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The role of long-lived dark states in the photoluminescence dynamics
of poly „phenylene vinylene … conjugated polymers. II.
Excited-state quenching versus ground-state depletion

S.-H. Lim, T. G. Bjorklund, and C. J. Bardeena)

Department of Chemistry, University of Illinois, Urbana, Illinois 61801

~Received 30 August 2002; accepted 3 December 2002!

The two pulse fluorescence bleaching experiments reported in an earlier paper@J. Chem. Phys.117,
454 ~2002!# are reanalyzed in the context of additional experiments. The fluorescence bleaching
observed in that paper was originally ascribed to ground-state depletion. By analyzing the
absorption saturation behavior and the magnitude of the pump–probe signal, we find that the
absorption cross section of poly~phenylene vinylene! at 400 nm is two orders of magnitude too small
to significantly deplete the ground state given the pump fluences used in that experiment. Instead,
the observed depletion is due to a combination of exciton–exciton annihilation at early times and
dark state luminescence quenching at later times. Different experiments have different sensitivities
to the fluence-dependent quenching, with time-resolved experiments like transient emission and
fluorescence decay time consistently underestimating the exciton–exciton annihilation rate.
Experiments that measure the integrated fluorescence, such as fluorescence saturation and
bleaching, result in a consistent value for the exciton–exciton annihilation constant of 6
31029 cm3/s, while the dark state quenching constant is estimated to be at least 1.2
31028 cm3/s. Indirect evidence based on the wavelength and sample dependence of the dark state
formation suggest that the dark states are charge-separated polarons. The relatively large quenching
constants are consistent with what has been observed in other conjugated polymers and suggest that
the long-lived dark states in particular are effective quenchers, capable of quenching thousands of
surrounding chromophores. ©2003 American Institute of Physics.@DOI: 10.1063/1.1540093#
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I. INTRODUCTION

The photophysics of conjugated polymers is an area
active investigation due to their potential applications
light-emitting diodes and solar cells. The excited state str
ture of these materials is very complex, with several differ
types of states accessible via photoexcitation, including
glet excitons, charge-separated states, and triplet exciton
a recent paper,1 hereafter referred to as Paper I, we stud
long-lived dark states in the conjugated polymer poly~phe-
nylene vinylene! ~PPV!. In that work, we found that a pre
ceding pump pulse could deplete the fluorescence excite
a subsequent probe pulse, and that by varying the delay
tween the pulses we could obtain information about the
mation dynamics of long-lived dark states in the polymer.
the analysis of those experiments, the underlying assump
was that the physical origin of the fluorescence decrease
the depletion of the initial ground-state population by t
pump pulse. In the present work, we investigate this proc
in more detail and come to the conclusion that ground-s
depletion plays a negligible role. Instead, we find that b
exciton–exciton annihilation~EEA! and dark state lumines
cence quenching are responsible for the observed decrea
the probe fluorescence signal. This new mechanism of de
tion changes the conclusions of Paper I and requires a r
sion of our estimate that 10%–40% of the initially excit

a!Electronic mail: bardeen@scs.uiuc.edu
4290021-9606/2003/118(9)/4297/9/$20.00
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chromophores end up in long-lived dark states. In reality,
fraction of initial excitations that remain as long-live
quenchers, most likely polarons, is smaller by an order
magnitude. But because these quenchers have an extre
large quenching rate, they still have a significant effect on
total fluorescence emitted from the sample even at relativ
low concentrations.

The goal of the present work is twofold: First, to sho
that our earlier assumption about the origin of fluoresce
bleaching in Paper I was mistaken, and second, to show
luminescence quenching by both excitons and dark state
significant even at relatively low (;1 mJ/cm2) light intensi-
ties where the dynamics appears to be unaffected. We b
by directly extracting a value for the absorption cross sect
of a PPV chromophore at 400 nm (sA

400 nm) from transient
absorption and absorption saturation experiments. We
that thesA

400 nm of PPV is too small by a factor of 100 to
explain the bleach depths observed experimentally, using
previous assumption that ground-state population deple
by the pump pulse is the mechanism of fluorescence ble
ing. An alternative mechanism for the pump-induced fluor
cence depletion is that the excitons created by the pu
beam can interact with those excited by the probe beam.
find that different experiments have different sensitivities
the EEA process, but that a value for the EEA rate ofg56
31029 cm3/s gives a satisfactory fit to both the bleachin
data and the fluorescence yield data, while the decay rate
the fluorescence and transient emission predict a smalleg.
7 © 2003 American Institute of Physics
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4298 J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Lim, Bjorklund, and Bardeen
The new information available from this analysis is a va
for gd , the quenching probability of the long-lived dar
state, of 1.231028 cm3/s. This large quenching rate, alon
with indirect evidence from the wavelength and sample
pendence of the bleaching, suggests that the most likely
didate for the long-lived, fluorescence quenching dark s
is a charge-separated polaron.

