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Abstract: The dynamics of fluorescence quenching of a conjugated polyelectrolyte by a cyanine dye are
investigated by femtosecond fluorescence up-conversion and polarization resolved transient absorption.
The data are analyzed with a model based on the random walk of the exciton within the polymer chain and
a long-range direct energy transfer between polymer and dye. We find that rapid intrachain energy migration
toward complex sites with the dye leads to the highly efficient energy transfer, whereas the contribution
from direct, long-range energy transfer is negligible. We determine the actual density of complexes with
the dye along the polymer chain. A clear deviation from calculations based on a constant complex association
constant is found and explained by a reduced effective polymer concentration due to aggregation. Altogether,
the quenching efficiency is found to be limited by (i) the energetic disorder within the polymer chain and (ii)
the formation of loose polymer aggregates.

1. Introduction

Organic semiconductors and in particularπ-conjugated
polymers have entered numerous fields of applications such as
light-emitting diodes, lasers, solar cells, and recently also the
important field of chemical and biological sensing. For biologi-
cal applications, theπ-conjugated polymers need to be soluble
in aqueous environments. Recently, fluorescence quenching of
a water-solubleπ-conjugated polyelectrolyte has been demon-
strated with a series of cationic quenchers.1 π-Conjugated
polymers can be quenched very efficiently, a process that cannot
be explained by a diffusion-controlled mechanism.1-3 The
efficiency of fluorescence quenching relies on the high mobility
of the photoexcitations on the conjugated polymer chain, leading
to the quenching of many chromophores upon the binding of a
single quencher molecule.4 However, a variety of effects
enhance the fluorescence quenching of conjugated polyelectro-
lytes (CPEs). In addition to the importance of the photoexcitation
mobility along the polymer chain, quencher-induced aggregation
of the polymer chain increases the number of chromophores in
the direct vicinity of the quencher and enables interchain energy
migration, thereby enhancing the quenching efficiency.1,4 Fur-
thermore, the large charge of the conjugated polyelectrolyte can
increase the local quencher concentration by more than an order
of magnitude.5 The influence of these rather extrinsic effects

raises the question, to what extent does the exciton mobility on
the polymer chain contribute to the fluorescence quenching?

The rate and efficiency of intramolecular energy transfer in
π-conjugated polymers is currently a subject of intense discus-
sion. Recent investigations of a PPV-type conjugated polymer
found the intrachain energy transfer to be slow and short-range.6

This is supported by measurements and Monte Carlo modeling
of the photoluminescence anisotropy decay of MEH-PPV7 and
polythiophene8 in dilute solution, giving a range of the energy
transfer of only 6-8 conjugated segments, corresponding to
about 20-30 nm. On the other hand, enormous conjugated poly-
electrolyte luminescence quenching indicates a very efficient
intramolecular energy transfer in a water and methanol-soluble
PPE.1,4 Efficient energy transfer on conjugated polymer chains
has also been found in single-molecule studies,9-11 where it was
suggested that the energy transfer efficiency depends strongly
on the polymer chain conformation, and quenching of the com-
plete chain is achieved only for dense conformations forming
aggregated structures. In these studies10 as well as in investiga-
tions in Langmuir-Blodgett films,12 a three-dimensional exciton
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migration was proposed to explain the high quenching effi-
ciency. Altogether, many different mechanisms can improve or
limit the quenching efficiency of fluorescence from a conjugated
polyelectrolyte. A fundamental understanding of the energy
transfer mechanisms in CPEs is therefore crucial for the
development of reliable and sensitive polymer-based sensors.

In general, energy transfer between an excited chromophore
on a CPE chain and an acceptor molecule can occur (i) by direct
energy transfer, (e.g. by a long-range Fo¨rster-type dipole-dipole
coupling) and (ii) in a multistep mechanism consisting of
intrachain energy migration (short-range incoherent hopping)
on the polymer chain to a site adjacent to the acceptor, followed
by short-range energy transfer to the acceptor. Furthermore, for
samples in solution one has to distinguish between quenching
by acceptors that are in an ionic complex with the CPE and
diffusional quenching by free acceptors in the solution, where
the latter becomes important at high quencher concentrations.5

Wang et al. described the fluorescence quenching of a PPV-
type CPE by methyl viologen with a modified Stern-Volmer
equation that accounts for static quenching by both acceptor
molecules in an ionic complex with the donor and free acceptors
in the solution.5 The superposition of both contributions leads
to an exponential rise of the quenching efficiency according to
I0/I ) (1 + KSV[Q])‚exp(RV), wereI0/I is given by the ratio of
donor emission without and with the quencher present,KSV

represents the association equilibrium constant for complex
formation, andV is the volume of the quenching sphere. The
factor R accounts for an enhanced quencher concentration in
the vicinity of the CPE. The formula is derived on the
assumption that the quenching is entirelystatic, i.e., much faster
than the excited-state lifetime of the (unquenched) donor. There
is ample evidence, however, that exciton migration in conjugated
polymers is active on a time scale of tens of picoseconds8,13

(i.e., comparable to the excited-state lifetime of most polymers).
Thus, the quenching should be adynamicprocess where the
rate of energy migration on the CPE chain significantly
influences the quenching efficiency.

In this work, we present a detailed study of the energy transfer
dynamics from an anionic conjugated poly(phenylene ethy-
nylene) sulfonate (PPESO3) to a cationic dye molecule (HMIDC).
The structures are shown in Chart 1. Steady-state fluorescence
spectroscopy reveals that formation of an ionic complex between
the polymer and dye leads to efficient polymer dye energy
transfer.1 To monitor the energy transfer dynamics, we employ

femtosecond time-resolved fluorescence up-conversion along
with transient absorption and polarization anisotropy studies on
solutions with systematically varied dye concentration.

