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Steady-state and time-resolved photoluminescence spectra of poly[9,9-bis(2'-ethylhexyl)¯uorene-2,7-diyl] and a

copolymer of poly[9,9-bis(2'-ethylhexyl)¯uorene-2,7-diyl-co-a-cyanostilbene-4,4'-diyl] were investigated. In THF,

the copolymer exhibits the characteristic blue emission band of the homopolymer together with another

emission band arising from chromophoric segments containing comonomer units. A total suppression of the

homopolymer emission band in copolymer thin ®lm demonstrates the ef®cient exciton migration and trapping

into the segments containing comonomer units. Exciton migration and trapping in copolymer thin ®lm gives

rise to a red-shift in photoluminescence as compared with the homopolymer. Time-resolved photoluminescence

results are also consistent with the facile exciton migration from ¯uorene polymer units to trapping sites

composed of cyanostilbene comonomer units. The exciton trapping processes result in a red-shift in the

emission spectrum with enhanced color stability in the copolymer relative to the homopolymer.

Introduction

Conjugated polymers have attracted much research interest in
the past few decades as electroactive materials for diverse
applications such as batteries, molecular electronic devices, and
light emitting diodes (LEDs), etc.1±5 Electroluminescence has
proven to be an especially promising application in polymeric
LEDs of semiconducting polymers.3±5 Poly(alkyl¯uorene)s are
promising new materials for applications such as light emitting
diodes because of their high photoluminescence (PL) quantum
ef®ciencies and thermal stability.6±11 The ¯uorene moiety
provides a rigidly planarized biphenyl structure within the
polymer backbone as well as the possibility of remote
functionalization at the C-9 position. The substitution at C-9
offers the prospect of improved polymer processing and
mediating potential interchain interactions in ®lms.12±14

We have recently discussed the troublesome excimer
formation in polymer ®lms of poly(di-n-hexyl¯uorene)
(DHF) and various copolymers upon annealing or with the
passage of current.11,15,16 As part of a continuing effort to
suppress this excimer emission, we have described the synthesis
of poly(di-n-hexyl¯uorene-co-anthracene)s.15,16 The high mole-
cular weight (Mn w30 000) anthracene-containing copolymers
exhibit excellent photoluminescence color stability even upon
annealing at 200 ³C for three days under N2. Stable blue light
emission has also been observed from light emitting devices
employing this copolymer. It is quite remarkable that relatively
small amounts of anthracene comonomer linked into the
poly(¯uorene) main chain via the 9,10-positions suppresses
completely the excimer formation. One possible explanation is
that the strongly twisted anthracene substituents in the polymer
backbone prevent the interchain interactions in ®lms.

However, in a poly(di-n-hexyl¯uorene-co-anthracene) 85 : 15
statistical copolymer, the concentration of anthracene units is
rather dilute; on average there is one anthracene unit for every
seven ¯uorene units. Another possible explanation for the
observed color stability is that the emission actually emanates

from quasi-electronically isolated anthracene segments popu-
lated by a rapid energy transfer. The rapid, ef®cient exciton
migration and trapping could prevent the formation of a main
chain excimer by funneling and trapping the excitons into
dilute chromophoric sites. The substantial overlap of the
anthracene and poly(¯uorene) absorption and emission
complicates the spectral characterization of the corresponding
copolymers. Recently, however, we demonstrated exciton
migration and trapping in copolymers containing low band
gap comonomers,17,18 in support of the latter explanation for
the emission stability in poly(di-n-hexyl¯uorene-co-anthra-
cene). The emission spectra of these copolymers were
unchanged upon thermal annealing and upon incorporation
into light emitting devices. It seems likely that the exciton
migration and trapping play an important role in providing
color stability and spectral tuning of light emitting diodes.

