condi- 

tions, presumably due to the low quenching efficiency of this 

molecule for Hg* 6 ( 3 ~ 1  ) atoms. Therefore, the plausible chemi- 

cal reactions, 1-35 and 1-36, did not occur. 

1-35 MeSiF3 + Hg* + CH3 + SiF3 + ~ g "  

1-36 MeSiF3 + Hg* + H + CH2SiF3 + H ~ O  

SO far, no value of the quenching cross section of MeSiF3 - 

has been reported in the literature. Gunning and coworkers (5b) 

did, however, measure the cross sections of Me2SiF2 (0.19 A2) 

and Me3SiF ( 1.0 A*) using the physical method. Since there is a 

clear reduction in the quenching cross section when methyl 

groups are replaced by fluorine atoms (Table I-1), it would be 

expected that the effective cross section of MeSiF3 will be much 

smaller .than 0.19 a2. Our attempts to determine the quenching 

cross section of MeSiF3 by the chemical method did not, as 



mentioned above, yield reproducible results. No further 

attempts were made to measure the quenching cross sections. 

2. Pyrolysis : 

MeSiF3 proved to be thermally stable up to temperatures of 

700•‹C. Above this temperature the products, which were readily 

detected were: methane, hydrogen, ethane and tetrafluorosilane. 

It might be expected that the initial step is scission of 

the C-Si bond, eg., 1-37. 

followed by a series of free radical reactions. These processes 

might be expected to include reactions such as: 

1-38 CH3 + MeSiF3 + CH4 + CH2SiF3 

1-39 CH3 + CH3 -+ C2Hg 

The primary step, scission of the C-Si bond, is in accord 

with that suggested by Davidson and coworkers (21) for the 

pyrolysis of trimethylchlorosilane. The formation of tetra- 

fluorosilane can be explained if reactions 1-40 and 1-41 are 

incorporated with the above sequence : 



It has been shown that hexafluorodisilane decomposes therm- 

ally at 700•‹C and the formation of difluorosilylene has been 

suggested as a product from the primary process (22). 

Thus, the thermal decomposition of MeSiF3 proved to be an 

impractical source of SiF3 radicals due to the high temperatures 

required for decomposition and to the obvious complexity of the 

reaction mechanism. 

3,  Energy Transfer from the 4r State of NO: 

From energetic considerations,  NO*^ may be expected to 
cause Si-C bond cleavage. Recent estimates of Si-C bond 

dissociation energies (20,23) yield values of 

Our experiments showed that Si-C bond splitting did not occur. 

Instead, it was found that the silane causes substantial 

increases in the yields of products of the mercury photosensi- 

tized decomposition of NO. 



B. The Effect of Silanes on the Hercury-~hotosensitized 

Decomposition of Nitric Oxide. 

The observed e n h a n c e m e n t  i n  t h e  p r o d u c t i o n  of N2 and N 2 0  

3 
f r o m  NO-Hg 6 ( Pi ) - M e X S i F k e x  m i x t u r e s  can  be accounted for by 

t h e  f o l l o w i n g  s c h e m e  : 

1 - 1  ~ g "  + h v  -+ H g *  I ~ b s  

1-27 H g *  + NO + NO* + ~ g "  

1 - 2 9  NO* + NO + 2 N 0  

1-30 NO* + NO + ( N 0 ) 2 *  

1-3 1 ( N O )  2 *  -+ N 2  + O 2  

1-32 ( N 0 ) 2 *  + NO + N 2 0  + N O 2  

NO* + S i l  + S i l N O T  

NO* + S i l  + S i l N O t t  

S i l N O t  + S i l  + N O  

S i l N O t  + NO + S i l  + N 2  + 0 2  

S i l N O t  + N O  + S i l  + 2 N 0  

S i l N O t  + S i l  + 2 S i l  + N O  

S i l N O t t  + S i l  + N O  

NO 
S i l N O t t  + NO + S i l  ( N 0 ) 2 t t  S i l  + N 2 0  + NO2 

S i l N O t t  + NO + S i l  + 2 N 0  

S i l N O t t  + S i l  + 2 S i l  + N O  

1 3 
w h e r e :  ~ g "  = H g  6 (  S o ) ;  H g *  = H g  6 (  Pi), NO* =  NO'^, 

S i l  = M e S i F 3  or M e S i F 2 ,  and S i l N O t  and S i l ~ O t t  are t w o  d i f e r e n t  

MexSiF4- , -NO i n t e r m e d i a t e  c o m p l e x e s .  



This mechanism incorporates the accepted mechanism for the 

Hg-sensitized decomposition of NO itself and is consistent with 

our experimental observations. 

As mentioned previously, in Section 1-2.4, Strausz and 

3 Gunning (18) in their study of the Hg 6 (  P1)-NO mixtures, pro- 

posed reactions 1-1, 1-27 and 1-29 to 1-32 as the most plausible 

route by which the observed products are formed. Their data 

also showed that the sum of the quantum yields of N2 and N20 are 

independent of NO pressure in the complete quenching region. 

This observation indicates that there is no interaction of the 

excited NO dimer to regenerate NO either via unimolecular 

dissociation or by collision with another molecule. Thus, the 

enhancement of N2 and N20 when the silanes are added cannot 

result from the reaction of the MexSiFs-x compounds with 

(N0)2* since this process would not increase the yields of N2 

and N20. It seems likely that the silanes intervene in the 

mechanism through competition with reaction 1-29 and 1-30. The 

interpretation of the data requires the participation of two 

different MexSiF4-,-NO intermediate complexes, each capable 

of initiating a series of reactions to yield one of the products 

of the reaction. Furthermore, it must be assumed that these 

intermediate complexes are not interconvertible. Thus, in the 

proposed mechanism SilNOt leads to N2 while SilNOtt leads to N20 

format ion. 



From the above mechanism, the rate of N2 formation is given 

by: 

1-53 R N ~  = k3i [(NO) 2*] + k45 [SilNOt] [NO] 

but since the quantum yield of N2 in the absence of 

~e~SiF4-, is very small (Table 1-5) k45>>k31, hence, 

1-54 R N ~  = k45 [SilNOt] [NO] . 
Applying the steady state approximation to the intermediate 

SilNOt, the quantum yield of N2 production is given by the 

following expression: 

Similarly, the rate of N20 formation is expressed by: 

1-56 R N ~ O  = k32 [(NO) 2*] [NO] + k49 [SilNOtt] [NO] 

since k49>>k32 

1-57 R N ~ ~  = k49 [SilNOtt] [NO] 

and the expression for the quantum yield is 

A detailed derivation of Equations 1-55 and 1-58 is included 

in the Appendix. 



The effects of the silanes MeSiF3 and Me2SiF2 need to be 

discussed separately due to differences in the quantitative 

measurements resulting in the observed trends obtained for each 

system. These are described in the Experimental Results section. 

1 A plot of @il against PieSiF3 is shown in Figure 1-9. It is 
2 

a straight line described by Equation 1-55 if it is presumed that 

Thus, Equations 1-55 and 1-58 are reduced to 

Rearrangement of equation 1-59 gives: 

Equation 1-61 is thus consistent with the linear dependence of 

1 
m-' on PieSiFn. From Equation 1-61, the slope to intercept 
N2 

ratio yields k4, , /kk7 for which a value of (6.1 + 1.8)x103 mol L-' 

is obtained. 

A plot of @tq20 versus P M ~ s ~ F ~  (Equation 1-60) at 

constant PNO is shown in Figure 1-10. A straight line with 



Fig. 1-9. Reciprocal Quantum Yield of N2 - vs. Reciprocal 

of MeSiF3 Pressure: PNo = constant. 



i n t e r c e p t  z e r o  is  a good r e p r e s e n t a t i o n  o f  t h e  e x p e r i m e n t a l  d a t a  

and i n d i c a t e s  t h a t  t h e  term k s l  [ S i l l  may be  n e g l e c t e d  and 

E q u a t i o n  1-60 may be r e w r i t t e n  a s  f o l l o w s :  

which upon r e a r r a n g e m e n t  becomes: 

1-63 - - ( k 2 9  + { k k 8  + (k49  + k 5 0 )  [NO] 
N 2 0  k 4 g k 4 9  [ S i l l  

A p l o t  o f  @-l v s .  PNO a t  c o n s t a n t  p r e s s u r e  o f  MeSiFg is shown 
N 2 0  

i n  F i g u r e  I - l l .  I t  shows t h a t  a s t r a i g h t  l i n e  is o b t a i n e d  a t  

l o w  p r e s s u r e s  o f  NO a s  e x p e c t e d  f rom E q u a t i o n  1-63, b u t  a t  

p r e s s u r e s  h i g h e r  t h a n  a b o u t  150 torr ,  t h e  r e s u l t s  show d i s t i n c t  

c u r v a t u r e  i n d i c a t i n g  t h a t  t h e  amount o f  N 2 0  formed is  l a r g e r  

t h a n  t h a t  p r e d i c t e d  by E q u a t i o n  1-63. T h i s  s u g g e s t s  t h a t  t h e  

y i e l d  o f  N 2 0  f rom r e a c t i o n  1-32 becomes an i m p o r t a n t  s o u r c e  of 

t h e  compound a t  h i g h e r  p r e s s u r e s  o f  NO. T h i s  s o u r c e  o f  N 2 0  is 

n o t  c o n s i d e r e d  i n  t h e  d e r i v e d  e x p r e s s i o n  (1 -63 ) .  A p l o t  o f  t h e  

s t r a i g h t  l i n e  p o r t i o n  is shown i n  F i g u r e  1-12 from which t h e  

s l o p e  t o  i n t e r c e p t  r a t i o  y i e l d s  ( k 4 9  + k 5 0 ) / k 4 8  which v a l u e  is 

( 1 . 2  2 0 . 4 ) x 1 0 3  L m o l - l .  

2. MepSiF2 + NO ( 4 ~ )  

I n  t h e  c a s e  o f  Me2SiF2,  t h e r e  is a  d i s t i n c t  dependence  o f  

t h e  quantum y i e l d  o f  N 2  on t h e  p r e s s u r e  o f  NO ( T a b l e  I - l l )  wh ich  

i n d i c a t e s  t h a t  t h e  t e r m  ( k 4 2  + k 4 3 )  [ S i l l  c a n n o t  be  n e g l e c t e d  

compared to  ( k 2 9  + k30) [NO]  i n  c o n t r a s t  t o  t h e  case o f  MeSiF3. 



P MeSiF, [torr] 

Fig. 1-10. A Plot of Quantum Yield of N20 - vs. MeSiF3 

Pressure: PNO = 98.4 + 0.3 [torr]. 
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P NO Etorrl 

Fig. 1-11. Plot of Reciprocal of Quantum Yield of N20 - vs. 

No pressure: P ~ e ~ i ~ 3  = 100.2 + 0.4 [torr]. 

I ~ b s  = 11.2 [~einstein/min] . 



F i g .  1-12. A P l o t  of Quantum Y i e l d  o f  N 2 0  - v s .  NO 

P r e s s u r e :  The Lower P r e s s u r e  Region .  



Retaining the arguments that k44 + k47[Sil]>>(k45 + k46) [NO] and 

including the assumption that k47[Sil] is sufficiently small to 

be neglected relative to k44 , the expression for @ N ~  (1-55) 

becomes : 

from which, 

- -  [NO] ) 1-65 IN'] - 4 {(k4, + k43) + (k29+k30) [sill 
@ ~ 2  k42k45 

A plot of PNO/mN2 versus PNO at constant pressure of 

. Me2SiF2 is shown in Figure 1-13. The data points fall on a 

straight line in accord with Equation 1-65. 

Similarly from 1-64 the appropriate equation for the 

dependence of @ N ~  on Me2SiF2 is: 

A plot of PMe2SiF2/@N2 versus P M ~ ~ s ~ F ~  at constant NO 

pressure is a straight line and is shown in Figure 1-14. 

Arguments for deriving a rate equation for the formation of 

N20 must retain those mechanistic assuaptions used to describe 

N2 production, i.e., (k42 + k43)[Sil] cannot be neglected. 

Thus, deactivation and product formation via 1-49 and 1-50 are 

more important than the unimolecular decomposition of SilNOtt: 





P Me2SiF2 [torr] 

F i g .  1 - 1 4 .  A P l o t  of PMe2siF2/aN2 E. Me2SiF2 

Pressure: PNO = 100.7 + 0.7 [ t o r r ] .  



i .e. ,  k4 8 << ( k49 + k50 ) [NO]. I n  s u c h  case, t h e  e x p r e s s i o n  fo r  

t h e  quan tum y i e l d  o f  N 2 0  (1 -58)  becomes: 

f rom wh ich ,  

1 
A p l o t  o f  @;20 v e r s u s  PNO a t  c o n s t a n t  p r e s s u r e  o f  Me2SiF2 

is shown i n  F i g u r e  1-15 and  is a s t r a i g h t  l i n e  as  r e q u i r e d  b y  

t h e  above  e x p r e s s i o n .  