A numerical modeling is presented using the analytical
solution of a random walk process between energetically iden-
tical and equidistant chromophores. The effects induced by
energetic and conformational disorder are accounted for by a
time-dependent hopping rate. Modeling of the energy transfer
dynamics allows us to determine the density of complexes on
the polymer chain and the number of chromophores quenched
by each complex formed. The individual contributions of
intrachain hopping toward the acceptor and direct long-range
transfer are quantified, allowing design rules for systems with
improved sensor activity to be provided.

2. Experimental Methods and Numerical Calculations

The synthesis of PPESO3 has been described recently.4 The
molecular weight of the polymer is estimated to beMn ) 100 kDa,
corresponding to about 200 monomer units (see Chart 1 for repeat unit
structure). HMIDC was purchased from Aldrich and used as received.

Steady-state absorption and emission spectra of both materials in
methanol solution are shown in Figure 1a. The emission of PPESO3
partially overlaps with the HMIDC absorption spectrum, thus enabling
singlet energy transfer from the polymer to the dye. The large separation
of the emission bands of the polymer and dye allows for independent
measurement of donor emission and acceptor emission in time-re-
solved fluorescence experiments. A concentration of 34µM PPESO3
in CH3OH (in polymer repeat units, PRU) was used for the time-
resolved fluorescence and transient absorption experiments.

2.1. Time-Resolved Experiments.Excitation pulses are derived
from an optical parametric amplifier (OPA) pumped by a commercial
Ti:Sa laser system consisting of a Ti:Sa oscillator (Spectra-Physics,
Tsunami) and a subsequent Ti:Sa amplifier (Spectra-Physics, Spitfire)
with a repetition rate of 1 kHz. The fourth harmonic of the idler is

(13) Herz, L. M.; Silva, C.; Friend, R. H.; Phillips, R. T.; Setayesh, S.; Becker,
S.; Marsitsky, D.; Mu¨llen, K. Phys. ReV. B 2001, 64, 195203.

Chart 1. Conjugated Polyelectrolyte PPESO3 and Cyanine Dye
HMIDC

Figure 1. (a) Absorption (- - -) and emission spectra (s) of PPESO3
and HMIDC in methanol. (b) Fluorescence spectra of 10µM PPESO3 with
added HMIDC (0-2.5µM), λexcitation) 400 nm. Inset: efficiency of polymer
(34 µM) quenching versus dye concentration. At dye concentrations larger
than 2µM, the quenching efficiency saturates.
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tuned to the absorption maximum of PPESO3 at 425 nm and fed
through a prism compressor, yielding a pulse length of less than 100
fs (fwhm).

In the time-resolved fluorescence experiments,14,15 a fraction of
the Ti:Sa amplifier output is used as the gate pulse (fwhm) 60 fs,
30 µJ/pulse). Fluorescence and gate pulses are overlapped in a non-
linear crystal (â-BBO), and a new beam is generated at the sum
frequency. The up-converted light is spectrally filtered using a grating
monochromator, detected with a photomultiplier and the signal gated
with an integrating boxcar. A variable time delay between excita-
tion and gate pulses allows the ultrafast temporal mapping of the
fluorescence.

In the transient absorption experiments15 sketched in Figure 2, a
fraction of the Ti:Sa amplifier output is focused on a 1-mm sapphire
plate to generate a white-light continuum, which is used as probe and
reference beams. The white light is spectrally filtered, yielding pulses
of 10-nm bandwidth centered at 680 nm with a pulse length of∼100
fs. Using a thin-film polarizer, we oriented the probe light polarization
45° with respect to the pump pulse. After passing through the sample,
a Glan-Taylor polarizer splits the probe beam into its polarization
components, parallel and perpendicular with respect to the pump,
allowing for the simultaneous detection of both polarizations. Pump-
induced absorption changes of both probe polarization components are
measured as a function of pump-probe time delay by modulation of
the pump beam with a mechanical chopper and detection of the probe
beams and a reference beam using matched photodiodes and boxcar
integration.

The temporal evolution of anisotropy is obtained by evaluation of

where∆AP(t) and∆AS(t) correspond to the transient absorption of the
polarization oriented parallel or perpendicular to the excitation beam
polarization, respectively.

2.2. Numerical Modeling.To obtain information about the complex
density on the CPE and the number of monomers quenched by a single
acceptor, numerical simulations of the intrachain excitation migration
and quenching were performed.

The quenching of mobile excitations on a one-dimensional chain
with trap sites has been treated intensively experimentally and in
analytical and numerical calculations.16-22 Monte Carlo simulations of

the energy transfer in polythiophene and MEH-PPV found that the
energy migration covers on average a region of 6-8 hopping steps
around the originally excited conjugated segment, corresponding to a
distance of about 30 nm.7,8 The Förster radiusR0 for energy transfer
from PPESO3 to HMIDC is 49 Å.1 If the initially excited segment on
the polymer is closer to the quencher, then direct transfer can play a
significant role in the energy transfer. Hence, in our numerical model,
the quenching of PPESO3 photoluminescence by the complexed
acceptor dye is assumed to occur (i) due to the random walk of
excitations on the polymer to the complex site and (ii) by a direct long-
range transfer to the complexed acceptor molecules. Energy transfer
to free dye molecules in solution can be excluded on the basis of
anisotropy measurements as described in the Results section.

Random Walk for Exciton Migration. The conjugated polymer is
considered to have excitations localized on conjugated segments of
equal length (conjugation length,cl; for oligo-p-PE, the conjugation
length is at least 8-9 monomers or∼60 Å23,24). The excitations migrate
on the polymer chain by nearest-neighbor hopping between conjugated
segments, until the hopping is terminated by radiative or nonradiative
decay of the excitation or by reaching a site that is in an ionic association
with an acceptor molecule. In the latter case, instantaneous energy
transfer to the acceptor occurs.

Energetic disorder within the polymer chain slows the hopping
process with time because segments of comparatively low energy get
populated, acting as shallow traps. Monte Carlo methods have been
employed to simulate exciton migration on the energy landscape of a
disordered polymer chain with varying lengths of conjugated seg-
ments.7,8,13,25,26This method, however, requires a detailed model of the
polymer’s geometrical structure and energy landscape.

