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Polysilanes were found to photoinitiate the poly- 
merization of a variety of vinyl monomer4 including 
methyl methacrylate, styrene, ethyl acrylate and 
acrylic acid. Polymerization initiated b! pol! silane 
photolysis is rather insensitive to oxygen inhibition, 
which may make it especially suitable for pol! meriza- 
tion of thin films. The initiation efficiency of 
poly( phenylmethylsilylene) in styrene was determined 
from dilatometry data to be 1 x This rather low 
efficiency is counterbalanced by the very high 
extinction coefficient of polysilane polymers, 
ca. 4-8 x lo3 per siliconatom.Possib1ereasonsfor the 
low initiation efficiency and reduced oxygen inhibition 
of polysilane photoinitiators are discussed. 

Keywords: Polysilanes, photoinitiation, polymerisa- 
tion, vinyl monomers, thin films, photolysis 
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The polysilane (diorganosilylene) polymers have 
strong ultraviolet absorption bands in the region 
30&350nm, depending on the nature of the 
organic substituents.',' Irradiation of this band 
leads to photoscission, sometimes accompanied by 
cros~linking.~ A recent study of polysilane photo- 
degradation indicated that the scission produces 
both silyl radicals and silylenes (Eqns 1 -3).4,5 

R, Rz R, 

I l l  
R, Rl Rl 

I l l t  hv 
polymer-Si-Si-Si-polymer - 
R, R, 

I 
Si: + 2 polymer-Si - 
I I 
R R, 111 

R Z  R, 
I I 

I 
R l  I abstraction Rl  

pol ymer-Si - ' polymer-Si-H hydrogen 

c21 

R Z  R, R, 
I hv I I  

I I I  
polymer-Si-H H-Si-Si-H 

R l  R ,  R l  131 

In another study, silyl radicals produced by the 
photolysis of phenyldisilanes at 254 nm have been 
shown to add to 1,l-di-tert-butylethylene to give 
radical species detectable by electron spin re- 
sonance spectroscopy.6 Thus, the silyl radicals 
from photoscission of polysilanes should add to 
other olefinic substrates and might thereby 
initiate radical chain polymerization. In this 
paper we report studies on the initiation of vinyl 
polymerization using polysilane polymers as init- 
iators (see Table 1). 

EXPERIMENTAL 

Monomers 

Acrylate and methacrylate monomers were 
passed through an activated alumina column to 
remove inhibitor, then argon or dry nitrogen was 
bubbled through the liquids to remove oxygen. 
For kinetic studies styrene was purified by 
shaking twice with 1rnoldmp3 KOH followed by 
washing three times with water. The styrene was 
then filtered through a cone of anhydrous MgSO, 
and stirred over CaH, for 24h. The flask con- 
taining the styrene was then vacuum degassed 
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and backfilled with dry argon four times prior to 
a final vacuum distillation at 2O’-3O0C from 
CaH, directly into the dilatometer. 

Initiators 

Polysilanes were prepared as previously re- 
ported.’,’ Benzoin methyl ether (BME) was ob- 
tained from Aldrich Chemical Co. and recry- 
stallized from hexane prior to use. 

Polymerization 

Polymerization was carried out under three 
similar sets of conditions. In the first. monomer 
(10cm3) was added to initiator in a clean dry 
13cm Pyrex test tube in air and the solution was 
agitated with ultrasound to speed dissolution of 
the initiator. The solution was then exposed to 
sunlight and observations were taken during the 
polymeri7ation. In  the second method, a clean 
dry 13cm Pyrex or quartz test tube containing 
initiator was sealed with a septum and 10cm3 of 
monomer were introduced by syringe. A long 
needle was introduced and either dry nitrogen or 
argon was vigorously bubbled through the so- 
lution for 30 seconds. The solutions were then 
irradiated at 254, 300 or 350nm for 10,000sec 
and the polymers were collected for GPC study. 
The third method was used to study the rate of 
polymerization. Initiator was added to a clean 
dry Pyrex dilatometer (see below) and the dilato- 
meter was evacuated and backfilled with inert gas 
several times. Monomer was then vacuum dis- 
tilled into the dilatometer, and the dilatometer 
was examined for the presence of gas bubbles. If 
any were found the entire solution was discarded 
and the dilatometer was cleaned and thoroughly 
dried before refilling. Irradiation was carried out 
at 350nm and all polymer samples were promptly 
precipitated in dry methanol when irradiation 
was complete. 