II. EXPERIMENT

The PPV samples are prepared via the precursor poly
route described previously.2 The precursor polymer with a
tetrahydrothiophenium leaving group is synthesized and
solved in methanol. Films are spin cast on a 1 mmglass
substrate and thermally converted under vacu
(,30 mTorr) at 300 °C for 3 hours. The resulting films ha
optical densities of around 0.5 at 400 nm. The sample
mounted in a cryostat held under vacuum. All the expe
ments are done at room temperature.

Excitation pulses are generated by second harmonic
eration of the 800 nm output from a 40 kHz regenerat
amplifier ~Spectra Physics, Spitfire! in a 0.4 mm BBO
crystal.1 After second harmonic generation, the 800 and 4
nm pulses are separated with a dichroic filter. The 400
pulses are used as bleaching pulses and the 800 nm p
are frequency-doubled again in a 0.1 mm KDP crystal
generate probe pulses which are delayed using two re
reflectors. The pump and probe beams are generated u
separate doublers because of the different path lengths
beam diameters used in the experiment, necessary to en
that the probe always sees a uniform pump fluence. The
retro-reflector is mounted in a home-made 1 m travel motor-
ized delay stage controlled by a personal computer and
second retro-reflector is mounted in a 5 cm delay stage
~ATS03005, Aerotech!. Both the bleaching and probe beam
are focused onto the sample with a 15 cm lens. The s
sizes of bleaching and probe beams are 50 and 20mm @full
width at half maximum~FWHM!#, respectively. Each beam
profile is measured by translating a razor blade across
focus and fitting the data to a Gaussian profile. The p
fluence is then calculated by dividing the total pulse ene
by ps,2 wheres is the 1/e point of the fitted Gaussian. F
two beam experiments, the average pump fluence see
probed sample region is calculated by convolution of the t
beam profiles. Since the probe beams are always at lea
factor of two smaller than the pump beams, this results i
decrease of the effective probe fluence from the peak flue
of 10%–20% at most. The combination of spot sizes a
fluences used in these experiments are well below the le
where amplified spontaneous emission has been observ
phenylene–vinylene polymers, and no signs of spectral
rowing were observed.3,4 There was no effect of laser repet
tion rate on the observed dynamics, from 40 to 4 kHz.

A calcite polarizer is used to purify and set the polariz
tion of the bleach pulses to the magic angle (54.7°) w
respect to the probe beam, although no polarization dep
dence of the bleaching signal was detected in later exp
ments. For bleach recovery experiments, the 400 nm pr
beam is chopped with a mechanical chopper, and the fl
rescence due to the probe is collected with a 5 cmlens from
Downloaded 06 Jun 2006 to 138.23.126.103. Redistribution subject to AI
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the back side of the sample at an angle of about 30° from
sample surface normal. The fluorescence is detected wi
photomultiplier tube and the signal is fed into a lock-in am
plifier ~SRS SR830!. The probe fluence is about 2mJ/cm2.

Degenerate transient pump–probe experiments are
formed using the same set-up for the bleach recovery exp
ment. The polarization of the pump beam is set to the ma
angle with respect to the probe beam. After the sample,
probe is passed through a film polarizer set at 90° to
pump polarization to remove pump beam scattering noise
this way unwanted rotational effects are avoided and
noise from pump scatter can be minimized. Silicon pho
diodes are used to detect both the probe and reference
nm pulses. Standard lock-in detection and subtraction te
niques are used to improve the signal-to-noise ratio. L
fluence pump–probe and bleach recovery experiments
done with the long delay stage with a pump fluence
2 mJ/cm2. No sign of a measurable coherent artifact, whi
would occur within the pulse duration and be sensitive to
relative polarizations of the pump and probe beams, was
served. Fluence dependence decay experiments are
with short delay stage. The fluence of the pump beam
varied from 2 to 40mJ/cm2 using neutral density filters.

Picosecond time-resolved fluorescence spectra are m
sured using a streak camera~Hamamatsu, streak scop
C4334!. The samples are excited with the beam coming in
an angle of about 20° from the sample surface normal. T
fluorescence was collected normal to the sample surface,
limated and focused into a spectrometer~Spectra Pro-150!
with a 150 grooves/mm grating to disperse the spectrum
fore the streak camera. The instrumental response tim
this measurement is about 25 ps in a 1 nssweep window.

