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ABSTRACT: A new fluorescent polystyrene derivative is reported in which a stilbene-based chromophoric
pendant group is attached on average to each third monomeric unit. Poly[styrene-co-(p-(stilbenylmethoxy)-
styrene)] showed fluorescence emission from intra- and interchain interaction. The model compound
p-((p-ethylphenoxy)methyl)stilbene is the first stilbene derivative to show aggregate emission in solution
at room temperature reported to date. It is proposed that the emission originates from the association
of chromophores in the ground state forming a fluorescent dimer or aggregate complex.

Introduction

Conjugated polymers are semiconducting materials
that combine interesting electrical and nonlinear optical
properties with good film-forming and chemical stability
characteristics, making them especially suitable for the
fabrication of various kinds of electronic and opto-
electronic devices, such as transistors, diodes, and light-
emitting diodes (LEDS).1-17 In the last few years, we
have reported on several novel electroluminescent poly-
mers, emitting at various frequencies in the visible
spectrum,18-22 focusing mainly on well-defined struc-
tures with discrete emitting centers. In a recent
contribution,23 we reported an electroluminescent poly-
mer in which stilbene-based chromophores were at-
tached to each monomeric unit of a vinylic, nonconju-
gated backbone, namely, poly[p-(stilbenylmethoxy)-
styrene] (structure A). Because photoluminescence is
a necessary condition for electroluminescence, steady-
state measurements of optical absorption and photo-
luminescence were performed to establish the correla-
tion between the nature of the emission center and the
related emitting properties. We demonstrated that
electroluminescence was provided by a fluorescent
dimer, formed through the interaction of adjacent
pendant groups, and that no monomeric emission
existed in the solid state.
To gain further insight on the emission characteristics

of this chromophore, we prepared a similar structure,
placing spacers between the chromophores in such a
way that each one is separated by an average of two
styrene monomeric units. The photophysical behavior
of this new structure, poly[styrene-co-(p-(stilbenyl-
methoxy)styrene)] (structure B), is the subject of the
present contribution.

Experimental Section

Synthesis of p-((p-Ethylphenoxy)methyl)stilbene. A
1 g (0.0082 mol) solution of p-ethylphenol (Aldrich; 99%) in
40 mL of DMF (Fisher ACS) was stirred and heated to reflux.
After this, potassium carbonate (Fisher ACS; 1 g, 0.0072 mol)
and a second solution composed of 1 g (0.004 mol) of p-
(chloromethyl)stilbene (Aldrich; 95%) in 10 mL of DMF were
added.

The solution was stirred and refluxed overnight and the
resulting mixture poured into distilled water. The precipitate
was collected after standing for 4 h, dried in air at ambient
temperature, washed with acetone, dried under vacuum
overnight, and recrystallized from chloroform (Fisher, ACS).
Synthesis of the Precursor Copolymer. Styrene (Fisher

ACS) was washed free of inhibitor with 5% aqueous NaOH,
dried over CaCl2, and distilled under vacuum using sulfur as
inhibitor and copper wire in the column; 6 mL (0.0057 mol) of
styrene and 4 mL (0.0025 mol) of p-acetoxystyrene (Poly-
sciences) were added to 40 mL of benzene (Fisher ACS). After
addition of 0.1 g of benzoyl peroxide (Aldrich), the mixture was
allowed to polymerize at 80 °C for 6 h. After this it was poured
into a 10× vol of methanol (Fisher ACS), and the precipitated
polymer was collected after standing for 5 h. After drying at
room temperature, a 80% conversion was obtained.
Synthesis of the Emitting Copolymer. A 1 g solution

of the precursor copolymer in 40 mL of DMF (Fisher ACS) was
stirred and heated to reflux. After this, a total of potassium
carbonate (Fisher ACS) (1 g, 0.0072 mol) and a second solution
composed of 1 g (0.0044 mol) of p-(chloromethyl)stilbene
(Aldrich) were added to the first solution. Both additions were
made alternately in small portions.
The solution was stirred and refluxed overnight after the