In this work, we have further investigated exciton migration
and trapping in a copolymer containing a low band gap
comonomer, poly[9,9-bis(2'-ethylhexyl)¯uorene-2,7-diyl-co-a-
cyanostilbene-4,4'-diyl] using steady-state and time-resolved
photoluminescence techniques. Especially, the time-resolved
photoluminescence provided us with an in-depth understand-
ing of the exciton migration and trapping processes in this
conjugated copolymer.

Experimental

High molecular weight, readily soluble homopolymer and
copolymer derived from 2,7-dibromo-9,9-bis(2'-ethylhexyl)-
¯uorene and 4,4'-dibromo-a-cyanostilbene were prepared
using zero valent nickel.11,15 The structures of the polymers
synthesized are shown in Fig. 1. The monomers were prepared
according to literature methods.19,20 Thin ®lms of polymers
were obtained by spin-coating from polymer solutions in
1,1,2,2-tetrachloroethane on fused quartz plates. All the
photophysical measurements were performed at room tem-
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perature. The absorption spectra were measured by a Hewlett
Packard diode array spectrophotometer model 8452A. Steady-
state photoluminescence spectra were recorded on a Spex FL3-
11.

The picosecond time-resolved ¯uorescence experiments were
carried out by using the time-correlated single-photon counting
(TCSPC) method. The excitation pulses at 400 nm were
obtained from a femtosecond Ti : sapphire laser (Coherent,
MIRA) with an average power of 600 mW at 800 nm. The
pump pulses at desired wavelength were generated by
frequency doubling with a b-BBO crystal. The emission was
collected at a 45-degree angle with respect to the excitation
laser beam by 5- and 25 cm focal length lenses, focused onto a
monochromator (Jobin-Yvon HR320), and detected with a
microchannel plate photomultiplier tube (Hamamatsu
R2809U). The signal was ampli®ed by a wideband ampli®er
(Philip Scienti®c), sent to a Quad constant fraction discrimi-
nator (Tennelec), a time-to-amplitude converter (Tennelec), a
counter (Ortec), and a multichannel analyzer (Tennelec/
Nucleus), and stored in a computer.

Results and discussion

The homopolymer, poly[9,9-bis(2'-ethylhexyl)¯uorene-2,7-diyl]
(BEHF) and the statistically random copolymer, poly[9,9-
bis(2'-ethylhexyl)¯uorene-2,7-diyl-co-a-cyanostilbene-4,4'-diyl]
(BEHF/CNSt) were prepared by Ni(0) mediated polymeriza-
tion as described previously.11 The branched 2-ethylhexyl
substituents were employed to improve the solubility of the
resulting copolymer, and the comonomer ratio in the
copolymer was 95 : 5 (BEHF : CNSt). The end-capping reagent,
2-bromo¯uorene, was added at the end of polymerization in
order to remove bromine end groups which could lead to
stability problems in LED applications (Fig. 1). The number
average molecular weight (Mn) and polydispersity index (PDI)
of the prepared polymers were 67 000 and 2.3 for BEHF
homopolymer and 38 000 and 3.0 for BEHF/CNSt copolymer,
respectively. Both polymers were readily soluble in various
organic solvents such as chloroform, xylene, methylene
chloride, THF, etc. The detailed structural analyses of these
materials have been reported.17,18

Figs. 2 and 3 display the absorption and emission spectra of
BEHF/CNSt copolymer and BEHF homopolymer both in
THF solution and as thin ®lms. In the absorption spectrum of
the BEHF/CNSt copolymer, a slight red-shift in absorption
edge was observed as compared with BEHF homopolymer
while the absorption maximum was slightly blue-shifted.

However, the incorporation of the CNSt comonomer strongly
affects the photoluminescence of the copolymer. For the
copolymer in THF, two characteristic emission bands were
observed as shown in Fig. 2. The high-energy deep blue

Fig. 1 Structures of BEHF homopolymer and BEHF/CNSt copolymer.