III. RESULTS

Figure 1 shows a typical bleaching experiment, where
initial pump pulse depletes the fluorescence signal due
following probe pulse. For the trace in Fig. 1, the pum
fluence is 3.3mJ/cm2, corresponding to an excitation densi
of 6.631017/cm3 given the thickness of the PPV~50 nm!
film and its transmission at the 400 nm excitation wavelen
~50%!. At this fluence level there was no discernible inte
sity dependence in the shape of the short time decays in
pump–probe experiments,5 and this is why we had earlie
assumed that intensity-dependent effects like EEA could
safely neglected. Under this assumption, we attributed
bleaching to depletion of the ground state by the pump pu
which left less population to be excited by the followin
probe pulse. Further experiments have caused us to
evaluate this assumption. The inset to Fig. 1 shows a c
parison of the power dependence of the bleaching of P
and the laser dye Coumarin 307 in dilute methanol. In or
to deplete the fluorescence of the dye in solution by a sim
amount requires on the order of 1 mJ/cm2, two orders of
magnitude larger than that required by PPV. Using a sim
rate equation approach6 ~where we assume thatT2 and
excited-state vibrational relaxation are rapid relative to
pulse duration, allowing us to neglect stimulated emissio!,
it is straightforward to show that the ground-state populat
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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4299J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Dark states of conjugated polymers
left after a pump pulse is proportional to both the absorpt
cross-sectionsA and the pump fluence«pu, where«pu is in
terms of photons/cm2

Ngr~01!5Ngr~0!exp@2sA«pu#'Ngr~0!@12sA«pu#.
~1!

Here Ngr(0) and Ngr(01) are the ground-state population
before and after the excitations respectively. In these exp
ments, we measure the pulse energy and spot size, so w
estimate«pu to within an uncertainty of a factor of 1.5. Fo
the experiments shown in Fig. 1, the fluence«pu56.6
31012 photons/cm2, which means that asA on the order of
10214 cm2 is needed to achieve the observed bleach. Su
large cross section could only result from aggregation
PPV chromophores, and in the case of PPV such an ag
gate would have predominantly H character, leading to
blue-shifted, enhanced absorption but no superradiance,
the case of J-aggregates. Experimental studies of aggre
of small PPV oligomers by Oelkruget al.7,8 clearly show
H-aggregate type absorption, andsA’s of a similar magni-
tude have been observed in molecular J-aggregates.9,10 Such
an enhanced cross section would be evidence of intermol
lar electronic coupling and delocalization in PPV. An e
hancement of the effective oscillator strength by a factor
100 would suggest an absorbing state delocalized o
;100 chromophores.11

In order to test this hypothesis, we performed other
periments to independently measuresA . In materials like

FIG. 1. Recovery time trace of PPV’s fluorescence excited by a probe p
following excitation by a pump pulse with a fluence of 3.3mJ/cm2. The
inset shows the fluence dependence of the bleach depth at 0 delay for
PPV and Coumarin 307 in methanol.
Downloaded 06 Jun 2006 to 138.23.126.103. Redistribution subject to AI
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PPV, the absorption coefficienta5sA N obtained from a
linear absorption measurement does not necessarily yie
value forsA since the density of chromophoresN is gener-
ally unknown as well. To measuresA directly, a nonlinear
experiment is required. Figure 2 shows the simplest s
experiments, namely single pulse absorption and fluo
cence saturation measurements.6 For sA510214 cm2, the
absorption of an optically thin system is expected to satu
at fluences below 100mJ/cm2, again due to depletion of the
ground state, and the effective absorption would decreas
the pulse saturates the transition. Figure 2~a! shows that PPV
is not a particularly effective saturable absorber. Even at
ences in excess of 100mJ/cm2, where we begin to see pho
todamage in the material, the percent transmission rem
constant. A different way to directly measure the absorpt
cross section is to analyze the magnitude of the trans
absorption change due to the pump pulse. The fractio
change of the probe transmission at the pump wavelen
again neglecting stimulated emission and hole-burning
fects, is given by

DT

T
5T(exp(2sA«pu)21)21 at t50. ~2!

