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ABSTRACT: Fluorescence decay curves of both the free chromophore and the excimer have been recorded 
for a number of polymers whose repeating units contain the naphthalene chromophore. Monomer decays 
in poly( 1-naphthylmethyl methacrylate) and poly[ 2-(l-naphthyl)ethyl methacrylate] were nonsingle exponential 
in fluid solution at 25 "C, with the long lifetimes T~ corresponding closely to the decay times of model compounds 
in the same solvent. Excimer decay times were not equal to monomer T~ values. Similar decay curves were 
recorded when naphthalene polymers were dispersed in polystyrene or poly(methy1 methacrylate) matrices. 
It is proposed that the long-lived monomer emission in these polymers is not produced by thermal dissociation 
of the polymeric excimer but results from singlet naphthalene unable to form an excimer within the excited 
state lifetime. 

The  study of excimer formation in polymers bearing 
aromatic chromophores is presently an area of considerable 
activity.' Particularly interesting is the fact that  under 
certain conditions of polymer mobility the dominant ex- 
cimer-forming process is by electronic energy transfer 
between chromophores on the polymer to a suitable trap 

Such polymers can function as chromophore ag- 
gregates intermediate in order between molecular crystals 
and dilute solutions of small molecules and in this way bear 
more than superficial resemblance to the chlorophyll ag- 
gregates which play an energy-gathering role in plant 
photo~ynthesis .~ 

Early studies of excimer fluorescence in polymers con- 
centrated on the effects of solvent, temperature, and 
polymer structure on the steady-state fluorescence spectra. 
With the development of improved methods of measure- 
ment of nanosecond fluorescence  lifetime^,^,^ transient 
measurements have been applied to analysis of the kinetics 
of excimer f ~ r m a t i o n . ~ - ' ~  

In all studies of homopolymers of naphthalene-con- 
taining monomers, the fluorescence decay function of the 
monomeric chromophore was not a single exponen- 
tia18J1J4J5 but could be represented adequately by a sum 
of two exponential decays. Because it generates decay laws 
of this functional form, the starting point for the inter- 
pretation of excimer kinetics in polymeric systems usually 
is a mechanism incorporating formation and subsequent 
dissociation of an excimer, as shown in Scheme 1.l6 

In Scheme I, M* and D* represent the photoexcited free 
chromophore, or monomer, and the excimer, respectively. 
The fluorescence response functions of monomer and ex- 
cimer have the forms shown in eq 1 and 2.17 The relation 

(1) 
(2) 

IFM(~) = A1 exp(-X,t) + A2 exp(-X2t) 
I F D ( ~ )  = A,[-exp(-X,t) + exp(-X,t)] 

Scheme I 

M M + M  

between A, and X2 and the individual rate constants of 
Scheme I is complex: 

where 

( 5 )  

The mechanism presented in Scheme I applies rigorously 
only to small molecules such as pyreneI7 or 1-ethyl- 
naphthalene in fluid solution, where excimers are formed 
by mutual diffusion of two chromophores. In bichromo- 
phoric compounds and polymers, excimer sites are created 
by a sequence of bond rotations, so that excimer formation 
is the result of several processes. Kinetics in a polymer 
system are further complicated by energy transfer. Nev- 
ertheless, decays of the type shown in eq 1 and 2 are ob- 
served for 1,3-di~arbazolylpropane,~~ poly(N-vinyl- 
carbazoleP (PVCz), poly(l-vinylnaphthalene)ll (PlVN),  
and poly(1-naphthyl metha~ryla te ) '~  (PNMA), so that it 
is generally assumed that excimer dissociation takes place 
in polymers a t  room temperature. 

Fluorescence decay measurements on poly(1- 
naphthylmethyl methacrylate) (PNMMA) and poly[2-( 1- 
naphthyllethyl methacrylate] (PNEMA) and their model 
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n = 1, PNMMA 
n = 2, PNEMA 

compounds are described in this publication. These 
polymers differ from the compounds commonly studied 
in that adjacent chromophores are separated by more than 
three intervening atoms. They show substantial excimer 
emission, whereas the corresponding model compound 
dimers do not.lg The present experiments show that 
Scheme I does not apply to the kinetics of excimer for- 
mation in these polymers. Moreover, because P lVN ex- 
hibits strikingly similar behavior, the interpretation of 
previous results in the field of polymeric excimers may 
require some revision. 