F i g u r e  1-16 shows t h a t  a p l o t  o f  @-I a g a i n s t  P-' a t  
N 2 0  Me2SiF2 

c o n s t a n t  NO p r e s s u r e  is a l s o  l i n e a r .  The da tum p o i n t  f o r  t h e  

lowest v a l u e  o f  P M ~ ~ s ~ F ~  is n o t  p l o t t e d .  It l i e s  f a r  beyond 

t h e  p o r t i o n  o f  t h e  g r a p h  shown and t h e  v a l u e  p r e d i c t e d  b y  

E q u a t i o n  1-68 would b e  c o n s i d e r a b l y  s m a l l e r  t h a n  t h e  a c t u a l  

aN20. T h i s  d i f f e r e n c e  may b e  e x p l a i n e d  by  t h e  i n c r e a s i n g  

i m p o r t a n c e  o f  r e a c t i o n  1-32 as a s o u r c e  o f  N 2 0  a t  l o w  p r e s s u r e s  

o f  t h e  s i l a n e .  

From t h e  s l o p e s  and  i n t e r c e p t s  o f  g r a p h s  1-13,  1-14 and  

1-15, t h e  f o l l o w i n g  v a l u e s  o f  t h e  r a t i o  ( k 4 2  + k 4 3 ) / ( k 2 9  + k 3 0 )  

and t h e i r  s t a n d a r d  d e v i a t i o n s  were o b t a i n e d :  1.9 2 0.3,  

2.7 + 0.4 and  1.8 + 0 . 3 .  



P NO [torr] 

Fig. 1-15. A Plot of Reciprocal of Quantum Yield of N20 

-2 VS. NO Pressure: P M ~ ~ S ~ F ~  = 50.5 [torr]. - 



P-' Me2SiF2 [torr -I] 

F i g .  1-16. A P l o t  o f  R e c i p r o c a l  o f  Quan tum Y i e l d  o f  N20 

vs. R e c i p r o c a l  o f  Me2SiF2 P r e s s u r e :  - 
PNO = 100.7 + 0.7 [ t o r r ] .  



3 ,  The Nature of the Proposed Intermediate Complexes 

The proposed mechanism involves the formation of two non- 

interconvertible complexes of No4* with the silanes. These are 

denoted SilNOt and SilNOtt 

The 4n state of nitric oxide lies 4 5 3 . 5  kJ above the ground 

state, with v = 1 at 4 6 4  kJ ( 1 6 ) .  The energy available from Hg 

6 ( 3 ~ 1  ) is only sufficient to populate the level v = 1 of this 

state. The fact that the energy available is sufficient to 

populate only ~ 0 ~ 7 ~  (v = I), suggests that these complexes must 

be structurally rather than energetically different. 

Much of the chemistry of silicon, which is different from 

that of carbon, arises from its ability to expand its coordina- 

tion number through the use of d orbitals. We propose that the 

two intermediate complexes may be formed through Si-N and Si-0 

bonding of the nitric oxide to the silicon center as is 

schematically shown in Figure 1-17, but we do not conjecture 

upon which one leads to N2 formation. 

Theoretical support to the above postulate is obtained from 

calculations by P.G. and K.A. Perkins ( 2 4 ) .  They calculated the 

stability of the Sil-NO and Sil-ON complexes relative to the 

separate reactants, silane + 

The Sil-ON complexes are 88 (x = 2 ) ,  21  ( x  = 1 )  and 10 

( x  = 0) kJ more stable than the isolated reactants. On the 



Fig. 1-17. Schematic Representation of the Two 

Silane-NO Complexes. 



other hand, the Sil-NO complex is 49 kJ more stable for the 

Me2SiF2-NO system while the corresponding complexes involving 

MeSiF3 and SiF4 have about the same stability as that of the 

isolated silane and NO%. In all cases, the Sil-ON complex is 

more stable than the Sil-NO complex for the same silane. For 

the series of silanes, the order of stability of the complexes 

was found to be Me2SiF2>MeSiF3>SiF4 which is in the same order 

as the experimentally observed reactivity with NO~K. 



1-6. CONCLUSIONS 

The conclusions of this part of the present work may be 

summarized as follows: 

1. MeSiF3 does not provide an efficient source of SiF3 radi- 

cals through its thermal decomposition, which occurs at too 

high a temperature to be practical as a clean source of the 

radicals. Si-C bond cleavage through mercury photosensiti- 

zation at 253.7 nm is not observed; nor is Si-C bond cleav- 

age with NO*. 

2. The enhancement found in the production of N2 and N20 from 

NO-Hg 6 ( ' p 1  )-MexSiF4-, mixtures may be explained if two 

different intermediate complexes are formed by reaction of 

nitric oxide in the 'n state with the MexSiFr-, com- 

pounds. The enhancement effects of the silanes are in the. 

order 

The proposed mechanism yields rate equations which satisfy 

the experimental observations for the two systems which 

were studied in detail. The differences observed are due 

to differences in the rate constants. For example, 



reactions 1-42 and 1-43, in which the complexes are formed, 

are faster in the Me2SiF2 case. Moreover, they appear to 

compete with the deactivation reaction 1-29 which still is 

the main fate of ~ 0 ~ 7 1 .  



PART I1 

TEE REACTION OF UETEYLENE WITH COMPOUNDS OF TEE GENERAL 

FORMULA Me,SiF4-x 

1 1 -  INTRODUCTION 

The c o n c u r r e n t  p r o d u c t i o n  o f  m e t h y l e n e  i n  i t s  s i n g l e t  and 

t r i p l e t  e l e c t r o n i c  s t a t e s  is w e l l  documented .  The p r e s e n c e  of 

t h e  t r i p l e t  s t a t e  may be s u p p r e s s e d  by t h e  u s e  o f  a  r a d i c a l  

s c a v e n g e r ;  t h u s ,  oxygen h a s  been  w i d e l y  used  f o r  t h i s  p u r p o s e .  

Our i n t e r e s t  was t o  d e t e r m i n e  i f  s i n g l e t  m e t h y l e n e  i n s e r t s  

i n t o  t h e  d i f f e r e n t  bonds  o f  t h e  Me,SiF4,, compounds. To 

s i m p l i f y  t h e  k i n e t i c  scheme, n i t r i c  o x i d e  was added t o  

k e t e n e - s i l a n e  m i x t u r e s  a s  a  t r i p l e t  m e t h y l e n e  s c a v e n g e r .  

The f o l l o w i n g  s u r v e y  summar izes  t h e  l i t e r a t u r e  r e l a t e d  t o  

t h i s  p a r t  o f  t h e  t h e s i s .  



11-2 LITERATURE SURVEY 

11-2.1 Ketene (Ei2C=C=O), Spectrum and P h o t o d i s s o c i a t i o n .  

S i n c e  a n  e a r l y  i n v e s t i g a t i o n  o f  t h e  p h o t o c h e m i s t r y  o f  

k e t e n e  by  R.G.W. N o r r i s h  and  c o w o r k e r s  ( 2 6 ) ,  a l a r g e  number o f  

p u b l i c a t i o n s  h a v e  a p p e a r e d  i n  t h e  l i t e r a t u r e  ( 2 7 ) .  Some of t h e  

r e s u l t s  which  r e l a t e  t o  t h i s  r e s e a r c h  work are p r e s e n t e d  be low.  

The a b s o r p t i o n  s p e c t r u m  o f  k e t e n e  h a s  been  measu red  by 

s e v e r a l  w o r k e r s  ( 2 8 ) .  The n e a r  U.V. r e g i o n  shown i n  F i g u r e  11-1 

c o n s i s t s  of t w o  a b s o r p t i o n  b a n d s :  

i )  a weak band  which  e x t e n d s  from 260-370 nm w i t h  a  maxi-  

mum a t  a p p r o x i m a t e l y  325 nm (emax -9 .3 [L/molxcm]) .  

i i )  a much s t r o n g e r  a b s o r p t i o n  f rom 195-215 nm w i t h  

F l u o r e s c e n c e  o f  k e t e n e  f o l l o w i n g  a b s o r p t i o n  i n  t h e  n e a r  

u l t r a v i o l e t  h a s  n o t  b e e n  o b s e r v e d ,  which  i n d i c a t e s  t h a t  t h e  

e x c i t e d  s i n g l e t  s t a t e  o f  k e t e n e  is  e x t r e m e l y  s h o r t - l i v e d .  An 

u p p e r  l i m i t  l i f e t i m e  o f  r ~ 4 x 1 0 - ~ ~  s h a s  b e e n  e s t i m a t e d  by  

Zab ransky  and  Carr ( 29 ) . 
Despite numerous  r e p o r t s  ( 3 0 , 3 1 )  which  h a v e  a p p e a r e d  i n  t h e  

l i t e r a t u r e  r e l a t e d  'to k e t e n e  p h o t o d i s s o c i a t i o n  t o  m e t h y l e n e  and  

c a r b o n  monoxide ,  t h e  d e t a i l s  o f  t h e  e l e c t r o n i c  p r o c e s s e s  have  

n o t ,  as  y e t ,  b e e n  w e l l  e s t a b l i s h e d .  

Z a b r a n s k y  and  Carr  ( 2 9 )  h a v e  p r o p o s e d  a mechanism f o r  t h e  

n e a r  u l t r a v i o l e t  p h o t o d i s s o c i a t i o n  o f  k e t e n e  which  is i n  a c c o r d  

w i t h  t h e i r  own o b s e r v a t i o n s  and  t h o s e  o f  o t h e r  w o r k e r s  ( 3 0 , 3 1 ) .  



WAVELENGTH (nm) 

F i g .  11-1. A b s o r p t i o n  S p e c t r u m  of K e t e n e  

(Adap ted  f r o m  Ref .  28c ,  p . 9 7 . )  



A summarized a c c o u n t  o f  t h e  e x p e r i m e n t a l  work l e a d i n g  t o  t h e  

p r o p o s e d  mechanism is p r e s e n t e d  be low:  

i )  The quan tum y i e l d  o f  k e t e n e  d e c o m p o s i t i o n  ( 3 0 , 3 1 )  is a 

f u n c t i o n  o f  t h e  r a d i a t i o n  w a v e l e n g t h ,  t h e  t e m p e r a t u r e  a n d  

t h e  p r e s s u r e .  A t  t h e  s h o r t e r  w a v e l e n g t h s  (260-270 nm) t h e  

quantum y i e l d  is  u n i t y  and  p r e s s u r e  i n d e p e n d e n t .  A t  313  nm 

and  l o w  p r e s s u r e s  ( 17-60 tor r )  , t h e  quantum y i e l d  is a l so  

u n i t y ,  b u t  d e c r e a s e s  a t  h i g h e r  p r e s s u r e s .  A t  334 nm and  a t  

l o w  p r e s s u r e s  ( a 2 6  t o r r ) ,  a v a l u e  less t h a n  u n i t y  is 

r e p o r t e d .  A t  t h i s  w a v e l e n g t h ,  t h e  quan tum y i e l d  d e c r e a s e s  

more r a p i d l y  w i t h  p r e s s u r e  t h a n  was o b s e r v e d  a t  313 nm. A t  

366 nm t h e  p r i m a r y  quan tum y i e l d ,  e x t r a p o l a t e d  to  z e r o  

k e t e n e  p r e s s u r e ,  is  much s m a l l e r  t h a n  u n i t y  and d e c r e a s e s  

f u r t h e r  a s  t h e  p r e s s u r e  is i n c r e a s e d .  

i i )  The p h o t o l y s i s  o f  k e t e n e  i n  t h e  260-370 nrn r e g i o n  y i e l d s  

b o t h  t r i p l e t  ( 3 ~ ~ 2 )  and  s i n g l e t  ( ~ c H ~ )  rne thy lene .  

3 i i i)  The p r o p o r t i o n  of C H 2  fo rmed  i n c r e a s e s  w i t h  i n c r e a s i n g  

w a v e l e n g t h .  Thus a t  w a v e l e n g t h ,  270-280 nm, a b o u t  85% o f  

t h e  m e t h y l e n e  fo rmed  is s i n g l e t  w h i l e  a t  366 nm it is rnain- 

l y  t r i p l e t .  V a r i o u s  s t u d i e s  a t  313  nm y i e l d  a v a l u e  o f  71% 

f o r  t h e  ' C H ~  w i t h  almost no p r e s s u r e  dependence .  Thus ,  

Rowland and  c o w o r k e r s  ( 3 2 a )  and  Zab ransky  and C a r r  ( 2 9 )  

o b t a i n e d  a v a l u e  o f  70 + 3% f o r  t h e  f o r m a t i o n  o f  'CH* a t  

313 nm and  0-1 a t m .  



iv) Spin conservation rules require that triplet ketene be the 

precursor of triplet methylene and that singlet ketene be 

the source of singlet methylene (30b,c). 

Equations 11-1 to 11-6 were proposed by Zabransky and Carr 

to account for ketene photodissociation at 313 nm. 

where So and S1 are the ground and first excited singlet 

states, and T1 is the lowest lying triplet state of ketene; i, 

m, k are vibrational levels of the corresponding electronic 

states. 

The inclusion of steps 11-1 and 11-6 are based on Zabransky 

and Carr's estimated value for the lifetime of the excited 

ketene molecule ( 4 4 x 1  0-' s) . The overall photodissociation 

lifetimes, derived from the work of Stratchan and Thornton (30c) 

and Porter and Connelly (31a), were found to be considerably 



longer than this value; G., 3.5xl0-~ s at 366 nm and 1.3~10-' 

s at 334 nm. The rapid internal conversion process (11-2) pro- 

posed by Zabransky and Carr may involve an oxirene intermediate 

as shown by the 14c labeling studies of Russell and Rowland 

(32b). 