In general, vinyl polymers produced by photo- 
initiation with polysilanes were quenced by pour- 
ing the polymer solution in monomer directly 
into excess methanol, ,precipitating the polymer. 
However, pol yethyl acrylate, a polymer soluble in 
methanol, was first dissolved in THF and then 
precipitated by addition of at least a six-fold 
excess of water. The polymers were all isolated 
by filtration and drying in vacuo for G24h.  In 
the experiments involving ethyl acrylate, poly- 
merization reported in Table 2, 10cm3 of ethyl 
acrylate was used with an amount of polysilane 
sufficient to provide 0.22 mmol sf R,Si units. 

Equipment 

Irradiations were carried out in a Rayonet model 
RPR- 100 photoreactor fitted with sixteen 250, 
300 or 350nm lamps. Irradiations at or below 
300 nm were performed in quartz equipment. 

Gel Permeation Chromatography (GPC) was 
carried out on both the polysilane initiators and 
the polyalkene products. Freshly distilled THF 
was employed as solvent using a Waters single 
pump HPLC system fitted with UV absorbance 
and refractive index detectors, and four Micro- 
styragel columns (lo3, lo3, lo5 and 106w). All 
data is reported in polystyrene equivalents. Poly- 
dispersivities were calculated by hand for poly- 
ethylacrylate irradiated at 254, 300 and 350nm as 
well as for polystyrene from the dilatometry runs. 

Silicon-29 NMR data were taken on a JEOL 
Model FX-200 multinuclear spectrometer using 
C6D6 and a lOmm sample tube at room temper- 
ature. Data acquisition was enhanced by using 
Morris and Freeman’s INEPT pulse sequence.’ 

Dilatometry 
Dilatometry was carried out in a Pyrex glass 
dilatometer (Kontes Glass Co.) with a volume of 
11.00cm3 and an additional stem of precision 
bore tubing graduated from 0 to 1.400cm3 in 
5 p L  increments. Readings were taken to the 
nearest 0.5 pL along with temperature to the 
nearest 0.1’C at intervals of 1@60sec. All data 
was recorded by manually and corrected by hand to 
19.0”C’o before being entered into a Harris 
computer for plotting and linear regression. The 
dilatometer was backfilled with argon and 
capped before each irradiation, then thermally 
equilibrated in a glass water bath. Irradiation 
was carried out using 350nm lamps, with the 
radiation further filtered through three layers of 
Pyrex glass. two from the water bath and one 
from the dilatometer itself. 

In order to obtain rate data for the reference 
initiator (BME) at the same optical density, UV 
absorbance spectra of both thc poly(pheny1- 
methylsilylene) and BME were taken in styrene 
and digitized by hand at l n m  intervals. The 
emission spectrum of the Rayonet 350 nm lamp 
was also taken at  l n m  intervals over the entire 
output range, 3 1@460 nm, and likewise digitized 
by hand. The product of the emission intensity 
and the absorbance, summed for all wavelengths, 
was taken as the optical density for each sample. 
Poly(phenylmethylsi1ylene) was found to have an 
optical density 25.97 times as large as that for 
BME, 
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It has previously been shown that for benzoin 
ethers, rate is proportional to the square root of 
concentration" so rate data were taken at one 
concentration and scaled appropriately. Follow- 
ing Lissi and Encinal' 
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where Ri is the rate of initiation, I,=intensity 
absorbed, ,f = photoinitiation efficiency, ( RJi  is 
the rate of polymerization in the prescnce of 
photoinitiator, and k ,  and k,  are the rate con- 
stants for polymerization and termination, respec- 
tively (properties of the monomer), and [ M I  is 
the monomer concentration. If the rate of auto- 
polymerization (R& is not zero, the rate of 
polymerization R ,  IS composed of two terms: 

( R J 2  =(R,); +(R,)?. 

