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The initiation step in radical polymerization of Si-containing vinyl monomers with arylthiyl radicals (ArS') 
has been studied by the flash photolysis method. Rate constants for reversible addition reactions of ArS" 
with various Si-containing vinyl monomers have been determined by the selective radical scavenging 
method. For each thiyl radical, the reactivities for CH2=CHX increased in the order: 

X = --C(CH3) 3 < - ( C H 2 ) a C H  3 < -CH2Si (OCH3)  3 ~<--CH2Si(CH3) 3 ~ - S i ( O C H 3 )  3 ~ -S i (CH3)  3 

<<-C6H4Si(CH3)a-p ~-C6H4Si(CH3)2Si(CH3)3- p 

The reactivity of the C=C was increased by the substitution of the Si atom at vinyl and allyl positions. 
The polar and resonance factors of Si-containing monomers were evaluated from the kinetic data, which 
were compared with the Alfrey-Price Q-e scheme obtained from the copolymerization data. 

(Keywords: Si-containing vinyl monomer; arylthiyl radical; initiation step; flash photolysis) 

INTRODUCTION 

Si-containing polymers are known to be suitable for 
two-layer microlithography using an electron beam ~. 
Copolymers with Si-substituted styrenes are sensitive to 
deep u.v. light and are used as positive resists 2. It is 
important to understand the reactivity of Si-containing 
vinyl monomers in order to predict the polymerization 
process, copolymerization properties and structure of the 
polymers. For some Si-containing vinyl monomers, 
Alfrey-Price Q-e values have been evaluated using 
copolymerization data3-5; the Q-e values indicate that 
the silyl groups withdraw the electron on the double bond 
with slight conjugation. 

Recently, fast kinetic methods such as laser flash 
photolysis and time-resolved e.s.r, spectroscopy have 
been applied to the elemental steps of radical polymeriz- 
ation 6-a. In our previous papers, we reported that the 
initiation step in radical polymerization of various vinyl 
monomers with arylthiyl radicals (ArS') can be monitored 
by the xenon flash photolysis method, from which the 
reactivities of vinyl monomers with ArS" were evalu- 
ated 9-12. In this report, we determine the rate constants 
of the initiation step of various Si-containing vinyl 
monomers with ArS'. In order to compare these kinetic 
data with the Q-e values, copolymerization of p-penta- 
methyldisilylstyrene with methyl methacrylate was per- 
formed to evaluate the Q-e value. 
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EXPERIMENTAL 

Materials 
Vinylsilanes and allylsilanes were purchased from 

Chisso Co.; they were used after purification by distil- 
lation, p-Trimethylsilylstyrene (Hokko Chemical Co.) 
was used after distillation, p-Pentamethyldisilylstyrene 
was prepared by the Grignard reaction of p-chlorostyrene 
with (CH3)3Si(CH3)2SiMgC1 in tetrahydrofuran, as de- 
scribed in the literature x3. Commercially available p-t- 
butylstyrene (Scientific Polymer Product Inc.) was purified 
by distillation. 3,3-Dimethyl-l-butene (Tokyo Kasei 
Kogyo Co. Ltd) contained some reactive dienes; it 
was distilled after photolysis of diphenyl disulphide in 
the reagent. Methyl methacrylate for copolymerization 
experiments was used after removing inhibitor. Diaryl 
disulphides (ArSSAr) prepared from the corresponding 
arylthiols by the action of 12 were  purified by recrystal- 
lization from ethanol ~4. Cyclohexane and benzene were 
used as solvents after distillation. 