The photochemistry of ketene in the 260-370 nm region is 

characterized by the presence of both singlet and triplet 

methylene. The major products observed from ketene photolysis 

in this wavelength region are ethylene and carbon monoxide, but 

at longer wavelengths, small amounts of propylene, ethane and 

acetylene are also formed. 

In pure ketene photolytic systems, ethylene is mainly form- 

ed by reaction 11-7 (33). 

Two different mechanistic sequences have been proposed to - 
account for the reactions of triplet methylene. The first 

originated from the work of Kistiakowsky and Walter (34). They 

assumed that triplet methylene reacts with ketene to produce CH3 

and CHCO radicals and that these radicals participate in a 

sequence of reactions which leads to ethane and acetylene 

production. Reactions 11-8 to 11-11 were proposed. 

11-8 3 CH2 + CH2C0 + CH3 + CHCO 

11-9 CHCO + CHCO + C2H2 + 2C0 

11-10 CH3 + CHCO + C2H4 + CO 

11-1 1 CH3 + CH3 -+ C2H6 



An a l t e r n a t i v e  p r o p o s a l ,  b a s e d  on  e x p e r i m e n t s  w i t h  l a b e l l e d  

k e t e n e ,  is  t h a t  o f  R u s s e l l  a n d  Rowland ( 3 5 ) .  They f a v o r e d  

e t h a n e  and a c e t y l e n e  f o r m a t i o n  t h r o u g h  t h e  f o l l o w i n g  se t  of 

r e a c t i o n s :  

Both a l t e r n a t i v e s  l e a d  t o  t h e  f o r m a t i o n  o f  e q u a l  amoun t s  of  

a c e t y l e n e  and  e t h a n e  i n  a c c o r d  w i t h  e x p e r i m e n t a l  o b s e r v a t i o n s .  

Arguments  i n  f a v o r  o f  t h e  R u s s e l l  and  Rowland mechanism are 

s u p p o r t e d  by r e s u l t s  f r o m  a n  e a r l i e r  f l a s h - p h o t o l y s i s  s t u d y  of 

k e t e n e  ( 3 6 ) .  T h i s  s t u d y  shows t h a t  t h e  r e a c t i o n  o f  ' C H ~  w i t h  

k e t e n e  mus t  be v e r y  s l o w  compared  to  t h e  r e a c t i o n  o f  3 ~ ~ 2  w i t h  

3 a n o t h e r  C H 2 .  Rowland and  c o w o r k e r s  ( 3 7 )  have  e s t i m a t e d  t h e  

c o l l i s i o n  e f f i c i e n c y  o f  r e a c t i o n  11-8 t o  b e  A t  t h e  same 

t i m e ,  t h e y  h a v e  f o u n d  t h a t  m e t h y l  r a d i c a l  a t t a c k  on k e t e n e  is 

n o t  i m p o r t a n t .  

11-2.2 Methylene (CB2). 

The  f i r s t  c h e m i c a l  e v i d e n c e  f o r  m e t h y l e n e  f o r m a t i o n  w a s  

g i v e n  i n  t h e  e a r l y  n i n e t e e n  t h i r t i e s  ( 2 6 ) .  S i n c e  t h e n ,  it h a s  

b e e n  o n e  o f  t h e  most t h o r o u g h l y  s t u d i e d  o f  r e a c t i v e  i n t e r m e d i -  

a tes .  I t  h a s  b e e n  a f o c u s  o f  i n t e r e s t  n o t  o n l y  o f  o r g a n i c  chem- 

is ts ,  b u t  a l so  o f  t h e o r e t i c a l  c h e m i s t s ,  s p e c t r o s c o p i s t s  and  



chemical kineticists. Even though there are still some 

uncertainties as to its behaviour, the general aspects of the 

properties of methylene are well established. Those considered 

to be more relevant are listed below (2a,2b138). 

a) Methylene has a triplet ground state, C H ~ ( ~ B ~ ) ,  which is 

bent with an H-C-H angle of about 136". The lowest-lying 

excited state is a singlet, CH2 ( l ~ l ) ,  with an H-C-H angle 

of about 102". 

b) The energy separation between the lowest singlet and trip- 

let states is still under dispute. Thus, while Herzberg 

(39) suggested an energy gap of less than 96.2 kJ/mol, 

Halberstadt and McNesby (40) provided an estimate of 10.5 

kJ/mol. In the last few years, many experimental and 

theoretical studies have been carried out to determine this 

energy difference. The results fall into two groups ( 4 1 ) ,  

those in the range of 33.9 to 56.5 kJ/mol and those near 

81.6 kJ/mol. 

C) The chemical reactivities of the two species, 'CH~ and 

3 CH2, are different. Only singlet methylene inserts into 

the C-H bonds of hydrocarbons, i.e., 

11- 15 1 CH2 + R-H + R-CH3 

This reaction has a small selectivity towards the different 



types of C-H bonds. Rates are in the order: 

tertiary > secondary > primary 

Triplet methylene abstracts H-atoms from hydrocarbons, 

i.e.: 

11-16 3 ~ ~ 2  + R-H + CH3 + R 

d) Singlet methylene is collisionally deactivated to the trip- 

let state by inert gases 

11-2.2.1 Reactions of Singlet Methylene with Silanes. 

Several studies of methylene with silanes have been report- 

ed. Kramer and Wright (42) first investigated its reactions in 

solution with compounds containing Si-H bonds. Subsequently, 

Simons and coworkers (43) examined its reactions with various 

silanes, i.e.: SiH4, MexSiH4-x. It is now known that: 

a) Singlet methylene does not insert into C-Si bonds. 

b) Singlet methylene inserts 7 to 9 times faster into the Si-H 

bonds than into the C-H bonds of methylsilanes. 

c) The relative rates of singlet methylene insertion into the 

Si-H and C-H bonds of MexSiH4-x compounds are in the 

order 

MeSiH3 , Me2SiH2 > Me3SiH , Me4Si 



d) Singlet methylene inserts into the C-H bonds of tetra- 

methylsilane (TMS) to yield ethyltrimethylsilane. The 

total reactivity for insertion of TMS relative to that of 

methane (kTMs/kCH,) as reported by Simons and Hase 

(43d) is six. 

e) Due to the exothermic character of the insertion reaction, 

the insertion products are vibrationally excited, and will 

undergo unimolecular decomposition which will compete with 

collisional stabilization. 

11-2.2.2 Reaction of Methylene with NO. 

Nitric oxide is used to scavenge alkyl radicals in hydro- 

carbon systems. Laufer and Bass (36) found that NO is also an 

3 excellent scavenger of CH2. Thus, they determined that NO is 

ten times more efficient than O2 in suppressing the concentra- 

3 tion of CH2. They reported a rate constant k18 = 9 . 6 ~ 1 0 ~  

1 L mol-l s- . 

The final products of reaction 11-18 have not been estab- 

lished. A rate constant of 6 . 0 ~ 1 0 ~  L mol-' s-l was recently 

published by Pilling and Robertson (44) for this reaction. 

1 Laufer and Bass also determined that NO reacts with CH2 

and an upper limit of 2 x 1 0 ~ ~  L mol-l s-l was calculated for 



t h e  r a t e  c o n s t a n t .  The r e a c t i o n  p r o d u c t s  are a l so  unknown. 

Thus ,  when n i t r i c  o x i d e  is u s e d  to  s c a v e n g e  t r i p l e t  m e t h y l e n e ,  

s i n g l e t  m e t h y l e n e  as  w e l l  may be s c a v e n g e d .  However,  n i t r i c  

o x i d e  will be v e r y  e f f e c t i v e  i n  r e d u c i n g  t h e  r a t i o  [ ~ c H ~ ] / [ ~ c H ~ ]  

b e c a u s e  t h e  r e a c t i o n  o f  t h e  t r i p l e t  w i t h  NO is much f a s t e r  t h a n  

compe t ing  r e a c t i o n s  s u c h  as ,  f o r  example ,  t h e  a b s t r a c t i o n  r e a c -  

t i o n  11-16. Braun  and  c o w o r k e r s  ( 4 5 )  e s t i m a t e d  a v a l u e  o f  

< 3 x 1 0 7  L mol-'s-' f o r  H a b s t r a c t i o n  by  t r i p l e t  m e t h y l e n e  f r o m  

b o t h  H 2  and CH4. S i n g l e t  m e t h y l e n e ,  on t h e  o t h e r  h a n d ,  r e a c t s  

w i t h  c o m p a r a b l e  e f f i c i e n c y  w i t h  h y d r o c a r b o n s  and  w i t h  n i t r i c  

o x i d e  and w i l l  n o t  b e  a p p r e c i a b l y  a f f e c t e d  by s m a l l  c o n c e n t r a -  

t i o n s  o f  NO s c a v e n g e r .  



11-3 EXPERIMENTAL 

A. Vacuum Apparatus. 

Gas handling was performed in the standard all-glass vacuum 

system described in Section 1-3. 

B. Radiation Source and Optical Train. 

The optical train is shown in Figure 11-2. The 313 nm 

radiation was obtained from a 200 W high pressure mercury arc 

(PEK) in a ventilated housing with the appropriate optics to 

provide a parallel beam. The desired wavelength was isolated 

using a filter system composed of a Pyrex cell (5 cm in dia- 

meter, 1 cm in length) containing distilled water to absorb 

infrared radiation, a 3 mm thick Corning glass filter CS#7-54, 

and a cylindrical three-compartment Pyrex cell (5 cm in 

diameter) containing the following solutions (2a): 

1. 1.05 M NiS04 aqueous solution - 5 cm 

2. 0.299 M CoS04 aqueous solution - 5 cm 

3. 0.0245 M potassium biphthalate aqueous solution - 1 cm 

This solution was changed prior to each irradiation. 

The photolysis reaction vessel was made of quartz, cylin- 

drical (5 cm diameter, 10 cm length) with planar windows, and 

total volume 215 + 3 cc. 



Fig. 11-2. Optical Train 

Key to Figure 11-2. 

1. Radiation source with housing 

2. Distilled water filter 

3. Corning glass filter (CS#7-54) 

4. Three compartment Pyrex filter cell 

5. Light stop 

6. Shutter 

7. Photolysis vessel 

8. Jarrel-Ash monochromator 



A s c a n n i n g  monochromator  ( J a r r e l - A s h  model  #82-410)  i n  con-  

j u n c t i o n  w i t h  a p h o t o m u l t i p l i e r ,  power  s u p p l y  and  r e c o r d e r  was 

u s e d  t o  c h e c k  t h e  t r a n s m i s s i o n  o f  t h e  f i l t e r  s y s t e m .  The l i g h t  

t r a n s m i t t e d  t h r o u g h  t h e  r e a c t i o n  c e l l  w a s  a l so  c h e c k e d  p r i o r  t o  

and d u r i n g  e a c h  i r r a d i a t i o n .  

C .  Reactants. 

K e t e n e :  P r e p a r e d  u s i n g  a  k e t e n e  g e n e r a t o r  as d e s c r i b e d  by  

Voge l  ( 4 6 ) .  A c e t o n e  v a p o r  ( F i s h e r  s p e c t r a  g r a d e )  was decomposed 

on  a  g l o w i n g  r e s i s t a n c e  w i r e  t o  y i e l d  k e t e n e .  The v a p o r s  were 

d i r e c t e d  t h r o u g h  a series o f  t r a p s  a t  0•‹C t o  co l l ec t  any  un- 

. r e a c t e d  a c e t o n e  and  k e t e n e  w a s  c o l l e c t e d  a t  - 8 0 " ~ .  The k e t e n e  

was t h e n  d e g a s s e d  and  p u r i f i e d  by s e v e r a l  t r a p - t o - t r a p  d i s t i l l a -  

t i o n s .  The p u r i f i e d  g a s  was c o l l e c t e d  a t  -186•‹C. G a s  chromato-  

g r a p h i c  a n a l y s i s  o f  t h e  p u r i f i e d  k e t e n e  showed small  amounts  o f  

i m p u r i t i e s  which  were n o t  i d e n t i f i e d ,  b u t  which  d i d  n o t  i n t e r -  

f e r e  w i t h  p r o d u c t  a n a l y s i s .  

The a b s o r p t i o n  s p e c t r u m  o f  k e t e n e  i n  t h e  200-400 nm r e g i o n  

was o b t a i n e d  w i t h  a C a r y  17 s p e c t r o p h o t o m e t e r .  The e x t i n c t i o n  

c o e f f i c i e n t  a t  325 nm w a s  9.7 L m o l - ' c m - '  which  a g r e e s  w i t h i n  

e x p e r i m e n t a l  error w i t h  v a l u e s  r e p o r t e d  i n  t h e  l i t e r a t u r e  ( 2 8 ) .  

The k e t e n e  w a s  s t o r e d  i n  t h e  d a r k  a t  -196•‹C. 



Methyltrifluorosilane: Obtained from K & K Laboratories 

Inc. It was reported to be 99% pure. Its major impurities were 

C02 and Me2SiF2. The material was further purified as described 

in Section 1-3. This procedure left small quantities of Me2SiF2 

which would have interfered with product analysis and was there- 

fore removed by preparative gas chromatography. 

Trimethylfluorosilane: Obtained from PCR Research 

Chemicals Inc. It contained C02 and Me2SiF2 in small 

quantities. The material was degassed, distilled and collected 

at -98•‹C. Impurities were undetectable after this procedure. 