Experimental Section 
1-Naphthylmethyl methacrylate (NMMA) was obtained by the 

Schotten-Baumann condensation of 1-naphthalenemethanol with 
methacryloyl chloride in the presence of triethylamine, as de- 
scribed e l~ewhere .~  

2-(l-Naphthyl)ethyl methacrylate (NEMA) was prepared from 
2-( 1-naphthyl)ethanol, following the method for NMMA.3 

Polymers were prepared by AIBN-initiated radical polymer- 
ization a t  60 O C  in degassed benzene. Benzene was twice frac- 
tionated from P,06. The polymers were purified by repeated 
precipitation from benzene into ethanol and showed no traces 
of impurities in their UV absorption or fluorescence excitation 
spectra. The molecular weights of PNMMA and PNEMA were 
4.1 X 10' and 3.4 x lo5, respectively, measured by membrane 
osmometry in toluene. P l V N  was available from a previous 
study.g 

The model compounds 1-naphthylmethyl pivalate (NMP) and 
2-(l-naphthyl)ethyl pivalate (NEP) were prepared from the 
corresponding alcohols and pivaloyl (2,2-dimethylpropanoyl) 
chloride, following the method for NMMA, except that it was 
possible to reflux the reaction mixture overnight to increase the 
yield. The esters were twice chromatographed on alumina, eluting 
with cyclohexane, and were obtained as colorless oils. NMP: IR 
(neat) 1730 cm-'; 'H NMR (CDC13) 6 1.17 (s, 9 H, 3CH3), 5.43 
(s, 2 H, ArCH,O), 7.&8.0 (m, 7 H, ArH); UV (Cary 14-UV, THF) 
316 nm (153 M-I cm-I), 312.5 (3121, 291.5 (44901, 280 (6670), 271 
(5630). NEP: IR (neat) 1725 cm-'; 'H NMR (CDC13) 6 1.17 (s, 
9 H,  3CH3), 3.32 (t, 2 H, ArCH,), 4.37 (t, 2 H, CH,O), 7.1-8.1 (m, 
7 H,  ArH). 

Poly(methy1 methacrylate) (PMMA) (Fisher) and polystyrene 
(PS) prepared by emulsion polymerizationm were purified by two 
reprecipitations from benzene into a large volume of methanol. 
Films containing 0.5 wt ?& of naphthalene polymer in PMMA or 
PS were prepared by slow evaporation of mixed solutions in 
benzene on a distilled water surface. The films were dried in vacuo 
over Pz05. 

Steady-state fluorescence spectra were recorded on a Hitachi 
Perkin-Elmer MPF-2A spectrofluorimeter and are shown cor- 
rected for the wavelength dependence of the detector r e ~ p o n s e . ~  
Fluorescence quantum yields were determined by the method 
described previously, using carefully purified a-naphthol as the 
~ t a n d a r d . ~ . "  Tetrahydrofuran was refluxed over LiAlH4 and 
distilled under nitrogen. Toluene was twice fractionated from 

Fluorescence decays and time-resolved spectra were measured 
by single photon counting as described e l ~ e w h e r e . ~ ~ ' ~ ~ ~ ~  For 
measurements on polymer films, the rejection of 280 nm scattered 
light a t  330 nm was further enhanced by placing a Corning 7-51 
filter (31Cb410-nm band-pass) in front of the Stop photomultiplier 
tube, in addition to the Jarrell-Ash monochromator. Fluorescence 
decays were analyzed by iterative reconvolution, shown recently 

p2°5. 

X, nm 

Figure 1. Fluorescence spectra in deoxygenated THF,  kx = 280 
nm: (a) PNMMA, (b) PNEMA. 

A. nrn 

Figure 2. Time-resolved fluorescence spectrum of PNMMA in 
deoxygenated T H F  a t  25 "C, A,, = 280 nm. Lower and upper 
time settings in ns from maximum of the exciting pulse are (a) 
0.0-2.3, (b) 10.2-13.0, (c) 24.9-27.4, and (d) 102.4-116.9. 

to be the technique of choice for the extraction of decay times 
from real data.22 

Results and Discussion 
Both PNMMA and PNEMA show intramolecular ex- 

cimer emission in dilute fluid solution a t  room tempera- 
ture, as shown in Figure 1. The ratio of monomer to 
excimer emission IM/ID is higher for PNEMA than for 
PNMMA, reflecting the greater average interchromophore 
distance in PNEMA. As reported earlier for PNMA,2 the 
proportion of excimer emission increases on dilution of the 
T H F  solution with either polar or nonpolar nonsolvents. 
In these polymers as well, the intensity of excimer emission 
increases in a chain-contracting solvent mixture. 

