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ABSTRACT The laser-pulse-excited phosphorescence of benzophenone molecularly dispersed in poly(methy1 
methacrylate) (PMMA), poly(isopropy1 methacrylate) (PIPMA), and poly(methy1 acrylate) (PMA) decays 
nonexponentially for the temperature range T, < T < Tg, while it decays single-exponentially for both T < 
To and T > Tg of each polymer. The kinetics for the nonexponential decay of benzophenone triplet in these 
polymer matrices at 80-433 K are given by using the diffusion-controlled rate coefficient with a time-dependent 
transition term for the dynamic quenching process of benzophenone triplet by side-chain ester groups of the 
matrix polymers. The resulting kinetic parameters, namely the reciprocal lifetime ( l /~ ) ,  a factor characteristic 
of the deviation from single-exponential decay (C), and the diffusion coefficient of interacting groups (D), 
reflect molecular motion at the glass transition (T,) and other secondary transitions ( Td and To) of the matrix 
polymers. 

Introduction 
The photochemistry and photophysics of chromophores 

molecularly dispersed in polymer matrices have been 
studied extensively from both fundamental and practical 
points of A typical phenomenon encountered in 
the study of photoprocesses in polymer solids is that re- 
actions expected to be unimolecular in model systems are 
frequently not first order4-' and that phosphorescence of 
the chromophores in polymer or organic solids sometimes 
decays non-~ingle-exponentially.~~~ The phenomenon has 
been attributed to several isomeric  specie^,^^^^^ to hete- 
rogeneity of free volume distribution in the matrix,6 to 
influence of triplet-triplet (T-T) annihilation,ll or to the 
existence of intermolecular energy transfer to acceptor 
molecule8J0 or to matrices.12J3 

The measurement of temperature dependence of these 
rate processes is very important since the photochemical 
and photophysical processes are strongly affected by mo- 
lecular motion, glass transition, and other secondary 
transition processes of polymer matrices. In our previous 
papers, the phosphorescence of benzophenone in poly- 
(methyl methacrylate)12 and in other acrylic polymers13 has 
been shown to decay single-exponentially a t  temperatures, 
T, both lower than the p-transition temperature, TB, cor- 
responding to the onset of ester side-group rotation of 
matrix polymer, and higher than the glass transition tem- 
perature, Tg. But the decay curves have markedly deviated 
from an exponential type in the temperature range be- 
tween To and Tg, and the deviation was suggested to be 
caused by the intermolecular quenching of the benzo- 
phenone triplet by ester groups in the side chain of these 
polymers. 

On the other hand, the concept of diffusion-controlled 
reaction has been established for many years14J5 and has 
been applied to very fast polymer-polymer reactions in 
s o l ~ t i o n . ~ ~ - ~ ~  The influence of a time-dependent term in 

the expression of diffusion flux expected for the very early 
stage of reaction where steady-state concentration is not 
yet attained has been discussed by several a ~ t h o r s , ~ ~ p ~ O - ~ ~  
but a clear experimental presentation of the influence of 
the transient term has not been reported so far for the rate 
process in dilute solution due to the experimental difficulty 
of detecting the very early stage of the reaction. Viscous 
liquid, micellar,24 and solid systemsz5 are supposed to be 
rather convenient for detection of the transient term. 

The present paper is concerned with the kinetics of the 
nonexponential decay of benzophenone phosphorescence 
in poly(methy1 methacrylate) (PMMA), poly(isopropy1 
methacrylate) (PIPMA), and poly(methy1 acrylate) (PMA) 
a t  80-433 K, based on the application of a concept of a 
diffusion-controlled reaction with a time-dependent rate 
coefficient to the dynamic quenching process in solid state. 

Experimental Section 
Materials. Benzophenone and benzoyl peroxide were purified 

by recrystallization from ethanol solution. The monomers of 
methyl methacrylate, isopropyl methacrylate, and methyl acrylatq 
were distilled under reduced pressure and stored in a dark re- 
frigerator. 

