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side chains of the pure guest component act as a barrier 
to interaction with the side chains of the host. When 
donors and acceptors are present in approximately equal 
numbers and guest and host are not anymore clearly 
distinguishable, this intraspecies cooperativity is broken 
and donor-acceptor pairs can be formed with less 
restriction. I t  will be noted that  the effect is more 
pronounced in blends of spacer polymers where side- 
chain interaction in the homopolymer can express itself 
more freely. It will also be recalled that p-methoxycin- 
namic acid, which is the reactant moiety in P-3-OCHa, is 
a well-known mesogen where dipole forces between cin- 
namoyl groups can lead to liquid crystalline organization.6 

Conclusions 
The decoupling of the functional groups from the 

polymer backbone does not effectively enhance the 
photosensitivity of blends of electron donor or acceptor 
substituted poly(viny1 cinnamates). The dilution effect 
that accompanies the introduction of spacers into the 
polymers is more impor tan t  in determining the  
concentration of reactive sites than the effect of separating 
the cinnamoyl groups from the polyvinyl chain. As a result 
the photoreactivity of the spacer blends is reduced below 
that of the corresponding nonspacer systems. 

The decrease in the number of intermolecular pair sites 
in blends of spacer polymers is larger than expected for 
randomly distributed reactants, and this is interpreted as 
an indication of the partial persistence of the coil structure 

of the individual polymeric components. This view is also 
supported by the dependence of the quantum yield of cross- 
linking on the composition of the blends shown in Figure 
7. 

In spite of this, the effect of donor-acceptor interactions 
in the spacer-carrying systems is undeniable. In Figure 
4 the quantum yield of cross-linking of the blends is, with 
one exception, higher than the weighted mean of the 
quantum yields of the pure components. The fact that 
donor-acceptor interactions between the reactants are the 
source of enhanced photosensitivity is further indicated 
by the effect of casting temperature on quantum yield. The 
stabilization energy of the donor-acceptor complexes can 
be derived from these experiments. It is found to be 3.2 
and 7.7 kcal/mol, respectively, for the nonspacer and the 
spacer blends of the C1- and CH30-substituted polymers. 
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ABSTRACT Three cy-sulfonyloxy ketones have been investigated by laser flash photolysis. The decay kinetics 
of their triplet s t a b  and the radicals formed through Bcleavage and photoreduction were studied, and quenching 
rate constants by amine, monomer, and hydrogen donor were determined. These data are of interest when 
these compounds are used as radical or UV-deblockable photoinitiators. A general discussion of the processes 
involved is presented. 

I. Introduction 

The Present Paper is Part Of a Series concerned with the 
excited-state processes in polymerization photo- 
initiators'-' and the working out of structure-reactivity 
relationships. Its purpose is to discuss the primary steps 
involved in the photolysis of a-sulfonyloxy ketones: 

These compoundss as well as a-sulfonylacetophenone 
4,9 sulfonic acid derivatives of a-hydroxymethylbenzoin 
5,10 fi-sulfonyloxy ketone 6, i i  N-hydroxyimide sul- 
fonates 7,12 or quinohium 813 can work as usual 
radical photoinitiators (except and 8), but they have been 
proposed primarily as UV-deblockable and acid-releasing 
molecules, e.g., for the cross-linking of aminoplast resinss 
blocked photoinitiator in the resin 5 

acid species -% cross-linking 
or the simultaneous activation of radical and acidic cross- 
linking mechanisms in hybrid systems. In the present 
investigation, the behavior of 1-3 was investigated by time- 
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resolved laser spectroscopy in order to determine the 
efficiency of the radical processes involved. 

11. Experimental Section 
The photoinitiators were supplied by Ciba Geigy (Basel, 

Switzerland) as purified laboratory samples. Methyldiethanol- 
amine (MDEA) and methyl methacrylate (MMA) were purchased 
from Aldrich Chemical Co. and purified as described previously.6 

The procedure for the photopolymerization experiments has 
been reported in greater detail elsewhere.3 The samples are 
irradiated with a 125-W medium-pressure mercury lamp (A = 365 
nm; lo = 5 x 1016 photons cm-2 s-1). 

The nanosecond Nd-YAG laser photolysis apparatus used for 
the investigation of the excited-state processes in real time has 
been described in ref 4 or 14. The laser source produces a 3-11s 
pulse (40 mJ) at X = 353 nm. 

