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Abstract

We present a time-resolved study of the transfer of optical excitations in conjugated polymers using luminescence spec-
troscopy with subpicosecond time resolution. In our experiments optical excitations are transferred from the initially excited
polymers to admixtured dye molecules acting as acceptors. The temporal evolution of the emitted luminescence reveals trans-
fer times of several picoseconds depending on the concentration of the dye molecules. From the dependence of the transfer
time on the mean distance between excited polymer chromophores and acceptor dye molecules, we conclude the occurrence

of a Forster-type energy transfer.

1. Introduction

Conjugated polymers have attracted much attention
over past years because of their potential application
as effective, low-cost and easily processible lumines-
cent devices [1,2]. From the technological point of
view there is a strong interest in being able to adjust
the emission wavelength of a polymer LED in order
to fabricate polychromic polymer displays. Up to now,
the mechanisms of emission control include modifica-
tion of the effective conjugation length { 3], control of
the conformation of the polymer-sidegroups ( ‘molec-
ular engineering of the active polymer’) [4], attach-
ment of different sidegroups [ 5], fabrication of het-
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erostructures [6], and doping the polymer with other
molecules [8-10].

In this Letter we focus on the latter possibil-
ity. We report our investigations on the transfer
of elementary optical excitations from the con-
jugated soluble polymer poly-(phenyl phenylene
vinylene) (PPPV) to deliberately added laser dye
molecules of 4-dicyanomethylene-2-methyl-6-p-
dimethylaminostyryl-4H-pyran (DCM).

On the one hand, these investigations are of techno-
logical relevance because they show that it is possible
to adjust the emission wavelength of polymers from
the blue-green to red regime by varying the dye con-
centration. We show that the excitation transfer nec-
essary for the tuning of the emission can be efficient
and fast. Depending on the concentration and type of
the selected dye, it can be completed within a few pi-
coseconds. On the other hand, our analysis provides
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further insight into the basic excitation transter mech-
anisms in conjugated polymers in general. We will
show that our data can be cexplained on the basis of
a Forster-type[ 11,12] dipole~dipole interaction, sup-
porting the notion that the elementary excitations are
neutral excitons[ 13.14] as opposed to the assumption
of unbound electron-hole pairs| 15].

2. Experimental

In order to investigate the excitation transfer pro-
cesses involved we measured the temporal evolution
of the luminescence emitted from polymer and dye
molecules after excitation of the polymer. Since the
transfer is expected to occur within several picosec-
onds[ 10] we performed luminescence up-conversion
experiments[ 16] with a Kerr lens mode-locked
Ti:Al;Os laser providing pulses with a length of
100 fs at a 75 MHz repetition rate. The polymer
samples werc excited by frequency doubled laser
pulses at 3.1 eV. Temporal resolution of the lumi-
nescence emitted after excitation was achieved by
sum-frequency mixing the luminescence from the
sample in a SB-barium borate nonlinear crystal with
variably delayed pulses at the fundamental frequency
of the Ti-sapphire laser. The up-converted ultraviolet
signal was dispersed in a monochromator and finally
detected by a cooled GaAs photomultiplier. Due to
dispersion in the nonlinear crystal, our time resolution
was reduced to about 200 fs.

All samples consisted of a polycarbonate (80% PC
by weight) matrix blended with a mixture (20 w%)
of poly(phenylphenylenevinylene) (PPPV) and
the laser dye 4-dicyanomethylene-2-methyl-6-p-
dimethylaminostyryl-4H-pyran (DCM). The weight
ratios of PPPV to dye content were varied between
100:1 and 4:1. Pure PPPV and DCM samples with
the same PC matrix were investigated in comparative
measurements. The laser dye DCM has a photolumi-
nescence (PL) peak at 1.9 ¢V with a strong absorp-
tion at 2.5 ¢V [17], which is close to the S;  ~ S,
0-0 fluorescence band of PPPV (PL peak energy
data is taken from experiments in solution). The high
spectral overlap between PPPV emission and DCM
absorption enhances the transfer process. The absorp-
tion of DCM at the excitation energy of 3.1 eV is low
compared to that of the polymer. Hence, predomi-

nantly polymer chromophores are initially excited in
the mixed samples.

The samples were kept at 10 K in a closed cycle
cryostat to prevent sample degradation at the high ex-
citation intensities employed. These high excitation
densities (ne, > 10'® cm—*) were required due to the
low efficiency of the up-conversion technique.