Fig. 2 Absorption and photoluminescence spectra of BEHF homo-
polymer and BEHF/CNSt copolymer in THF solutions. All PL spectra
were recorded with an excitation at 370 nm. The square symbols show
the difference spectrum of BEHF homopolymer and BEHF/CNSt
copolymer emission spectra.

Fig. 3 Absorption and photoluminescence spectra of BEHF homo-
polymer and BEHF/CNSt copolymer ®lms. All PL spectra were
recorded with an excitation at 370 nm.
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emission band is considered to be the emission from the
isolated ¯uorenyl chromophoric segments as observed in the
PL spectrum of the homopolymer. An additional low-energy
emission band appeared in the normalized difference emission
spectrum of the homopolymer and the copolymer. The
emission maximum in the difference spectrum appears
around 470 nm, and seems to arise from the CNSt comonomer
units.

In the copolymer ®lm, the emission spectra became
dramatically different from that in THF solution. As shown
in Fig. 3, the characteristic blue emission from the isolated
homopolymer chains disappears in the copolymer ®lm. Instead,
BEHF 95/CNSt 5 copolymer ®lm exhibits a single, broad
emission band centered at #470 nm, which is similar in
position and shape to the additional band observed in the
solution emission spectrum. The fact that the homopolymer
shows similar PL spectra in THF solution and ®lm, implies that
the solvent does not affect the PL spectra. Therefore, the lack
of blue emission in BEHF 95/CNSt 5 copolymer ®lm suggests a
facile exciton migration and trapping process. The excitons
produced in BEHF units by direct photoexcitation are likely to
migrate readily to the lower energy trapping sites containing
CNSt comonomer where emission occurs. It should be noted
that in dilute solution only intrachain exciton migration and
trapping occurs because of the separation between chains. In
the case of the copolymer ®lm, however, a total suppression of
the blue emission associated with the BEHF chains demon-
strates that the exciton migration and trapping process is more
ef®cient involving both interchain and intrachain interactions.
It is quite remarkable that only 5% of CNSt comonomer in the
copolymer leads to a complete change in the emission spectrum
of the thin ®lm.

In order to study the exciton migration and trapping
processes in the copolymer ®lm, we have employed the time-
resolved photoluminescence technique to obtain information
on the temporal behavior. Figs. 4(a) and (b) show the PL decay

pro®les of the homopolymer and the copolymer in THF after
photoexcitation at #400 nm. The homopolymer provides
almost the same decay pro®les regardless of the monitoring
wavelength with lifetimes of about 470 ps. In contrast, in
solution the PL decay pro®le of the copolymer exhibits a
wavelength dependence. The PL decay pro®le monitored at
410 nm with a lifetime of #430 ps is similar to that of the
homopolymer, implying that these two emissions each
originate from the same species. The slightly faster PL decay
at 410 nm (#10%) in the copolymer solution as compared with
the homopolymer can be explained in terms of competitive
intrachain exciton migration to trapping sites, although this
process seems to be not so ef®cient. As the monitoring
wavelength is shifted to the red, the emission arising from the
CNSt comonomer containing units becomes dominant. Thus,
the slower PL decay observed at longer wavelengths is due to
the emission from the CNSt containing units which is longer
lived than the emission from the homopolymer (Fig. 4(b)). The
measured PL decay at 510 nm was #640 ps, a value
signi®cantly longer than that observed at 410 nm (#430 ps).

Figs. 5(a) and (b) display the PL decay pro®les of the
homopolymer and the copolymer in thin ®lms upon photo-
excitation at #400 nm. The PL temporal pro®les in the
homopolymer exhibit much faster and nonexponential decay as
compared with the THF solution with an average lifetime of
#200 ps at 425 nm. In general, p-conjugated polymers exhibit
faster PL decay in ®lms than in solution because of various fast
nonradiative decay processes such as exciton trapping by defect
sites via enhanced interchain interactions.21 The wavelength
dependence on PL decay pro®les can be accounted for by the
random walk of excitations within the DOS (Density of States
Distribution).21±23 This inhomogeneity leads to either ¯uores-
cence spectral changes as a function of delay time or increased

Fig. 4 Time-resolved PL decay pro®les of (a) BEHF homopolymer and
(b) BEHF/CNSt copolymer in THF solutions observed at various
wavelengths. The instrumental response function (IRF) of TCSPC is
shown in the short time region.