111. Results and Discussion 
1. Background. Steady-state photolysis of 1-3 as 

investigated by CIDNPs results in the formation of 
products whose processes are interpreted (e.g., Scheme I) 
on the basis of (i) an a-cleavage side reaction or (ii) a main 
photochemical reaction involving either @-cleavage and/ 
or photoreduction followed by the elimination of p-tolu- 
enesulfonic acid, the latter mechanism being considered 
as the major one.8 

2. GCMS Experiments. Our GCMS investigation 
supports the results reported in ref 8 and recalled in the 
preceding paragraph. For example, while propiophe- 
none is formed during the photolysis of 2 in toluene, the 
radical pair disappears in acetonitrile medium, mostly 
through a cage process. This suggests that the radicals 
are generated through &cleavage. In hydrogen-donating 
solvents, photoreduction (as proposed in Scheme I) may 
also occur (Scheme 11) but cannot be substantiated by the 
present GCMS experiments. 

Low yields of benzil were also detected in 1 and 2, which 
implies that the a-cleavage producing a benzoyl radical 
is a minor route of evolution of the excited sulfonyloxy 

V c l e a v a q e  @ S - C H ~ C H ,  
0 

r 1 

- 2 Acetonitrile hv - I@-:- 0 !H CH, ' ~ S O ~ ~ C H , ~  

i 

ketones. The yield of benzil is significantly higher in 3. 
A more efficient direct a-cleavage suggested by a possible 
representation of 3 as a phenylacetophenone derivative 
should probably be considered. For example, this 
a-cleavage is encountered in benzoin ethers (BE), ben- 
zoin (BZ), and 5: 

3. Excited-State Processes. A. The @-Cleavage 
Process. Laser excitation of 1,2, or 3 in acetonitrile reveals 
.the presence of several transients, which absorb weakly 
in the visible part of the spectrum and decay according 
to a fast mode and a slow mode (Figure 1). Strong changes 
in the shape of the overall optical density curve as a 
function of time, were observed according to the analyzing 
wavelength used, because of the relative values of the 
extinction coefficients displayed by the various transient 
absorptions. In a general way, the primary steps involve- 
as expected-the fast generation of a short triplet state 
TI, which was shown to undergo 0-cleavage in toluene or 
in a non-hydrogen-donating solvent such as acetonitrile 
(CIDNP and GCMS experiments). This results in the 
formation of a substituted acetophenyl type radical R1 and 
an oxysulfonyl radical Rz: 

Ri  R2 

In 1 and 2, the shorter lived transient a t  the beginning 
of the relaxation curves was ascribed to TI. The quantity 
1/m0 (m0 being the triplet lifetime in a deaerated solution) 
represents the upper value of the @-cleavage rate constant. 
In 2, the triplet-state lifetime is shorter than in 1 (<lo0 
ns). The longer lived transients, responsible for the slow 
decay in the oscillograms, were attributed to the super- 
position of R1 and Rz. For example, the transient 
absorption spectra of 1 a t  time t = 0 and t = 1 p s  
correspond to those of the triplet state and the radicals, 
respectively (Figure 1). Radical R1 is known to absorb in 
the UV or the near-UV-visible region.l5 Similar weak 
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in Table I are self-consistent: combination of ?TO and k~ 
directly measured for 1 yields a Stern-Volmer coefficient 
kT7' of 10oO M-l, which is in agreement with the value 
derived from the data shown in Figure 2. The calculated 
values of for 2 and 3 displayed in Table I are derived 
from ~ T T T O  and k~ (measured for 1). In 3, the shorter lived 
triplet state observed could reflect the efficiency of the 
a-cleavage process, competing with the @-cleavage process. 
These experiments show that &cleavage occurs through 
a short triplet state. The electron-donating substituent 
(CH3) at  the a position in 2 decreases the triplet lifetime, 
which can be compared with that reported for sulfonyl 
ketones.15b In acetophenyl derivatives, substitution at  the 
a carbon by an oxysulfonyl, sulfonyl, sulfoxide, or sulfide 
group drastically affects the triplet-state lifetime: 

H 

OD ( a d  

5 c 
Radicah IL nm 

l F 8  J 
t I 

300 400 500 

Figure 1. Absorption spectra of the triplet state and the radicals 
of 1 in degassed acetonitrile. 

1 /[MeN] M-' 
I 

100 200 300 400 

Figure 2. Stern-Volmer plot for the triplet-state quenching by 
methylnaphthalene at X = 420 nm. 

absorptions in the visible wavelength range were also 
recorded for s u l f ~ n y l , ~ ~ ~ J ~ ~  sulfinyl,lsc and phenyl sulfur 
radicals.l& In the case of 3, the situation is more complex. 
In 3 absorption of radicals (R1, R2, and the benzoyl radical) 
were superposed in the UV wavelength range according 
to the @-cleavage process, which should coexist with the 
a-cleavage detected by GCMS measurements. No triplet- 
state absorption was clearly detected, as the lifetime is 
much too short (see below). Oxygen slightly quenches the 
triplet state of 1. In the presence of air, a new absorption 
appears  (as in hydroxyalkyl ketones,17 dialkoxy- 
acetophenones,g morpholino ketones,'* and a-hydroxy- 
methylbenzoinsulfonic esters17). 