Copolymerization procedure 
Although the Q-e values have been reported for some 

Si-containing vinyl monomers, some of them seem to be 
inconsistent in the literature 3-5. The Q-e value of 
p-pentamethyldisilylstyrene was determined in this study. 
Copolymerization of this monomer with methyl meth- 
acrylate was carried out at 60°C in degassed benzene 
solution in the presence of 2,2'-azobisisobutyronitrile as 
initiator (6 mM). The content of monomer moiety in the 
copolymer was calculated from 1H n.m.r, data obtained 
with changing monomer feed. 
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Flash photolysis experiments 
The flash photolysis apparatus was of standard design 

equipped with two xenon flashlamps (Xenon Co. N851C; 
8/zs half-duration and 100J input energy) T M .  The 
cyclohexane solution containing ArSSAr and vinyl 
monomer was degassed followed by the introduction of 
oxygen into the solution. The oxygen concentration in 
cyclohexane was calculated by Henry's law ~s. 

RESULTS AND DISCUSSION 

Copolymerization for Q-e measurement 
Figure I shows the ~H n.m.r, spectrum of the co- 

polymer of p-pentamethyldisilylstyrene (M 2) with methyl 
methacrylate (M 1). The compositions of monomer com- 
ponents in the copolymers were calculated from the ratio 
of the signals of the methyl hydrogen bonded with Si 
atoms (at 1.1 and 1.3ppm) to those with ester (3.9- 
4.7ppm). Figure 2 shows a plot of the contents of 
p-pentamethyldisilylstyrene moiety in the copolymer 
against the monomer feed. The monomer reactivities 
were determined by the Fineman-Ross method to be 
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Figure 3 First-order plots for decay of p-BrC6H4S'; the transient 
spectrum is shown in the insert. (a) Without monomer and (b-e) 
[vinyltrimethylsilane]=0.4M; (b) [ 0 2 ] = 0 ,  (c) [O2]=1.4mM, (d) 
[02] =2 .0mM and (e) [02] = 11 mM 
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Figure 1 1H n.m.r, spectrum of p-pentamethyldisilylstyrene (M2= 
27.4 mol%) - methyl methacrylate (M 1 = 72.6 mol%) copolymer 
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Figure 2 Monomer composition in copolymer of p-pentamethyl- 
disilylstyrene and methyl methacrylate 

1/rl =0.32 and 1/r 2 =0.60. Thus, Q = 1.37 and e= -0.88 
were calculated from the reported Q-e value for methyl 
methacrylate 5. They are similar to those of p-t-butyl- 
styrene (Q=1.37 and e=-0 .90) .  These Q values are 
slightly larger than those of p-trimethylsilylstyrene and 
unsubstituted styrene (Q= 1.00 and e=-0 .80) .  These 
findings suggest that disilylstyrene is slightly more 
conjugative than monosilyl- and unsubstituted styrenes. 

Flash photolysis measurements 
By the flash photolysis of ArSSAr, transient absorption 

bands were observed in the visible region; an example is 
shown in the insert of Figure 3. They were attributed 16-1 s 
to ArS'. ArS" were not reactive with oxygen in the 
timescale of the xenon flash experiment. This finding is 
in good agreement with the reported low reactivity of 
CHaS" towards oxygen in the gas phase 19. 

Figure 3 shows the decays of p-BrC6H4S" in the form 
of a first-order plot in the absence and presence of vinyl 
monomer and oxygen. When the solution was degassed, 
the decay of ArS" was not accelerated even by the 
addition of vinyl monomer, whereas the decay was 
accelerated by the addition of both vinyl monomer and 
oxygen to the solution. These observations indicate that 
the addition reaction of ArS" to vinyl monomers occurs 
in a reversible fashion and that the oxygen molecule 
selectively scavenges the carbon-centred radical, acceler- 
ating the decay of ArS'. These reactions are summarized 
in Scheme I, where vinylsilane (CH2=CH(SiR3)) is 
shown as a representative of other Si-containing vinyl 
monomers. The anti-Markovnikov addition mode of the 
thiyl radicals to Si-containing vinyl monomers has been 
reported z°-22. The role of the oxygen molecule as a 

Scheme I 

hv 
ArSSAr ~ 2ArS" 

kt 
ArS" + CH2=CH(SiR3) ~.~ ArSCH2C" H(SiR3) 

k-I 

k 2 
, peroxy radical 

+ [O21 
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selective radical scavenger in the addition reaction of the 
thiyl radical with styrene was also confirmed by Gilbert 
et al. 23 using the e.s.r, method. 