The numerical modeling presented here (for a detailed mathematical
description of the modeling, see Supporting Information) reduces the
computational effort significantly. It uses a different approach, solving
analytically the random walk process between energetically identical
and equidistant chromophores in a numerically solved rate equation
model. The energetic and conformational disorder-induced effects are
accounted for by a semiempirical time-dependent hopping rate. In
essence, the hopping rate slows as the excitation becomes trapped in
segments of lower energy.

The slowdown of the hopping rateτhop is given by the energy barrier
∆E between the currently occupied chromophore and neighboring
chromophores, which increases on average with time as the excitation
moves to sites of lower energy. Considering a one-dimensional chain
with site disorder, the time dependence of the hopping time becomes
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Figure 2. Experimental setup of the transient absorption experiment. After
the sample, a Glan-Taylor polarizer splits the probe beam into its
polarization components parallel (P) and perpendicular (S) to the pump
polarization, respectively. Each of the photodiode signals is integrated
separately and shot-by-shot with a Boxcar averager and transferred to a
computer.

r(t) )
∆AP(t) - ∆AS(t)

∆AP(t) + 2∆AS(t)
(1)
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with initial hopping timeτhop,0) 1 ps25 and energetic disorder parameter
b. At very short times, whent < τhop,0, we assumeτhop(t) ) τhop,0. The
disorder parameterb is used as a fitting parameter.

Direct Fo1rster-Type Energy Transfer. The direct Förster-type
energy transfer to the complexed acceptor molecules is incorporated
in the simulation by assuming that at any time the excitations have an
equal probability to reside on any chain segment of lengthcl between
two complex sites. The direct transfer rate is calculated by averaging
the Förster rate from each of the conjugated segments between two
quenchers. Due to the strong distance dependence ofkFörster, by far the
largest contribution to energy transfer by this mechanism is given by
the sites adjacent to the complex sites.

Rate Equations for Polymer- and Quencher Populations.The
time dependent evolution of the donor- and acceptor excited-state
population,NPPESO3(t) andNHMIDC (t), can be obtained by numerical
integration of the coupled rate equations

wherekPPESO3andkHMIDC are the excited-state decay rates of PPESO3
in the absence of quenchers and HMIDC, respectively,khop ) 1/τhop,
andpquench/Nnorm is the probability for an excitation to reach a complex
site and be quenched at the random walk stepn. To minimize the
number of free parameters, and since in the absence of any quencher
the excited-state population of the CPE does not decay monoexponen-
tially,1 we use a stretched exponential function to describe the decay
of excited PPESO3 molecules (see Supporting Information).

After numerical integration of eq 3, the measurement signals of the
time-dependent photoluminescence yield (PL) and the transient absorp-
tion (∆A) are given by

where the prefactorηPL scales the numerical results of the PPESO3
excited-state population to the photoluminescence yield measured in
the up-conversion experiment, andσPPE andσHMIDC are used to scale
the transient absorption signal to the pump-induced population changes
of the PPESO3 and HMIDC, respectively.

3. Results

Figure 1b shows the steady-state emission spectra of PPESO3
with different concentrations of added dye. The excitation source
at 400 nm exclusively excites the PPESO3 polymer. As the
dye concentration is increased, the emission of PPESO3 de-
creases while the dye emission increases, revealing an efficient
energy transfer from the photoexcited polymer to the cyanine
dye. This efficient transfer process can be attributed to a complex
formation between the anionic polymer donor and the cationic
dye acceptor.1 The inset of Figure 1b shows the efficiency of

the PPESO3 fluorescence quenching as a function of dye
concentration.

3.1. Transient Absorption and Fluorescence Data.The
fluorescence up-conversion experiments allow the study of the
energy transfer dynamics from the photoexcited PPESO3 to the
cyanine dye. Excitation of the polymer at 425 nm and detection
of the fluorescence of PPESO3 at 450 nm yields the temporal
response of the polymer’s emission (Figure 3b). The topmost
curve (0µM) corresponds to emission from the pure polymer
in CH3OH. The other curves show the emission from the
polymer in the presence of different dye concentrations. With
increasing dye concentration, the initial amplitude of the
fluorescence decreases considerably. This amplitude reduction
is assigned to energy transfer from the photoexcited PPESO3
to the dye, occurring on a time scale faster than the experimental
time resolution of about 200 fs. Additionally, at high dye
concentrations leading to a steady-state quenching of more than
50% (three lower curves), the decay of the PPESO3 fluorescence
becomes significantly faster, being reduced from about 250 ps
for the pure polymer to 50 ps decay when 6µM of the cyanine
dye is added.

In the following, we will refer to those quenching processes
occurring within our instrument time resolution asstaticquench-
ing. The term static does not describe a nonfluorescent ground-
state complex in which the polymerπ-orbitals are significantly
altered by the association with the quencher. Since the absorp-
tion spectrum of the PPESO3 does not change with addition of
HMIDC, the formation of such complexes is unlikely. Instead,
static quenching refers to a very fast energy transfer from the
polymer to the quencher, due to an initial excitation of a
conjugated segment that is in the direct vicinity of the quencher.

Figure 3. PPESO3 in CH3OH with added [HMIDC]) 0, 0.65, 1.35, 3,
and 6µM. The excitation wavelength is 425 nm. (a) Transient absorption
detected at a probe wavelength of 680 nm. At very early times there is
photoinduced absorption from PPESO3. As energy transfer occurs, the PIA
decays and stimulated emission from HMIDC grows. (b) Up-conversion
signal of PPESO3 fluorescence detected at 450 nm. Both plots present the
signal at the magic angle. The results from the numerical calculations are
shown as solid lines.

