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There have been a number of studies on the photoini- 
tiated polymerization of vinyl monomers using excited 
carbonyl or aromatic hydrocarbon compounds in the 
presence of amines.'16 It  is well established that the 
production of the radicals that initiate the polymeriza- 
tion proceeds through a charge-transfer mechanism.'+ In 
a recent publication, we examined the polymerization of 
methyl methacrylate sensitized by the pyrene-triethyl- 
amine ~ y s t e m ; ~  we showed that this system is an efficient 
photoinitiator in polar solvents and suggested that the 
active free radicals are produced from the interaction of 
the monomer with the ion pair and/or the hydropyrenyl 
radicals. In order to understand better the mechanism of 
the photoinitiation, we have examined the effect of vinyl 
monomers on the transients involved in the pyrene-tri- 
ethylamine system using nanosecond laser flash photol- 
ysis techniques. 

Experimental Section 
Methyl methacrylate (MMA), styrene, vinyl acetate, and tri- 

ethylamine (TEA), all from Aldrich, were vacuum distilled prior 
to their use. 

Photoinitiation efficiencies under steady-state irradiation were 
obtained from measurements of polymerization rates. Di-tert- 
butyl peroxide was employed as a reference initiator under 
conditions of matched absorbances. Polymerization rates were 
obtained by the dilatometric techniques described previously.'J 

All time-resolved experiments were carried out in oxygen-free 
samples using pulses (337.1 nm, -8 ns, 110 mJ/pulse) from a 
Molectron UV-24 nitrogen laser for excitation. Transient ab- 
sorptions were monitored by using a computerized system 
described elsewhere.sJ0 

Results and Discussion 
The time-resolved absorption spectra from irradiated 

pyrene-TEA mixtures in acetonitrile-ethyl acetate solu- 
tion are shown in Figure 1. The absorption band with 
A,, = 488 nm corresponds to the pyrene anion (Py-), 
while the band at -400nm has been assigned to absorption 
by the 1-hydro-1-pyrenyl radical, PyH*.6J1J2 The relative 
optical densities of the PyH* and Py- bands lay between 
those reported6 when acetonitrile or acetone are employed 
as solvents. This result is that expected from the 
dependence of the hydropyrenyl yield on solvent polarity. 
The transient spectra in acetonitrile-MMA mixtures were 
quite similar to those determined when ethyl acetate was 
used as cosolvent. Similar results were obtained with 
styrene or vinyl acetate. 

The pyrene anion band6J3J4 measured at 488 nm showed, 
under our experimental conditions, a monoexponential 
decay with T - 1 ps, and after ca. 6 ps (spectrum B in 
Figure 1) only the signals due to the long-lived radical 
remain. The monoexponential behavior of the radical ions 
in this system is not unprecedented, and it has been 
attributed to the formation of an ion pair in equilibrium 
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Figure 1. Transient absorption spectrum of pyrene-TEA in an 
acetonitrile-ethyl acetate solution. Delay time after the laser 
pulse: 500 ns for A and 6 ~s for B. Inset: typical first-order 
decay trace monitored at 488 nm. 

with the free ions.6 The initial absorption intensity is 
independent of the addition of monomers, but the anion 
lifetime can be significantly shortened, particularly by 
MMA. This effect is less noticeable for styrene and 
negligible for vinyl acetate. The rate constants for pyrene 
anion quenching by the vinyl monomers were obtained 
from a plot of the transient decay rate as a function of the 
monomer concentration. These data are given in Table 
I and show that the pyrene anion is efficiently quenched 
by MMA but it is unaffected by vinyl acetate. 

The absorption decay at 400 nm is complex, since at 
this wavelength both the residual anion and the pyrene 
radical, PyH', show significant absorption. However, at 
times longer than 5 ps the remaining decay could be readily 
fitted with an exponential with a lifetime of ca. 10 ps, 
which we assign to PyH' radicals and was not significantly 
affected by the monomer addition. However, its intensity, 
obtained by extrapolating to zero time the slow-decay 
component, decreases when the monomer concentration 
increases. These results are consistent with monomer 
quenching of the precursor of the radical PyH'. 

Steady-state photolysis of pyrene in the presence of TEA 
leads to pyrene con~umption.~ Styrene addition, as 
previously reported for MMA, decreases the photocon- 
sumption rate. Plots of In ([Py]o/[Py]) as a function of 
time were linear, showing that photobleaching follows first- 
order  kinetic^.^ Values of @/@ (where a0 and ip are the 
pyrene photoconsumption yields in the absence and in 
the presence of monomer) are shown in Figure 2. This 
figure shows that the data follow a Stern-Volmer type 
relationship. The slopes of the plots (Ksv) are given in 
Table I. Under the conditions employed, protection by 
the monomers cannot be due to singlet quenching and 
must be related to trapping of the intermediates produced 
in the excited pyrene-TEA interaction. The time-resolved 
experiments show conclusively that the species trapped 
is the pyrene radical anion, Py-. In agreement with this, 
the relative efficiency of the monomers in reducingpyrene 
photoconsumption parallels their reactivity toward the 
pyrene radical anion; i.e., MMA is more efficient than 
styrene and vinyl acetate is ineffective. However, the Ksv 
value obtained for MMA is larger than that derived from 
time-resolved experiments (ca. 0.5 M-*). This difference 
can probably be attributed to some shortening of the 
pyrene anion due to second-order processes at the rather 
high concentrations produced under laser irradiation. 