Sample Preparation. The purge of oxygen is important in 
the study of triplet lifetimes even in solid matrices. Solutions 
of benzophenone (2 X M) 
in methyl methacrylate or other monomers were evacuated by 
several freeze-pump-thaw cycles under a high-vacuum system, 
sealed in a cylindrical Pyrex cell with a diameter of 10 mm, 
polymerized at 70 "C for 120 h, and postcured at a temperature 
above T, of each polymer for 20 h. In cases of PMMA and 
PIPMA, the sealed rod samples were annealed by cooling from 
130 "C at a rate of 0.2 'C/min. The resulting rod samples in the 
sealed cell were used for the phosphorescence measurements. 

Measurements of Phosphorescence Decay. A pulsed ni- 
trogen laser (Avco C950B) with a pulse width of 10 ns as an 
exciting light at 337 nm, cryostat (Oxford DN704), monochromator 
(Jasco CTlO), photomultiplier (HTV R1464), transient time 

M) and benzoyl peroxide (1 X 

0024-9297/84/2217-1746$01.50/0 @ 1984 American Chemical Society 



Macromolecules, Vol. 17, No. 9, 1984 Photochemistry in Polymer Solids 1747 

4001 1 

3 3 ~6 2 f i S i h ,  --- 2 i 6 m i d  
J--.--AL----.- 200 Loo 5QO  id 

8 16 24 usfe i  
Time 

Figure 1. Semilogarithmic decay curves of benzophenone 
phosphorescence in PMMA excited by 10-ns nitrogen laser pulse 
at 337 nm. Temperatures and symbols for time scales are given 
beside the curves. 

converter (Riken Denshi T C G W ) ,  and desk-top computer (YHP 
98251') were used for measuring the decay and transient spectra 
of benzophenone phosphorescence. The apparatus is almost the 
same as that previously used for the triplet probe study of in- 
termacromolecular reactionsL8 and covers the time range 104-l@ 
s. The details of the measurements have been given e1~ewhere.l~ 

Temperature Dependence of Decay Curves of 
Benzophenone Phosphorescence 

Typical decay curves a t  various temperatures of ben- 
zophenone phosphorescence a t  450 nm in PMMA rod 
samples excited by a 10-ns nitrogen laser pulse a t  337 nm 
are visualized in Figure 1. The phosphorescence intensity, 
+(t), decreases single-exponentially at temperatures lower 
than the @-transition temperature, T,, corresponding to 
ester side-group rotation (T,  = -30 O C  for PMMA).26 
When the temperature becomes higher than To, a deviation 
from a straight line in semilogarithmic decay of +(t) is 
observed. The deviation increases with increasing tem- 
perature until the temperature reaches the Tg of the matrix 
polymer, and then the deviation becomes less marked and 
disappears a t  160 "C. The decay rate of phosphorescence 
for T > Tg is more than lo3 times faster than that for T 
< T,. Similar temperature dependence of decay curves 
(deviation from a single-exponential for T, < T < Tg) has 
also been observed for benzophenone phosphorescence in 
PIPMA and PMA, as was already shown in Figures 2 and 
3 of the previous paper.13 

The transient spectra of +(t) for PMMA rod samples 
a t  20 OC with typical peaks of benzophenone phos- 
phorescence a t  both t = 0 and t = 3 ms (Figure 2) show 
that the decay curves in Figure 1 reflect only the change 
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Figure 2. Transient spectra of benzophenone phosphorescence 
in PMMA at 20 "C immediately after the pulse excitation (0) 
and after 3 ms (A). 

in concentration of excited-triplet-state benzophenone. 
The possibility of the nonlinear part of log +(t) being due 
to residual monomer that might have existed in the rod 
sample was eliminated by the fact that the same decay 
profile was also observed a t  20 "C for the benzophenone 
phosphorescence in the PMMA f i i  sample that contained 
no residual monomer.12 

