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Abstract--The photolysis of copolymers of 4-methoxyacrylophenone with 2-hydroxy-4-(2-methacroy- 
loxyethoxy) benzophenone (4MAP/PBMA) containing 0-8 wt/wt 2~o of BPMA was compared with 
that of poly-4-methoxyacrylophenone (P4MAP) in the presence of 2-hydroxy-4-(2-isobutyroyloxyethoxy) 
benzophenone (BPIB) in ethyl benzoate at 366 nm. In the photolysis of P4MAP proceeding through 
the long-lived triplet state, it was possible to separate quenching and screening effects of BPIB. The 
dependence of the ratio of quantum yields of main chain scission without and with quencher was 
linear for free quencher; for copolymerized quencher, however, the dependence indicated static quench- 
ing. Using the Perrin model for copolymers, the quenching sphere of 1.56nm was calculated. Study 
of the emission decay of copolymers 4MAP/BPMA in poly(methyl methacrylate) films at 77 K give 
1.86 nm for the quenching sphere. Similar values were found for quenching of 4-methoxyacrylophenone 
chromophore by built-in acceptors naphthalene and diphenyl (1.60 nm). These results indicate that 
energy transfer in carbonyl copolymers, both in dilute solution and in film, at 77 K proceeds at a 
distance a little greater than the sum of donor and acceptor diameters (about 1.2 nm) showing that 
the extent of triplet energy migration is limited. 

I N T R O D U C T I O N  

Study of the efficiency of light stabilizers confirmed 
the possibility of energy transfer from an excited car- 
bonyl to a low molecular stabilizer I-1-3]. This study 
is rather difficult because separation of screening and 
quenching effects needs rather an elaborate pro- 
cedure. Energy transfer was established for thin 
films [1, 2, 4] and for systems where the u.v. absorber 
was used in bulk and as a screener, the difference 
being assigned to quenching i-2, 3]. Details of energy 
transfer between polymeric donor and free and bound 
u.v.-stabilizer have not been studied so far. The pho- 
tolysis of P4MAP proceeds through a reactive triplet 
state with a life 20 times larger than that for polyacry- 
lophenone (PAP) I-5] making the separation of screen- 
ing and quenching effects easier since the necessary 
concentration of additives is lower than for PAP. The 
quenching effect can be enhanced by binding donor 

and acceptor in one molecule I-6] or a macromole- 
cule 1,7]. The difference between intramolecular and 
intermolecular quenching increases in more viscous 
solvents. For this reason, the photolysis of 4 MAP/  
BPMA copolymers was studied in ethyl benzoate and 
the emission decay in poly(methyl methacrylate) 
doped with I0 wt/wt% of copolymers. The aim of this 
study is to elucidate some aspects of energy transfer 
in systems important for light stabilization of 
polymers: 

E X P E R I M E N T A L  

The preparations of 4-methoxyacrylophenone (4MAP) 
[5] ; 2-hydroxy-4-(2-methacroyloxyethoxy)benzophenone 
(BPMA) [8]; 2-hydroxy 4-(2-isobutyroyloxyethoxy)benzo- 
phenone (BPIB) [8]; and poly-4-methoxyacrylophenone 
(P4MAP) were described previously. Copolymers of 
4MAP/BPMA were prepared as described earlier [7]. 
Characteristics of copolymers are summarized in Table 1. 

Table 1. Characteristics of polymers 

Polymer 

Composition of 
Monomer 
mixture Copolymer* 

~0 % [~]. 102t C 
[wt/wt] [wt/wt] (ml/g) (mol/kg) ~o/~:~ qo/r/§ sec 

P4MAP 2.08 0.30 
4MAP/BPMA K 1.34 1.05 2.40 0.037 3.0 4.3 0.24 
4MAP/BPMA M 2.37 3.54 2.29 0.082 3.3 4.5 0.21 
4MAP/BPMA L 3.58 4.57 2.36 0.134 4.8 11.3 0.22 
4MAP/BPMA O 4.90 6.60 2.47 0.189 5.5 22.4 0.21 
4MAP/BPMA N 5.82 8.25 2.65 0.213 8.7 26.7 0.19 

* Determined using i.r. band 1745 cm- 1 ; "l" ethyl benzoate, 30°C; :~ quantum yield ratio based on photolysis; ~ quantum 
yield ratio based on emission decay curves. 
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Fig. 1. Dependence of Xo/X during P4MAP photolysis in 
ethyl benzoate, on BPIB concentration, Xo/X being (1) ratio 
of main chain seission without and with stabilizer; (2) ratio 
of radiation absorbed by polymer in the absence and in 
the presence of stabilizer; (3) ratio of quantum yield of 

main chain seission without and with stabilizer. 