Substituting the previous equations for R, and Ri: 

where f is the initiation efficiency. Solving for f: 

For two photoinitiators whose concentration 
has been adjusted to the same optical density 
(I,, = ZaJ,  the ratio of the initiator efficiencies is: 

providing the initiator concentration does not 
significantly affect the monomer concentration. 

After adjusting styrene solutions of benzoin 
methyl ether (BME) and poly(phenylmethy1- 
silylene) to the same optical density versus the 
output of the 350nm Rayonet lamp, rates of 
polymerization were obtained by dilatometry for 
the polysilane or BME and styrene. Under the 
conditions employed (R& was an order of mag- 
nitude less than the polysilane-catalyzed rate and 
consequently had little effect on the calculated 
efficiency. 

RESULTS AND DISCUSSION 

The mechanism of polymerization was shown to 
be radical in nature by attempting to polymerize 
acrylic acid and vinyl ethyl ether (Eqns 4 and 5). 

c51 

Since acrylic acid does not polymerize via an 
anionic mechanism and vinyl ethyl ether requires 
a cationic rnechani~m,'~ the observation of poly- 
mer in the first case and not in the second 
eliminates both anionic and cationic mechanisms 
leaving only a radical mechanism. The radical 
mechanism is also demonstrated by characteriza- 
tion of the polyvinyl products: polydispersitivities 
for polyethyl acrylate and polystyrene (Mw/Mn) 
are 1.5 _+ 0.2 and 1.9 f 0.2 respectively, compared 
with values of 1.5 and 2.0 from known free- 
radical polymerization. l4  

In order to confirm that photoinitiation of 
vinyl monomers was a property of polysilanes in 
general, a variety of polysilanes were added to 
Pyrex test tubes containing methyl methacrylate. 
(MMA) or styrene (St) and exposed to sunlight. 
The sample tubes containing polysilanes all 
showed volume contraction, increased viscosity 
and gelling (in the case of methyl methacrylate), 
although control tubes containing monomer with 
no polysilane were unchanged throughout. In 
these experiments no attempt was made to 
exclude oxygen. The surprising lack of oxygen 
inhibition of polysilane photoinitiation will be 
discussed below. 

In Table 1, the polysilanes are listed from most 
to least efficient as judged by the yield of poly- 
methylmethacrylate (PMMA) observed after 48 h. 
Several interesting effects can be seen from Table 
1. For example, while poly(phenylmethylsily1ene) 
is the most efficient initiator at a molecular 
weight of 10000, at M,=3500 it is the least 
efficient, indicating a dependence of initiator 
efficiency on molecular weight. Table 1 also 
shows that relative initiation efficiency is depend- 
ent both on A,,, and solubility. Polysilanes with 
both a high &,,, and a good solubility such as 
[(PhC2H,SiMe)(PhMeSi)o,56],, and (PhMeSi), 
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Table 1 
are ranked from beqt to  worst as photoinitiators of MMA 

Summary of polysilanes used to photoinitiate methylmethacrylate (MMA) and Styrene (St). Polymers 

Polysilane 

Concentration 
x lo-’ (moles 

A ,̂,,,Snm) E X  10-3,’Si Polysilane Mn silylene/dm3) Solubilityh 

(PhMeSi) 

(PhC,H,SiMe), 
(PhMeSi),,, 
(cyclo-He x %Me),,,, 
(PhMeSi), 
(PhC,H4SiMe) 

(p-CH,C&SiMe)n.,i 
(Me,Si), 
(PhC,H,SiMe),,, 
(cyclo-He x SiMe), 

(PhC,H,SiMejn.,, 
(Me,Si), 
(cyclo-He x SiMe),,,, 
(Me * Si) I 

(cyclo-He x SiMe) 

(PhMeSi) 

337 7.0 

327 5.8 

334 7.8 

306 6.8 
332 5.0 

310 6.7 

305 5.0 

309 4.3 

326 7.6 

254, (310t)> 1.5 

I x 1 0 4  

4 x 1 0 5 , ~  x 104 

x x lo4 
(bimodal) 

1.8 x 10’ 

1.7 x 10’ 