Polymerization rates were determined employing ace- 
tonitrile as cosolvent. The initiation efficiencies (fj) 
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MMA is a monomer with rather high electron affinity,lS 
the active free radicals may result from the interaction of 
free pyrene anion and/or the nongeminate radical pair 
with the monomer;lg i.e. 

Table I 
Rate Constants for the Interaction Pvrene-Derived 
Reaction Intermediates with Monomers and Their 

Photoinitiation Efficiencies' 

MMA 5.3 x 1@ 3.75 0.28 
styrene 1 x 1@ 1.35 0.15 
vinyl acetate 0.006 

a Initial solvent, acetonitrile-ethyl acetate or acetonitrile-benzene 
1:l (v:v); [TEA] = 0.06 M. Rate constants for Py- quenching. 
0 Stern-Volmer constant for pyrene photoconsumption. 

10 

8 

yti 
4 

4 

2 

0 I I I I 

0 1 2 3 4 5 
[Monomer], M 

Figure 2. Effect of MMA (A), styrene (e), and vinyl acetate (0 )  
addition upon the pyrene photoconsumption yield. 

obtained employing TEA concentration so as to achieve 
essentially complete quenching of the pyrene fluorescence 
are given in Table I. These efficiencies were obtained 
employing di-tert-butyl peroxide as a reference initiator.15 
The data given in Table I show that while pyrene-TEA 
initiates MMA polymerization efficiently, it is very in- 
effective when vinyl acetate is employed as monomer. The 
trend of photoinitiation efficiencies is then similar to that 
found for the interaction of P y  with the monomers and 
the pyrene photobleaching protection. All these facts 
would indicate that the interaction pyrene anion-monomer 
must be the key step in the photoinitiation mechanism. 

The 488-nm Py- transient absorption quenched by the 
monomer can be due to P y  present as part of an ion pair 
(either a charge-transfer complex, a geminate pair, or a 
secondary pair) or to the free-radical anion. The rather 
long lifetimes measured in the present work (- 1 ps) rule 
out geminate ion pairs (T  < 2 but can correspond to 
either the free anion or to nongeminate ion pairs. The 
fact that the monomer increases the decay rate of the 
transient absorption of 488 nm without changing its initial 
intensity would indicate that the monomer interacts with 
the long-lived, Py- radical anion, free or in equilibrium 
with the random ion pair.6 There are several other 
examples, in addition to the pyrene system involving of 
long-lived radical-ion pairs. For example, Jones et al. have 
reported on systems involving quinones, particularly chlo- 

Hirata et aL6 have proposed the deactivation mecha- 
rani1.16~7 

nism of Scheme I 

Scheme I 

products - (Py-. .TEA+) + Py- + TEA' - products 

where "products" stands for nonionic species &e., Py + 
TEA or PyH. + TEA'). Secondary reactions of the hy- 
dropyrenyl radical probably account for the pyrene 
consumption observed. Efficient free-radical polymeri- 
zation has been observed in the presence of MMA.4 Since 

Py- + MMA - Py + MMA- (1) 

MMA- + TEA' - MMA(H)' + TEA' (2) 

or 

(Py-• - *TEA+) + MMA - Py + TEA' + MMA(H)' (3) 
Both, TEA' and MMA(H)' radicals should be able to 

initiate the free-radical polymerization chain. This mech- 
anism can explain the effect of the monomer on the 488- 
nm transient, the decrease in PyH' yield, the dependence 
of the pyrene bleaching rate on the monomer concentra- 
tion, and the invariance of the PyH' decay with the olefin 
concentration. 

In this mechanism the initiation efficiency for a given 
monomer must be related to ita capacity to reduce the 
pyrene photobleaching rate, since both are determined by 
the pyrene anion-monomer interaction kinetics. This rate 
constant will be determined by either the monomer 
electron affinity (process 1) or the stability of the monomer- 
derived radical (process 3). The high electron affinity of 
MMA can explain the faster interaction observed for this 
monomer. On the other hand, it can be expected that 
neither reaction 1 nor 3 will be particularly favored when 
vinyl acetate replaces MMA as monomer. 

In conclusion, the photoinitiation of vinyl polymeriza- 
tion by the pyrene-TEA system is due to the reaction of 
the pyrene radical anion with the monomers; since this 
process results in the regeneration of pyrene, the monomers 
effectively prevent the photobleaching of pyrene. Among 
the monomers examined herein, MMA reacta most effi- 
ciently with Py. 
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