Tetramethylsilane: Obtained from Alfa Inorganics (NMR 

grade). It was degassed at - 1 8 6 " ~  and used without further 

purification. 

The sources and purification procedures of dimethyl- 

difluorosilane, tetrafluorosilane and nitric oxide are the same 

as those described in Section 1-3. 

D, Product Analysis and Identification. 

All analyses were performed by gas chromatography as 

described in Section 1-3. Products were collected from the GC 

eluent and characterized by IR, MS and 'H-NMR spectrometry. 

The IR spectra were obtained with a Perkin Elmer 599B 

spectrophotometer. Each purified compound was collected in a 

specially adapted air-tight gas cell provided with NaCl windows 

with 13 cc total volume and 5 cm optical path. 



The mass spectra were obtained with a Hewlet Packard 5985 

GC-MS spectrometer. Each purified gas was condensed into an 

evacuated capillary tube (3 mrn 0.d. diameter) which was trans- 

ferred into the sample injector in the inlet system of the mass 

spectrometer. 

The 'H-NMR spectra were obtained with a Bruker WM-400 NMR 

spectrometer. Each purified sample was collected in a capillary 

tube containing degassed CDC13 under vacuum. The tube was then 

sealed and removed for analysis. 

Three different GC columns were used to quantitatively 

analyze the gaseous mixtures. The Molecular Sieves (5A) and the 

Porapak Q columns were those described in Table 1-2. The third 

column made of thin wall stainless steel tubing, 4.8 mm o.d. and 

5.3 m in length contained Porapak N (Waters Assoc. Inc., 80-100 

mesh). The details of the applications of the Porapak Q and N 

columns are shown in Table 11-1. The analysis conditions with 

the Molecular Sieves column are shown in Table 1-3. 

The silicon-containing products were not commercially 

available and were prepared by the reaction of methylene with 

the corresponding Me,SiF4-, compound. Isolation and purifi- 

cation was accomplished by preparative gas chromatography. The 

GC molar responses were determined using these purified 

materials. The values obtained and respective standard devia- 

tions, are shown in Table 11-1. The molar responses of ethane, 

ethylene and acetylene are also included in this table. 
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E. Photolysis Procedure. 

The  r e a c t i o n  m i x t u r e s  f o r  MexSiF4-,-ketene p h o t o l y s i s  

were p r e p a r e d  b y  f i r s t  i n t r o d u c i n g  i n t o  t h e  r e a c t i o n  c e l l  a 

known p r e s s u r e  o f  MexSiF4-x and  c o n d e n s i n g  it. S e c o n d l y ,  a 

known p r e s s u r e  o f  k e t e n e  w a s  a l so  c o n d e n s e d .  The g a s e s  were 

t h e n  a b r u p t l y  e v a p o r a t e d  and  a l l o w e d  t o  s t a n d  f o r  s e v e r a l  

m i n u t e s  t o  e n s u r e  complete m i x i n g .  

R e a c t i o n  m i x t u r e s  f o r  t h e  Me4SiF4-x-ketene-N0 p h o t o l y s i s  

were s i m i l a r l y  p r e p a r e d .  The n i t r i c  o x i d e  c o u l d  n o t  be q u a n t i -  

t a t i v e l y  t r a n s f e r r e d  from t h e  m e t e r i n g  d e v i c e  t o  t h e  r e a c t i o n  

c e l l  b e c a u s e  i ts  v a p o r  p r e s s u r e  a t  - 1 9 6 " ~  is =70  m i c r o n s  and so 

t h e  n i t r i c  o x i d e  p r e s s u r e  w a s  c a l c u l a t e d  by a  d i f f e r e n c e  p r o -  

c e d u r e .  

A l l  e x p e r i m e n t s  were c a r r i e d  o u t  a t  room t e m p e r a t u r e .  

I r r a d i a t i o n  t imes  were c h o s e n  so t h a t  t h e  e x t e n t  o f  k e t e n e  de-  

c o m p o s i t i o n  w a s  be tween  6  and 9%. The rates  o f  f o r m a t i o n  o f  

p r o d u c t s  were i n d e p e n d e n t  o f  t i m e  o f  i r r a d i a t i o n  p r o v i d e d  k e t e n e  

d e c o m p o s i t i o n  w a s  less  t h a n  10%. 

A f t e r  i r r a d i a t i o n  t h e  c o l d  f i n g e r  o f  t h e  r e a c t i o n  ce l l  was 

c o o l e d  t o  - 1 9 6 " ~  and  t h u s  t h e  c o n t e n t s  o f  t h e  r e a c t i o n  c e l l  were 

d i v i d e d  i n t o  a c o n d e n s a b l e  f r a c t i o n  and  a v o l a t i l e  f r a c t i o n  con- 

s i s t i n g  o f  CO, some NO ( i f  i n i t i a l l y  p r e s e n t )  and some C 2 H 4 .  

The l a t t e r  f r a c t i o n  w a s  f u r t h e r  f r a c t i o n a t e d  a t  - 2 1 0 ' ~ .  The 

mate r ia l  n o n c o n d e n s a b l e  a t  - 2 1 0 ' ~  c o n s i s t i n g  o f  CO was q u a n t i t a -  

t i v e l y  m e a s u r e d  i n  a g a s  b u r e t t e  and  c h e c k e d  f o r  p u r i t y  by g a s  



c h r o m a t o g r a p h y  ( M o l e c u l a r  S i e v e s ) .  

The f r a c t i o n  l e f t  i n  t h e  r e a c t i o n  v e s s e l  a t  -196•‹C w a s  f u r -  

t h e r  s e p a r a t e d  b y  d i s t i l l i n g  t h e  m i x t u r e  t h r o u g h  t r a p s  m a i n t a i n -  

e d  a t  - 160• ‹ ,  -196" and  -210•‹C. 

A l l  f r a c t i o n s  c o l l e c t e d  a t  -196•‹C and - 2 1 0 " ~  were combined 

and  q u a n t i t a t i v e l y  a n a l y z e d  by  g a s  c h r o m a t o g r a p h y  ( P o r a p a k  N ) .  

The r e s u l t a n t  m i x t u r e  c o n s i s t e d  o f  u n r e a c t e d  k e t e n e  and e t h y l e n e  

and a l so  c o n t a i n e d  some o f  t h e  u n r e a c t e d  NO when t h e  r e a c t i o n  

was c a r r i e d  o u t  i n  t h e  p r e s e n c e  o f  t h i s  compound. I f  NO was n o t  

i n i t i a l l y  a d d e d ,  t h e n  e t h a n e  and  a c e t y l e n e ,  which a r e  s u p p r e s s e d  

by  NO, were a l s o  p r e s e n t  i n  t h i s  m i x t u r e .  

The f r a c t i o n  c o l l e c t e d  a t  -160•‹C c o n t a i n e d  t h e  u n r e a c t e d  

s i l a n e  and t h e  s i l a n e  p r o d u c t  and w a s  q u a n t i t a t i v e l y  a n a l y z e d  by 

g a s  c h r o m a t o g r a p h y  o n l y  f o r  t h e  s i l a n e  p r o d u c t  ( P o r a p a k  Q ) .  



11-4. EXPERIMENTAL RESULTS 

A, Preliminary Studies 

Ketene (K) slowly decomposes thermally at room temperature, 

hence experiments were carried out over short periods of time so 

that this decomposition was insignificant. 

Experiments were also carried out to determine if a dark 

reaction occurred with ketene and the silanes. Only in the case 

of SiF4 was any enhancement observed in the thermal decomposi- 

tion of ketene. 

Preliminary photochemical experiments with silane-ketene 

mixtures were undertaken to determine the products of the reac- 

tion of the MexSiFs-x compounds with methylene. Mixtures of 

the appropriate compound and ketene (ratios 10:l) were photo- 

lyzed for 60 min at 22+1•‹c and the results of these experiments 

are shown in Table 11-2. SiF4 is not included in this table 

since no products were found additional to those observed from 

the photolysis of ketene even after the mixture was irradiated 

for 180 min. 

The silicon-containing products, as indicated in Table 

11-2, were ethyltrifluorosilane (EtTFS) from MeSiF3, ethyldi- 

methylfluorosilane (EtDMFS) from Me3SiF, and ethylmethyldi- 

fluorosilane (EtMDFS) and much smaller amounts of dimethyl- 

fluoromethylfluorosilane (DMFMFS) from Me2SiF2. These products 

were identified from their MS, IR and 'H-NMR spectra. The main 



Table 11-2 

Product Yields for 313 nm Photolysis of 10: 1 MexSiFs-x- 

Ketene Mixtures at Room Temperature (22f 1.c) 

CH4 C-H (a) Si-F (b) Run System CO C2H4+C2H2 C2H6 

[pmoles/60 min] 

-- 

(a) C-H represents the product of general formula 

EtMex-1 SiFs-X. 

(b) Si-F represents the product of general formula 

MexSi(CH2F)F3-X. 



f e a t u r e s  of t h e  mass spectra and  proton-NMR spectra o f  t h e s e  

compounds are p r e s e n t e d  i n  T a b l e s  11-3 and  11-4. 

B e s i d e s  t h e  e t h y l f l u o r o s i l a n e s ,  t h e  o t h e r  major p r o d u c t s  of 

t h e  r e a c t i o n  were c a r b o n  monoxide  and e t h y l e n e .  Minor  amoun t s  

o f  h y d r o g e n ,  me thane  and e t h a n e  were a l so  found .  The amount  o f  

hyd rogen  p r o d u c e d  w a s  n o t  q u a n t i t a t i v e l y  d e t e r m i n e d .  A c e t y l e n e ,  

which  is a l so  a m i n o r  p r o d u c t  f rom k e t e n e  d e c o m p o s i t i o n ,  was n o t  

s e p a r a t e d  f rom e t h y l e n e  i n  t h e s e  i n i t i a l  e x p e r i m e n t s .  

Once t h e  p r o d u c t s  were c h a r a c t e r i z e d ,  k i n e t i c  s t u d i e s  were 

u n d e r t a k e n .  



T a b l e  11-3 

Main Mass-Spectral Bands (70 e V )  

m/e Abundance Assignment Ref. 



Table 11-3, continued 

m/e Abundance Assignment 

Me2(F)SiCH2F (DMPMFS) 



Table 11-3, continued 

m / e  Abundance Assignment 
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B. K ine t i c  S t u d i e s  

1 .  Product Y ie lds  as a Function of Time, 

Yields of products as a function of exposure time at con- 

stant light intensity were determined by photolyzing mixtures of 

Me3SiF-ketene and Me2SiF2-ketene in a 5: 1 ratio. The individual 

reactant pressures in this series of experiments were kept with- 

in the limits; ketene, 1.30+0.05 torr and silane, 6.50+0.05 

torr. The experimental results are shown in Figures 11-3 and 

11-4 for the major products, and Tables 11-5 and 11-7 for the 

minor products. 

The results fall on a smooth curve which is essentially 

linear up to about 10 minutes of irradiation time. All subse- 

quent experiments were carried out in this linear region which 

corresponds to less than 10% decomposition of ketene. 



Time [min] 

F i g .  11-3. Time Dependence of CO (0), C2H4 ( A ) ,  and 

EtDMFS (0) Yields from 313 nm Me3SiF-Ketene 

Photolysis; PMe3~i~=6.50+0.05 [torr], 

PK=l. 30t0.05 [torr] . 



Time [min] 

Fig, 11-4. Time Dependence of CO (0), C2H4 (A), and 

EtMDFS (0) Yields from 313 nm Me2SiFg-Ketene 

Photolysis; P ~ ~ ~ s i ~ ~ = 6 . 5 0 ? 0 . 0 5  [torr], 

pK=l .30+0.05 [torr] . 



Table 11-5 

Time Dependence of C2H6 and C2H2 Yields  from 313 nm 

Me3SiF-Ketene Photolysis 

P H ~ ~ S ~ F  = 6.50+0-05 [torr] 

PK = 1.30+0.05 [torr] 

Run t C2H6 C2H2 

[min]  [ pmoles] 



Table 11-6 

Time Dependence of C 2 8 6 ,  C2H4 and DMFHFS Yields 

from 313 nm Me2SiFp-Ketene Photolysis 

P H ~ ~ s ~ F ~  = 6.50+0.05 [torr] 

Pk = l.3O+O .OS [torr] 

Run t C2H6 C2H2 DMFMFS 

[min] [pmoles] 



2. Photolysis of Ketene and Ketene-NO Mixtures. 

K e t e n e  ( 1 . 3  t o r r )  w a s  i r r a d i a t e d  f o r  5  m i n u t e s  and t h e  

p r o d u c t  y i e l d s  were d e t e r m i n e d .  T h i s  k e t e n e  p r e s s u r e  was a l so  

u s e d  i n  t h o s e  e x p e r i m e n t s  of k e t e n e  w i t h  t h e  s i l a n e s .  

