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ABSTRACT: The low-temperature luminescence of poly(2-naphthyl methacrylate) (P2NMA) in 2- 
methyltetrahydrofuran glasses was compared with those of small-molecule model compounds and two 2-naphthyl 
methacrylate-aryl vinyl ketone copolymers. Phosphorescence spectra of photodegraded P2NMA confirm 
that the low-energy triplet traps in the degraded polymer consist of bound acylnaphthol chromophores, formed 
by a photo-Fries reaction of the naphthyl ester. Copolymerized aromatic ketones quench the naphthalene 
singlet and are themselves quenched by triplet energy transfer back to the naphthalene chromophore. Studies 
of fluorescence depolarization and delayed fluorescence show that both singlet and triplet energy migrate 
between the naphthalene chromophores of PZNMA, although the range of singlet energy migration in this 
polymer is relatively small. 

Introduction 
Recent studies of the photophysics of chromophores 

bound to polymers have revealed that these systems are 
often far more complex than corresponding small-molecule 

It has even been suggested that the use of 
kinetic schemes involving rate constants to analyze pho- 
toprocesses in polymers may be an oversimplifi~ation.~-~ 
On the time scale of fluorescence a polymer represents a 
highly heterogeneous system, since it contains a distribu- 
tion of chromophore environments, interchromophore 
separations, and rates of approach between chromophores. 
Processes such as excimer formation, for example, are 
described not by a single rate constant but by a distribu- 
tion of rates, which may not even be centered around a 
single “average” value. 

In view of this complexity, the goal of the experimen- 
talist is to create well-defined polymer systems containing 
as few variables as possible. For this reason we recently 
investigated singlet electronic energy migration and 
transfer in polymers dissolved in low-temperature glass- 
es.l0J1 Under these conditions chromophore diffusion is 
suppressed and excimer fluorescence is not observed, so 
that the kinetics of energy transfer to low-lying traps were 
simplified. 

Several publications have described the luminescence 
behavior of the poly(naphthy1 acrylates) and meth- 
acrylates.12-18 We recently demonstrated that these 
polymers have substantial photoreactivity,18 a further 
complication in studying their photophysics. The elimi- 
nation of this photoreactivity is an additional benefit of 
performing experiments on low-temperature glasses. 

This article presents the results of an investigation of 
the photophysics of poly(2-naphthyl methacrylate) 
(P2NMA) and its copolymers with vinyl aromatic ketones. 
Luminescence measurements were performed on 2- 
methyltetrahydrofuran glasses a t  77 K, in an effort to 
simplify the kinetics. In the first section, the use of lu- 
minescence to identify the photodegradation products of 
PSNMA is described. The use of luminescence spectros- 
copy to study polymer degradation has been demonstrated 
by Allen and McKellarlg in experiments with a naphtha- 
lene-containing polyester.20 Model compound spectra are 
necessary to achieve reliable identification of the emitting 
species. The second half of this publication shows the 
effects of singlet and triplet energy migration and transfer 
in the photophysics of PBNMA at 77 K. The advantage 
of using a ketone as a low-energy trap, instead of anthra- 
cene21,22 or a n t h r a q ~ i n o n e ~ ~  chromophores, is that the low 
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Table I 
Properties of the Polymer Samples 

% 

in ketone % 
ketone % 

monomer in con- 1 g 4 X  
sample mixture polymer version Mna 

P2NMA-1 0 0 67 8.6 
P2NMA-2 0 0 43 60.3 
P2NMA- 6 4.4 40 12.8 

P2NMA- 50 54 32 43.8 

- 

PIPK 

PVK 
a By membrane osmometry. 

absorption coefficient of the ketone greatly reduces the 
radius of one-step Forster transfer from naphthalene to 
the trap. Once the range of direct transfer to the trap is 
decreased, the magnitude of the contribution from singlet 
energy migration between naphthalene chromophores 
becomes apparent. 