τhop(t) ) τhop,0‚( t
τhop,0

)b/kT
(2)

dNPPESO3

dt
) -NPPESO3(kPPESO3+ kFörster) -

NPPESO3

pquench(acomplex,n)

Nnorm
khop

dNHMIDC

dt
) -NHMIDCkHMIDC + NPPESO3kFörster+

NPPESO3

pquench(acomplex,n)

Nnorm
khop

dn
dt

) khop (3)

PL(t) ) ηPL‚NPPESO3(t)

∆A(t) ) -σPPESO3‚NPPESO3(t) + σHMIDC‚NHMIDC(t) (4)
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Quenching taking place on the time scale of the excited-state
lifetime will be referred to asdynamic. We will later show that
the dynamic process is not a quencher diffusional process, but
exciton migration within the polymer chain.

Contributions from both static and dynamic quenching are
also found in the transient absorption data, which allow
monitoring of the excited-state population of PPESO3 and
HMIDC simultaneously. The transient absorption of PPESO3
in methanol for different concentrations of cyanine dye is shown
in Figure 3a. Again the topmost curve corresponds to pure
polymer, while the other curves correspond to the transient
absorption signal in the presence of the quencher.

Probing atλ ) 680 nm (maximum emission of the dye), the
pure polymer solution shows a positive transient absorption (an
increase in the absorption of the sample). Figure 4 compares
the time evolution of this photoinduced absorption (PIA) signal
with the PPESO3 fluorescence decay. The similarity of these
two curves allows us to attribute the transient absorption signal
at 680 nm to absorption by the singlet exciton of PPESO3. In
agreement with the fluorescence up-conversion data, the addition
of HMIDC leads to a reduction of the PIA amplitude and decay
time. Furthermore, in the presence of the dye the transient
absorption data show a crossover from PIA to a negative signal
(increased transmission), indicating either ground-state bleaching
or stimulated emission. At this probe wavelength, neither
PPESO3 nor HMIDC absorb, and the polymer does not
fluoresce; therefore, the negative transient absorption is assigned
to stimulated emission (SE) from excited HMIDC. Since direct
excitation of dye molecules by the pump pulse atλ pump )
425 nm does not occur, the increase of SE with delay time
reflects the energy transfer to the dye. Excitation energy leaving
the polymer reduces the PIA from the PPESO3 (decrease of
∆A), while energy arriving on the dye enhances SE, again
decreasing the measured signal∆A. The combination of both
effects induces a strong change in the transient absorption signal
and results in a high sensitivity to the energy transfer dynamics.

3.2. Anisotropy and Ionic Complexes.Figure 5a shows the
anisotropy evaluated from the transient absorption data using
eq 1. The pure polymer sample features an anisotropy ofr0 )
0.3 at∆t ) 0, which is slightly lower than the theoretical value

of r0 ) 0.4 expected for a three-dimensional, randomly oriented
ensemble of perfectly linear transition dipoles.27 The reason for
this lower starting value is an ultrafast process occurring within
the experimental time resolution of ca. 150 fs. One possible
explanation for this fast loss of anisotropy is the dynamic
localization of the excitations due to torsional motions on the
polymeric chain. For MEH-PPV, loss of anisotropy has been
shown to occur in<100 fs.28 After this initial decay, any
subsequent loss of anisotropy is a direct measure of the exciton
hopping between conjugated segments of different orienta-
tion.8,29The large molecular weight of the polymer chain slows
the rotational diffusion, leading to an almost static orientation
of the molecule on the subnanosecond time scales probed here.

The anisotropy decays within about 150 ps. A complete
randomization of dipole orientations is expected to lead tor∞
) 0, which is in contrast to the residual anisotropy ofr∞ )
0.05 observed in the data. On the basis of the long-lived
anisotropy decay, we conclude that intrachain energy transfer
on the polymer is active during the entire lifetime (250 ps) of
the photoexcitations. The crossover from a fast initial decay to
an extremely slow decay at larger time delays, however,
indicates a significant slowdown of the hopping process with
time due to energetic disorder within the CPEs, leading to weak
trapping of the excitations.30

Transient absorption anisotropy changes in the presence of
HMIDC were examined to understand the role of HMIDC
molecules associated with the polymer versus free dye molecules
on the energy transfer. In the presence of 6µM of HMIDC
(corresponding to∼80% quenching of the steady-state polymer
emission), the anisotropy dynamics show a drastic change.
Figure 5b shows the anisotropy detected after excitation with

(27) Valeur, B.Molecular Fluorescence: Principles and Applications, 1st ed.;
Wiley-VCH: Weinheim, 2002; p 147.

(28) Ruseckas, A.; Wood, P.; Samuel, I. D. W.; Webster, G. R.; Mitchell, W.
J.; Burn, P. L.; Sundstro¨m, V. Phys. ReV. B 2005, 72, 115214.

(29) Gaab, K. M.; Bardeen, C. J.J. Phys. Chem. B2004, 108, 4619-4626.
(30) Scheidler, M.; Cleve, B.; Ba¨ssler, H.; Thomas, P.Chem. Phys. Lett.1994,

225, 431-436.

Figure 4. PL up-conversion and∆A of PPESO3. The signals have identical
decay dynamics, showing that (i) both signals give the population of the
first excited state of PPESO3 and (ii) no significant energy transfer to
aggregate sites with a lower radiative decay rate occurs.

Figure 5. Time-dependent anisotropy detected at 680 nm for (a) PPESO3
in CH3OH. Excitation at 425 nm. The residual anisotropy at long∆t
indicates intrachain energy transfer activity during the entire emission
lifetime of the polymer. (b) PPESO3 with 6µM of HMIDC. Direct excitation
of HMIDC at 640 nm shows no residual anisotropy. Excitation at 425 nm
shows a residual anisotropy from the HMIDC indicating that the signal
arises from molecules in complex with the PPESO3, which maintain their
orientation during the time scales of interest.
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two different pump frequencies, leading to either direct or
sensitized dye emission. While probing at 680 nm, which
corresponds to the emission peak of the HMIDC, we first excite
the sample at 640 nm leading to direct excitation of the HMIDC
(at this wavelength, there is no absorption by PPESO3).
Consequently, under these conditions the transient absorption
signal is given exclusively by stimulated emission of the dye,
and the anisotropy calculated thereof is the anisotropy of the
HMIDC emission. The corresponding transient anisotropy plot
in Figure 5b shows an initial anisotropy ofro ) 0.35, close to
the theoretical expectation. The decay of the value of the
anisotropy tor∞ ≈ 0 shows a time constant of about 100 ps.