3. Results and discussion

The results clearly bear out the energetic shift of
the emitted photoluminescence (PL) reported previ-
ously[ 10]. In Fig. 1 we compare the spectra of the
time integrated (cw) luminescence of samples with
ditferent DCM concentrations excited at 3.1 eV (the
PPPV to DCM ratios are varied between 100:1 and
4:1). One can clearly observe a spectral red-shift of
up to 0.6 ¢V from pure PPPV-like to DCM-like PL
with increasing concentration of dye molecules. On
the other hand, photoluminescence excitation (PLE)
spectra do not show any doping dependence at this ex-
citation cnergy [ 10]. This supports the assumption of
a primary excitation of PPPV chromophores followed
by transfer of the excitation to the dye molecules.
The transfer mechanism must be efficient because the
magnitude of the time- (cw) and spectrally integrated
PL is not affected significantly by doping with DCM
molecules.

From Fig. | it is obvious that the spectral position of
the DCM emission itself experiences a bathochromic
shift upon increasing the concentration. This effect
can be explained in terms of the spectral relaxation of
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Fig. 1. Time-integrated (cw) photoluminescence spectra of sam-
ples with different DCM doping concentration.
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excitations within the manifold of DCM states which
becomes more efficient at higher concentrations. This
effect is also present in a dispersion of DCM molecules
in PC not containing PPPV. 1t is particularly note-
worthy that the DCM emission in the PPPV:DCM
system with the highest dye concentration is slightly
red-shifted with respect to the emission of a pure
dye dispersion of the same concentration in PC. This
can be attributed to the fact that excitations in PPPV
undergo rapid spectral relaxation within the system
of PPPV chromophores before energy transfer to the
DCM molecules occurs. Hence transfer will occur

from the low-energy tail states of the distribution of

excited PPPV states. Following the principle of max-
imum spectral overlap implied by the Forster transfer
concept (see below) the energy transfer occurs pref-
erentially towards DCM molecules absorbing at the
low-energy tail of the inhomogeneously broadened ab-
sorption band. Site-selective cw-fluorescence spectra
(not shown) confirm this notion.

The transfer of excitations from the excited poly-
mer chromophores to the dye molecules was moni-
tored directly with time-resolved photoluminescence
spectra as plotted in Fig. 2 for three samples with dif-
ferent DCM concentrations. The luminescence of the
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Fig. 2. Time-resolved luminescence spectra tor three different
samples with growing DCM concentration at different time delays
after excitation.

pure PPPV sample reveals the characteristic vibronic
structure with a maximum around 2.5 eV. At early
times the DCM doped samples clearly show PPPV-
like emission spectra which develop on a surprisingly
fast timescale into DCM-like spectra (with a maxi-
mum around 2.1 ¢V). The initial PPPV like spectra
support the notion that the excitations are generated in
the PPPV chromophores. For later times we observe a
shift of the emission towards DCM-like spectra which
reflects the transfer process. We also observe a de-
cay of the time-resolved luminescence amplitude in
contrast to the spectrally integrated cw-luminescence.
This is due to the longer radiative lifetime in the DCM
molecules in comparison to the PPPV chromophores.

In order to illustrate the transfer dynamics as a func-
tion of DCM doping, we plotted the average lumines-
cence energy as a function of time for samples with
different dye contents (Fig. 3). The dotted lines in-
cluded in the figure are guides to the eye and reflect the
relevant timescale of the transfer process for a given
DCM concentration. All samples show a transient red
shift on the timescale of 100 ps. In the case of pure
PPPV the observed shift results from the spectral re-
laxation of the photoexcitations within the inhomo-
geneously broadened density of states (DOS) [18].
However, with increasing dye content the spectra shift
faster towards lower energies. At a concentration ratio
of PPPV and dye of 4:1 the shift saturates within 10 ps
at the emission wavelength of DCM indicating com-
plete excitation transfer. In addition, an instantaneous
shift towards lower emission energies for higher dop-
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Fig. 3. Energetic position of the mean luminescence energy as a
function of time delay after excitation for different DCM concen-
trations. The dotted lines are guides to the eye.
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ing concentrations is observed. Detailed investigations
of time-resolved spectra show that this instantaneous
shift can be attributed to: (i) our finite time resolu-
tion, (i1) some direct excitation of DCM molecules
and (iii) reabsorption effects.