1.5 x 105 

3.3 x 105, 1.1 x 10, 

9.105,7 x 104 

1.7 105 

(bimodal) 

(bimodal) 

3.5 ?( loJ  

2.5 (MMA) 
2.4 (St) 
2.0 (MMA) 
2.0 (St) 
2.6 (MMA) 
2.5 (St) 
2.1 (MMA) 
3.2 (MMA) 

2.2 (MMA) 

2.8 (MMA) 
3.1 (St) 
3.5 (MMA) 
3.6 (St) 

2.5 (MMA) 
2.3 (St) 
7.2 (MMA) 
7.2 (Stj 

3.3 (St) 

2.2 (St) 

2 

3 
3 
2 
3 
3 
2 
2 
1 
3 
2 
3 
0 
1 
0 
1 
3 
3 

“+A 1JV absorption tail is observed to extend past 310nm 
“Solubilities range lrom 0, insoluble, to 3, completely soluble 

are superior to polysilanes that have a high A,,, 
and poor solubility (cycloHe x SiMe) and poly- 
silanes with good solubility but a low A,,,, 
[(PhC,H,SiMe),,,,-(Me,Si)],,. These observa- 
tions explain the apparent molecular weight de- 
pendence of initiation efficiency: lower molecular 
weight polysilanes have an enhanced solubility 
but a reduced 3,,,,. 

A more detailed experiment was carried out at 
three different wavelengths to investigate the de- 
pendence of relative initiation efficiency on mole- 
cular weight and as a function of irradiation 
wavelength (see Table 2). The three polymers 
used all had good solubility in ethyl acrylate, 
forming homogeneous solutions with minimal 
turbidity (which quickly gave clear solutions on 
irradiation). 

At 350nrn in the presence of equivalent molar 
amounts of polysilanes (based on the total num- 
ber of silylene units present), the high molecular 
weight polysilanes were better photoinitiators 
than the corresponding low molecular weight 
species. That is, the polyethylacrylate initiated by 

polysilane oligomers had a higher molecular 
weight, indicating fewer polymer chains formed 
(thus fewer radicals generated) than polyethy- 
lacrylate photoinitiated by higher molecular 
weight polysilanes. While the principal UV absor- 
bance for these polysilane oligomers was at or 
below 254nm, a long UV absorbance tail was 
noted in all cases extending past 310nm. It is 
probable that photoinitiation for these species 
involves absorbance into this tail and subsequent 
chain scission to produce silyl radicals. 

When irradiated at 350 nm the high molecular 
weight polysilanes showed an inverse correlation 
between the polysilane i,,,, and polyethyl 
acrylate chain length: the longer the 3.,,, of the 
polysilane, the shorter the polyethyl acrylate 
chain length. This is what would be predicted at 
350 nrn; polysilanes which absorb nearest the 
emission maximum would be expected to un- 
dergo more chain scissions than those that ab- 
sorb further away, and would be expected to 
initiate more polymer chains producing a lower 
molecular weight vinyl polymer. 
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Table 2 Photoinitiation of polyethylacrylate by various polysilanes 

M, polyethylacrylate produced 

Initiator GIn (initiator) L,,Jnm) At 350nm 300nm 254nm 

(PhMeSi), 1.05 x 10' 

(Si-Si)" 1.7x 105 

Ph Mc 
' I  

I I  
Me Me 

(PhC,H,SiMe), 8.5 x 10' 

Ph Me 
(Ph MeSi), 3.5 x 1 0 3  

(sl-sl)" 3.5 x 103 
I I  

I I  
Me Me 

(PhC,H,SiMe), 4 x lo3 

337 5.6 x lo5 

325 6.4 105 

303 9.5 x to5 

253 9.0 x 10' 

245 9.0 105 

< 220 9.0 x 105 

8.5 x lo5 8.5 x lo5 

8.5 x lo5 8.5 x lo5 

8.5 105 7.1 x 105 
9.0 x lo5 7.1 x 10: 

8.5 x 105 7.1 x 105 

8.5 x 105 7.1 x 10' 

When polymerization is initiated at shorter 
wavelengths the initiation activity of the 
oligomers increases relative to the higher mole- 
cular weight polysilanes. This can be understood 
on the basis of the UV Amax of the oligomers. 
Irradiation at shorter wavelengths allows the 
oligomers to absorb more efficiently while the 
high polymers actually absorb less efficiently; 8 
decreases at wavelengths shorter than A,,, for 
high molecular weight polysilanes, in some cases 
by more than a factor of 2.8 Thus, if solubility is 
controlled, relative initiation efficiency depends 
almost entirely on the UV absorbance character- 
istics of the polymcr. 