Experimental Section 
Materials. The preparation and purification of P2NMA and 

a copolymer of 2-naphthyl methacrylate with phenyl isopropenyl 
ketone (PIPK) was described previously.18 P2NMA was also 
prepared by the monomer purification procedure of Pasch and 
Webber,14 and the two samples gave identical spectra and 
fluorescence lifetimes. A copolymer of 2-naphthyl methacrylate 
with phenyl vinyl ketone (PVK) was prepared following the 
method for the other ketone copolymer.’* Its composition was 
determined from its UV absorption spectrum in THF using the 
extinction coefficient of poly(PVK) ( E  = 85 M-’ cm-’ at 325 nm). 
Molecular weights were determined by membrane osmometry in 
THF or dioxane. Table I lists the compositions and properties 
of the polymer samples used in this study. P2NMA was photo- 
degraded by irradiation of a deoxygenated benzene solution 
containing 0.02 M naphthalene chromophores through a Corning 
7-54 filter (28C-400-nm band-pass) with light from a high-pressure 
Hg lamp. The degraded polymer was recovered by precipitation 
into methanol. 

The model compounds 2-naphthyl pivalate, 2-naphthyl iso- 
butyrate, 1-aceto-2-naphthol, and 6-aceto-2-naphthol were 
available from previous experiments.” Di-2-naphthyl pentane- 
dioate was prepared by condensation of glutaryl dichloride with 
sodium 2-naphthoxide in H,O. It was purified by column chro- 
matography on alumina, eluting with benzene, and was recrys- 
tallized twice from benzene to  give colorless needles: mp 
129.5-130.5 O C ;  NMR (CDC1,) 6 2.3 (m, 2 H), 2.85 (t, 4 H), 7.1-8.0 
(m, 14 H). l,l’-Binaphthalene-2,2’diol was prepared by the 
method of FatiadiZ4 and recrystallized from 2:l: l  HzO- 
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A. n m  
Figure 1. Phosphorescence spectra of solutions in 2-methyl- 
tetrahydrofuran at 77 K on 280-nm excitation: (a) P2NMA; (b) 
2-naphthyl isobutyrates; (c) photodegraded P2NMA; (d) 6- 
aceto-2-naphthol. 

methanol-acetone to give pale yellow crystals: mp 215-216 "C; 
UV (THF) h = 336 nm (e = 8030 M-' cm-'), 323 (6040), 289 (8040). 
2-Methyltetrahydrofuran was purified by a literature method.14 

Luminescence Methods. The fluorescence, phosphorescence, 
and delayed fluorescence spectra of polymers and model com- 
pounds were recorded on a Hitachi Perkin-Elmer MPF-2A 
spectrofluorometer and are shown uncorrected for the wavelength 
dependence of the detector response. All solutions were prepared 
in freshly purified 2-methyltetrahydrofuran and were saturated 
with oxygen-free nitrogen. Each solution was used for only a single 
experiment, in order to avoid contamination by the luminescence 
from  photoproduct^.'^ Delayed luminescence and polarization 
measurements were performed with accessories provided with the 
instrument. Polarizations were corrected for grating-induced 
anisotropy by the method of Azumi and McGlynn.= Precautions 
were taking during polarization measurements to avoid inter- 
ference from sample birefringence and delayed fluorescence." The 
excitation and emission spectral bandwidths were 6 and 2 nm, 
respectively, for the total emission spectra, 10 and 5 nm for the 
weaker delayed emission, and 5 and 8 nm for polarization mea- 
surements, where delayed fluorescence was to be avoided. 

Fluorescence decays were measured by single photon counting 
as described in previous publications.lO~ll Samples were excited 
at 280 nm through an interference filter; 337-nm emission was 
viewed at right angles to the excitation pulse through a mono- 
chromator. 