Fig. 5 Time-resolved PL decay pro®les of (a) BEHF homopolymer and
(b) BEHF/CNSt copolymer ®lms observed at various wavelengths. The
instrumental response function (IRF) of TCSPC is shown in the short
time region. The inset in (a) shows PL decay pro®les of BEHF and
BEHF/CNSt observed at 425 and 465 nm, respectively. There is no
noticeable rise for the decay pro®le of BEHF/CNSt copolymer, which
reveals that the exciton trapping process is too fast to detect in our
measurement limit.
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¯uorescence decay lifetimes at lower energies. Considering that
there is no wavelength dependence on PL decay pro®les in
homopolymer solution (Fig. 4(a)), the spectral diffusion should
occur mainly through interchain interactions.

On the other hand, the PL decay pro®les in the copolymer
®lm did not show a signi®cant decrease in lifetimes as
compared with the THF solution (Figs. 4(b) and 5(b)). The
PL decay time in the copolymer ®lm is approximately 600 ps.
These results indicate that the fast exciton migration to and
trapping by CNSt comonomer units in the copolymer ®lm
inhibits other nonradiative decay pathways, which reduce PL
lifetimes in the homopolymer ®lm. The inset in Fig. 5(a) shows
the PL decay pro®les of the homopolymer and the copolymer
®lms observed at 425 and 465 nm for comparison. There is no
rise component at the early stage of the copolymer PL decay,
which implies that there is an ultrafast exciton migration and
trapping process in the copolymer ®lm which is beyond our
measurement limit.

We have summarized our ®ndings in Fig. 6 by presenting a
schematic potential energy diagram for energy relaxation
process in the photoexcited copolymer ®lm. Upon photo-
excitation of the copolymer, the excited species should relax to
BEHF exciton state which emits blue emission (PL1) in the
homopolymer. Although there might be excitons formed from
the CNSt comonomer units in the copolymer by direct
excitation, their population should be negligible because of
the low chromophore concentrations. We can also exclude the
possibility of direct exciton trapping from the ®rst excited
species after photoexcitation to CNSt comonomer units
because this process can happen in both solution and in the
®lm leading to similar PL spectra. Instead generated BEHF
excitons apparently migrate and are trapped by CNSt
comonomer segments, which emit the red-shifted PL2 emission
in Fig. 6. This process is fast enough to suppress the
characteristic blue emission of the homopolymer (PL1).
Ultrafast spectroscopic studies, therefore, might be needed to
understand this migration and trapping process in detail. The
®lm studies in comparison with those in solution suggest that
the excited species migrate ef®ciently through interchain
interactions rather than intrachain ones. The trapped excitons
decay through radiative recombination and then exhibit a red-
shifted emission (PL2) in comparison to the emission of the
homopolymer.

In summary, we observed that the fast exciton trapping leads
to a red-shift in emission and improved color stability in the
copolymer containing CNSt comonomer compared with the
poly¯uorene homopolymer. The exciton migration and trap-
ping to trapping sites occurs mainly through interchain
interactions rather than intrachain ones. The signi®cant
interchain interactions in polymer ®lms are important in
understanding the exciton dynamics in conjugated polymers.
Fast exciton migration and trapping in the copolymer
eliminates excimer formation which is ubiquitous in poly¯uor-
ene homopolymers. Such processes lead to enhanced perfor-
mance in LED devices.
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Fig. 6 Schematic potential energy diagram for energy relaxation in
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was 370 nm. The trapped excitons at CNSt comonomer units emit PL2,
while the isolated BEHF units emit PL1.
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