addition. The resulting mixture was filtered and poured into
500 mL of methanol. The precipitate was collected on the
following day and dried under vacuum overnight.
Characterization of the Precursor. The 1H NMR spec-

trum (Figure 1A) was obtained on a Varian XL-200 spectrom-
eter. The sample was dissolved in CDCl3; chemical shifts
shown are referred to TMS. Anal. Calcd: C, 84.3; H, 7.0 (for
the expected 2:1 styrene/acetoxystyrene copolymer). Found:
C, 84.1; H, 7.1.
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The copolymer composition was confirmed by the FTIR
spectrum of a 0.02 M solution of the polymer in chloroform,
by means of a calibration plot for the carbonyl band of the
acetoxy group (1755 cm-1), which was made from spectra of
the monomer p-acetoxystyrene in predetermined concentra-
tions in chloroform (Figure 2A,B,D).
Characterization of the Model Compound p-((p-Eth-

ylphenoxy)methyl)stilbene. The assigned NMR spectrum
is shown in Figure 1B. Anal. Calcd: C, 87.8; H, 7.0. Found:
C, 87.7; H, 7.0.
Characterization of the Emitting Copolymer. The

FTIR spectrum is shown in Figure 2C, and the assigned 1H
NMR spectrum is shown in Figure 1C. Anal. Calcd: C, 90.0;
H, 6.9. Found: C, 89.3; H, 7.1.
Elemental analyses were carried out by the Microanalysis

Laboratory of the University of Massachusetts, Amherst, MA.
FTIR spectra were taken in chloroform solutions on an IBM
system IR/3X Type 913 FTIR spectrometer equipped with
Nicolet PC/IR operation software. DSC analyses were per-
formed on a Perkin Elmer TAC7 instrument, using N2 as gas
carrier (60 mL/min), heating rate 10 °C/min. Runs were
carried out with heating and quenching with a mixture of
2-propanol/dry ice from -5 °C. The DSC traces used cor-
respond to the third run, which reproduced the second one,
for each sample.
GPC chromatograms were obtained on Waters equipment,

coupled to a Waters R403 differential refractometer, using
THF as solvent, and polystyrene standards were used for
calibration.
Absorption spectra were obtained in chloroform solutions

on an IBM 9420 UV-visible spectrophotometer, and fluores-
cence spectra were obtained in chloroform solutions on a
Perkin Elmer MPF 66 fluorescence spectrophotometer. Photo-
luminescence spectra were recorded on a system assembled

in our laboratory and calibrated against a Perkin Elmer MPF
66 fluorescence spectrophotometer previously standardized
with photoluminescence measurements of compounds of known
fluorescence properties.

Discussion
Poly[styrene-co-(p-(stilbenylmethoxy)styrene)] was pre-

pared through the Williamson condensation of the
precursor poly[styrene-co-(p-acetoxystyrene)] and p-
(chloromethyl)stilbene. This precursor was chosen be-
cause styrene (1) and p-acetoxystyrene (2) have suitable
reactivity ratios (r1 ) 0.85, r2 ) 1.3);24 also acetoxy is a
good leaving group for theWilliamson condensation, and
the latter can be easily quantified by infrared spectros-
copy.
A monomer feed of 5.7/2.5 styrene/p-acetoxystyrene

molar ratio yielded a copolymer composition with an
average of two styrene units for each p-acetoxystyrene
unit. To confirm this structure, a FTIR calibration
curve was made using the carbonyl stretching vibration
at 1755 cm-1 of the p-acetoxystyrene monomer as shown
in Figure 2. The infrared spectrum (Figure 2B) together
with elemental analysis and NMR spectroscopy (Figure
1) confirmed a 2/1 styrene/p-acetoxystyrene composition.
The attachment of the chromophoric groups into the
polystyrene backbone was accomplished through the
reaction of p-(chloromethyl)stilbene with the precursor
copolymer (Scheme 1).
The absence of carbonyl absorption in the infrared