The p h o t o l y s i s  o f  k e t e n e  w a s  p e r i o d i c a l l y  r e p e a t e d  to  moni- 

t o r  t h e  lamp i n t e n s i t y  and g e n e r a l  r e a c t i o n  c o n d i t i o n s .  A 

s a m p l e  o f  t h e s e  e x p e r i m e n t s  c o v e r i n g  a p e r i o d  o f  n e a r l y  s e v e n  

mon ths  is shown i n  T a b l e  11-7. The t o t a l  c h a n g e  i n  t h e  c a r b o n  

monoxide  y i e l d  d u r i n g  t h i s  t i m e  c o r r e s p o n d s  t o  a  15.5% d e c r e a s e  

o f  t h e  l amp i n t e n s i t y .  The r e s u l t s  f rom T a b l e  11-7 a l so  show 

t h a t ,  d u r i n g  t h e  t i m e  a g i v e n  s y s t e m  w a s  s t u d i e d ,  t h e  l amp 

i n t e n s i t y  w a s  c o n s t a n t  w i t h i n  e x p e r i m e n t a l  e r r o r .  

The e f f e c t  o f  added  n i t r i c  o x i d e  o n  t h e  p r o d u c t s  o f  t h e  

k e t e n e  p h o t o l y s i s  was s t u d i e d  by  p h o t o l y z i n g  a c o n s t a n t  p r e s s u r e  

o f  k e t e n e  w i t h  v a r i o u s  p r e s s u r e s  o f  n i t r i c  o x i d e .  P r o d u c t  

r a t e s  a r e  r e p o r t e d  i n  T a b l e  11-8. A p r e s s u r e  o f  0.030 to r r  of 

n i t r i c  o x i d e  was enough  to  c o m p l e t e l y  s u p p r e s s  t h e  f o r m a t i o n  o f  

e t h a n e  and  a c e t y l e n e .  T h e s e  p r o d u c t s  are d i a g n o s t i c  o f  t h e  

p r e s e n c e  o f  t r i p l e t  m e t h y l e n e ;  t h u s  t h e i r  a b s h n c e  may be used  as 

a n  i n d i c a t i o n  o f  t h e  c o m p l e t e  r emova l  o f  t r i p l e t  m e t h y l e n e .  



Table 11-7 

Product Rates for Ketene Photolysis at 313 nm 

PK = 1 -32kO.03 [torr] 

Related 

Run CO C2H4 C2H6 C2H2 System 

[pmoles/min] under study 

2K* 0.316 0.121 0.008 0.012 Me2SiF2-K, 

3K 0.313 0.105 0.009 0.011 K and K-NO, 

4K 0.328 0.120 0.007 0.008 Me2SiF2-K-NO, 

5K 0.312 0.120 0.007 0.008 & Me3SiF-K-NO 

* Started a new lamp. 

** The decrease in the lamp intensity between experiments 5K and 

6K was due to the use of the lamp in long irradiations when 

samples of products (EtTFS and EtTMS) were prepared for cali- 

brations. 



Further addition of nitric oxide causes a further decrease 

in the concentration of ethylene suggesting that some singlet 

methylene was also being removed. The rate of carbon monoxide 

formation did not vary significantly, indicating that the extent 

of ketene decomposition was not affected by the presence of 

nitric oxide, 

Table 11-8 

Product Rates for Ketene-NO Photolysis at 313 nm 

PK = 1.31+0.02 [torr] 

Run P~~ CO C2H4 

[torr] [pmoles/min] 

(a) Average of four determinations. 



3. Photolysis of MexSiF4-x-Ketene and MexSiF4-x-Ketene- 

NO Mixtures, 

Experiments were carried out to study the effect of the com- 

position of the reaction mixture on the product yields. In 

these experiments, the pressures of ketene and nitric oxide (if 

added) were kept constant and the pressure of the silane was 

varied. These mixtures were irradiated for five or six minutes. 

In the absence of nitric oxide, the products were carbon 

monoxide, ethylene, ethane, acetylene, and EtMeX-1SiFq-,. 

Only in the case of the Me2SiF2-ketene system was an extra 

silicon-containing product observed, namely, Me2Si(CH2F)F. 

Owing to differences in the reactivity of the silanes, a 

larger pressure of ketene (4 torr) was added in the case of 

MeSiF3-ketene-NO mixtures to obtain quantities of the ethyl 

derivative which were measurable by gas chromatography. 

The product rates corresponding to each of the silane-ketene 

systems are reported in Tables 11-9, 11-1 1 ,  11-13 and 11-15. A 

typical plot of the rates of formation of ethylene and EtMDFS 

from the data in Table 11-9 (Me2SiF2-ketene) is shown in Figures 

11-5 and 11-6. 

The data from these tables show that for each silane, the 

rates of carbon monoxide and ethylene both decrease while the 

rates of EtMex,lSiFq-,, and Me2Si(CH2F)F (DMFMFS) in the 

case of Me2SiF2, increase with increasing silane pressure. 

These rates plateau at high pressures of the silane (Figs. 11-5 



and 11 -6 ) .  The amount o f  t h e  s i l a n e  r e q u i r e d  t o  r e a c h  t h i s  

p l a t e a u  r e g i o n  depended  on t h e  s i l a n e  i t s e l f  and was i n  t h e  

o r d e r :  

The r a tes  o f  t h e  minor  p r o d u c t s  is s u c h  t h a t  e t h a n e  r e m a i n s  

e s s e n t i a l l y  c o n s t a n t  and a c e t y l e n e  d e c r e a s e s  a s  t h e  p r e s s u r e  o f  

a  g i v e n  s i l a n e  is i n c r e a s e d .  The o b s e r v e d  d e c r e a s e  o f  t h e  

a c e t y l e n e  y i e l d  a p p e a r e d  t o  be  r e l a t e d  t o  t h e  r e a c t i v i t y  o f  t h e  

s i l a n e .  T h u s ,  i n  t h e  Me4Si s y s t e m ,  t h e  a c e t y l e n e  y i e l d  d ropped  

t o  z e r o  a t  much s m a l l e r  p r e s s u r e s  o f  added s i l a n e  t h a n  i n  t h e  

Me2SiF2 s y s t e m s  ( r e f e r  t o  T a b l e s  11-13 and 1 1 - 9 ) .  A t y p i c a l  

p l o t  o f  t h e  r a t e s  o f  f o r m a t i o n  o f  e t h a n e  and a c e t y l e n e  from t h e  

d a t a  i n  T a b l e  11-9 ( M e 2 S i F 2 - k e t e n e )  is  shown i n  F i g u r e  11-7. 

The r a t e s  h a v e  c o n s i d e r a b l e  u n c e r t a i n t i e s  d u e  t o  t h e  s m a l l  

amount o f  p r o d u c t  formed.  

The d a t a  i n  T a b l e s  11-9,  1 1 - 1 1 ,  11-13 and  11-15 show t h a t  t h e  

o b s e r v e d  t r e n d s  i n  t h e  p r o d u c t  r a t e s  a s  a  f u n c t i o n  o f  s i l a n e  

p r e s s u r e  are s imilar  f o r  e a c h  o f  t h e  s i l a n e - k e t e n e  s y s t e m s .  The 

d i f f e r e n c e s  be tween  t h e  s y s t e m s  a r e  o n l y  q u a n t i t a t i v e ,  presum- 

a b l y  as  a r e s u l t  o f  t h e  d i f f e r e n t  r e a c t i v i t i e s  o f  t h e  s i l a n e s  

w i t h  m e t h y l e n e .  

The r e s u l t s  o f  t h e  e x p e r i m e n t s  c a r r i e d  o u t  i n  t h e  p r e s e n c e  

o f  n i t r i c  o x i d e  are shown i n  T a b l e s  11-10, 11-12, 11-14 and 

11-16. A t y p i c a l  p l o t  o f  t h e  r a t e s  o f  f o r m a t i o n  o f  C2H4 and 

EtMDFS is shown i n  F i g u r e s  11-5 and 11-6. A l s o  i n c l u d e d  i n  



P Me2SiF2 [torr] 

Fig. 11-5. Rate of Ethylene Production as a Function of Me2SiF2 

Pressure from Me2SiF2-Ketene ( A )  and Me2SiF2-Ketene- 

NO (A) Mixtures. ,' 



P Me,SiF, [torr] 

Fig. 11-6. Rate of Ethylmethyldifluorosilane Production 

as a Function of Me2SiF2 Pressure from Me2SiF2- 

Ketene (0) and Me2SiF2-Ketene-NO (e) Mixtures. 



P Me2SiF2 [torr] 

F i g .  11-7. R a t e  o f  E t h a n e  (0)  a n d  A c e t y l e n e  (v) p r o d u c t i o n  

a s  a F u n c t i o n  o f  Me2SiF2  P r e s s u r e  from Me2SiF2-  

K e t e n e  M i x t u r e s .  



Figures 11-5 and 11-6 are the data for the Me2SiFp-ketene system 

in the absence of NO. The yields of ethane and acetylene were 

completely suppressed by the presence of nitric oxide at the 

concentrations used in these experiments. Carbon monoxide, 

ethylene and EtMex,lSiF4,, were the major products of the 

reaction and in the case of the Me2SiF2 system, small quantities 

of DMFMFS were also formed. The product rates follow the same 

trends as in the absence of the scavenger but with lower 

values. Table 11-10 also shows experiments carried out at 

different nitric oxide pressures. These involved a mixture of 

- 4  torr of silane and 1.3 torr of ketene together with various 

pressures (0.072 up to 0.357 torr) of nitric oxide. A small 

decrease of the products rates was observed as the pressure of 

nitric oxide was increased, but the ratio (C2H4/z silane 

derivatives) was constant, within experimental error. 



Table 11-9 

Product Rates for Me2SiF2-Ketene Mixtures 

PK = 1.30+0.02 [torr] 

Run P ~ i l  CO C2H4 EtMDFS DMFMFS C2H6 C2H2 

[torr] [pmoles/min]x102 

Experiments carried out at 1*10 



Table 11-10 

Product Rates for Me2SiF2-Ketene-NO Mixtures 

pK = 1.30+0.02 [torr] 

- - - 

Run P ~ i l  P~~ CO C2H4  EtMDFS DMFMFS 

[ t o r r ]  [pmoles / rnin]  x lo2 

( * )  I n d i c a t e  e x p e r i m e n t s  i n  which  t h e  p r e s s u r e  o f  NO was v a r i e d .  



Table 11-11. Product Rates for Me3SiP-Ketene Mixtures 

PK = l.35rO.02 [torr] 

Run P ~ i l  CO C2H4 EtDMFS C2H6 C2H2 

[torr] [pmoles/min] x lo2 

Table 11-12, Product Rates for He3SiF-Ketene-NO ~ i x t u r e s  

PK = 1.30+0.02 [torr] 

PN0 = 0.143+0.002 [torr] 

Run P ~ i l  CO C2H4 EtDMFS 

[torr] [pmoles/min] x 10 



Table 11-13. Product Rates for He4Si-Ketene Hixtures  

PK = 1.36?0.02 [torr] 

Run EtTMS 

[torr] [pmoles/min] x  l o 2  

Table 11-14. Product Rates for MesSi-Ketene-NO Mixtures 

PK = 1.38k0.04 [torr] 

PNO = 0.19+0.03 [torr] 

Run EtTMS 

[torr] [pmoles/min] x l o 2  



Table 11-15 

Product Rates for MeSiF3-Ketene Mixtures (a) 

PK = 1.34k0.05 [torr] 

Run P ~ i l  CO C2H4 C2H6 C2H2 

[torr] [pmoles/min] x l o 2  

- -- - -- 

(a) EtTFS could not be detected under this experimental condi- 

tion. Small quantities of the compound produced was presum- 

ably lost on the column material. 



Table 11-16 

Product Rates for HeSiF3-Ketene-NO Mixtures 

Pg = 4.13k0.05 [torr] 

PN0 = 0.304k0.005 [torr] 

Run P ~ i l  CO C2H4 E t T F S  

[torr] [pmoles/min] x lo2 
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11-5. DISCUSSION 

A, The Proposed Mechanism. 

The experimental results presented in the previous section 

indicate that the photolysis of MexSiF4-,-ketene mixtures 

yields various products resulting from the participation of both 

the lowest singlet and triplet electronic states of methylene. 

The presence of both methylene states could be inferred from the 

experimental results obtained in the presence and absence of the 

scavenger NO. All scavenged experiments showed a complete sup- 

pression of ethane and acetylene and a substantial decrease of 

the ethylene yields. The silicon-containing products were also 

diminished, but to a lesser extent, by the scavenger NO. In 

addition, the results show that each silane-ketene system 

behaved similarly. Therefore, a general mechanism is considered 

in order to explain the main features of these experiments. 

The mechanism proposed below accounts for the major prod- 

ucts from each MexSiF4-,-ketene system and incorporates 

reactions 11-1 to II-6a (29) to represent the photodissociation 

of ketene at 313 nm. 



where i n  t h e  above So and Sl a r e  t h e  ground and f i r s t  g x c i t e d  

s i n g l e t  s t a t e s ,  and T1 is t h e  lowest t r i p l e t  s t a t e  of k e t e n e ;  i, 

m, k a r e  v i b r a t i o n a l  l e v e l s  of t h e  c o r r e s p o n d i n g  e l e c t r o n i c  

s t a t e s .  