While still probing the dye emission (λ ) 680 nm), it is
possible to investigate the anisotropy behavior after energy
transfer by exciting the dye exclusively via energy transfer from
the PPESO3. This is accomplished by tuning the excitation
wavelength to 425 nm, where the PPESO3 absorption is high
and the HMIDC absorption is negligible. Under these conditions,
the time-dependent anisotropy shows a weak initial decay. At
∆t > 50 ps, the anisotropy of the sensitized dye emission
remains about constant at a level ofr∞ ) 0.1.

4. Discussion

To understand the quenching mechanisms, it is fundamental
to answer the question: do free dye molecules in solution
contribute to the quenching? We will first answer this question
and then describe the PL up-conversion and transient absorption
data quantitatively by comparing it to the results of the numerical
simulation. An important outcome of the numerical simulations
is that they provide the density of complexes along the polymer
chain for the samples with different HMIDC concentrations.
As we will discuss below, the computed complex density
deviates significantly from expectations based on a constant
complex association constant.

4.1. Loss of Anisotropy and the Absence of Quenching
by Free Dye Molecules.Figure 5b shows the anisotropy decay
of the transient absorption signal measured on the PPESO3/
HMIDC mixture. Due to the fast energy transfer to the dye, the
transient absorption signal at∆t > 50 ps is dominated by
stimulated emission from dye molecules; the observed anisot-
ropy therefore corresponds to the emission anisotropy of the
HMIDC. Direct excitation of the dye leads to a high initial
anisotropy of the dye emission ofro ) 0.35, decaying tor∞ ≈
0 with a time constant of about 100 ps. Any dye molecules
associated with the PPESO3 chain are expected to maintain their
orientation during the time scales of interest here. Consequently,
we attribute the anisotropy decay down tor ≈ 0 to the rotation
of free dye molecules in solution.31 Figure 3a shows that for
the solution with highest dye concentration (6µM) the energy
transfer occurs very rapidly, and at∆t > 50 ps the transfer from
PPESO3 to the dye is almost complete. After completion of
the energy transfer, the anisotropy of the sensitized dye emission
shown in Figure 5b remains almost constant atr∞ ) 0.1. We
conclude that the energy is exclusively transferred to dye
molecules that are bound to the PPESO3 in an ionic association
and cannot freely rotate, which justifies the neglect of quenching
by free dye in solution. Note that this result is in contrast to

previous studies on the quenching mechanism of a water-soluble
poly(phenylenevinylene).5

The relatively high value of the residual anisotropy (r∞ )
0.1) obtained for sensitized dye molecules suggests that in the
donor-acceptor complex the transition dipole moments of
HMIDC molecules are aligned approximately parallel to the
PPESO3 backbone. This is in agreement with the slight red shift
reported earlier1 in the emission from the dye when PPESO3 is
added to the solution. The constant anisotropy of the sensitized
emission from the complexed dye also confirms our previous
assumption that rotational diffusion of the polymer chain is much
slower than the excited-state lifetime and does not contribute
to the anisotropy decay of photoexcitations on the polymer
chain. It further implies that the sample volume in solution
probed by the polyelectrolyte is much smaller than its radius
of gyration, which is in contrast to previous reports.5

4.2. Comparison of TA- and PL Up-Conversion Dynamics.
The excitation hopping dynamics and hence the anisotropy
decay can be strongly affected by the presence of energetic traps
formed by interchain interactions in aggregates.32 In our previous
work,1 we showed that in H2O (a poor solvent) the polymer
tends to aggregate, whereas in CH3OH (a good solvent) it is
present in unaggregated form. Barbara and co-workers described
possible conformations of flexible and stiff polymers with and
without defects.33 According to their work, rigid polymers with
defects but no intersegment attraction lead to extended confor-
mations with approximately straight-chain segments between
defects. Figure 1b shows no sign of aggregation or chain-
collapsing conformation. We conclude then that intersegment
attractions are not present, and therefore the interchain process
will not contribute to the overall excitation migration. Instead,
exciton hopping is expected to occur within a given chain. This
finding is corroborated by the comparison of the fluorescence
up-conversion and transient absorption dynamics shown in
Figure 4 from which we concluded that excitation trapping in
aggregates does not occur.

Conjugated polymers can form aggregates with radiative
decay rates that differ from those of their unaggregated
structures.34 If aggregates are formed under the experimental
conditions used in the present investigation, the energy transfer
to the aggregates would be expected to change the radiative
decay rate. The photoluminescence up-conversion signal is given
by PLup ≈ N(S1)‚krad, whereN(S1)is the population number of
excitations of PPESO3 andkrad is the radiative decay rate.
Assuming a time-independent cross section for the S1 f Sn>1

transition, the photoinduced absorption measured in transient
absorption is simply given by∆A ≈ N(S1). Thus, by comparing
fluorescence up-conversion and transient absorption dynamics,
it is possible to determine if the radiative decay rate of the
polymer changes with time. Since bothPLUP and ∆A show
exactly the same dynamics (Figure 4), the radiative decay rate
is constant in time. We conclude that energy transfer to PPESO3
aggregates does not occur.

4.3. Quenching Dynamics and the Static Contribution.The
fluorescence up-conversion data shown in Figure 3b can be used

(31) Direct excitation of the dye probes both free dye molecules in solution
and those in the complex. Anisotropy decay tor ≈ 0 indicates that most
dye molecules are free in solution. The contribution to the anisotropy from
complexed dye molecules is just too small to be detected.

(32) Grage, M. M. L.; Zaushitsyn, Y.; Yartsev, A.; Chachisvilis, M.; Sundstro¨m,
V.; Pullerits, T.Phys. ReV. B 2003, 67, 205207.