Brauchle et al.27 have reported that no irreversible hy- 
drogen abstraction by benzophenone from PMMA occurs 
from the lowest n?r* or m* triplet state, though hydrogen 
abstraction from a higher n?r* triplet state (two-photon 
process) proceeds. Our measurements of benzophenone 
disappearance in PMMA films under stationary-state ir- 
radiation with a high-pressure mercury lamp a t  20 OC2* 
gave the apparent quantum yield Y+aps = 0.012 for an in- 
cident light intensity of I = 7.0 X 10 emstein/(cm2 s) and 
Yapp = 0.023 for I = 2.4 X einstein/(cm2 s). Thus, in 
the present case with single short-pulse (10 ns) irradiation, 
hydrogen abstraction is not suggested to be the main 
pathway for the deactivation of a benzophenone triplet 
which causes the deviation of decay curves from single- 
exponential. 

Quenching of the benzophenone triplet by a side-chain 
ester group in acrylic and methacrylic polymers has been 
suggested as the cause of the deviation from a single-ex- 
ponential decay.12 Since the deviation is not observed at 
temperatures below T, of each polymer where no rotation 
of ester side group occurs, this quenching is not suggested 
to be of static character like a Perrin-Dexter-Ermolaev 
type8 but is supposed to be a dynamic one due to collision 
between the functional groups and energy transfer with 
a certain amount of activation energy. The model 
quenching rate constant of benzophenone triplet by methyl 
acetate in acetonitrile solution was measured to be 3.9 X 
lo3 M-' s-l a t  30 OC.13 This order of magnitude for the 
quenching rate constant in nonviscous solution is reason- 
able for an uphill-type endothermic triplet energy-transfer 
mechanism.B The triplet energy level, ET, for PMMA has 
been suggested to be 297-301 kJ3Os3I compared with an ET 
for benzophenone of 283 kJ.32 The possibility of nonex- 
ponential decay due to triplet-triplet annihilation" can 
be eliminated in the present case, since exponential decay 
is observed a t  temperatures above Tg. 

It  is noteworthy that the triplet decay curves at room 
temperature of various chromophores in PMMA observed 
in the l i t e r a t ~ r e ~ l J ~ , ~ ~ , ~ ~  can be divided into two groups 
according to the ET of the chromophores as is shown in 
Table I. Non-single-exponential phosphorescence decay 
has been observed for chromophores with an ET not much 
smaller than the ET of PMMA, while single-exponential 
phosphorescence or T-T absorption decay is obtained for 
chromophores with much lower triplet energy levels. These 
results also support the occurrence of dynamic quenching 
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Table I 
Type of Triplet Decay Curves and Triplet Energies, ET, for 

Various Chromophores Dispersed in PMMA a t  Room 
TemDerature 

chromophore 
fluorene 
benzophenone 
triphenylene 
naphthalene 
coronene 
pyrene 
anthracene 

type of triplet decay 
non-single-exponential 
non-single-exponential 
non-single-exponential 
non-single-exponential 
single-exponential 
single-exponential 
single-exponential 

kJ/mol 
284 
283 
278 
255 
228 
202 
179 

ref 
11 
12 
11 
11 
11 
33 
34 

for excited-triplet-state chromophores by matrix PMMA 
due to an endothermic triplet energy-transfer mechanism. 