The decays of ArS" were influenced by concentrations 
of both vinyl monomer and oxygen. From Scheme I, one 
can derive the equation9-~2: 

[CH2--CH(SiR3)]/kfo= 1/k: +k_l /k lk2[02]  (1) 

where kfo refers to the slope of the first-order plot in 
Figure 3. When the concentrations of vinyl monomer and 
oxygen were low, the decay kinetics consisted of mixed 
first and second order; for such a case, the kfo value was 
evaluated by a method in the literature 24. 

Figure 4 shows the plots of equation (1) for the reaction 
of vinyltrimethylsilane with different ArS'. The kl value 
can be determined from the intercept, and the equilibrium 
constant (K = kl/k_ 1) can be evaluated in the form Kk 2 
from the slope. They are summarized in Tables 1 and 2 
along with the values of the carbon analogues such as 
3,3-dimethyl-l-butene and p-t-butylstyrene determined 
similarly in this study. 

For each vinyl monomer, the k: values increase with 
the electron-withdrawing substituent of ArS'. For each 
ArS', the reactivities of Si-containing aliphatic vinyl 
monomers are higher than those of the carbon analogues. 
A similar tendency was observed for the addition reaction 
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Figure 4 Plots of equation (1) for reaction of vinyltrimethylsilane with 
p-YC~H4S' 

Table 1 Rate constants  for addition reaction at 23°C in cyclohexane 

Monomer  X = MeO Me 

k 1 x 10 -5 (M -1 s - t )  for p-XC6H,S" 

t-Bu H C1 Br 

CH2=CH(Si(CH3)3)  

CH2-=CH(Si(OCHa) a ) 

C H 2 : C H ( C ( C H 3 ) 3 )  = 

CH2=CHCH2(Si(CH3)a)  

CH2=CHCH2(Si(OCH3)a)  

CH2:-CH(CH2)3CHa °'b 

CH2:CHC6H4Si (CH3)a-p  

CH2=--CHC6H4Si(CH3)2Si(CH3)a-p 

CH2:CHC6H4C(CH3)3 -p  

0.06 0.32 

0.04 0.23 

- <0.02 

0.04 0.20 

0.03 0.16 

- 0.04 

40 160 

28 210 

28 250 

0.32 0.67 1.1 1.1 

0.26 0.77 0.85 1.2 

< 0.02 0.04 0.08 0.08 

0.25 0.59 0.80 1.1 

0.15 0.43 0.63 1.0 

0.04 0.10 0.15 0.12 

150 510 1100 1200 

170 430 1200 1200 

190 500 1400 1500 

= In hexane 
b Cited from Ito et al. 32 

Table 2 Equilibrium constants in the form of Kk2 

Monomer  X = MeO 

K k  2 x 10 -7 (M-1  s -1)  for p-XC6H4S' 

Me t-Bu H CI Br 

CH2=CH(Si(CHa)3)  

CH2=CH(Si(OCH3)3)  

CH2=CH(C(CHa)3)  

CH2~-CHCH2(Si(CH3)a) 

C H a : C H C H 2 ( S i ( O C H a ) a )  

CH2=CHC6H4Si(CH3)3-p 

CH2=CHC6H,Si(CH3)2Si(CHa)3-p 

CHa=CHC6H4C(CH3)3"p 

-= 1.5 1.5 5.0 6.3 6.7 

-= 1.4 1.3 3.3 5.2 4.8 

-= -~ -°  0.12 0.19 0.22 

-= 1.0 0.8 1.5 2.0 1.9 

-°  2.0 1.0 1.3 1.8 2.2 

450 6000 6 100 _b _b _b 

1700 12000 12000 _b _b _b 

1200 8000 6600 b _b _b 

= These K k  2 values were not  obtained because the decay curves were not considerably changed by the oxygen concentration; these K k  2 values are 
smaller than 10 6 M - 1 s -  1 