R e a c t i o n  11-6b r e p r e s e n t s  t h e  d e a c t i v a t i o n  of  v i b r a t i o n a l l y  

e x c i t e d  k e t e n e  by t h e  s i l a n e s .  The p r o d u c t i o n  o f  t r i p l e t  

m e t h y l e n e  by c o l l i s i o n  i n d u c e d  i n t e r s y s t e m  c r o s s i n g  is a w e l l -  

e s t a b l i s h e d  p r o c e s s  and t h u s  t r i p l e t  m e t h y l e n e  c a n  be  formed n o t  

o n l y  i n  t h e  p r i m a r y  p r o c e s s  b u t  a l s o  t h r o u g h  r e a c t i o n  11-19 and 

11-20, R e a c t i o n s  11-21 r e p r e s e n t  t h e  w e l l  documented i n s e r t i o n  

o f  s i n g l e t  m e t h y l e n e  i n t o  C-H bonds  t o g e t h e r  w i t h  a p r o p o s e d  

i n s e r t i o n  i n t o  t h e  S i -F  bond t o  a c c o u n t  f o r  DMFMFS formed f rom 

Me2SiF2.  R e a c t i o n s  11-7 and  11-22 a r e  a l s o  w e l l  documented and 

r e p r e s e n t  t h e  f o r m a t i o n  o f  e t h y l e n e  from s i n g l e t  and t r i p l e t  

m e t h y l e n e .  

I n  t h e  f o l l o w i n g  s e c t i o n s ,  e v i d e n c e  r e l a t i n g  t o  t h e  a b o v e  

p r o p o s a l s  w i l l  be  p r o v i d e d .  

E t h a n e  and a c e t y l e n e  were t h e  minor  p r o d u c t s  o f  r e a c t i o n ,  

~ d d i t i o n  o f  t h e  s i l a n e s  d e c r e a s e s  t h e  amount of  k e t e n e  decompo- 

s i t i o n  ( R e a c t i o n  11-6b)  and a c c o r d i n g l y  a d e c r e a s e  i n  t h e  y i e l d s  

o f  b o t h  e t h a n e  and a c e t y l e n e  is  e x p e c t e d  whe the r  t h e  mechanism 

p r o p o s e d  by  K i s t i a k o w s k y  and Walter ( p . 7 7 )  or by R u s s e l l  and 

Rowland ( p . 7 8 )  is  c o n s i d e r e d ,  I n  t h e  p r e v i o u s  s e c t i o n ,  t h e  

e x p e r i m e n t a l  r e s u l t s  showed t h a t  a c e t y l e n e  d e c r e a s e s  s i g n i f i -  

c a n t l y  a s  t h e  p r e s s u r e  o f  a g i v e n  s i l a n e  was i n c r e a s e d .  More- 

o v e r ,  t h e  e f f i c i e n c y  o f  t h e  s i l a n e s  i n  d e c r e a s i n g  a c e t y l e n e  

f o r m a t i o n  was i n  t h e  o r d e r :  

which is a l s o  t h e  o b s e r v e d  o r d e r  o f  t h e  r e a c t i v i t y  o f  t h e s e  



compounds towards C-H bond insertion by singlet methylene. On 

the other hand, the rates of ethane formation showed consider- 

able scatter so it is not possible to ascertain a correlation 

between the rate of ethane formation and the reactivity of the 

silanes themselves. However, it is clear that ethane formation 

is not greatly affected by the addition of the silanes. Quali- 

tative proposals which will account for the formation of the 

minor products are presented below. 

Proposal I. 

In order to explain the difference in the behaviour of 

ethane and acetylene when the silanes are added, Reaction 11-23 

is included with either the Kistiakowsky and Walter or the 

Russell and Rowland mechanism. Reaction 11-23 represents the 

abstraction of H atoms by triplet methylene. 

Each of the mechanisms is analyzed separately. 

a) Kistiakowsky and Walter 

11-8 3 ~ ~ 2  + CH2C0 + CH3 + CHCO 

11-9 CHCO + CHCO + C2H2 + 2C0 

Assuming that k8 and k23 are of a similar order of magni- 

tude, at Psi1 >> PK Reaction 11-8 will be negligible 



compared  t o  R e a c t i o n  11-23: a t  t h e  same t i m e ,  R e a c t i o n  11-20 

1  w i l l  form ' C H ~  f rom C H 2 .  Thus  a d e c r e a s e  o f  t h e  C 2 H 2  and a n  

i n c r e a s e  o f  t h e  C 2 H 6  w i t h  i n c r e a s i n g  p r e s s u r e s  o f  t h e  s i l a n e s  is 

p r e d i c t e d -  To e x p l a i n  t h e  e x p e r i m e n t a l l y  o b s e r v e d  n e a r  con-  

s t a n c y  o f  t h e  C 2 H 6 ,  a b a l a n c e  be tween  t h e  i n c r e a s e  d u e  t o  Reac- 

t i o n  11-23 and  t h e  o v e r a l l  d e c r e a s e  d u e  t o  R e a c t i o n  11-6b n e e d s  

t o  b e  p o s t u l a t e d .  Wi th  t h i s  a s s u n p t i o n ,  E q u a t i o n s  11-8,  11-9,  

11-11 and  11-23 o f f e r  a g e n e r a l  e x p l a n a t i o n  o f  t h e  e x p e r i m e n t a l  

r e s u l t s .  

b )  R u s s e l l  and  Rowland 

The r a t e  c o n s t a n t  o f  r e a c t i o n  11-12 h a s  been  measu red  a s  

3 .2x101•‹  L mol-ls-' w h i l e  r a t e  c o n s t a n t s  f o r  H a b s t r a c t i o n  by 

t r i p l e t  m e t h y l e n e  a r e  ( 6 x 1 0 ~  L mol-ls-l ( 4 5 )  and t h u s  a n  e s t i -  

m a t e  o f  t h e  r a t i o  o f  t h e  r a t e s  o f  a b s t r a c t i o n  (11-23)  t o  combin- 

a t i o n  ( 1 1 - 1 2 )  may b e  made. 

11-24 - RAbs - - 1 . 8 8 ~ 1 0 -  4 [ S i l l  
R ~ o m b  [ j ~ ~ 2 1  

The  a c e t y l e n e  y i e l d s  f rom k e t e n e  p h o t o l y s i s  and  t h e  v a l u e  o f  k12 

p r o v i d e s  a n  u p p e r  l i m i t  o f  [ 3 ~ ~ 2 ]  = 1  . 54x10- lo  M. Hence,  a t  t h e  

lowest s i l a n e  p r e s s u r e s  ( 1 . 5  to r r )  t h e  a b o v e  r a t i o  is 100 and a t  



the highest silane pressures (50 torr) is 3 . 3 ~ 1 0 ~  indicating 

that Reaction 11-23 may well be an important source of methyl 

radicals as the pressure of the silane is increased. Again, 

similar arguments to those already considered with the 

Kistiakowsky and Walter mechanism may be used to explain the 

experimental observations of decreasing acetylene while the 

ethane is essentially sustained with increasing silane pressure. 

Consequently, inclusion of Equation 11-23 with either the 

Russell and Rowland or the Kistiakowsky and Walter mechanisms 

allows for a qualitative account of the experimental findings. 

It should be noted, however, that other workers (28a, 45, 48) 

have suggested that Reaction 11-12 produces molecular hydrogen. 

If this was the case, the Russell and Rowland mechanism will no 

longer be valid. 

Proposal 11. 

An alternative mechanism which also accommodates the 

experimental results is proposed below: 

3 CH2 + CH2C0 + CH3 + CHCO 

'CH~ + CHCO + C2H3CO* + C2H2 + CO + H 

H + CH2C0 + CH3 + CO 

CH3 + CH3 + C2H6 

CHCO + Me,SiF4,, + H2CC0 + CH2(Me)x,lF4-x 



This scheme is based on the observation that increasing 

silane pressures decreases the formation of acetylene parallel- 

ing the decrease in singlet methylene. By analogy with the 

~istiakowsky and Walter mechanism, Reaction 11-8 produces CH3 

and CHCO radicals, the precursors to C2H6 and C2H2, respective- 

ly. As the pressure of the silane increases, the concentration 

of singlet methylene will decrease leading to a decrease in C2H2 

through Reaction 11-25 and therefore to a decrease in the con- 

centration of CH3 radicals formed through Reaction 11-1 3. 

Simultaneously, the concentration of 3 ~ ~ 2  increases at the 

expense of 'CH~ via Reaction 11-20 and thus the formation of 

ethane can be sustained through CH3 production via Reaction 

11-8. Also, as the pressure of the silane increases, Reaction 

11-26, H abstraction by CHCO radicals leading to ketene would 

become an important alternative pathway for the CHCO radicals. 

The fact that C2H2 decreases faster as fluorine substitution on 

the silane is increased relates to the reactivity found for 

these compounds in their insertion reactions with singlet 

methylene. Thus, Equations 11-8, 11-25, 11-13, 11-11 and 11-26 

also offer a qualitative explanation to the results obtained for 

the formation of the minor products, ethane and acetylene. 



B. nass B a l a n c e .  

The consumption o f  k e t e n e  i n  a g i v e n  exper imen t  can be 

e q u a t e d  e i t h e r  t o  t h e  r a t e  o f  CO produced o r  t o  t h e  r a t e  o f  

me thy lene  produced.  Thus, 

where,  

RCO = no. o f  CO moles produced p e r  minute .  

R~~ 2  
= sum of methylene  p r o d u c t s  from non-scavenged 

e x p e r i m e n t s  produced p e r  minu te .  

A n a l y s i s  o f  t h e  d a t a  f o r  e a c h  s i l a n e  sys tem,  T a b l e s  11-17, 

11-18 and 11-19, shows t h a t  t h e r e  is a l i n e a r  r e l a t i o n s h i p  when 

RCO is p l o t t e d  a g a i n s t  R C H ~  ( c a l c u l a t e d  v i a  11-28) .  I n  each  

c a s e ,  t h e  s l o p e  and i n t e r c e p t ,  and s t a n d a r d  d e v i a t i o n s  a r e :  

S i l a n e  s l o p e  



Thus, within experimental error, the data follow an 

equation of the form 

Figure 11-8 is a sample plot of Equation 11-29 with the 

data from Table 11-17 (Me2SiF2-ketene). The data obtained for 

the MeSiF3-ketene system did not include a quantitative analysis 

of EtTFS, this being too small to measure under these comparable 

experimental conditions. 

The value of b is characteristic of a particular system and 

for Me3SiF-ketene is zero within error limits. For Me2SiF2- 

ketene and Me4Si-ketene, the value of b shows that the rate of 

methylene which is accounted for is less than the rate of carbon 

monoxide produced. This discrepancy is larger than that expect- 

ed from random errors and is likely to arise from some syste- 

matic error. Two possible sources of systematic error may be 

considered: 

(a) loss of methylene through polymerization; 

(b) difficulties in the analysis of silicon-containing 

products carried out in the presence of large quanti- 

ties of parent silicon compounds. 

In any particular case, the rate of methylene products 

accounts for approximately 80% or more of the rate of CO 

produced. Considering the difficulties in separating small 

amounts of products from the reaction mixture, it is not diffi- 

cult to justify a discrepancy of the magnitude observed. 



Table 11-17 

Mass Balance: Xe2SiF2-Ketene System. 

( a )  (a 
R~~ SEC CO PRIM 

[ t o r r ]  [pmoles/min] x lo2 

(a) The s e p a r a t i o n  of  RCO i n  two p a r t s  is d i s c u s s e d  below. 



Table 11-1 8 

Mass Balance: ~e3SiF-Ketene System. 

( a  (a) 
R~~ S E C  CO PRIM 

[torr] [pmoles/min] x l o 2  

( a )  The separation of RCO in two parts is discussed below. 



Table 11-19 

Mass Balance: MesSi-Ketene System. 

(a) (a 1 
R~~ S E C  CO P R I M  

[torr] [pmoles/min] x 1 o 2  

(a)   he separation of RCO in two parts is discussed below. 



Fig. 11-8. A Plot of Rc- - vs. RCH2 from ~ e ~ S i F ~ - K e t e n e  

Mixtures. 



C. Deactivation of Excited Ketene by the Silanes. 

Q u a n t i t a t i v e  s t u d i e s  h a v e  shown t h a t  e x c i t e d  k e t e n e  is  

c o l l i s i o n a l l y  d e a c t i v a t e d  by k e t e n e  and  by i n e r t  g a s e s .  The 

d a t a  o b t a i n e d  w i t h  t h e  s i l a n e s  c a n  b e  t r e a t e d  t o  a s s e s s  t h e  role 

o f  t h e s e  compounds i n  t h e  d e a c t i v a t i o n  process ( 1 1 - 6 b ) .  Accord-  

i n g  t o  t h e  p r o p o s e d  scheme,  t h e  c a r b o n  monoxide p r o d u c e d  c a n  be 

d i v i d e d  i n t o  two p a r t s :  o n e  which  r e p r e s e n t s  t h e  c a r b o n  mon- 

o x i d e  p r o d u c e d  by  t h e  p r i m a r y  process (Rco PRIM)  and  a n o t h e r  

which  r e p r e s e n t s  t h e  c a r b o n  monoxide  p r o d u c e d  by  t h e  s e c o n d a r y  

p r o c e s s  ( RCO S E C )  . 

11-30 Rco - - R~~ PRIM + R~~ SEC 

The  s e c o n d a r y  c a r b o n  monoxide  c a n  be  c a l c u l a t e d  f rom t h e  ra tes  

o f  e t h y l e n e ,  a c e t y l e n e ,  and  e t h a n e ;  f r o m  e t h y l e n e  t h r o u g h  Reac- 

t i o n s  11-7 and  11-22,  and f rom a c e t y l e n e  and e t h a n e  t h r o u g h  t h e  

s t o i c h i o m e t r i c  r e l a t i o n s h i p  11-31. 