spectrum (Figure 2C) indicated that complete substitu-
tion was achieved. Further evidence was given by
elemental analyses and 1H NMR spectroscopy (Figure
1C and Table 1). GPC measurements showed a differ-
ence of 12% between the calculated value for total
substitution (Mn ) 25 000) and the observed (Mn )
22 000, Table 1) for the emitting copolymer. This can
be explained in terms of different hydrodynamic vol-
umes of the substituted chains relative to the unsub-
stituted ones. We cannot exclude the possibility of some
degradation that might have occurred during the con-
densation.
DSC analysis showed that the copolymer backbone

glass transition had the same value as that of the
polystyrene homopolymer (102-106 °C), but the attach-
ment of the pendant chromophoric groups decreased the
glass transition temperature of the copolymer to 71 °C
(Table 1). No other transitions were observed in the
DSC.
The model compound p-((p-ethylphenoxy)methyl)-

stilbene was prepared through the Williamson conden-
sation of p-(chloromethyl)stilbene and p-(hydroxyethyl)-
benzene (Scheme 2). Figure 3 shows that the absorption
spectra of the polymer (a) is coincident with that of the
model compound (b) except for the absorption at the
350-400 nm region, where the model compound practi-
cally does not absorb.
The fluorescence behavior of the model compound in

relation to concentration and excitation wavelength is
shown in Figure 4. When excited at 320 nm, a peak
centered at 360 nm is the main emission for low
concentrations (10-4-10-5 M, curves 4Aa,b). For higher
concentrations (>10-4 M, curves 4Ac-e), a red-shifted
emission begins to appear, while the first peak intensity
decreases. This behavior, characteristic of excimers or
aggregate emission, has not been observed previously
in stilbene nor in any of its derivatives in solution at
room temperature.
Excimer emission was detected for crystalline 2,4-

dichloro-trans-stilbene at -186 °C but not at room

Figure 1. 1H NMR spectra of (A) the precursor poly[styrene-
co-(p-acetoxystyrene)], (B) the model compound p-((p-ethylphe-
noxy)methyl)stilbene, and (C) poly[styrene-co-(p-(stilbenyl-
methoxy)styrene)].
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temperature or in a methylcyclohexane glass.25 The
explanation for the absence of trans-stilbene excimer
emission is the high limiting quantum yield for photo-
dimerization (0.77), that is, the molecule reacts much
faster than it fluoresces, indicating a very short singlet
lifetime (<100 ps).26 On the other hand, trans-stilbene
excimer fluorescence has been reported to occur upon
warming squalene solutions after γ-irradiation at 77
K.27 The solid-state photodimerization of stilbenes and
other alkenes is subject to topochemical control: The
two reactive double bonds must be parallel and sepa-
rated by <4.2 Å.28,29 More recently, in a picosecond
study of the 2 + 2 photodimerization of stilbene, a new

intermediate was reported that was assigned to the
trans-stilbene excimer or a biradical species.30
When p-((p-ethylphenoxy)methyl)stilbene is irradi-

ated at 360 nm, where its absorption is practically zero
(Figure 3b), only the emission at the lower frequencies
is seen, even at concentrations as low as 10-5 M (Figure
4Ba). The emission at the higher frequencies was
assigned to the stilbene moiety in the chromophore by
comparing with the emission of this molecule (curve
4Bc). This apparent anomalous behavior will be dis-
cussed later. The ratio between the intensities of the
monomeric (Im) and aggregate (Id) emission increases
linearly with concentration as shown in Figure 5 when
the excitation wavelength is 320 nm.
The copolymerization technique affords a new type

of dilution superimposed on ordinary concentration
effects: i.e., the separation of the chromophores along
the polymer chain. This approach has been used for
the study of the fluorescence behavior of several vinyl
aromatic polymers including polystyrene, poly(1-vinyl-
naphthalene) and its copolymers with styrene and
methyl methacrylate, poly(2-vinylnaphthalene),31 alter-
nating copolymers of styrene with methyl methacrylate
or 2-naphthyl methacrylate, alternating copolymers of
2-vinylnaphthalene with methyl methacrylate,32 and
random copolymers of styrene with methyl meth-
acrylate.33-38 Excimers in these systems were observed
under a variety of conditions. In each of the polymers,
the shorter wavelength band in the fluorescence spec-
trum, which is often structured, was attributed to
monomeric emission, whereas the longer wavelength
band was assigned to the fluorescence of intra- or
interchain excimers. These conclusions were substanti-
ated by results from spectra of one- and two-chromo-
phore model compounds.31-38