Kinetics for Nonexponential Decay due to 
Dynamic Quenching in Polymer Solids 

The decay process of triplet benzophenone (3BP*) pro- 
duced by a laser-pulse irradiation in polymer matrices 
having an ester side group can be given by eq 1 and 2 based 
on the results in the preceding section 

(1) 3BP* - BP 

( 2 )  

k0 

3BP* + [Q]  -!!. BP + [ Q ]  
where ko = kPT + kIT is the rate constant for spontaneous 
deactivation consisting of phosphorescence (kPT)  and 
nonradiative deactivation (kIT)  processes, [ Q ]  is the con- 
centration of the ester carbonyl group in the polymer side 
chain, and k is the quenching rate coefficient of benzo- 
phenone triplet by the ester side group. As the diffusion 
process of an ester carbonyl group approaching triplet 
benzophenone is limited by the side-chain rotation and the 
local segmental motion of the polymer chain, the bimole- 
cular rate coefficient, k,, is expressed by eq 314 

where D is the sum of the diffusion coefficient for the 
carbonyl group in benzophenone and that for ester car- 
bonyl group, R is the reaction radius between the two 
groups, k is the intrinsic (chemical) rate constant that 
would pertain if the equilibrium concentration of the 
quenchinggroup were maintained, and N is the Avogadro 
number divided by lo3. When k, is controlled by the 
diffusion process of the two groups (k  >> 4rRDN), eq 3 is 
reduced to eq 4 

k, = 4rRDN(1 + R / ( r D t ) ' i 2 )  = A + B/t'/ '  (4 )  

with 
A = 4rRDN 

B = 4R2(rD)'/'N 
and the rate coefficient k, includes a time-dependent term 
that is important at  the very early stage of reaction where 
the steady-state diffusive flux of the quenching group is 
not yet attained. 

As the decay rate of benzophenone triplet is given by 
eq 5 
- d [ 3 B P * ] / d t  = (ko + k, [Q]) [3BP*]  = 

(ko + A [ Q ]  + B[Q]t-1'2)[3BP*] (5) 

we get 
[3BP*] = [3BP*]o exp(-(k, + A [ Q ] ) t  - 2B[Q] t1 /2 )  (6) 

for the concentration of benzophenone triplet, [3BP*] ,  at 

T IMEl ms ) 
Figure  3. Curve-fitting profiles of experimental decay data (0) 
with eq I for for benzophenone phosphorescence in PMMA at  
20 and 60 "C. Solid lines are calculated for - ( t / ~ )  - C ( ~ / T ) " ~ ,  
and dotted lines are those for - - ( t / T ) .  

time t ,  where [3BP*]o  is the initial concentration of ben- 
zophenone triplet. The phosphorescence intensity, +( t ) ,  
is proportional to kpT[3BP*] ,  so we get finally 

In @(t)  = -(ko + A [ Q ] ) t  - 2B[Q] t1 / z  = 

where 

- ( t / T )  - C ( t / T ) ' / '  (7) 

= ko + A [ Q ]  = ko + 4*RDN[Q] 

B = C7-' / ' / (2[Q])  = 4R2(rD)'/2N 

(8) 

C = ~ B [ & ] T ' / ~  (9) 

(10) 

Thus the curve fitting for experimental phosphorescence 
decay exemplified in Figure 1 with eq 7 by the least- 
squares method will determine the values of 7 and C for 
every curve. This provides the basis for an estimation of 
kinetic parameters such as rate constant for spontaneous 
deactivation of benzophenone triplet (k,,), quenching radius 
( R ) ,  and the diffusion coefficient for the benzophenone 
carbonyl and an ester carbonyl group ( D ) .  

Kinetic Parameters in Polymer Solids 
Typical curve-fitting profiles of the experimental decay 

data with eq 7 by a nonlinear least-squares method cal- 
culated with a Y H P  9825T desk-top computer are illus- 
trated in Figure 3. The standard deviation (SD) was 
2-3% in normal cases, but sometimes it is greater at  tem- 
peratures near Tg of the matrix polymer. The temperature 
dependences of the parameters 117 and C, as well as B 
derived from eq 10 by using [Q]  = 11.5 M (PMMA) ,  10.0 
M (PIPMA), 13.4 M (PMA) ,  are summarized in Figure 4 
( 1 / 7  and B )  and in Figure 5 (C). 