The time-resolved fluorescence spectrum of PNMMA 
in THF is illustrated in Figure 2. Immediately following 
excitation of the naphthalene chromophore, monomer 
emission predominates. Over the first 10 ns from the 
maximum of the exciting pulse, a rapid growing in of the 
excimer band occurs. At longer times, the value of 1 M / I D  
continues to decrease, but a t  a much slower rate. At no 
time does I M / Z D  reach a constant value, although it should 
if the mechanism proposed in Scheme I is valid. 

Better time resolution is obtained from fluorescence 
decay measurements on the two emitting species. Typical 
monomer and excimer decay curves are shown in Figure 
3. Two features are readily apparent: the monomer (curve 
a) and excimer (curve b) decays are definitely not described 
by a single exponential, as required by an excimer disso- 
ciation mechanism, but the slopes of the two decay curves 
at long time differ by an amount far larger than the ex- 
perimental error which is of the order of 2 ns. Table I lists 
values of the long lifetimes T~ = X2-l obtained by fitting 
monomer and excimer curves to functions of the type 
shown in eq 2 and 3. The fluorescence lifetimes of the 
model compounds are included for comparison. I t  must 
be stressed that these decay times all fall in the regime 
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T i m e .  ns  

Figure 3. (a) Monomer and (b) excimer decays of PNMMA in 
deoxygenated toluene at 25 "C on excitation at 280 nm. 

Table I 
Comparison of the Fluorescence Decay Times of 

Monomer and Excimer with Those of 
Model Compounds at 25 "C' 

model monomer excimer model 
polymer compd solvent T ~ ,  ns T ~ ,  ns 7 ,  ns 
PNMMA NMP THF 3 6 i 2  4 8 t 2  3 4 i  1 
PNMMA NMP toluene 40 63 39 
PNEMA NEP THF 66 60 63 
PNEMA NEP toluene 58 76 60 

h e ,  = 280 nm. 

Table I1 
Total Fluorescence Quantum Yields @ f  of PNMMA and 
PNEMA and Their Model Compounds in THF at 25 'Ca 

polymer Of model @ f  

PNMMA 0.092 NMP 0.066 
PNEMA 0.12 NEP 0.084 

' A,, = 280 nm. 

where the accuracy of the single photon technique is 
greatest. The difference between monomer and excimer 
T~ values is genuine. On the other hand, the monomer 7 2  
values are the same in all cases (within experimental error) 
as the decay times of the corresponding model compounds. 

Table I also shows that in the case of PNEMA in T H F  
the monomer T~ value is larger than the excimer T~ value. 
The possibility that  differences in monomer and excimer 
decay times arise from impurities on the polymer chain 
which preferentially quench the free naphthalene chro- 
mophore must therefore be rejected. Porter has suggested 
tha t  self-quenching occurs in naphthalene polymers,23 
leading to low apparent fluorescence quantum yields and 
to  a decrease in the monomer lifetimes. He has pointed 
out the similarity to concentration quenching in chloro- 
phyll-containing  monolayer^.^^ Table I1 lists the total 
emission quantum yields df of PNMMA, PNEMA, and 
their model compounds. Since the polymers have slightly 
higher q~~ than their model compounds, one cannot invoke 
concentration self-quenching to explain the difference 
between monomer and excimer T~ values in these polymers. 

It is therefore proposed that the slowly decaying com- 
ponent of monomer emission arises not by dissociation of 
the excimer but by the presence of singlet naphthalene in 
a configuration too far removed from that of the excimer 
to be quenched within its lifetime. These configurations 
could be isolated either by steric limitations, Le., in terms 
of the number of bond rotations required to form an ex- 
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Figure 4. (a) Monomer and (b) excimer decays of PNMMA 0.5 
wt % in polystyrene film in N2 at 25 "C on excitation at 280 nm. 