(33) Hu, D. H.; Yu, J.; Wong, K.; Bagchi, B.; Rossky, P. J.; Barbara, P. F.
Nature2000, 405, 1030-1033.

(34) Kamalov, V. F.; Struganova, I. A.; Yoshihara, K.J. Phys. Chem.1996,
100, 8640-8644.
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to estimate the relative contributions of static and dynamic
quenching. The temporal evolution of PPESO3 fluorescence in
the presence of HMIDC normalized to the fluorescence of the
pure CPE sample is shown in Figure 6. This emission ratio
represents the amount of quenching at a given delay time. A
ratio of 1 indicates that no quenching has occurred up to the
given delay time. The lowest quencher concentration of 0.65
µM corresponds to 25% of the steady-state (integrated) polymer
emission being quenched by the dye acceptor. For this sample,
at ∆t ≈ 0 we observe a fluorescence ratio of 0.8, indicating
that 20% of the emission is quenched within the experimental
time resolution, therefore being regarded as static quenching.
At increased delay time the fluorescence ratio appears nearly
unchanged, indicating the lack of additional dynamic quenching.
At increased quencher concentrations the fluorescence ratio
begins to decay with time, revealing additional dynamic
quenching. At the highest quencher concentration of 6µM, about
half of the energy transfer is completed within the experimental
time resolution (static component), whereas the other half of
the energy transfer occurs on a 50-ps time scale (dynamic
component). At increased quencher concentrations, the simul-
taneous presence of static and dynamic quenching is expected
to lead to a superlinear Stern-Volmer behavior.35 Figure 7
shows the fluorescence signal taken from Figure 3b, integrated
over time, and plotted versus dye concentration. This figure
reveals a linear dependence ofI0/I as a function of dye
concentration.36 Considering a purely static quenching in a 34
µM solution of the polymer, a fit to the Stern-Volmer equation
gives an association constant of∼7.2 × 105 M-1. The time-
resolved data allow us to draw an equivalent Stern-Volmer
plot for the static component only. It is obtained by plotting
the ratio of the PPESO3 fluorescence in the presence and the
absence of dye at∆t ) 0, also shown in Figure 7. Above a
quencher concentration of∼2 µM, the quenching does not
increase any further with increased HMIDC concentration. In
the time-integrated Stern-Volmer plot, the saturation of the
static quenching component “cancels out” the superlinear
response expected from simultaneous static and dynamic

quenching and leads to an apparent linear increase of the steady-
state (time-integrated) quenching with quencher concentration.

4.4. Quenching and the Role of the Dynamic Component.
The quenching dynamics are affected both by the average
distance between quencher complexes along the PPESO3 chain
and by the excitation hopping dynamics. The numerical simula-
tions discussed in this section pinpoint the reasons for the
saturation of static quenching at high quencher concentrations
and the unexpected linear Stern-Volmer plot obtained from
steady-state measurements. The time-resolved PL up-conversion
and transient absorption data are simulated using eq 4. The free
variables are thedisorder parameter b, determining the excita-
tion hopping dynamics; the averagecomplex distance acomplex;
thescaling factorsηPL for the fitting of the photoluminescence
up-conversion data; andσPPESO3and σHMIDC for the fitting of
the transient absorption data. Using a single set of parameters
it is possible to fit the five independent PL up-conversion and
transient absorption datasets.

The overall fits to all the samples with a unique set of
parameters are shown as solid lines in Figure 3. Good agreement
between the simulations and the experimental data was achieved
for both the up-conversion and transient absorption at all
quencher concentrations. Table 1 summarizes the parameters
used for all samples.

The distance between complexes formed along the polymer
chain (acomplex) obtained from the numeric modeling of the time-
resolved quenching dynamics allows one to determine how
many polymer repeat units are actually quenched by a single
PPESO3/dye complex. The lowest dye concentration of [Q0]

(35) Lakowicz, J. R.Principles of Fluorescence Spectrosocopy, 2nd ed.; Kluwer
Academic/Plenum Publishers: New York, 1999; p 243.

(36) In our previous report, the SV (ref 1) plots for quenching of PPESO3 by
HMIDC were slightly superlinear. The difference observed here is because
the ultrafast experiments were performed at higher polymer concentrations.

Figure 6. PL of samples containing HMIDC, divided by the PL of pure
PPESO3 solution (from Figure 3b). These ratios represent the amount of
quenching at a given delay time. At∆t ) 0, the plots represent static
component. As the concentration of quencher increases, the contribution
from the dynamic component becomes more significant. This contribution
is more prominent on solutions with high dye concentration.

Figure 7. Stern-Volmer plot of the time-integrated photoluminescence
(b) and the instantaneous photoluminescence (∆t ) 0, 2) from the up-
conversion experiment. The instantaneous photoluminescence shows a strong
saturation at quencher concentrations above 1.2µM. Even in the absence
of saturation, the overall quenching is larger than the static component,
indicating the presence of a dynamic contribution.

Table 1. Parameters and Variables Used in the Numerical
Simulations and Fitting of the Time-Resolved PL Up-Conversion
and the Transient Absorption Dataa

fixed parameters variables

1/kPPESO3
b 250 ps b/kT 0.8

1/kHMIDC
c 1700 ps ηPL 0.33

âb 0.6 σPPESO3 1.47
τhop,0

d 1 ps σHMIDC 1.25
cle 6.1 nm

a All parameters are identical for the different samples.b Obtained from
the PL up-conversion of pure PPESO3 in CH3OH. c Taken from ref 1.
d Taken from ref 25.e Taken from ref 23.
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) 0.65 µM leads to an integrated quenching of 25% of the
polymer repeat units by forming one complex per 104 PRU
(see Table 2). This corresponds to about 26 PRU (35.4 nm)
quenched by a single dye molecule.