b These K k  2 values are larger than  2 x 1011 M - 1 s -  1 
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of the t-butyl radical by Miinger and Fischer 25. Among 
Si-containing monomers ,  the reactivities were not varied 
on changing the position of the Si a tom from the vinyl 
group to the allyl group. In the case of the trichloromethyl 
radical, the allylsilane is more reactive than vinylsilane26; 
this was reasonably interpreted by the tr-rt hyper- 
conjugative effect of the allylsilyl group, which has 
frequently been observed in spectroscopic data 27. For  
the thiyl radicals such as n-dodecanethyil radical, the 
opposite tendency was found 2°. 

The kl values of p-pentamethyldisilylstyrene are similar 
to the corresponding ones of p-trimethylsilylstyrene and 
p-t-butylstyrene. The effect of the Si-atom substitution 
to styrene on the kl values seems to be smaller than that 
to the vinyl and allyl positions. 

For  each vinyl monomer ,  the Kk2 values (Table 2) 
increase with the electron-withdrawing substituent of 
ArS ' ;  this indicates that ArS" with such a substituent is 8.0 
less stable than that with an electron-donating one. On 
the other hand, the Kk2 values for an ArS" on changing 
the monomers  are a measure of the resonance stabilities 
of the carbon-centred radicals obtained from monomers  
(ArSCH2C'H(SiRa)),  since the reported k 2 values are 7.0 ! 
not so variable with the kind of carbon-centred radicals 2a. 
The Kk 2 values for styrenes are larger than the corre- 
sponding values of aliphatic vinyl monomers ,  indicating 
that the benzyl-type radicals are considerably stable. The 
effect of the Si-containing groups on the stability of the 6.0 
neighbouring carbon radicals was also found in the Kk 2 
values in comparison with smaller values of the carbon "~ 
analogues. The Kk2 values of vinylsilanes are slightly 
larger than those of allylsilanes, suggesting that the 
carbon radical attached directly to the Si a tom is more 5.0 
stable than an indirect one. 

In Figure 5, the log k~ values are plotted against the 
Brown-Okamoto  29 substituent constant (a ÷) of ArS ' ;  
linear relations can be seen. In these plots, the height of 
the lines at a a + value shows clearly the difference in the 4.0 
reactivities of vinyl monomers.  The slopes, which are 
referred to as p ÷, are summarized in Table 3 with the 
Q-e values. Positive p+ values suggest charge transfer 
from vinyl monomer  to ArS" in the transition state of 
the reaction, as shown by the resonance canonical 3.0 
structures I and II: - '  .0 

[ A r S " . . .  C H 2 = C H R  ] ~-~ [ArS- ,  ( C H 2 = C H R )  + "] 

I I I  Figure 5 

Thus, we can use the p+ values obtained in this study 
as a measure of the electron density of the double bond 
in the vinyl monomer,  like the Alfrey-Price e value. 

Figure 6 shows a correlation of the p + value with the 
e value for some vinyl monomers  TM. Although there 
seems some scatter, one can find a tendency that the p ÷ 
value decreases with an increase of the e value. The p ÷ 
values for Si-containing vinyl monomers  seem to deviate 
upwards compared with those for the carbon-substituted 
vinyl monomers.  The e values for vinyltrimethylsilane 
and allyltrimethylsilane are slightly positive. Such a small 
positive e value does not always indicate the electron- 
withdrawing character of-Si(CH3)  3 and -CH2Si(CHa)3, 

! I 

c,2.C,x 

x--c,H,CCC,3 
X--O,",SI,CH313- /  T1 

J -  - r 

-el 

Y=-H 
l y=_CH3_Bu, t ' [  

Y=-OCH3 | J 

/ x;-siccH3 3 . 

X=-(CH2)3CH'~- / ' ~  "- I 3 3 

-0.5 0.0 

o -.+ of p-YC6H4S. 