The onset of deviation from single-exponential decay is 
clearly evident in the abrupt increase in B in Figure 4 and 
C in Figure 5 at @-transition temperatures, TB, corre- 
sponding to the relaxation of ester sidegroup rotation in 
the matrix polymers. The values of TB for each polymer 
are given in Table 11. The kinetic parameter, 1 / ~ ,  is 
almost constant over a wide range in the low-temperature 
region up to a temperature 50-70 "C below each Tg and 
has the same value for each of the three polymers. The 
break temperature ( Tg minus 50-70 "C) corresponds to the 
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Table I1 
Transient Temperatures and Kinetic Parameters for Phosphorescence Decays of Benzophenone in Polymer Matrices 

polymer ko at D, cm2/s Tp < T < Tu, < T E (kJ/mol) 
matrix T,, OC Tu,, OC Tg, O C  R, 8, -193 O C ,  5-l at T = Td at T = Tg Tu, < Tg T > Tg fo rk  

PMMA -40 40 110 5.0 2.0 X lo2 6.7 X 1.5 X 29 40 131 

E (kJ/mol) for D a t  

(-30 to (45-7 5)3"38 (105-1 20) 40 
-10)26,38 

PIPMA -70 20 80 5.3 2.0 x 102 

PMA -70 10 3.0 2.1 X lo2 
W40 

(5-10)40 

200 100 0 -100 -150 I 'C 

I I I I 1 I 

l/T (lo-? K I 
2 3 I 5 6 7 8  9 

Figure 4. Arrhenius plots of kinetic parameters l / ~  (0, 0, A) 
and B (8, 0, A) for phosphorescence decay of benzophenone in 
PMMA (0, a), PIPMA (0, O ) ,  and PMA (A, A). 

?- I 
4 

Q 3  

2 

I 

n " 
-200 -100 0 100 200 

T(  "C I 
Figure 5. Temperature dependence of kinetic parameter C for 
phosphorescence decay of benzophenone in PMMA (O), PIPMA 
(o), and PMA (A). 

a'-transition temperature due to a local mode relaxation 
of the main which was observed a t  60 0C36937 and 
45-75 "CB for PMMA. A break at T,  is also observed for 
the Arrhenius plot of B for PMMA in Figure 4. The glass 
transition temperature, TF, is clearly seen as breaks in the 
Arrhenius plot of 1/7 in Figure 4 (T = 110 "C for PMMA, 
80 "C for PIPMA, and 10 "C for %MA). 

We now discuss the kinetic parameters in various tem- 
perature regions. The fact that 1/7 is almost constant for 
T < Tat and has the same value in the three polymers 
suggests that 4rRDN[Q]  << ko in eq 8, resulting in 1/7 LZ 
ko in this temperature range. The lifetime, 70 = l/lzo, of 
benzophenone triplet is 5.0 f 0.2 ms a t  80 K, which is 
compared to the earlier value of 4.6 ms in PMMA (77 K).39 
T~ is 4.0 f 0.5 ms a t  room temperature due to a slight 
increase in the nonradiative deactivation (kIT). We have 
no information on the parameter A for T, < T < Td,  but 
we know the value of the parameter B.  Consequently, by 
assuming an appropriate value for R ,  we get an estimation 
of D from eq 10. 

7.5 x 10-14 8.9 x 1043 22 36 127 

2.5 x 10-13 23 145 26 

The onset of increase in 1 / ~  at  Tat suggests that 
4rRDN[Q]  becomes larger than ko for T > Tat. The ap- 
proximation of 

is supported by the fact that activation energy, E, for 1 / ~  
(e.g., 40 kJ/mol for PMMA) is almost twice as large as E 
for B (21 kJ/mol for PMMA) in the temperature region 
Td < T < Tg (Figure 4). Combination of eq 9 and 11 gives 

suggesting that C is constant for T > T,, and the reaction 
radius R can be determined from eq 12. The average value 
of R in the range Tat < T < Tg of each polymer is listed 
in Table 11. The constancy of C and hence R is roughly 
realized in Figure 5 for PMMA and PIPMA in the range 
Td < T < Tg. The value of about 5 A for a reaction radius 
between functional groups is reasonable for the uphill-type 
triplet energy transfer. The value of R for PMA is in- 
definite, since the constancy of C was not attained above 