Figure 8 shows the most important result of the simulations:
the average distance between complexes on the PPESO3 chain.
The left axis shows the complex distance in hopping steps
(acomplex, in units of cl), which is the natural unit used in the
random walk simulations. By assuming a length of the con-
jugated segments (cl) of about 8-9 phenylene ethynylenes,23,24

which corresponds to 4.5 PRU, the complex distance can be
expressed in units of PRU (right axis in Figure 8). The results
of the numerical simulation range from about 23 segments (104
PRU) in the case of the sample showing the smallest overall
quenching (dye concentration [Q] ) 0.65 µM down to six
segments (27 PRU) for the sample with the highest quenching
concentration ([Q] ) 6 µM).

If we assume purely static quenching and a 1:1 PPESO3/
HMIDC complex,1 the distance between complex sites can also
be evaluated analytically. Using the association equilibrium
constantKa and the initial CPE and dye concentrations, we
obtain the concentration of complexes in solution

where [P] and [Q] are the corresponding concentrations of

uncomplexed molecules and [PQ] is the concentration of
PPESO3/HMIDC complexes. This equation is derived assuming
that all PRU are accessible to form PPESO3/HMIDC complexes.
As shown below, this is apparently not the case for solutions
with high dye concentration.

The ratio of the initial polymer concentration with the
concentration of complexes,{[P0]}/{[PQ]}, gives the average
distance between the PPESO3/HMIDC complexes along the
polymer chain in PRU and is directly comparable to the com-
plex distanceacomplexobtained from the numerical model. Fig-
ure 8 compares the numerical simulation results and the ratio-
{[PQ]}/{[P0]} obtained from the analytical expression for the
association equilibrium. At dye concentrations below 1.2µM,
the equilibrium equation from an assumed 1:1 PPESO3/HMIDC
complex ratio leads to an approximately linear decrease of the
inverse complex distance with increasing dye concentration.

Using a total polymer concentration of 34µM, eq 5 behaves
linearly for Ka ≈ 3 × 104 M-1. This association constant is
considerably smaller than the one obtained from the Stern-
Volmer plot (Figure 7). At dye concentrations above 1.2µM
the numerical results deviate significantly from the linear
behavior predicted by a 1:1 PPESO3/HMIDC complex. The
reason for this early saturation of complex formation is un-
certain. It is clear from Figure 8 that at high HMIDC concentra-
tions the number of complexes formed is smaller than predicted
by eq 5. One possibility is that, at these high concentrations,
more than one HMIDC molecule interacts with a given complex
site. This would effectively increase the distance between
complex sites. Attempts to fit the complex distance by consider-
ing complexes with different PPESO3/HMIDC ratios were
unsuccessful though the simultaneous presence of complexes
with one, two, or more HMIDC molecules cannot be completely
ruled out.

The onset of the saturation corresponds to an average complex
distance of∼30 PRU. Given this large distance, it seems
unreasonable to attribute the effect to mutual electrostatic
repulsion between complex sites. It is more likely that the effect
arises due to formation of a loose aggregate of the PPESO3
chain, which effectively reduces the polymer surface area
available to the dye in solution. Loose aggregates are defined
as aggregates that contain both the polyelectrolyte and the
counterions, as opposed to dense aggregates where different
branches of the polymer are in van der Waals contact.37 Within
these loose polyelectrolyte aggregates, the electrostatic interac-
tions between the quencher molecules might be changed. Note
that the PPESO3 photoluminescence spectra clearly exclude
significant electronic interchain interactions such asπ-π
stacking of PPESO3 in dilute CH3OH solutions.1

A polymer surface reduced due to the formation of loose
aggregates corresponds to an effective reduction of the polymer
concentration available for complex formation with the dye. If
we consider that the available concentration of PPESO3 to form
complexes is smaller than the initial concentration [P0], we find
a good agreement between eq 5 and the numeric modeling using
an association constant value ofKa ≈ 7.2 × 105 M-1 and a
polymer concentration of [P0] ≈ 1.65 µM. Apparently, the
tendency of the polymer chain to form loose aggregates lowers
the quenching efficiency. In our previous studies1 on the
quenching of PPESO3 by cationic quenchers, we found that

(37) Nomula, S.; Cooper, S. L.J. Phys. Chem. B2000, 104, 6963-6972.

Table 2. Average Distance between Two Acceptor Molecules in
Complex with the PPESO3a

[Q] (µM)
acomplex

(in segments)
acomplex (in PRU)

1 segment ) 4.5 PRUb

0.65 23 104
1.5 11 49
3 8 36
6 6 27

a These values are used to generate the curves shown in Figure 3.b Taken
from ref 23.

Figure 8. Average distance between quencher molecules complexed with
the PPESO3 on a reciprocal scale. Results from the numerical model are
shown, a fit within the linear regime (- - -) yields a relatively lower
association constant. A good match between eq 5 and the model is achieved
by using a reduced conjugated polymer concentration of [P0] ) 1.65µM,
indicating an effective reduction in the number of polymer sites available
to form complexes.

[PQ] ) [[P0] + [Q0] + Ka
-1

2
-

x([P0] + [Q0] + Ka
-1

2 )2

- [P0][Q0]] (5)
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quencher-induced aggregation of the conjugated polyelectrolytes
increases the quenching efficiency significantly. In that case, it
is the facilitation of the exciton dynamics through additional
interchain hopping of the photoexcitations that enhances the
quenching.