As shown in Table 1, high molecular weight 
polysilanes have large UV extinction coefficients: 
4-8 x lo3 per silylene unit, depending on polymer 
molecular weight and substituents. This is one or 
two orders of magnitude larger than for benzoin 
ethers, another class of photoinitiators with 
strong UV absorbance. At moderately high con- 
centrations of polysilane in the monomer, this 
may lead to product molecular weights which 
increase with time of irradiation, as shown in Fig. 
1. For an 0.7wt. x, solution of (PhSiMe),, 
(5.8 x 10-2moles/L), with ~=4000, according to 
Beer's law 99% of the incident UV will be 
absorbed in the first 1.3 x 1OP2cm. Thus all the 
initiating radicals are formed in a very small 
volume of the total solution. Since chain termin- 
ation by radical recombination will be dependent 
on the square of the concentration of radicals, 

the molecular weight of the product polymer will 
be lower than if the same number of radicals 
were distributed uniformly throughout the solu- 
tion. As irradiation proceeds and the polysilane 
degrades, both c and I,,, decrease, so that the 
path length for the incident UV through the 
solution becomes longer. The distance between 
radicals then becomes greater, leading to a higher 
molecular weight product. 
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Figure 1 Molecular weight (----) and yield in grams 
(-) of polystyrene photoinitiated with poly(phenyimethy1- 
silylene) as a function of time of irradiation. 
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To study the rate and efficiency of initiation, 
carefully purified styrene monomer was used, 
with either poly( phenylmethylsilylene) or BME as 
initiator. The rate of initiation, R,, is related to 
the absorbed intensity, I,, by R,=I,J; where the 
initiation efficiency, is the fraction of polymer 
chains produced per photon absorbed. Values of 
J range from 1.0 for di-tert-butylperoxide to 
1 x lop4 for acetone." 

Typical results are shown in Fig. 2 and 
summarized in Table 3. As can be seen from 
the table, the initiation efficiency for 
poly(phenylmethylsily1ene) is quite low, 

Table 3 
culated photoinitiation efficiencies ( f )  

Summary of photoinitiation kinetics data and cal- 

Concentration Rate (moles 
Initiator (wt X,) styrene/sec) f 

None - 3 . 1 0 ~ 1 0 - 9  - 

(PhMeSi), 0.20 7.7x 7.06 
BME 0.60 1.57 x 0.275" 

(PhMeSi), 0.048 1.48 x lo-' 1.17 x 

"Reference 15 

0 

20 

-1 x This is surprising in light of its high 
quantum efficiency for chain scission. A possible 
explanation for this low initiation efficiency is 
that the radical pairs formed upon photolysis 
react with themselves by hydrogen transfer more 
rapidly than they react with styrene. Such reac- 
tions are known for simple silyl radicals, as 
illustrated in Eqn 6.16 The silyl radicals formed 
from 

Ph,Si-SiPh2CD3-[Ph3Si. + - SiPh,CDJ 
hv 

I 
Ph,SiD + [Ph,Si=CDJ 1 MeOH 

Ph,SiOMeCD,H 

c41 

polymer chain scission are bulkier than the 
monosilane radicals and would be slower to 
diffuse apart; this could enhance the probability 

2000 4000 6000 8000 

TIME, SEC 

Figure 2 Representative polymerization rate data for slyrenes from dilatometry experiments. ---, no initiator; ----, 
0.020wt."/,(PhMDSi),; 0.60 wt.%BME. Fluctuations in volume with time early in the photolysis reflect residual minor 
variations in sample temperature. 
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However, since the dilatometry measurements 
involvcd photolysis in neat styrene, which pre- 
sumably forms a solvent cage about the poly- 
phenylmethylsilyl radical pair, the fact that the 
radical pair should prefer hydrogen abstraction 
to addition to an alkene is surprising. It is 
possible however that the addition of polysilyl 
radicals to styrene is strongly hindered sterically.6 
If steric hindrance greatly slows the addition 
leading to chain initiation, this may allow the 
hydrogen transfer to compete effectively, account- 
ing for the low initiation efficiency. 