T h i s  r e l a t i o n s h i p  a p p l i e s  t o  t h e  m e c h a n i s t i c  proposal I1 

d e s c r i b i n g  e t h a n e  and a c e t y l e n e  f o r m a t i o n  b u t  f o r  t h e  

K i s t i a k o w s k y - W a l t e r  and  t h e  Russe l l -Rowland  mechanisms ,  is 

s t r i c t l y  v a l i d  o n l y  f o r  p u r e  k e t e n e  b e c a u s e  o f  R e a c t i o n  11-23 

which  d o e s  n o t  l e a d  t o  s e c o n d a r y  CO. I n  t h i s  case, 11-31 i s  a n  

a p p r o x i m a t i o n .  



The secondary carbon monoxide may then be estimated from: 

11-32 R = R + R + R 
CO SEC C2H4 C2H6 C2H2 

Tables 11-17, 11-18, 11-19 and 11-20 show both secondary and 

primary carbon monoxide for each silane-ketene system calculated 

through 11-32 and 11-30. 

Table 11-20 

Primary and Secondary CO: MeSiF3-Ketene System. 

R~~ SEC CO PRIM 

[torr] [pmoles/minl xlo2 

From the proposed scheme (Equations 11-1 to 11-6) the 

reciprocal of the rate of formation of primary carbon monoxide 

is given by 



11-33 R - ~  k6a [ K ]  + 
CO PRIM I A ~ ~  (k3+k4 

where  K E So. A t  l o w  k e t e n e  p r e s s u r e s  ( l e s s  t h a n  60 t o r r )  it 

h a s  been  shown t h a t  @PRIM = 1  ( ~ O C ,  3 1 a )  s u g g e s t i v e  t h a t  Reac- 

t i o n  11-6a is u n i m p o r t a n t  u n d e r  t h e  e x p e r i m e n t a l  c o n d i t i o n s  of 

t h e  p r e s e n t  s t u d y .  Thus  E q u a t i o n  11-33 s i m p l i f i e s  t o  

F i g u r e s  11-9,  11-10,  11-11 and  11-12 are p l o t s  o f  R-' 
CO PRIM 

a g a i n s t  s i l a n e  p r e s s u r e  f o r  e a c h  s y s t e m  s t u d i e d .  A s t r a i g h t  

l i n e  as  p r e d i c t e d  by E q u a t i o n  11-34 p r o v i d e s  a good r e p r e s e n t a -  

t i o n  o f  t h e  d a t a .  T a b l e  11-21 summar i ze s  t h e  v a l u e s  o f  

k 6 b / ( k 3 + k 4 )  o b t a i n e d  f rom t h e  slope to  i n t e r c e p t  r a t i o  o f  e a c h  

p l o t .  

Assuming R e a c t i o n  11-6b o c c u r s  on  e v e r y  c o l l i s i o n ,  t h e  

v a l u e  o f  ( k 3 + k 4 )  c a n  b e  d e t e r m i n e d .  I n  T a b l e  11-21 are t h e  

e s t i m a t e d  c o l l i s i o n  r a t e  c o n s t a n t s ,  and t h e  v a l u e s  o f  ( k 3 + k 4 )  

o b t a i n e d  w i t h  t h e  d a t a  f rom e a c h  s i l a n e - k e t e n e  s y s t e m .  The 

l a t t e r  a g r e e  w i t h i n  e x p e r i m e n t a l  error and f a l l  i n t o  t h e  r e p o r t -  

e d  r a n g e  o f  2 . 2 ~ 1 0 '  ( 3 1 c )  t o  1 . l x l 0 ~  s-' ( 3 0 c ) .  



Table 11-21 

m so + l~e,SiF~-~ k6b , so + H~,S~F~-, 

(a) T = 2 9 5 " ~ ;  collision diameters(b): ketene, 4 A (30c, 31b); 

MeSiF3, 5.80 A; Me2SiF2, 6.54 A; Me3SiF, 7.22 A; Me4Si, 

8.64 A. 

(b) It was assumed that the collision diameters of the 

Me,SiF4-, compounds are identical to those of the 

corresponding MexSiHq-, compounds (44d). 



P MeSiF3 [torr] 

Fig. 11-9. A plot of Reciprocal of Primary CO - vs. MeSiF3 

Pressure from MeSiF3-Ketene Mixtures. 

Fig . 11-10. A plot of Reciprocal of Primary CO - vs. Me2SiF2 

8 -  

Pressure from Me2SiF2-Ketene Mixtures. 
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P Me,SiF [torr] 

Fig. 11-11. A Plot of Reciprocal of Primary CO - vs. Me3SiF 

Pressure from Me3SiF-Ketene Mixtures. 

P Me4Si [torr] 

Fig. 11-12. A plot of Reciprocal of Primary CO - vs. Me4Si 

Pressure from Me4Si-Ketene Mixtures. 



D. Reactivity of the Silanes toward Singlet Hethylene: 

Me,SiF4,,-Ketene-NO ~eaction Systems. 

The reactivity of the M ~ , S ~ F ~ - ~  compounds toward 

singlet methylene may be determined from measurements of the 

reaction products formed by the competitive Reactions 11-7 and 

11-21 in the presence of sufficient scavenger concentration to 

ensure complete removal of triplet methylene. Under such condi- 

tions, the proposed scheme may be simplified by omitting the 

reactions due to triplet methylene. 

Thus, consideration of Reactions 11-7, 11-21a and 11-21b 

yields the general expression: 

R ~ 2 ~ ~  - - k7 [ K l  11-35 
(k2la+k2lb) [MexSiF4 1  R ~ i  Products -x 

where RSi products = 

R E ~ M ~ ~ - ~ S ~ F ~ - ~  + R ~ e x ~ i ( ~ ~ 2 ~ ) ~ s - x  

From Reactions 11-7 and 11-21a 

and from Reactions 11-7 and 11-21b 



Equation 11-36b relates only to the case of Me2SiF2 where 

the corresponding insertion product is observed. The ratios of 

the rate constants may then be determined from the slopes of the 

appropriate plots. Thus, Fig. 11-13 is a plot of 

R~2~4/R~t~eX-1SiF4-X against P ~ / P ~ e x ~ i ~ 4 - x  with 

the data from Tables 11-10, 11-12, 11-14 and 11-16. Fig. 11-14 

is a separate plot of the complete data for the MeSiF3-Ketene 

system; the yields of EtTFS obtained at the lower silane pres- 

sures have large errors due to a large uncertainty in measuring 

the ethyl derivative which was produced in very small amounts. 

The weighted least-squares line, slope = 6,9020.56 and inter- 

cept = (4.5+5.9)~10-2, shows that within error limits the data 

represents Equation 11-36a. Also, Equation 11-36a is well 

represented by the data from the other ethyl derivatives. From 

the data of Table 11-10, a plot of R c ~ H ~ / R ~ ~ ~ ~ ~ ~  against 

P ~ / P ~ ~ ~ s ~ F ~  is shown in Fig. 11-15 and is in accord with 

Equation 11-36b. 

The ethyl derivatives formed in Reaction 11-21a could 

result from insertion into either C-H or C-Si bonds. Work 

reported in the literature indicates that neither C-Si nor C-C 

bonds are attacked by singlet methylene (43,49). Thus, it is 

assumed that only C-H bonds are involved in the formation of the 

Et~ex-lSiF4-x compounds. The experimental data are con- 

sistent with methylene insertion into the C-H bonds of the 

methylfluorosilanes and only in the case of Me2SiF2 does singlet 



VS. ~ i g .  11-13. A Plot of R C ~ H ~ / ~ E ~ M ~ , - ~ S ~ F ~ - ~  - 

PK/~M~,S~F,-, from A, Me4Si; 

0, Me3SiF; 0, Me2SiF2 and 0, MeSiF3 in 

Mixtures with Ketene and Nitric Oxide. 



Fig. 11-14. A Plot of R c ~ ~ , , / R ~ ~ T F s  E. P ~ / P ~ e ~ i ~ 3  

from MeSiF3-Ketene-NO Mixtures. 



Pig. 11-1 5. A plot  of Rc2~*/RDMFMFs P K / P # e 2 ~ i ~ 2  

from Me2SiF2-Ketene-NO Mixtures. 



m e t h y l e n e  i n s e r t  i n t o  t h e  S i -F  bond to  p r o d u c e  t h e  monof luoro-  

m e t h y l  d e r i v a t i v e .  I n  a c c o r d  t o  t h e  p r o p o s a l ,  t h e  r a t i o  

R ~ ~ ~ ~ ~ ~ / R ~ M F ~ ~ s  s h o u l d  be a  c o n s t a n t ,  f o r  b o t h  scavenged  and 

nonscavenged  Me2SiF2-ke tene  s y s t e m ;  s i n c e  

F i g .  11-16 g i v e s  t h e  dependence  o f  t h e  above  r a t i o  on t h e  s i l a n e  

p r e s s u r e .  D e s p i t e  l a r g e  u n c e r t a i n t i e s  i n  t h e  v a l u e s  measured  a t  

low s i l a n e  p r e s s u r e s  due  t o  t h e  d i f f i c u l t i e s  i n  d e t e r m i n i n g  

s m a l l  q u a n t i t i e s  of  t h e  DMFMFS i n  t h e  p r e s e n c e  of  l a r g e  amounts  

o f  u n r e a c t e d  s i l a n e ,  t h e  r e s u l t s  show t h a t  E q u a t i o n  11-37 

a p p l i e s  o v e r  t h e  p r e s s u r e  r a n g e  s t u d i e d .  

The f a c t  t h a t  R ~ ~ ~ ~ ~ ~ / R ~ ~ ~ ~ ~ ~  is u n a f f e c t e d ,  w i t h i n  

error l i m i t s ,  by t h e  p r e s e n c e  o f  NO, s u g g e s t s  t h a t  when t h e  

s c a v e n g e d  and nonscavenged  s y s t e m s  a r e  compared,  t h e  d e c r e a s e  

o b s e r v e d  i n  t h e  y i e l d s  of EtMDFS and DMFMFS is due  t o  t h e  con- 

sumpt ion  o f  ' C H ~  which a l s o  r e a c t s  w i t h  n i t r i c  o x i d e .  T h i s  

d e c r e a s e  i n  t h e  'cH2 w i l l  n o t  a f f e c t  r e a c t i v i t y  d e t e r m i n a t i o n s  

b a s e d  on  t h e  c o m p e t i t i v e  R e a c t i o n s  11-7 and 11-21.  



P Me,SiF, [torr] 

F i g .  11-16.  P r e s s u r e  Dependence o f  t h e  R a t i o  

Me2SiF2-Ketene  ( A )  and Me2SiF2-Ketene-NO 

(a) M i x t u r e s .  

From t h e  s l o p e s  o f  t h e  p l o t s  i n  F i g u r e s  11-13,  11-14 and  

11-15 ,  t h e  r e l a t i v e  r a t e s  o f  t o t a l  i n s e r t i o n  i n t o  C-H and S i -F  

bonds  o f  t h e  Me,SiF,,,, compounds may b e  d e t e r m i n e d  (Equa- 

t i o n s  11-36a and  11 -36b ) .  T h e s e  v a l u e s  as  w e l l  a s  t h e  ' p e r  

bond '  r e l a t i v e  r e a c t i v i t y  v a l u e s  are g i v e n  i n  T a b l e  11-22. 

T h e s e  show t h a t  t h e  t o t a l  r a t e  o f  i n s e r t i o n  o f  s i n g l e t  m e t h y l e n e  

i n t o  t h e  C-H bonds  of t h e  M ~ , S ~ F L , - ~  compounds f o l l o w s  t h e  

o r d e r  e x p e c t e d  f r o m  t h e  i n c r e a s e d  number o f  C-H bonds  i n  t h e  

series,  t h a t  is 



T a b l e  11-22 

R e l a t i v e  Rate C o n s t a n t s  of S ing le t  H e t h y l e n e  I n s e r t i o n  

at 22+_lmc.  