In Figure 6 the emission of poly[styrene-co-(p-(stil-
benylmethoxy)styrene)] (structure B) is shown. It can

Figure 2. (A) FTIR spectra of p-acetoxystyrene monomer in the region 1755 cm-1 (a ) 0.1 M, b ) 0.05 M, c ) 0.04 M, d ) 0.02
M, and e ) 0.01 M), (B) IR spectrum of poly[styrene-co-(p-acetoxystyrene)] (concentration ) 0.02 M), (C) IR spectrum of poly-
[styrene-co-(p-(stilbenylmethoxy)styrene)] (same concentration as part B), showing the absence of carbonyl absorption (chloroform
solutions), and (D) calibration curve.

Scheme 1

Table 1. Characterization Data for the Precursor
Poly[styrene-co-(p-acetoxystyrene)] and the Emitting

Polymer Poly[styrene-co-(p-(stilbenylmethoxy)styrene)]

polymer Mw
a Mn

a Mw/Mn
a Tg, °Cb

precursor 40 300 17 800 2.2 106
emitting 47 300 22 000 2.1 71
a From GPC. b From DSC.

Scheme 2
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be seen that a dramatic change takes place when the
wavelength of the exciting light is changed from 320 to
360 nm, for the polymer in solution. At 320 nm (Figure
6a), the emission is consistent with that of the model
compound (Figure 4), but at 360 nm (Figure 6b), only
the emission attributed to the associated form is seen.
The same effect was observed for solid films, which
emitted only in the lower frequency region for both
excitation wavelengths, as shown in Figure 7.
The fact that only the copolymer absorbs at 360 nm

leads us to propose that this band originates in fluo-
rescent ground-state dimers or aggregates which are
responsible for the emission at the lower wavelengths.
When attached to a polymer backbone, the localized
concentration of the chromophores will be much higher
than in the nonbound state, due to conformational

restrictions imposed on the polymer chain, making the
number of associated sites in the polymer much greater
than for the “free” chromophore. However, the presence
of aggregates from the model compound in solution is
evident from the data of Figure 4, where the variation
of the solution concentration brings about both mono-
meric and aggregate emission when excited at 320 nm.
Observation of excimer fluorescence in confined media

has been reported for systems such as stilbene contain-
ing fatty acids or surfactants in self-assembling lay-
ers39,40 or in complementary nucleotide sequences hav-
ing a stilbene spacer in each strand.41 A similar
bathochromic shift has also been observed for fluores-
cence emission from pendant stilbene groups attached
to polyglutamic acid42 and to copolymers of 4-hydroxy-

Figure 3. Absorption spectra of (a) poly[styrene-co-(p-(stil-
benylmethoxy)styrene)], 10-4 M (chromophore concentration),
and (b) p-((p-ethylphenoxy)methyl)stilbene, 10-5 M.

Figure 4. Fluorescence spectra of (A) the model compound
at (a) 1 × 10-5, (b) 1 × 10-4, (c) 5 × 10-4, (d) 1 × 10-3, and (e)
1× 10-2 M and (B) (a) model compound, excitation wavelength
360 nm, 1 × 10-5 M, (b) model compound, excitation wave-
length 320 nm, 1 × 10-5 M, and (c) trans-stilbene, excitation
wavelength 260 nm, 1 × 10-4 M.

Figure 5. Variation of the ratio Im/Id (intensity of monomer
emission/intensity of aggregate emission) with concentration.

Figure 6. Fluorescence spectra of poly[styrene-co-(p-(stil-
benylmethoxy)styrene)]: (a) excitation wavelength 320 nm and
(b) excitation wavelength 360 nm, 1 × 10-4 M (chromophore
concentration).