Equation ~2! has been used previously to analyze pum
probe signal levels in experiments on different conjuga
polymers.12 The underlying assumption in our application

se

othFIG. 2. ~a! Fluence dependence of PPV absorption at 400 nm.~b! Fluence
dependence of PPV fluorescence after excitation at 400 nm. The solid li
the calculated dependence using Eq.~4! and a model withkfl

215180 ps and
g5631029 cm3/s.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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4300 J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Lim, Bjorklund, and Bardeen
that the excited-state population has already shifted ou
the probe window, and this is certainly the case in PP
where the stimulated emission has been observed to sh
525 nm within 50 fs of excitation.5 If the ground-state hole
also shifts on this time scale, the transmission would p
tially recover and our estimate forsA would be too small.
Spectrally resolved pump–probe data on PPV at room t
perature shows no sign of a bleach that is changing its sh
on this time scale, however.5,13 Excited-state absorption
would also make the bleach appear smaller than it really
although there is no sign of such an absorption at the flue
levels used in this experiment.5 Nevertheless, our estimate
of sA should be taken as a lower bound. BothT andDT are
measured in a pump–probe experiment, and typical data
shown in Fig. 5. At 400 nm, we find a peakDT/T of 2
31024 with an excitation density of 6.631018/cm3, which
yields a sA56310217 cm2, similar to what has been ob
tained for other conjugated polymers in solution.14 This
value may underestimate the absorption cross section, s
it does not take the possibility of excited state aborption i
account, which would cancel out part of the bleach and m
it appear too small. From the data in Fig. 5, we know th
there is the possibility of induced absorption at this wa
length. Nevertheless, it is unlikely that such an absorpt
would be strong enough to almost exactly cancel the indu
transmission. The low value forsA is also consistent with
the lack of absorption saturation in Fig. 2~a!, since this value
for sA requires a fluence of 1015/cm2 or 1 mJ/cm2 to gener-
ate a 10% saturation. In both cases, using experiments
signed to specifically measuresA , the large cross sectio
predicted by our previous analysis of the bleaching exp
ments in Paper I is not observed.

A final observation is that no anisotropy in the bleachi
could be detected. If the pump pulse was preferentially
pleting molecules oriented along its direction of polarizatio
then we would expect a probe pulse polarized orthogona
the pump would see less fluorescence depletion. At low t
peratures, PPV has a time-independent fluorescence an
ropy of ;0.2, which shows that no significant reorientati
of the transition dipoles occurs during the fluorescence l
time. The amount of bleaching at short delays depends o
on pump power, however, and not on its polarization relat
to the probe. Similar bleaching experiments on Couma
307 did show the expected enhancement of the bleach w
pump and probe polarizations were parallel, suggesting
the mechanism of bleaching is not the same in these
cases.

A more indirect way to measure the amount of excite
state population excited by a pump pulse is to measure
total amount of fluorescence from the sample. As the pu
fluence increases, eventually all the molecules are place
the excited state and increasing the pump power yields
increase in the fluorescence. Such an experiment is show
Fig. 2~b!. Here we see a dramatic rollover in the fluore
cence, even at very low pump fluences of 1mJ/cm2. A simi-
lar rollover is observed in Coumarin 307~inset! but at much
higher fluence levels, consistent with its measured absorp
cross section of 10216 cm2 at 400 nm. The origin of the
fluorescence saturation in PPV is different from that o
Downloaded 06 Jun 2006 to 138.23.126.103. Redistribution subject to AI
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served in the laser dye, and has been ascribed by prev
authors to exciton–exciton annihilation~EEA!.13

Efficient EEA has been demonstrated previously in P
and a variety of conjugated polymers. In the simplest ana
sis, the evolution of the singlet exciton population is go
erned by the kinetic equation

dNex

dt
52~kr1knr!Nex2gNex

2 52kflNex2gNex
2 , ~3!

where kr is the radiative decay rate,knr is the sum of all
nonradiative rates that couple the exciton to the ground st
andg is the bimolecular annihilation constant.kfl is the total
rate of decay from the singlet exciton state, which is m
sured in a fluorescence lifetime experiment. More sophi
cated theories15 take the spatial depletion and diffusion o
excitons into account; in this caseg becomes time-
dependent, i.e.,g5 g8/At . In this paper we consider only
the simplest case described by Eq.~3!, since it is sufficient to
model most of the data presented here. Estimates ofg in PPV
at room temperature range from 331029 to 4
31028 cm3/s, with the lower values resulting from intensit
dependent pump–probe measurements16 and the larger val-
ues from fluence dependent fluorescence yields like thos
Fig. 2~b!.17 Using Eq.~3!, the analytical expressions for th
amount of integrated fluorescence, the decay of the exci
state population, and the depletion of the fluorescence
cited by a weak probe beam~whose contribution to EEA is
negligible! are as follows:

Nex~ t !5
Nex~0!e2kflt

11Nex~0!
g

kfl
~12e2kflt!