COMPOUND 
R e l a t i v e  R a t e  ( k 2 i / k 7 )  

- - - -  - 

T o t a l  P e r  Bond 

I n s e r t i o n  i n t o  t h e  C-B bond 

MeSiF3 0.145 0.048 

Me2SiF2 0.355 0.058 

Me3SiF 0.971 0.108 

Me4Si 1.30 0.108 

I n s e r t i o n  i n t o  t h e  Si-F bond 

Me2SiF2 0.055 0.028 

The p e r  bond r e a c t i v i t y  is s u c h  t h a t  

MeSiF3 < Me2SiF2 < Me3SiF = Me4Si 

S u b s t i t u t i o n  o f  m e t h y l  g r o u p s  by f l u o r i n e  a toms i n t o  t e t r a -  

m e t h y l s i l a n e  i n c r e a s e s  b o t h  t h e  C-H and  t h e  S i -F  bond d i s s o c i a -  

t i o n  e n e r g i e s  ( 5 0 , 5 1 )  i n  g o i n g  f rom Me4Si t o  S i F 4 .  T a b l e  11-23 

shows e s t i m a t e s  o f  t h e  C-H bond d i s s o c i a t i o n  e n e r g i e s  f o r  t h e  

compounds of i n t e r e s t  a l o n g  w i t h  t h e i r  r e l a t i v e  r e a c t i v i t i e s  t o  

m e t h y l e n e  i n s e r t i o n .  V a l u e s  o f  t h e  S i -F  bond d i s s o c i a t i o n  

e n e r g i e s  f o r  t h i s  series o f  compounds are n o t  c u r r e n t l y  a v a i l -  

a b l e  b u t  t h e i r  t r e n d s  a r e  w e l l  e s t a b l i s h e d  ( 5 1 ) .  Thus ,  a  cor- 

r e l a t i o n  o f  bond d i s s o c i a t i o n  e n e r g y  w i t h  p e r  bond r e a c t i v i t y  is 



e v i d e n t  i n  t h e  c a s e  of  t h e  compounds MeSiFj, MelSiFp and Me3SiF ' 

f o r  i n s e r t i o n  i n t o  C-H bonds; t h e  l a r g e r  t h e  bond d i s s o c i a t i o n  

e s t i m a t e ,  t h e  slower t h e  r e l a t i v e  r a t e  of i n s e r t i o n .  

T h i s  t r e n d  is n o t  obse rved  i n  t h e  c a s e  of  Me,Si a s  

TABLE 11-23 

Comparison o f  t h e  R e l a t i v e  R e a c t i v i t y  of t h e  S i l a n e s  t o  Hethyl -  

e n e  I n s e r t i o n  S c a l e d  t o  MeSiF3 = 1.0 w i t h  E s t i m a t e d  Bond 

  is so cia ti on E n e r g i e s ,  

R e l a t i v e  R e a c t i v i t y  Dc-H ( 5 0 )  D s i - F  ( 1 2 )  
Compound 

T o t a l  Pe r  Bond kJ/mol 

C-B 

compared t o  MesSiF i n  s p i t e  of  t h e  bond d i s s o c i a t i o n  e n e r g y  

d i f f e r e n c e .  The obse rved  r e l a t i v e  p e r  bond r a t i o ,  1:1, i n d i -  

c a t e s  t h a t  s i n g l e t  methylene  does  n o t  d i s c r i m i n a t e  between t h e s e  

two compounds. A p o s s i b l e  e x p l a n a t i o n  is t h a t  Me4Si is  a  more 



s t e r i c a l l y  h i n d e r e d  m o l e c u l e  f o r  m e t h y l e n e  i n s e r t i o n  i n t o  C-H 

t h a n  is t h e  case i n  Me3SiF. T h i s  s t e r i c  e f f e c t  would ac t  i n  a n  

o p p o s i t e  d i r e c t i o n  to  t h e  bond s t r e n g t h  e f f e c t .  

I n s e r t i o n  i n t o  t h e  S i -F  bond o f  Me3SiF was n o t  o b s e r v e d  

e v e n  t h o u g h  t h e  bond d i s s o c i a t i o n  e n e r g i e s  are i n  t h e  o r d e r  

D ~ e 3 S i - F  < DFMe2Si-F and  i n s e r t i o n  i n t o  S i -F  bonds  o f  

Me2SiF2 was o b s e r v e d .  Aga in ,  t h e  r e s u l t s  may be r a t i o n a l i z e d  i n  

terms o f  a s t e r i c  e f f e c t .  The S i - F  bond is s h o r t e r  t h a n  t h e  

Si-C bond ( 1 2 )  and is l i k e l y  to  b e  h i n d e r e d  by t h e  m e t h y l  g r o u p  

i n  MegSiF and  t h e r e f o r e  w i l l  b e  less s u s c e p t i b l e  t o  m e t h y l e n e  

a t t a c k .  

The d i s c u s s i o n  on s t e r i c  e f fec t s  may be  e x e m p l i f i e d  by t h e  

p r o p o s a l  o f  S k e l l  ( 5 2 )  and D o e r i n g  ( 5 3 )  who p o s t u l a t e d  a t r i -  

a n g u l a r  t r a n s i t i o n  s t a t e  f o r  m e t h y l e n e  i n s e r t i o n  i n t o  C-H b o n d s ,  

F i g u r e  11-1 7 .  Moreover ,  G u t s c h e  and c o w o r k e r s  ( 5 4  ) s u g g e s t e d  

t h a t  t h e  p r e f e r r e d  pa thway  o f  m e t h y l e n e  a t t a c k  is midway be tween  

t h e  C and H atoms and p e r p e n d i c u l a r  t o  t h e  C-H bond. 

T h u s ,  g e o m e t r i c  r e q u i r e m e n t s  f o r  t h e  i n s e r t i o n  r e a c t i o n  

c o u l d  a c c o u n t  f o r  some o f  t h e  r e a c t i v i t y  d i f f e r e n c e s  o b s e r v e d  i n  

t h i s  s t u d y .  



Fig. 11-17. Doering-Skell Postulate for Methylene Insertion 

into C-H Bonds. 



E. Me,SiFb,,-Ketene ~eaction Systems (Absence of NO). 

3 In the absence of NO, the participation of CH2 needs to be 

considered in any kinetic analysis. 

From the proposed mechanism, the ratio RC2H4/RSi 

is given by 

11-38 R ~ 2 ~ 4  - k7 [Kl - -  k22 [KI I ~ C H ~ I  + -  
Si Products k21 [Sill k21 [Sill ['CH~I 

where K So and Rsi Products corresponds to the overall 

rate of formation of Si-containing products. 

Applying the steady state approximation to the intermedi- 

1 ates, CH2 and 3 ~ ~ 2 ,  yields cumbersome expressions when the pro- 

posed scheme is considered in full but simplified expressions 

are obtained when the reactions leading to minor products, 

ethane and acetylene, are neglected. This simplification is + 

justified on the grounds that at most, 20% of the total methyl- 

ene contributes to the formation of these products. Thus, the 

following equation is obtained when the steady state approxima- 

tion is applied 

A detailed derivation of expression 11-39 is given in the 

appendix. 
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substituting 11-39 into 11-38 yields 

R ~ i  Products 

Equation 11-40 predicts that a plot of 

vs* P ~ / P ~ e y ~ i ~ 4  R ~ 2 ~ 4 / R ~ i  Products - will be a straight line with 
-X 

11-41 Slope = (k7+klg) + k4(k7+k19) 

k2 1 k3k21 

and 

- k4(k20+k21) + k20 11-42 Intercept - 
k3k21 k2 1 

Figure 11-18 is a plot of Rc2H4/RSi products - VS. 

P ~ / P ~ e x ~ i ~ 4 - ,  using data from Tables 11-9, 11-1 1 ,  and 

11-13. The plot shows that indeed a straight line is a good 

representation in the case of each silane-ketene system. Also, 

as predicted by Equation 11-40, each representation has a 

different slope and intercept. The corresponding values and 

standard deviations are 

Compound Slope Intercept 

Me4Si 1.3k0.1 0.0620.01 

Me3SiF 1.820.2 0.13-+0.02 

Me2SiF2 3.120.2 0.3620.03 

Hence the scheme proposed to account for the major products 

is consistent with the experimental observations. 



An assumption that k21>>k20 leads to 

11-43 Intercept = k4/k3 

which is independent of the nature of the silane and contrary to 

the experimental results. Also, the assumption that k7>>k19 

leads to 

k4 11-44 Slope = k(l + -) 
k2 1 k3 

In the case of each silane-ketene-NO system, k7/k2i was obtained 

from the slopes of the plots of R ~ ~ ~ ~ / R ~ ~  products - VS. 

P ~ / P # ~ ~ s ~ F ~ - ~ ~  thus k4/k3 may be obtained from the 

results for each silane system via, 

The calculated values of k4/k3 using the data for Me2SiF2, 

Me3SiF and Me4Si are 0.27, 0.80 and 0.69 respectively. These 

differences are greater than can be accounted for by experiment- 

al error suggesting that the above approximation is incorrect 

and that the expression for k4/k3 is better represented by 11-46 

derived from 11-41. 

The above experimental results therefore requires the in- 

clusion of Equations 11-19 and 11-20 in the proposed mechanism. 



F i g .  11-18. A P l o t  o f  R C ~ ~ , + / R ~ ~  P r o d u c t s  E* 

P K / ~ M ~ , s ~ F ~  -x f rom A #  Me4Si;  

Me3SiF and 0, Me2SiF2 i n  M i x t u r e s  w i t h  

Ke tene .  



11-6. CONCLUSIONS 

The results of these studies are in agreement with those 

aspects of the mechanism of ketene photolysis at 3 1 3  nm which 

are well documented. Additional information may be summarized 

as follows: 

1. Singlet methylene inserts into the C-H bonds of the methyl- 

fluorosilanes. The rate constant per bond for the inser- 

tion is in the order 

2. Dimethylfluoromethylf1uorosilane, Me2(F)SiCH2F, is formed 

1 via CH2 insertion into the Si-F bond of Me2SiF2. The per 

bond reactivity of the Si-F bond is 2.1 times less than 

that of the C-H bond in this system. 

3 .  The MexSiF4-, compounds collisionally deactivate 

excited ketene and the corresponding rate constants are in 

the order 

4. The interpretation of the experimental data requires that 

both ketene and the MeXSiFqex compounds participate in 

the collisionally induced intersystem crossing of 'CH~ to 

3 ~ ~ 2 .  



5. Ethane and acetylene are formed as minor products as a 

result of reactions of triplet methylene. If Reaction 

11-23 

is considered in conjunction with either the Kistiakowsky- 

Walter or the Russell-Rowland mechanisms, the trends in 

ethane and acetylene formation may be accounted for. 

1 An alternative mechanism involving 3 ~ ~ 2  and CH2 is also 

proposed but this proposal is purely speculative. 



APPENDIX 



Derivation of Expressions for the Quantum Yields of Np and N20 

From the proposed mehanism, the rate of nitrogen formation 

is given by Equation 1-53 

1-54 R N ~  = kk5 [NO] [SilNOt] 

Applying the steady state approximation to the intermediate 

SilNOt 

k42 [Sill [NO*] = k44 [SilNOt] + ks5 [SilNOt] [NO] 

+ k46 [SilNOt] [NO] + ks7 [SilNOt] [Sill 

Hence, 

A- 1 [SilNOt] = k k 2  [Sill [NO*] 
k44 + (k45 + k46) + k47 [Sill 

Applying the steady state approximation to the intermediate 

NO* 

Hence, 



Substituting the expression for [NO*] in Equation A-1 

yields 

A-3 [SilNOt] = 

Thus, 

The rate of N20 formation is given by Equation 1-56.  

1-56 R N ~ O  = kg2 [(NO) 2*] [NO] + k49 [SilNOtt] [NO] 

1-57 Rfl20 = k49 [NO] [SilNOtt] 

Applying the steady state approximation to the intermediate 

k43 [Sill [NO*] = k48 [SilNOtt] + ksg [SilNOtt] [NO] 
+ ks0 [SilNOtt] [NO] + k51 [SilNOtt] [Sill 

Hence, 

k4, [Sill [NO*] [~ilNOttl = 
k48+(k49+k50 [NO] +k51 [Sill 



R e p l a c i n g  t h e  e x p r e s s i o n  for [NO*] g i v e n  i n  A - 2 ,  t h e  above  

e q u a t i o n  becomes 

IAbsk43 [ S i l l  
{ oC29+k30 1 [ N O l + ( k 1 + ~ + k ~ 3  1 [ S i l l  } { k 4 a + ( k 4 9 + 0  I + k51 [ S i l l  1 

Thus, 



Derivation of the Expression for the ratio [ 3 ~ ~ 2 ] /  [ICE2 I 

From the scheme proposed on p.120, Equation 11-38 is 

obtained: 

11-38 Rc2H4 - - -  k7 [Kl + -  k22 [Kl f3cH2] 
R ~ i  Products k21 [Sill k21 [Sill ['CH~I 

Applying the steady state approximation to the intermediate 

[ 3 ~ ~ 2 1  

m 1 
k4 [ sol + k19 1 CH2I [Kl + kpo ['CH~I [Sill = k22 i3cH2] [K] 

Hence, 

Applying the steady state approximation to the intermediate 

1lcH21 

Hence, 



R e a r r a n g i n g  e x p r e s s i o n  A-4 y i e l d s  

and s u b s t i t u t i n g  f o r  [ ' c H ~ ]  i n  E q u a t i o n  A-6 y i e l d s  

S u b s t i t u t i n g  t h e  e x p r e s s i o n  f o r  t h e  r a t i o  [ 3 ~ ~ 2 ] /  [ ' c H ~  1 

i n t o  t h e  s e c o n d  term o f  E q u a t i o n  11-38 y i e l d s  

k4 ( k 7 + k i g  [Kl + -  k19 [Kl + k q ( k 2 0 + k 2 1 )  + -  k20 
k 3 k 2 i  [ S i l l  k 2 1  [ S i l l  k3k2 1 k2 1 

Hence,  

R ~ i  P r o d u c t s  

( 
( k 7 + k 1 g )  + k 1 + ( k 7 + ~ 1 9 ) )  I K I  + k 1 + ( ~ 2 0 + ~ 2 1 )  + - k 2  0 

k 2  1  k3k2 1  [ s i l l  k3k21 k2 1  
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