Plots of log k 1 against a + of p-YCrH4S" 

0.5 

Table 3 p+, Q-e values and 2=, x of Si-containing vinyl monomers and related ones 

Monomer p + (kl) e Q 2m=x (nm) 

CH2:CH(Si(CHa)a) 1.36 0.04 0.029 202 
CH2--~CH(Si(OCHa)a) 1.57 -0.38 0.031 210 
CH2=CH(C(CHa)3) (1.4) ~ -0.63 0.007 < 190 

CH2='CHCH2(Si(CH3)3) 1.51 0.27 0.036 219 
CH 2 --~CHCH 2 (Si (OCH a ) a ) 1.65 - 0.94 ~ 0.024 b 219 
CH2--CH(CH2)aCHa (1.4) ° -0.28 0.019 < 190 

CH2=CHCrH4Si(CH3)3-p 1.61 -0.80 1.00 258 
CH2--CHCrH4Si(CHa)2Si(CH3)3-p 1.75 -0.88 1.37 266 
CH2=CHCrH4C(CHa)3-p 1.80 -0.90 1.37 255 
CH2=-'CHC6H5 1.37 -0.80 1.00 249 

a From Hammett plot without p-CH3OCrH4S" 
b For CH2:CHCH2Si(OC2H 5)3; Q-e values are cited from refs. 3-5 except CH2:CHCrH4Si(CHa)2Si(CH3)3- p which was measured in this study 
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Figure 6 Plot of p + (k l) vs. e value. Abbreviations of vinyl monomers: 
St, styreneg; t-BuSt, p-t-butylstyrene; PMDSSt, p-pentamethyldisilyl- 
styrene; TMSSt, p-trimethylsilylstyrene; VTMOS, vinyltrimethoxy- 
silane; VTMS, vinyltrimethylsilane; ATMS, allyltrimethylsilane; ~t- 
MST, ct-methylstyrene 11 ; 1-VN, 1-vinylnaphthalenea2; MA, methyl 
acrylateS°; MMA, methyl methacrylateg; and AN, acrylonitrile l° 

but these groups are far less electron-releasing than the 
standard phenyl group (e=-0 .8 ) .  The Hammett-type 
substituent constants of these groups, however, are 
negative, indicating electron-releasing character, though 
they are weak:-Si(CH3) a, t rp=-0.07 and a , ,= -0 .04 ;  
and -CH2Si(CHa)a, ap= -0 .22 and am = -0.193°. The 
p+ value of vinyltrimethylsilane is as large as that of 
styrene, which indicates a considerable electron-releasing 
character of the trimethylsilyl group. From the p + values, 
the electron-releasing ability increases in the order 

- S i ( C H 3 )  3 < - C H 2 S i ( C H 3 ) 3  

< - S i ( O C H 3 ) 3  < - C H 2 S i ( O C H a ) a  

The high electron-releasing ability of allylsilane would 
be caused by the hyperconjugative effect 31. The -OCH 3 
group attached to the Si atom indirectly increases the 
electron density of C=C.  

A tendency that the reactivity increases with the 
stability of the carbon-centred radical can be confirmed 
in Tables 1 and 2. Compared with the absorption maxima 
(2max) in the u.v. region of these vinyl monomers (Table 3), 
the Kk 2 values increase with the shift of 2max to longer 
wavelength. 

CONCLUSIONS 

The kinetic parameters for the addition reaction of 
arylthiyl radicals to Si-containing vinyl monomers were 
evaluated by applying the flash photolysis method to the 
photoinitiation step for the system involving Si-containing 
vinyl monomers and ArSSAr. 

From the kinetic data for the reversible addition 
reaction process of ArS" with monomers, we can obtain 
the parameters such as p+ and Kk2, which correspond 
to the e and Q values derived from the propagation rates 
of radical copolymerization, respectively. The silyl groups 
at the vinyl and allyl positions promote the reactivities 
of the double bonds, although the effect is weak for 
styrene derivatives. 
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