Turbidimetric titration of copolymers with the highest 
content of BPMA and a mixture of homopolymers in the 
system chloroform-methanol showed the absence of homo- 
polymers. The content of BPMA in copolymers was deter- 
mined using the i.r. band of ester valence vibrations at 
1745 cm- 1 in a mixture of CC14 and CHCI3 (1 : 1) [7]. 

Solutions of copolymers (4 g/l) were irradiated in sealed 
1 cm thick spectroscopic cuvets at 366 nm [5]. Oxygen was 
removed from solutions by bubbling with purified nitrogen 
for 10 min. The cuvets were irradiated in a rotating appar- 
atus [5] giving equal dose for 8 cuvets. 

Viscometric, osmotic and spectral (i.r., u.v. and emission) 
measurements were similar to those described pre- 
viously [5, 7, 9]. The decay curves of emission were taken 
on an apparatus using photographic flash (Mikrotechna 
n.e, Prague, Czechoslovakia) filtered through UG 5 glass 
filter for excitation of PMMA film (50 #m) doped with co- 
polymers (10 wt/wt%) dipped in liquid nitrogen and placed 
in a partially silvered quartz Dewar vessel. The emitted 
radiation was passed through an SPM-2 monochromator 
(C. Zeiss, Jena, GDR) and detected with an EMI 6256 
B head-on photomultiplier. The signal was recorded on 
a storage oscilloscope OG 2-31 with VV 300 amplifier at 
different sensitivities and KG 301 time base. The trace 
from CRT was transferred on a transparent foil and 
manually digitized. 

R E S U L T S  

It was shown that there are some limitations in 
the evaluation of screening and quenching effects dur- 
ing polyacrylophenone photolysis both in solu- 
tion [11] and film [1]. The same procedure was used 
for P4MAP photolysis with BPIB in ethyl benzoate 
(Fig. 1). During PAP photolysis in solution, the 
screening effect appears over the concentration range 
0 -10-  a mol/l but, during P4MAP photolysis, 
quenching contributes substantially to the overall 
effect (Ksv = 600 mol/l). 

For copolymers, the quantum yield ratio is given 
by 

~o sO ( [r/] "~'/" I v 
- - = - - X  x 
4' S \ [~ ]o /  Ip 

where the quantities with index 0 refer to P4MAP 
and those without index to copolymers, s being the 
number of main chain scissions, [r/] the initial limit- 
ing viscosity number, I ° and Ip are radiations 
absorbed by 4MAP chromophore in homopolymer 
and copolymers respectively and ;t is the Mark-  
Houwink coefficient (0.75). The ratio (Jr/I/It/]0) 1/~ 
represents correction for unequal initial molecular 
weights of copolymers [7] and IffI ° defines correction 
for the screening effect I-11]. Figure 2 shows the ratio 
~bo/~b plotted against quencher concentration for co- 
polymers. 

The copolymers show lower intensity of emission 
than homopolymer P4MAP (Fig. 3). Precise measure- 
ment of the emission intensity for homopolymer and 
copolymers was not possible in our experimental ar- 
rangement since the optical density of liquid nitrogen 
varies during measurement. The reproducibility of 
decay curves was much better. The ratio of quantum 
yields r/0/r / was calculated according to the rela- 
tion [12] 

r~ 

-0 = Jo  
i o dt 

f; r/ I, dt 

where I ° and I, are the decay curves of P4MAP 
and copolymers taken at different sensitivities. 
Integration was performed numerically. The decay of 
the emission for P4MAP and for copolymers is non- 
exponential (Fig. 4) and the life time was calculated 
using 

= fo °tI'dt 
: It dt 

Function tit was calculated using experimental values 
I, up to time 0.6sec. For t > 0.6 sec, I, was taken 
from linearly extrapolated dependence log Io/I on 
time. The function tit was calculated up to the limit 
when tit is 10~ of the maximal value. The integral 

f :  t I, dt 

2c J 
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Fi& 2. Dependence of Xo/X on concentration of BPMA 
during photolysis of copolymers in ethyl benzoate, Xo/X 

being defined as in Fig. 1. 
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Fig. 3. Emission spectrum of poly(methyl methacrylate) 
films doped with 1 P4MAP (10 wt/wt~) and 2 copolymer 

4MAP/BPMA O (10 wt/Wt~o) at 77 K. 

was evaluated numerically with 0.1 step. In this way, 
approximate values of mean life-time are obtained 
only. 

The life-time for P4MAP was 0.31 (Table 1). The 
most rapid decay is exhibited by copolymer N (Fig. 4). 
Using the above described evaluation, the calculated 
mean life-time is 0.19 sec, indicating that our evalu- 
ation emphasizes the later stage of the decay rather 
than the earlier. Moreover, the reason for more rapid 

emission decay of copolymers is not well understood 
in the framework of the Perrin model but perhaps 
the new deactivation path opens in copolymers with 
increasing quencher concentration. 