Results and Discussion 
Characterization of the Photodegradation Products 

of P2NMA. Figure 1 compares the phosphorescence 
spectra of P2NMA in 2-methyltetrahydrofuran a t  77 K 
before and after irradiation in nitrogenated benzene so- 
lution for 2.5 h. Reprecipitation of the degraded polymer 
had no effect on its spectrum, a result which shows that 
the phosphorescent products are chemically bound to the 
polymer chain. Also included in Figure 1 are the spectra 
of the model compounds 2-naphthyl isobutyrate and 6- 
aceto-2-naphthol. It is evident that 280-nm excitation of 
the degraded polymer produces phosphorescence from 
unreacted 2-naphthyl ester chromophores and from 6- 
acyl-2-naphthol degradation products. 

When the degraded polymer is excited in the 350-nm 
region, a completely different phosphorescence spectrum 

480 500 520 540 560 580 
A ,  * m  

Figure 2. Phosphorescence spectra of solutions in 2-methyl- 
tetrahydrofuran at 77 K on 350-nm excitation: (- - -) photode- 
graded P2NMA; (-) 1-aceto-2-naphthol. 

A ,  n m  

Figure 3. Fluorescence spectra of solutions in 2-methyltetra- 
hydrofuran at 77 K on 280-nm excitation: ( a  - .) photodegraded 
P2NMA; ( - e  -) reprecipitated photodegraded P2NMA; (- - -) 
2-naphthol; (-) l,l'-binaphthalene-2,2'-diol. 

results, illustrated in Figure 2. As comparison with the 
spectrum of 1-aceto-2-naphthol shows, this new emission 
is produced by excitation of 1-acyl-2-naphthol photolysis 
products. 

The photolysis of P2NMA causes pronounced changes 
in the fluorescence spectrum of the polymer, as well as in 
its phosphorescence spectrum. Figure 3 compares the 
fluorescence spectra of photodegraded P2NMA and re- 
precipitated photodegraded P2NMA from which the 
small-molecule photoproducts have been removed. It is 
evident that the bulk of the new fluorescent species are 
small-molecule products removed by reprecipitation. On 
the strength of the correspondence between the new 
emission bands and those of two likely photoproducts, 
these small-molecule species are identified as 2-naphthol, 
which has a fluorescence maximum a t  352 nm, and 1,l'- 
binaphthalene-2,2'-diol, with emission maxima a t  353 and 
360 nm. The source of the long-wavelength tail and the 
nature of the new fluorescent species which is not removed 
by reprecipitation have not yet been determined. 

Scheme I summarizes the photochemical processes 
which occur on irradiation of poly(2-naphthyl meth- 
acrylate) in benzene solution. Phosphorescence spectra 
provide evidence in addition to the UV absorption spectra 
reported earlierl6 to show that the naphthyl ester groups 
of P2NMA undergo a photo-Fries rearrangement. These 
photo-Fries products are undoubtedly what caused the 
changes in the phosphorescence spectrum of P2NMA on 
long storage in solution reported by Pasch and Webber.14 
The binaphthol may be a secondary product formed in 
small amounts by the dimerization of 2-naphthoxy radicals. 
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Scheme I 
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Figure 4. Total emission on 280-nm excitation of two naph- 
thalene-containing polymers in 2-methyltetrahydrofuran at 77 
K. (a) P2NMA; (b) P2NMA-co-54 mol % PVK. The naph- 
thalene chromophore concentrations are 5.7 X 

From the UV absorption spectrum of the reprecipitated 
photodegraded P2NMA sample and the excitation coef- 
ficients of the model compounds,18 it is estimated that the 
sample contains 1.0% 1-acyl-2-naphthol groups and 1.2% 
6-acyl-2-naphthol groups. The luminescence technique is 
seen to be a sensitive method of studying the photochem- 
istry of P2NMA. There are several reasons for this. The 
products have extinction coefficients of 10-30 times higher 
than those of the S1 absorption band of P2NMA, which 
has t = 320 M-l cm-' a t  317 nm. 2-Naphthol and 1,l'- 
binaphthalene-2,2'-diol fluoresce with quantum yields 
several times higher than P2NMA. The acylnaphthol 
products phosphoresce with much greater efficiency than 
P2NMA because of their higher quantum yield of sin- 
glet-to-triplet intersystem crossing. In addition, the 
photo-Fries products are excited by triplet energy migra- 
tion and transfer from the 2-naphthyl ester chromophores, 
as the results of the following section show. An important 
consequence of the great sensitivity of these luminescence 
measurements is that they show that the unirradiated 
polymer is free of these photo-Fries impurities, which 
would have interfered with subsequent photophysical 
measurements. 