The modeling of the quenching dynamics allows the evalu-
ation of the individual contributions to the energy transfer given
by (i) the random walk of the excitation to the complex site
and (ii) direct (long-range) energy transfer to the complex site.
Figure 9 shows the time evolution of the integrated quenching
for each mechanism for the samples quenched by 0.65 and 6
µM HMIDC, respectively. For both samples, the random walk
gives by far the largest contribution to the total energy transfer.
In fact, the random walk seems to be almost the exclusive
pathway. The two contributions have distinctly different dynam-
ics: the direct part of the energy transfer rate is time-
independent; it depends solely on the Fo¨rster radius and the
complex concentration. In contrast, the random walk mechanism
is intrinsically time-dependent: the probability of an exciton
to hop to a new, distinct segment (i.e., the probability of finding
the quencher) decreases with time. This behavior is seen in
Figure 9 as a steady increase in the direct contribution while
an initial contribution followed by flat time dependence is
observed for the exciton hopping mechanism. The time depen-
dence found in the random walk is a consequence of the quickly
decreasing probability of an excitation to hop to a new, thus-
far unvisited site. Even in the limit of a large separation of
quencher sites, the probability to find a complex site decays by
75% within only 10 hopping steps. Moreover, the decrease of
the average excitation energy due to site disorder leads to a
slowdown of the hopping rate by a factor of 5 within 10 ps.
This extremely fast decay of the random walk driven energy
transfer leads to a large fraction of the energy being transferred
on a time scale much faster than the intrinsic excited-state
lifetime of the donor. Accordingly, the fast excitation hopping
is responsible for the dominating static quenching mechanism
found in this material system. For example, for the high
quencher concentration sample, at∆t ) 5 ps a 52% (integrated)
quenching has already occurred through the random walk of
the excitations, while for the low quencher concentration sample

the quenching by random walk has already reached 12%. For
both samples, the contribution from the direct mechanism is
negligible on this time scale.

The reason for the small contribution from the long-range
mechanism is the size of the conjugated segments (cl). Due to
ther6 dependence of the Fo¨rster mechanism, using a smallercl
parameter leads to a larger contribution to the overall quenching.
For acl corresponding to 4.5 PRU (8-9 rings) the numerical
simulations show that, at low quencher concentrations, the direct
contribution accounts for only 1.5% of the total energy
transferred to the quencher. Comparison of absorption and
emission spectra maxima in this work (425 and 450 nm,
respectively) with those obtained from oligomers by Kukula et
al.23 and by Sluch et al.24 suggests that the use of 8-9 rings as
the conjugation length (4.5 PRU) describes a lower limit in the
number of monomer units in a conjugation length. If, as we
suspect, the conjugation length is even longer, the direct
contribution will be even less important.

Though the direct component contribution to the overall
quenching is<2%, its time-independent characteristic implies
that at long time scales this mechanism is the major contributor
to the quenching. However, on long time scales direct quenching
must compete with the natural decay of the excitation, and
consequenctly, this transfer mechanism remains ineffective and
still does not contribute significantly. In conclusion, the
dominant mechanism responsible for the fast and effective
quenching is the random walk of the excitations within the
polymer chain.

As shown above, the amplification of fluorescence quenching
in the PPESO3/HMIDC arises mainly from the rapid intrachain
migration of excitons on the conjugated polyelectrolyte. A
reduction of the site disorder would lead to a significant
reduction of excitation trapping and thereby further enhance the
fluorescence quenching efficiency. In our numerical model, a
vanishing disorder leads to a constant hopping rate. In that
limiting case, the lowest dye concentration of [Q0] ) 0.65µM
would yield a fluorescence quenching efficiency of 97% instead
of the 25% found experimentally. The quencher complex
concentration needed for 50% quenching would decrease by a
factor of 5, corresponding to a dye concentration of only [Q0]
) 0.25 µM.

5. Conclusions

The fluorescence quenching dynamics in a solution-based
system have been investigated using the conjugated polyelec-
trolyte PPESO3 as energy donor and the dye HMIDC as
acceptor. Numerical modeling of picosecond time-resolved
fluorescence up-conversion and transient absorption measure-
ments was carried out on a number of samples with systemati-
cally varied quencher concentration. In general, the dynamics
show that hopping of the photoexcitations to the complex sites
is the dominating pathway for fluorescence quenching. Direct,
long-range transfer to the acceptor contributes only about 1.5%
to the total energy transfer at low quencher concentrations, and
it becomes negligible at elevated quencher concentrations.

Anisotropy measurements lead to the conclusion that all of
the quenching occurs with dye molecules bound to the polymer
through ionic association. Simulations of the intrachain excita-
tion migration allowed us to calculate the actual density of
complexes formed between the ionic donor and acceptor

Figure 9. Individual contributions to the integrated energy transfer, (a)
random walk mediated and (b) direct-transfer versus time after excitation.
For both samples, the random walk process dominates the energy transfer.
It can be distinguished by the extremely fast decay of its transfer efficiency,
leading to about 50% of the total quenching being completed within less
than 1 ps.
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molecules. We found that at low quencher concentrations (below
[Q0] ) 1.2µM) the polyelectrolyte/dye complex density scales
approximately linearly with dye concentration, in accordance
with the equilibrium equation for a 1:1 complex formation. At
higher dye concentrations, however, a saturation of the complex
density sets in. From the equilibrium equation, this behavior
would be expected at much higher concentrations, when the
dye concentration becomes comparable to the monomer con-
centration of the polyelectrolyte. We suggest that the formation
of loose aggregates of the polyelectrolyte leads to a strong
decrease of the number of polymer sites that are available to
form a complex with the dye. Since no spectroscopic signature
of polyelectrolyte aggregate formation has been found, here the
term “loose” corresponds to aggregates with an interchain
distance being too large to enable electronic interchain interac-
tions (e.g.,π-π stacking), but small enough to hinder complex
formation. Satisfactory agreement of the complex densities
predicted by the equilibrium equation and those calculated from
the numerical simulations of time-resolved data is achieved, if
the PPESO3 concentration used in the equilibrium equation is
reduced by a factor of 20. The decrease of quenching efficiency

induced by the formation of loose aggregates is in contrast to
the increase of quenching efficiency usually found in the case
of the formation of dense aggregates in strongly polar solvents,
where interchain migration of excitations is enabled.

The results also show that the factor limiting the fluorescence
quenching efficiency is trapping of the photoexcitations on the
PPESO3 conjugated polyelectrolyte. The simulations suggest
that a decrease of site disorder within the conjugated polymer
chain well belowkBT should lead to an increase of quenching
efficiency by a factor of 5.
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