The breaks in Arrhenius plots of 1 / ~  a t  T are quite 
natural since the activation energy for D should %e changed 
due to the onset of rapid micro-Brownian motion of 
polymer main chains. For T > Tg, the influence of the 
transient term in eq 4 on the decay kinetics becomes 
progressively smaller due to the rapid establishment of a 
steady-state concentration of the surrounding quenching 
groups in the rubbery state within the time scale of mea- 
surements. This would account for the decrease in C for 
T > Tg in Figure 5. The increase in 4rRDN approaching 
the intrinsic rate constant k would also cause the decrease 
in C above Tg of each polymer. 

A break observed at 40 "C for the Arrhenius plot of 1/7 
in PMA is supposed to correspond to the crossover of k 
from a diffusion-controlled to an activation-controlleJ 
reaction. Thus, at T > 40 "C for PMA, k < 4rRDN holds, 
and combination of eq 3 and 8 gives 

1/7 = k,IQ1 2 MQ1 (13) 
The activation energy for k was calculated to be 26 kJ/mol 
from the slope of 1 / ~  for this region, which gives k E 6 X 
lo3 M-' s-l at 30 "C as an intrinsic rate constant for the 
quenching of benzophenone triplet by the ester carbonyl 
group. This value agrees rather well with the result for 
the model reaction with methyl acetate in acetonitrile 
solution ( k  = 3.9 X lo3 M-'s-l at 30 "C).I3 

The diffusion coefficient, D, for reacting carbonyl groups 
was calculated from eq 10 and 11 by using the average 
value of R given in Table I1 and is shown against 1/ T in 
Figure 6. The breaks corresponding to Ta, are observed 
only for PMMA and PIPMA. It is difficult to say from 
the present results whether PMA has its cy'-transition a t  
-40 "C corresponding to a break in Figure 4. The values 
of D a t  Tg and Tar are also given in Table 11. It should be 
noted that D in the present paper is defined as the 
translational diffusion coefficient for the reacting func- 

1/r LZ 4rRDN[Q]  for T > Tat (11) 

C = @/2N/2[Q]l/z (12) 

TB' 
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and Pigmented Polymers"; Applied Science Publishers: Lon- 
don, 1980. 
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Figure 6. Arrhenius plots of diffusion coefficient D of interacting 
groups calculated from 1 / ~  (0, 0, A) and (0, El, A) for dynamic 
quenching of benzophenone triplet by side-chain ester groups of 
PMMA (0,0), PIPMA (0, El), and PMA (A, A) &9 solid matrices. 

tional groups but not for the molecule. The diffusion 
process a t  temperatures below Tg would be caused by ro- 
tation of the benzophenone molecule and segmental 
motion within a few monomer units of matrix polymers 
but not by the mass diffusion from a long distance. 
Nevertheless, the values of D at Tg for PMMA and PIPMA 
are of the same order of magnitude as the mass diffusion 
of ethylbenzene in polystyrene a t  100 "C (5.6 X 
~ m ~ / s ) . ~ ~  

In conclusion, the nonexponential decay curves for 
benzophenone phosphorescence in PMMA, PIPMA, and 
PMA for the temperature range T, < T < Tg have been 
analyzed by considering the effect of a time-dependent 
transient term in the diffusion-controlled intermolecular 
rate coefficient, k,, for the quenching of benzophenone 
triplet by side-cham ester groups of the matrix polymers. 
The resulting kinetic parameters 1 / ~ ,  C, and D well reflect 
molecular motion, glass transition, and other secondary 
transitions of the matrix polymers. 
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