Studies of Energy Transfer and Migration. Figure 
4 compares the total emission spectrum of P2NMA in a 
77 K 2-methyltetrahydrofuran glass on excitation at  280 

M. 

Table I1 
Relative Contributions from Prompt Fluorescence (IF ), 
Phosphorescence (I,, ), and Delayed Fluorescence (IDF )" 

b ZF(333 nm) IDF(333 nm) 
X, 

sample Zp(478 nm) IP(478 nm) % 

P2NMAC 97 0.70 0 
P2 NM A-co -4.4 52 1.09 43 

P2NMA-CO-5 4 0.60 <0.01 97 

2-naphthyl 78 <0.01 0 

mol % PIPK 

mol % PVK 

pivalate 
Solutions 5.7 X M in naphthalene chromophores 

in 2-methyltetrahydrofuran at 77 K. Uncorrected inten- 
sities. 
fluorescence by copolymerized ketone. Sample 1, 
Table I. 

Extent of quenching of naphthalene 

Table 111 
Fluorescence Polarization P of Some 

Naphthalene-Containing Compounds4 
compound Pb 

2 -naph t hy 1 pivalate 0.148 
di-2-naphthyl pentanedioate 0.101 . -  

P2NMAC 0.023 
P2NMA-co-4.4 mol % PIPK 0.030 

Solutions 5.7 X M in chromophore concentration 
in 2-methyltetrahydrofuran at 77 K. b 300-nm excita- 
tion, 320-nm emission; estimated error +0.01. 
1, Table I. 

Sample 

nm with that of P2NMA-54 mol % PVK recorded under 
identical conditions. These spectra consist of naphthalene 
"monomer" fluorescence in the 320-380-nm region and 
naphthalene phosphorescence in the 470-540-nm region. 
Neither naphthalene excimer fluorescence nor ketone 
phosphorescence is observed on excitation of the naph- 
thalene chr~mophore. '~ Figure 4 shows that the naph- 
thalene fluorescence is quenched on copolymerization with 
the aromatic vinyl ketone monomer. The decrease in 
fluorescence intensity is matched by a corresponding in- 
crease in the naphthalene phosphorescence intensity. 

Table I1 compares the relative intensities of fluorescence 
and phosphorescence of the three polymers with those of 
2-naphthyl pivalate. Also listed are the relative contri- 
butions from delayed fluorescence and the efficiency x of 
singlet energy transfer from naphthalene to ketone in the 
two copolymers. This energy transfer efficiency is 43% 
in the 4.4% PIPK copolymer and is almost complete in 
the 54% PVK copolymer, both at  room temperature and 
at  77 K. Incorporation of ketone chromophores into the 
copolymer also affects the naphthalene delayed fluores- 
cence intensity, but in a different way. At low ketone mole 
fractions the intensity of delayed fluorescence actually 
increases, despite the quenching effect of the ketone. A t  
sufficiently high ketone contents this trend is reversed and 
the delayed fluorescence is quenched entirely. 