Figure 7. Photoluminescence spectra in solid state of poly-
[styrene-co-(p-(stilbenylmethoxy)styrene)]: (a) excitation wave-
length 320 nm and (b) excitation wavelength 360 nm.

3164 Aguiar et al. Macromolecules, Vol. 29, No. 9, 1996



stilbenyl acrylate-methyl acrylate43 and ladder-struc-
tured poly(p-phenylene)s.44,45

It should be made clear that the classical definition
of an excimer assumes that these are formed from an
excited singlet-state chromophore interacting with an-
other in the ground state. In this work the experimental
evidence indicates that the association between chro-
mophores occurs in the ground state generating a
fluorescent ground-state complex, and therefore we
purposely avoided the term “excimer” for the lower
frequency emission observed for both emitting polymer
and model compound.
As mentioned before, the copolymer composition ratio

is 2/1 styrene (sty)/chromophore (chr) monomeric units.
The calculated distribution46 of monomeric units along
the chain is sty-sty ) 44.5%, sty-chr ) 44.4%, and
chr-chr ) 11.1%. These results show that a non-
negligible amount of dimers can be formed between
adjacent chromophores as reported for polystyrene31 and
for poly(vinylnaphthalene).32 Nevertheless, the pos-
sibility must be considered that interactions can occur
between chromophores on adjacent turns of the polymer
coil because in the solid film only aggregate emission is
detected. In fact, interchain excimer emission is pre-
dominant over monomeric emission in bulk polymers
and, in several cases, was the only emission observed.47
Excimers formed from nonnearest neighbors were re-
ported for poly(1-naphthyl methacrylate)48 and poly-
(acenaphthalene).31-38

The comparison of the fluorescence behavior of poly-
mers with model compounds is not straightforward
because of the participation of singlet or triplet energy
migration in the polymer emission mechanism. It is
generally accepted that singlet energy migrates from the
absorption center either to preformed excimer sites or
to locations where a conformational change would give
rise to such a site within the lifetime of the exciton.49
From the copolymer emission spectra irradiated at 320
nm (Figure 6a), we know that in solution the associated
species coexist with the nonassociated. This indicates
that singlet energy migration is a possibility to be
considered, since the associated species is already in a
geometry suitable for pair formation, and it is generally
accepted that excimers can act as traps for energy
migration due to their lower energy level.49,32 The fact
that only aggregate emission is detected in the solid
state favors this hypothesis, since the majority of the
chromophores are isolated along the chain (sty-chr
units concentration is 44.4%).
The linearity of Im/Id versus chromophore concentra-

tion for the model compound (which corresponds to the
“free” chromophore, Figure 5) in dilute solution shows
that, other than emission and association, no additional
photophysical mechanisms such as energy migration are
involved. Under these conditions, an increase in solu-
tion concentration leads to an increase in monomeric
emission rather than in aggregate emission. It has been
reported that, when the naphthyl chromophore is bound
to a polymer backbone as in poly[styrene-co-(1-vinyl-
naphthalene)], increases in the chromophore concentra-
tion along the chain lead to decreases in the Im/Id ratio,
although not in a linear fashion.31 In other cases where
chromophores are present in the pendant groups of a
polymer chain, it has not been possible to establish any
simple relationship involving only Im/Id and chro-
mophore concentration. The present results therefore
show that for the free molecule in dilute solution
secondary processes are avoided, whereas when it is

bound to a polymer chain, a much more complex
situation is involved.50
It is noteworthy that a similar polystyrene stilbene

derivative (polystyrene with phenylenevinylene seg-
ments in side chains) showed no evidence of excimer or
aggregate emission.51 This suggests that the polarity
of p-(phenoxymethyl)stilbene might play a role in the
ground-state association of this group.
To summarize, we report on the formation of a

fluorescent dimer of a stilbene derivative in nonre-
stricted medium, at room temperature, for the first time.
This species originates from a ground-state complex,
and when attached to a polymeric backbone, the com-
plex can be formed either intra- or intermolecularly.
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