B. Quenching by 1-Methylnaphthalene. Quenching 
by methylnaphthalene (MeN) results in the well-known 
triplet-triplet absorption of MeN at  X = 420 nm relevant 
to the energy-transfer process 

T, + MeN 4 3MeN + So 
The coefficient ~ T T T O  and the lifetime of the triplet state 
?TO in the absence of MeN (if kT is known) may be derived 
(Figure 2, Table I) from these experiments according to 
the double-reciprocal plot (eq 1): 

1 = A  1+-- ] (1) 
OD(3MeN) [ k p T 0  [MeN] 

In the case of 1, the quenching of the triplet state by MeN 
can be followed directly a t  X = 400 nm according to 

(where TT is the triplet-state lifetime in the presence of 
MeN). Such a plot yields k~ = 5 X log M-' s-l. The data 

C. Interaction with Amines. Interaction between the 
triplet states of 1-3 and amines (such as MDEA) results 
in the quenching of the triplet state; an amine-derived 
radical and a ketyl type radical are formed through the 
generation of a charge-transfer complex by electron transfer 
between the ketone triplet state TI and the amine 
according to 

T, + MDEA 5 [charge-transfer complex] - radicals 

-= -  I I +k,[MDEA] 
?T 7; 

(3) 

and the concomitant disappearance of radicals R1 and R2: 

/ P-deavaw 

electron transfer 

Direct determination with the help of eq 3 leads to k, = 
3.3 X lo9 M-l s-l for 1 and for 2; 3 is not accurate because 
of a change in the relaxation curve resulting from an 
additional new absorption due to ketyl species (ketyl radical 
and/or ketyl radical anion): 

@ ~ - C H 0 S 0 2 ~  @f- + H+ 

OH ' I  01 
- 1  

m- 
K 

Generation of ketyl species is confirmed when the decay 
traces are monitored, e.g., a t  X = 400 nm. While the radical 
absorbances decrease as a result of the triplet quenching, 
the initial overall optical density increases and the 
relaxation rate constant is changed. 

D. The Photoreduction Process. The fast process 
of @-cleavage observed in a non-hydrogen-donating solvent 
such as acetonitrile does not preclude the possibility of an 
efficient competitive process of photoreduction in the 
presence of a hydrogen donor as suggested in ref 8 and as 
usually observed in ketones possessing an nr*  triplet state 
(the values of the rate constant of photoreduction by 2-pro- 
panol or THF range from 1 X 108 to 2 X 108 M-' s-l in 
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Table I 
Triplet-State Lifetime in Degaed Amtonitrile (TTO) ,  Rate Constants of MeN Quenching (k~), Oxygen Deactivation (k,Oa), 

Electron Transfer (k), and Monomer Quenching (b), and Stern-Volmer Coefficients ( ~ T T T O )  Calculated from Equation 1 or 
2 (See Text) 
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Figure 3. Usual Stern-Volmer plots corresponding to eq 3 (A) 
and eq 4 (B) (see text). 

Scheme 111 
d e a c l i v a  l i o n  

So - 5, - T, 
I 
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L i n i t i a t i o n  

the benzophenonelS series). Addition of THF to an ac- 
etonitrile solution of 2 shortens the triplet-state lifetime 
and decreases the radical concentration according to 

cleavage k ,  S l O X  106s-' 

photoredudion /Q = 10'M-l s - l  
[DH] 10 M 
/Q[DH] s 10 x 106s-' 

The formation of the long-lived ketyl species is detected 
as expected. A similar photoreduction process occurs in 
%-propanol; in toluene, ita contribution is considerably less 
important. There is no possibility of following clearly in 
real time the generation (and the relaxation) of R1, which 
would have given a definite indication on the ability of the 
ketyl radical to cleave according to Scheme I. The time 

~~'(calcd), 10-gkqOz, lO-Bk,, 104k,,, 
ns M-1 8-1 M-1 g-1 M-1 s-1 

51 3.3 0.25 
90 

520 

Table I1 
Relative Rates of Polymerization (&) of Methyl 

Methacrylate (7 M) in Toluene and Computed Quantum 
Yields $1, $I#, and & (see Text) 
[MDEA] = 0 [MDEA] = 0.05 M 