The polarization P of the prompt naphthalene fluores- 
cence was measured in 77 K 2-methyltetrahydrofuran 
glasses under conditions where delayed fluorescence con- 
stituted a negligible portion of the total emission. Rep- 
resentative values of P, calculated according to eq 1, are 

(1) 

found in Table 111. In eq 1, I , ,  and I ,  are the relative 
fluorescence intensities with parallel and perpendicular 
orientation, respectively, of the excitation and emission 
polarizers, and G is the correction for grating-induced 
a n i ~ o t r o p y . ~ ~  The P values in Table I11 are only slightly 

P = (111 - G'IL)/(IlI + GI,) 
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Figure 5. Fluorescence decays at 337 nm on 280-nm excitation 
of solutions in 2-methyltetrahydrofuran at 77 K. (0) P2NMA; 
(0) P2NMA-co-4.4 mol % PIPK; (A) excitation pulse profile. 

Table IV 
Long-Time Fluorescence Decay Times 7 of P2NMA and 

P2NMA-co-4.4 mol 5% PIPK in 
2-Methyltetrahydrofuran at 7 7 K a 

polymer T ,  ns 

P2NMAb 33.9 
P2NMA-co-4.4 mol % PIPK 34.1 

a Chromophore concentrations 
Sample 2, Table I. 

M;  kex = 280 nm. 

affected by changing the excitation and observation 
wavelengths throughout the So - S2 absorption and So - 
SI emission bands. The polarization of a monomeric model 
compound is about 0.15, somewhat lower in a small-mol- 
ecule and close to zero in P2NMA and 

Figure 5 illustrates the decay of the fluorescence from 
P2NMA and P2NMA-PIPK in 2-methyltetrahydrofuran 
at  77 K. Table IV lists values of the decay times T of these 
polymers, obtained by iterative reconvolution of the ex- 
ponential tails of the decay curves. The decay of the 
homopolymer fluorescence is exponential, with a lifetime 
of 33.9 f 0.5 ns. 

The results of these and earlier energy-transfer exper- 
iments18 are interpreted in terms of the energy level dia- 
gram shown in Figure 6. A key feature of the naphtha- 
lene-ketone copolymer system is that the naphthalene 
singlet and triplet levels lie above and below the ketone 
singlet and triplet levels, respectively. Absorption of light 
by the naphthalene group is followed by singlet energy 
transfer to the lower energy ketone group, as observed in 
a variety of other small-molecule and polymer experi- 
m e n t ~ . ~ ~ - ~ ~  Rapid intersystem crossing populates the ke- 
tone triplet, which is then quenched by triplet energy 
transfer to the lower lying naphthalene triplet 
Thus the effect of copolymerization of 2-naphthyl meth- 
acrylate with increasing amounts of a ketone-containing 
monomer is to increase the population of naphthalene 
triplet species per chain. If the polymer contains low 
concentrations of ketone groups, this effect manifests itself 
as an increase in the intensity of delayed fluorescence 
resulting from triplet-triplet annihilation. In the 54% 
PVK copolymer this increase is reversed, both because of 

P2NMA-PIPK. 

Figure 6. Energy level diagram for poly(2-naphthyl meth- 
acrylate-phenyl vinyl ketone). Also shown are the primary 
deactivation pathways on excitation of naphthalene a t  280 nm 
(-) and on excitation of the aromatic ketone at 366 nm (- - -). 

near-quantitative quenching of delayed fluorescence by 
adjacent ketone groups and because of the absence of long 
2-naphthyl methacrylate sequences through which triplet 
energy migration can occur. 

The fluorescence polarization and delayed fluorescence 
measurements described earlier show that both singlet and 
triplet energy migrate between the naphthalene chromo- 
phores of P2NMA and result in increased efficiency of 
transfer to singlet and triplet traps. Depolarization of 
P2NMA fluorescence does not arise from scattered light 
or birefringent sample solutions, effects which would de- 
polarize the emission from model compounds as well, nor 
is it a consequence of delayed fluorescence originating in 
triplet energy migration. A recent p ~ b l i c a t i o n ~ ~  has pro- 
posed that the depolarized fluorescence observed in 
polymers by several arises from delayed 
fluorescence and that such experiments therefore do not 
constitute evidence for singlet energy migration. However, 
a simple quantum yield argument shows that delayed 
fluorescence can never have greater intensity than prompt 
fluorescence, so that the observed polarization could never 
be less than 50% of that of an isolated chromophore. As 
the present work has shown, the effects of delayed 
fluorescence can in practice be eliminated at  low excitation 
intensities. Depolarization of polymer fluorescence under 
our experimental conditions, where the pendant chromo- 
phores are immobile, must be considered as evidence for 
singlet energy migration. 