Table I11 
Fluorescence Decay Times of Naphthalene Monomer and 

Excimer in Polymer Matrices' 
mono mer excimer 

po 1 y mer matrix r 2 ,  ns r2, ns 
PNMMA PS 35  55 
PNMMA PMMA 4 6  55 
PNEMA PS 40 73 
PIVN PS 42  5 2  
PIVN PMMA 47 53 

- 

a In nitrogen at 25.0 '(2; A,, = 2 8 0  nm. Error i2 ns. 

cimer, or by being outside the distance required for energy 
transfer to another naphthalene chromophore. These 
isolated chromophores fluoresce with the lifetime char- 
acteristic of a model compound in dilute solution, a lifetime 
which is coincidentally very close to the excimer decay time 
in some solvents. Similar behavior is exhibited by PVCz, 
but only a t  low temperature.6 

Excimer Formation in Solid Films. Further insight 
into the significance of fluorescence decays in polymers 
is obtained by studies of PNMMA, PNEMA, and P l V N  
dispersed in glassy polymer matrices. The conventional 
description of the process of excimer dissociation is that  
it proceeds by thermally activated bond r0tati0n.I~ This 
process should therefore be suppressed when the polymer 
is dissolved in a rigid matrix, analogous to cooling the 
polymer to a low temperature. Significantly, PNMMA, 
PNEMA, and PlVN show both monomer and excimer 
emission when dispersed in PS or PMMA films. The 
differences observed in the ratio I M / I D  in the two poly- 
meric solvents are probably caused by differences in the 
chain expanding power of the matrix, as shown recently 
for poly( 2-vinylnaphthalene) (P2VN) by Frank and 
G a ~ h g a r i . ~ ~  While these mixed films probably do not 
represent true ~olut ions,~ this does not affect interpretation 
of the results, as both phases are far below the glass 
transition at room temperature. 

The fluorescence decays of PNMMA dispersed in 
polystyrene are shown in Figure 4, and the lifetimes are 
tabulated in Table 111. All of the samples prepared ex- 
hibited similar behavior. Monomer decays are strikingly 
similar to those observed in fluid solution. The contri- 
bution from the long-lived component is just as prominent 
in films, where molecular motion is decreased, as it is in 
T H F  or toluene. Moreover, the same substantial differ- 
ences in T~ values of monomer and excimer are observed 
in the solid phase (35 and 55 ns for the film sample of 
Figure 4). These studies reinforce our belief that  the 
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Scheme I1 

I I C  
h,’ excimer 

emission excimer - I ong-lived 
monomer 
emission 

long-time monomer emission in these polymers is produced 
by isolated unquenched chromophores and not by excimer 
dissociation. 

In fluid solutions of small molecules, where quenching 
is by mass diffusion, there is no reservoir of chromophores 
which is unavailable for excimer formation. The reduced 
mobility of polymeric chromophore aggregates means that 
only a fraction of chromophore conformations can proceed 
to the excimer configuration in times on the order of the 
singlet lifetime.z6 Nonexponential monomer decay implies 
that  the rate of interconversion of the two kinds of chro- 
mophores is slow relative to the rate of fluorescence. A 
conceptual mechanism incorporating this ground state 
preequilibrium is shown in Scheme 11. Current results 
suggest that it applies at  room temperature to naphthalene 
polymers whose chromophores are separated by more than 
three atoms in fluid solutions and to all naphthalene 
polymers in rigid matrices. No attempt is made in Scheme 
I1 to resolve excimer formation into all possible bond ro- 
tations and starting configurationsz7 since in PNEMA they 
would be too numerous to list. 

Nishijima et  aLZ8 and David et  al.z9 have conducted 
thorough studies of the effect of temperature on IM, ID, 
and the ratio ID/IM in naphthalene-containing polymers. 
ID/IM of model compounds such as 2-ethylnaphthalene 
passes through a well-defined maximum a t  about -90 “C, 
followed by a decrease a t  higher temperature as excimer 
dissociation becomes competitive.2s The corresponding 
polymer I D / I M  maxima are shifted to considerably higher 
temperatures, to approximately room temperature in 
P2VN and poly(acenaphthy1ene). Polymers whose chro- 
mophores are separated by more than three atoms would 
be expected to lag still further behind their model com- 
pounds in approaching the “pseudoequilibrium” region 
described by Scheme I. Evidence for this conclusion lies 
in the fact that  the model compound dimer bis(1- 
naphthylmethyl) pentanedioate does not show excimer 
emission at  room temperature.lg This compound therefore 
lags behind the P l V N  dimer, 1,3-dinaphthylpropane, 
which at  room temperature is well into the region of free 
interconversion of the various monomer configurations and 
excimer, as required by the mechanism of Scheme I. For 
these reasons, it is proposed that the nonexponentiality 
of monomer decays in polymers such as PNMMA is best 
interpreted by means of the “low temperature” type of 

Macromolecules  

mechanism illustrated in Scheme 11. 
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