The transfer times of the photoexcitation from the
PPPV chromophores to the dye molecules can be di-
rectly deduced from luminescence transients. In the
upper part of Fig. 4 the temporal evolution of the
photoluminescence at a transition energy of 2.55 eV
is displayed. At this transition energy emission from
DCM molecules does not contribute to the lumines-
cence signal, we observe only emission from PPPV
chromophores. For pure PPPV the luminescence de-
cays with an initial time constant of about 20 ps,
merging into an asymptotic tail of several 100 ps de-
pending on sample purity. Previous time-resolved in-
vestigations have shown that this decay results from
the trapping of the excitations by nonradiative traps.
With increasing dye content the decay of the PPPV-
luminescence becomes faster. We assign this addi-
tional decay to the transfer of excitations from PPPV
chromophores to DCM molecules. For the sample with
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Fig. 4. Time evolution of the photoluminescence of samples with
different DCM concentrations. The upper part of the figure presents
the transients at 2.55 ¢V (PPPV emission) for various concentra
tions. In the lower part of the figure the time evolution of the PL
at 2.1 eV (maximum DCM PL) for the highest doped sample 15
compared to the one of pure PPPV. The difference between both
transients reflects the emission trom the DCM molecules.

a PPPV/DCM ratio of 4:1 this transfer is character-
ized by a decay constant of approximately 1 ps. Thus,
compared to their lifetime in PPPV, the photoexci-
tations are transferred rapidly and efficiently to the
dopant dye molecules.

[n order to further demonstrate that excitations are
reatly transferred to the DCM molecules, we examined
the time evolution of the photoluminescence at the
energetic position of the maximum dye Juminescence
(2.1 eV). However, the pure DCM luminescence is
difficult to observe since several mechanisms are su-
perimposed: The fact that (i) PPPV also emits lumi-
nescence at this wavelength and (ii) the fluorescence
lifetime of DCM is larger than that of PPPV will give
a time-resolved DCM signal much smaller than that of
PPPV. Additionally, (iii) some DCM molecules are
excited directly and contribute to instantaneous DCM
emission. In the lower part of Fig. 4 we compare the
transient for a pure PPPV sample to that of the dye
doped sample with the highest doping level. The dif-
ference between both transients reflects the dynamics
of the emission from DCM molecules. It shows a ris-
ing with a time constant of approximately 1 ps, which
corresponds well to the observed decay of the signal
at 2.55 eV at this doping level (upper part of Fig. 4).
This supports the notion that the change of the dynam-
ics of the luminescence at 2.55 eV as a function of
doping reflects the excitation transfer process between
the PPPV chromophores and the dye molecules.

For a more quantitative analysis of the dynamics
ot the transfer process we examine the decay of the
PPPV luminescence at 2.55 eV introduced by doping
with dye molecules. The transfer time is derived by
dividing and normalizing the transients of the doped
samples by those of pure PPPV. By this procedure the
intrinsic PPPV decay mechanisms are eliminated re-
vealing the pure decay induced by DCM doping. The
resulting decay is not a single exponential decay. Due
to the inhomogenous distribution of transfer times (re-
flecting the distribution of host-guest distances), we
observe a distribution of decay constants. In order to
compare our data with a simple model, we fit a mono-
exponential decay to the DCM induced initial decay.
This single decay constant reflects an average transfer
time for a given DCM concentration. In Fig. 5, the av-
crage transfer times are depicted as a function of the
average distance r from any PPPV chromophore to a
dve molecule. The distances are derived from the con-
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Fig. 5. Additional decay of the luminescence at 2.55 eV induced
by doping with DCM at different concentrations. The figure shows
the mean decay time constant (transfer time) as a function of
the average distance to a dye molecule and compares it to the
theoretically expected r® dependence. The same measurements
were performed on two different sets of samples in order to confirm
this dependence.

centrations of DCM and PPPV in the samples. Anal-
ogous results for two different sets of samples are in-
cluded in the figure. Since the optical absorptions in
PPPV as well as in DCM are dipole allowed we expect
a Forster-type dipole-dipole interaction to control the
transfer time leading to a characteristic r® dependence.
Both sets of data clearly confirm this theoretically pre-
dicted r® dependence (dotted lines in Fig. 5).

4. Concluding remarks

We observe that doping conjugated polymers with
laser dyes gives rise to an efficient and fast transfer
of excitations from the initially excited polymer chro-
mophores to dopant molecules. This effect can be em-
ployed for easy spectral tuning of the luminescence
of polymer light emitting devices. We present the first
measurements of the transfer dynamics with subpi-
cosecond time resolution.

We have shown that the transfer mechanism corre-
sponds to a Forster-type interaction between dipoles
as evidenced by the r® dependence of the transfer time
on the distance.
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