In a recent series of publications, Soutar and co-workers 
established a linear relationship between P' and l,, the 
mean sequence length of fluorescent monomer units in 
random copolymers of a fluorescent monomer with an inert 
monomer such as methyl m e t h a ~ r y l a t e . ~ ~ - ~ ~  Essentially 
complete depolarization was observed for copolymers 
whose I ,  values were less than 10. The question arises 
whether there is an upper limit of chromophores over 
which the singlet energy can migrate within the chromo- 
phore fluorescence decay time. Depolarization measure- 
ments are insufficiently precise to detect energy migration 
over long distances, but a partial answer to this question 
is obtained through analysis of fluorescence decay curves 
of the type shown in Figure 5, If the distance over which 
one-step Forster transfer47 occurs from naphthalene to the 
ketone is large relative to the distance covered by energy 
migration during the donor lifetime, then the decay I D ( t )  
of excited donor is approximately given by Forster ki- 
n e t i c ~ : ~ ~  
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 ID(^) = constant x exp[-(t/rD)l ~ X P [ - X ( ~ / ~ D ) ~ / ' ]  (2) 
In eq 2 7 D  is the donor fluorescence decay time in the 
absence of acceptor, and the parameter C describes the 
dependence of the transfer rate on the acceptor concen- 
tration. Under Forster kinetics the decay of the donor at  
long time following excitation is exponential, with a decay 
time 7D. On the other hand, if the distance covered by 
energy migration is large relative to the radius of Forster 
transfer to the bound trap, then the donor decay is given 
by Stern-Volmer kinetics: 

where [A] is the effective trap concentration and ~ Z D A  is a 
rate constant for energy transfer. Here, the donor decay 
is exponential with a shorter lifetime than is observed for 
an isolated donor. In Stern-Volmer kinetics a 43% re- 
duction in the donor fluorescence intensity should corre- 
spond to a 43% reduction in its apparent decay time. 
Figure 5 shows no such reduction in the naphthalene decay 
time in the ketone-containing copolymer, only a minor 
deviation from exponentiality consistent with Forster ki- 
netics. Thus it is proposed that the singlet energy mi- 
gration which gives rise to fluorescence depolarization in 
P2NMA encompasses only a small number of chromo- 
phores, probably fewer than ten, since the fluorescence of 
P2NMA at  77 K still retains a measurable degree of po- 
larization (Table 111), in contrast with several other 
naphthalene-containing p o l y m e r ~ . ~ l ~ ~ ~ - ~ ~  Thus while the 
present experiments show that the extent of singlet energy 
migration in P2NMA is relatively low, this may not be true 
for all other naphthalene-containing polymers. 
Conclusions 

Luminescence studies of glassy solutions at  77 K were 
shown to be a useful technique for characterization of the 
photodegradation products of poly(2-naphthyl meth- 
acrylate). As a corollary, these experiments established 
that the undegraded polymer could be obtained free of 
such quenching impurities. 

Both photodegradation and excimer formation are 
suppressed in P2NMA in low-temperature glasses. Nev- 
ertheless, the photophysics of the polymer remains com- 
plex. P2NMA shows both singlet and triplet energy mi- 
gration, with the former occurring over a smaller range 
than the latter. The large difference in energy between 
the first excited singlet state and the triplet state of the 
naphthalene chromophore permits both singlet energy 
transfer to bound ketone traps and triplet energy transfer 
from these traps back to the naphthalene chromophore. 
This phenomenon was used to sensitize delayed fluores- 
cence in P2NMA containing low mole fractions of a vinyl 
ketone comonomer. 
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