Rp, @i = Rp2, @RM? Rp, @ i = R p 2 ,  
compd au au & au au au QCT 
1 <I <io-3 0.005 23 0.17 0.1 
2 <I <io-3 0.01 13 0.06 
3 5 50.01 10.05° S0.2 15 0.07 
DMPA 55 1 l b  1 1 
BP 15 0.07 0.2 

0 Overall yields of triplet disappearance including a- and @-cleavage. 
b Quantum yield of a-cleavage. Rate constant of monomer quenching 
is taken as 2.5 X 108 M-l s-l. 

scale of evolution of the ketyl radical monitored at  X = 
400 nm for 1 in THF (fit-order decay with a rate constant 
k = 5 X los s-l) is shorter than that usually observed for 
ketyl type radicals (which disappear according to a second- 
order kinetics): this result is in agreement with the finding 
of a cleavage process of the ketyl radical as proposed in 
Scheme I.8 
E. Quenching by MMA. When MMA is added to an 

acetonitrile solution of I, 2, or 3, both the lifetime of the 
triplet state and the transient absorption of the radicals 
decrease as a result of two competitive reactions: 

- = -  I +k,[MMA] 
7T 7 2  

(4) 

A plot according to eq 4 for 1 yields k, = 2.5 X lo8 M-' 
s-l. This k, value corresponds to the usual rate constants 
of interaction between aryl aryl or aryl alkyl ketones and 

4. Rates of Polymerization. The general mechanism 
for the initiation process of the polymerization in toluene 
is shown in Scheme 111. Direct initiation occurs 
presumably through a reaction between MMA and radicals 
R1 and Rz (and the benzoyl radical in 3). In the presence 
of MDEA, amine-derived radicals are formed through the 
quenching of the triplet state by electron transfer followed 
by a proton transfer (the ketyl structure that is formed 
in this process may cleave, as discussed in section 3D, and 
lead to  the production of an acetophenyl radical). 
Quantum yields of initiation (Si), cleavage (Sa) and electron 
transfer (SCT) are computed in Table 11. 

R, = Kqii1I2 

MMA.2A14JSPWO 

k ,  
S' = k ,  + k,[M] 

ke[AHl 
SCT = k ,  + &[AH] + k,[M] 

where kg, k,, and k ,  are the rate constants of 8-cleavage, 
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electron transfer with amine (AH), and monomer 
quenching (M). According to the very low valuea calculated 
for the different processes, sulfonyloxy ketones are rather 
poor radical photoinitiators in the absence of amine 
(comparative data for (2,2-dimethoxyphenyl)acetophe- 
none (DMPA) and benzophenone (BP) are listed in Table 
11). On the other hand, these ketones are efficient sources 
of latent sulfonic acids: because of the high reactivity of 
their triplet states (ko, k,, kd) in the absence of acrylic 
monomers. 

Acknowledgment. We are grateful to Dr. Rutsch (Ciba 
Geigy, Basel) for kindly donating authentic samples. 

References and Notes 
(1) Lasers in Polymer Science and Technology: Applications; 

Fouassier, J. P., Rabek, J. F., Eds.; CRC Press: Boca Raton, 
FL, 1990. 

(2) Fouassier, J. P. In Photopolymerization Science and Technology; 
Allen, N. S. ,  Ed.; Elsevier: London, 1989. 

(3) Fouassier, J. P.; Lougnot, D. J. J. Chem. Soc., Faraday Trans. 
1 1987,83,2935. 

(4) Lougnot, D. J.; Turck, C.; Fouassier, J. P. Macromolecules 1989, 
22, 108. 

(5) Lougnot, D. J.; Fouassier, J. P. J. Polym. Sci., Part A: Polym. 
Chem. 1988,26, 1021. 

(6) Fouassier, J. P.; Lougnot, D. J. J. Appl. Polym. Sci. 1987, 34, 

(7) Fouassier, J. P.; Lougnot, D. J. J. Appl. Polym. Sci. 1986, 32, 

(8) Berner, G.; Kirchmayr, R.; Rist, G.; Rutsch, W. h o c .  Radcure 

(9) Li Bassi, G.; Cadona, L.; Broggi, F. Proc. Radcure Baltimore 

(10) Heine, H. G.; de Clew, E.; Rudolph, H. DEOS 2842002, 1978. 
(11) Kirchmayr, R.; Rutach, W. EP 89 922, 1982. 
(12) Renner, C. A. US. Patent 4371605,1980. 
(13) Felder, L.; Berner, G.; Kirchmayr, R. US. Patent 4431774,1981. 
(14) Fouassier. J. P.: Loumot. D. J.: Paverne. A.: Wieder, F. Chem. 

477. 