Besides not reacting with styrene, if the rear- 
rangement product silene is formed, it can also 
act as an oxygen scavenger according to Eqn 
7.” This reaction may explain the insensitivity of 
polysilane-photoinitiated polymeri7ations toward 
oxygen. 

3RR’Si--CH, + 30,  + (KR’SiO), + CH,=O 

c71 
The fact that oxygen inhibition is reduced for 

polysilanes, compared to other polymerization 
photoinitiators, makes the polysilanes especially 
attractive for polymerization of thin films, for 
example in industrial or commercial tape manu- 
facture or in photoresist applications. 

Novel polystyrene characteristics 

Since the initiators used are themselves poly- 
meric, fragments of the polysilane chain might 
become incorporated into the polystyrene to give 
a black copolymeric structure. Some indication 
that this takes place is given by the ultraviolet 
spectrum in Fig. 3, displaying the difference in 
UV absorption between polystyrene initiated 
with poly(phenylmethylsilylene) and with azo(bis- 
isobutyronitrile). The polysilane-initiated polymer 
shows excess UV absorbance from 200 to beyond 
300 nm; as photolysis proceeds the absorbance 
beyond 300nm is bleached while the peak near 

245 nm becomes stronger. Absorption near 245 
corresponds to a polysilane fragment containing 
about three silicon atoms. Examples of phenyl- 
containing trisilanes and their A,,, valueslS are 
shown in Table 4. The shoulders at longer wave- 

’. ‘. ‘. , 
\ 
\ 

2 5 0  3 0 0  

WAVELENGTH, nm 
Figure 3 The UV difference spectrum of polystyrene after 
photoinitiation with poly(phenylmethylsilylene), run against 
similar molecular weight polystyrene photoinitiated by AIBN. 
_ _ - _  , 1500 sec photolysis; -, 9000 sec photolysis. 

Table 4 UV i,,, data for some phenylmethylsilylene- 
containing trisilanes 

MeJiSiPhMeSiMe, 243.0 
PhMe,SiSiMe,SiPhMe, 243.0 
PhMe,SiSiMe,SiMe, 240.0 

”Data from reference 18. 

I I I I 
10 0 -20 - 4 0  - 6 0  -80 

6 2 9 ~ i ,  ppm 

Figure 4 Silicon-29 NMR of polystyrene photoinitiated by 
(PhMeSi),. The peak at - 16.8ppm probably represents sily- 
lenes alpha to the polystyrene chain. The resonance at 0.0 is 
the reference, Me,%. 
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lengths probably represent polysilane fragments 
with -4-6 silicon atoms. 

A further indication of the incorporation of 
polysilane fragments is given by the "Si NMR 
spectrum of polystyrene photoinitiated by 
(PhMeSi),, shown in Fig. 4. The two resonance 
peaks observed can be assigned based on litera- 
ture data for permethylpolysilanes;19 the peak 
at -17ppm is probably due to silicon atoms 
dircctly attached to the polystyrene chain, while 
the absorption between -40 and - 45 ppm re- 
presents interior silicon atoms in polysilane 
chains. 

The evidence thus indicates that polysilane 
fragments probably become incorporated as 
blocks or caps on the polystyrene chain,* and 
that thcsc polysilane moietics become shorter 
with continued photolysis. The effects of the 
incorporation of polysilane on the properties of 
vinyl polymers remains to be investigated. 

*The UV and "Si NMR data do not conclusively distinguish 
between a covalently-bound copolymer and a physical 
mixture. However, because the polymer was precipitated in a 
20-fold excess of methanol and oven-dried for a minimum of 
6 h. i t  is unlikely that polysilane oligomers remained physi- 
cally mixed with the polystyrene. 
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