D I S C U S S I O N  

The transfer of triplet energy in polymeric systems 
has been described by several models [13, 14], Perrin 
and Stern-Volmer models being extreme cases. The 
Stern Volmer model is characterized by the fact that. 
during the life of the excited state of donor, there 
is mixing resulting in shortening of the donor life-time 
with quencher concentration. The limiting value of 
the energy transfer rate is equal to the rate of the 
diffusion controlled biomolecular reaction. In the 
Perrin model, the quenching sphere is introduced. 
This model is suitable for static quenching mainly 
in the solid phase. Energy transfer proceeds in this 
quenching sphere only but sometimes at higher rate 
than for diffusion controlled process, without altering 
the life time. 

Quenching of P4MAP photolysis with light stabi- 
lizer of the 2-hydroxybenzophenone type fits the 
Stern-Volmer haodel. As seen from Fig. 1, this.com- 
pound is as effective as a quencher as naphthalene 
[5]. Laser flash photolysis of polyacrylophenone- 
naphthalene in solution revealed that the donor life- 
time decreases with increasing quencher concen- 
tration according to the Stern-Volmer model [14]. 
The dependence of ~bo/~b on quencher concentration 
for copolymers in solution is curved upward, indicat- 
ing inadequacy of the Stern-Volmer model. In dilute 
solution, macromolecules of copolymers are isolated 
and intermacromolecular energy transfer is improb- 
able. In an isolated macromolecule, static quenching 
seems to become important leading to curvature of 
the dependence of ~bo/4~ on quencher concentration. 
In this situation, the Perrin model appears to be 
better. The same conclusion is valid to an even 
greater extent for quenching in PMMA film at 77 K. 
It is difficult to exclude completely intermacromolecu- 
lar energy transfer in film: on the other hand, quench- 
ing is confined to a certain sphere since all segmental. 
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Fig. 4. Emission decay curves of P4MAP (O) copolymers 
K (O), L (/X), M ([]) and N (A), doped in poly(methyl 

methacrylate) film (10 wt/Wt~o) at 77 K. 
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Fig. 5. Dependence of log ~0/~b and log qo/q on quencher 
concentration according to the Perrin model. Curve 1 
(open circles) corresponds to solid solutions at 77 K, curve 

2 (solid circles) corresponds to solution. 
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diffusion and other motions are frozen. The quench- 
ing spheres calculated using the slope of the concen- 
tration dependence of log ~bo/q~ (Fig. 5) are 1.56 nm 
for solution and 1.86 nm for film. Although the vari- 
ance of experimental values is considerable, the dia- 
meters of quenching sphere are similar to those for 
other organic donors and acceptors. For the system 
benzophenone-naphthalene, the quenching sphere has 
r = 1.2 nm in solid solution at 77 K [15]. The higher 
quenching sphere for film .than for solution may be 
caused by intermacromolecular transfer or by a more 
dense structure in the film. Values exceeding 1.2 nm 
for the sphere for copolymer quenching in both solu- 
tion and film may result from greater diameter of 
structural units of donor and acceptor. Isothermal 
triplet energy transfer cannot be fully excluded either. 

Since the mean life-time of copolymers is about 
30% lower than that of homopolymer and the copoly- 
mer with lowest concentration of quencher shows 
definitely higher quenching, the application of Perrin 
model seems to be limited. 

Recently Nakahira et al. [16] investigated intra- 
molecular quenching of photosensitizer-terpolymer-! 
2-(9,10-anthraqninone) methyl methacrylate with 
2-naphthyl methyl methacrylate and benzyl methacry- 
late for redox reaction of Fast Red A with ascorbic 
acid. The slope of the plot of the relative quantum 
yield vs 2-naphthyl content gave a quenching sphere 
of 0.5 nm according to the Perrin model. To explain 
this discrepancy, Nakahira et al. [16] suggested that 
solvation lowers the effective concentration of the 
quencher. The quencher concentration calculated on 
weight unit of polymer used in our paper is the upper 
limit and the value calculated on the volume of solu- 
tion is the lower limit for the effective quencher con- 
centration. Based on a quenching sphere of a 0.5 nm, 
the Japanese authors calculated that the effective con- 
centration is 20 times lower than that calculated on 

polymer weight which seems to be rather high. More 
over, their low value of quenching sphere may be due 
to some other mechanistic reason since their system 
is rather complicated. Our measurements showed 
clearly that the quenching spheres in copolymers in 
film and solution are similar, indicating that the sol- 
vent effect is not so important. 
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