6209. 

Basel 1985. 

1986. 

, -  , .  
Phys. Lett. 1987, l.%, 30. 
(a) McGimpsey, W. G.; Scaiano, J. C. Can. J. Chem. 1988,66(6), 
1474. (b) Fouassier, J. P.; Lougnot, D. J.; Scaiano, J. C. Chem. 
Phys. Lett. 1989, 160, 335. (c) Aveline, B.; Lougnot, D. J., 
unpublished data. (d) Shida, T.; Iwata, S.; Imanura, M. J.  Phys. 
Chem. 1974, 78,748. 
(a) Thoi, H. H.; Ito, 0.; Lino, M.; Matauda, M. J .  Phys. Chem. 
1978,82,314. (b) Hayashi, H.; Sakagushi, Y.; Tsunoka, M.; Yan- 
agi, H.; Tanaka, M. Chem. Phys. Lett. 1987, 136 (5), 436. (c) 
Thyrion, F. C. J. Phys. Chem. 1973, 77 (12), 1478. 
Fouassier, J. P., unpublished data. 
Wagner, P. J.; Lindstrom, M. J. J. Am. Chem. SOC. 1987,109, 
3057. 
Merlin, A.; Fouassier, J. P.; Lougnot, D. J. Eur. Polym. J .  1981, 
17, 755. 
Schnabel, W. In Lasers in Polymer Science and Technology: 
Applications; Fouassier, J. P., Rabek, J. F., Eds.; CRC Press: 
Boca Raton, FL, 1990. 

Polymerization of Monomers Containing Functional Silyl Groups. 
8. Catalytic Hydrogenation of 
Poly( 2-silyl-substituted- 1,3-butadiene)s 

Katsuhiko Takenaka, Koji Kato, Takashi Hattori, Akira Hirao,' and 
Seiichi Nakahama' 

Department of Polymer Chemistry, Faculty of Engineering, Tokyo Institute of Technology, 
Ohokayama, Meguro-ku, Tokyo 152, Japan 

Received November 17, 1989; Revised Manuscript Received February 5,  1990 

ABSTRACT Catalytic hydrogenation of five poly(2-silyl-substituted-1,3-butadiene)s and block copolymers 
containing silyl functions was carried out under various conditions. The polymers were allowed to react with 
hydrogen at an initial pressure of 80 atm in cyclohexane at 110 OC for 5 h in the presence of palladium on 
carbon, leading to quantitative saturation of the double bonds regardless of the substituent on silicon atom. 
Molecular weights and the molar ratio of catalyst to  double bonds influence the degree of hydrogenation 
(DH). The higher molecular weight lowers the DH. Wilkinson's complex, Rh(PPh&Cl, showed no activity 
for the hydrogenation of cis-1,4-poly[2-(triisopropoxysilyl)-1,3-butadiene] whereas it was effective for cis- 
1,4-polyisoprene and dangling vinyl groups in other silyl-substituted polydienes. 

Introduction 

Polyolefins such as polyethylene and polypropylene are 
well-known commodity polymers and are used in many 
fields. In many cases, they are produced by free-radical 
polymerization or coordination polymerization with a Zie- 
gler type catalyst. Because the polymerization mechanisms 
include transfer and termination reactions, polyolefins and 
block copolymers with polyolefin segments can have 
branched structures and broad distribution of molecular 
weights. To obtain polyolefins and the block copolymers 
with controlled chain structures, polydienes and the block 
copolymers produced by anionic living polymerization are 
hydrogenated under suitable conditions to be converted 
to polyolefins without losing their original characteristics 
such as molecular weight, molecular weight distribution, 
and microstructure. Many authors have reported the 
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preparation of tailor-made polyolefins by this method.' 
Since the molecular weight, molecular weight distribution, 
and the structure of the repeating unit in the resulting poly- 
olefins can be precisely controlled by the polymerization 
condition of the original 1,3-dienes, this relatively 
complicated synthetic method is still attractive both in 
academic and industrial fields. Poly(ethy1ene-alt- 
propylene), poly(ethylethylene), and atactic polypropy- 
lene with a narrow molecular weight distribution were 
synthesized2 by hydrogenation of l,Cpolyisoprene, 1,2- 
polybutadiene, and poly(2-methyl-1,3-pentadiene), 
respectively. The solution properties of these polymers 
such as characteristic ratio and temperature coefficients 
of unperturbed dimensions were studied. Polyethylene- 
poly(1-butene) block copolymer derived from 1,4- 
polybutadienel,2-polybutadiene block copolymers can be 
used as thermoplastic elastomers? When the poly[styrene- 

0 1990 American Chemical Society 