, ~4!

Fl5E
0

`

Nex~ t !dt5
1

g
lnS 11Nex~0!

g

kfl
D , ~5!

DFl

Fl
5

Fl~without pump!– Fl~with pump!

Fl~without pump!

512

lnS 11Nex~0!
g

kfl
D

Nex~0!
g

kfl

. ~6!

Figures 2~b! and 3 show the power dependences of the fl
rescence saturation and bleach depth respectively, along
calculated curves using Eqs.~5! and ~6! with g56
31029 cm3/s, kfl

215180 ps. In both cases, this simp
model fits the data reasonably well.

While this model does a good job of describing the b
havior of quantities related to the integrated fluorescence
ability to model the excited-state dynamics of PPV, as p
dicted by Eq.~4!, is less satisfactory. For example, pump
probe data at 600 nm, which overlaps the stimulated em
sion and should directly reflectNex(t), are not well-
described by Eq.~4!. The data, along with curves predicte
using Eq.~4! and the values used for the data in Figs. 2~b!
and 3, are shown in Fig. 4. We emphasize that the calcula
curves in Fig. 4 are generated without any fittable para
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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4301J. Chem. Phys., Vol. 118, No. 9, 1 March 2003 Dark states of conjugated polymers
eters:g andkfl are both obtained from separate experime
~the fluorescence saturation and decay, respectively!. Not
surprisingly, the curves do not give a quantitative match
the data. In particular, the standard EEA model predict
faster decay at low powers and at short times than is
served experimentally. This lack of fluence dependence
fluences below 20mJ/cm2 was the basis of the assumption
Paper I that EEA did not affect those experiments. In rea
extracting g from pump–probe data at any wavelength
problematic due to the complex nature of PPV’s spectr
copy. Spectral shifting, nonexponential decays, and exci
state absorptions, some of which may be intensity depend
can complicate the interpretation of these measu
ments.5,18–20 The data at 400 nm, in Fig. 5, show a mu
stronger intensity dependence which is well-fit using Eq.~4!
and ag5231028 cm3/s. But in this wavelength range ther
is an induced absorption in addition to the bimolecular de
which leads to a faster apparent decay of the induced tr
mission, as can be seen in the highest intensity trace.
best experiment to compare the data with is the fluoresce
decay itself, which is free of artifacts resulting from excite
state absorption. This data is shown in Fig. 6, along w
calculated curves using bothg5631029 cm3/s andg53
31029 cm3/s. It is clear that theg used to describe the tota
fluorescence saturation overestimates the intensity de
dence of the fluorescence decay, as has been obse
previously.17 Although theg’s derived from our time domain
data and from our integrated fluorescence data differ only
a factor of 2, it does indicate that a quantitative descript

FIG. 3. Fluence dependence of PPV double beam fluorescence bleac
periment at 0 delay. The solid line is a model curve is withkfl

215180 ps and
g5631029 cm3/s. The inset shows the same experiment with Couma
307 in methanol solution, and in this case the solid line represents
calculated ground-state depletion due to an absorption cross-sectio
310217 cm2, which is obtained directly from the absorption spectrum.
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of EEA in PPV must be more complicated that the simpl
approach embodied in Eq.~3!.

In addition to excitons quenching each other at fluen
below the level where it is discernible in the pump–probe
fluorescence decay, we also observe a long-lived quenc
effect, due to an unidentified dark state. In Paper I, we a
lyzed the formation of this dark state using a very simp
three-level kinetic model. A more realistic, quantitative d
scription of dark state formation and decay in PPV is diffic
because there are many possible dark states~polarons, exci-
mers, etc.! whose formation rates and yields are largely u
known. The assumptions underlying the analysis in Pap
are clearly not valid, and rather than try to extend that ana
sis, we simply assert that the long-lived dark states
formed within the lifetime of the luminescent exciton, b
after it has decayed they undergo no further dynamics, ei
relaxation or formation, on the 6 ns time scale of the expe
ment. This is clearly the case from the data shown in Fig
The observed long-time bleaching is then due to two
known quantities,gd , the bleaching rate constant, andNd ,
the unchanging density of dark states. A simple way to illu
trate this is if we assume that the probe pulse is weak eno
that EEA between its own excitons can be neglected,
which case the exciton population due to the delayed pr
pulse evolves according to

dNex
pr

dt
52~kfl1gdNd

pu!Nex
pr , ~7!

ex-

n
e

2.0

FIG. 4. ~a! Normalized pump~400 nm!–probe~600 nm! data from PPV
using pump fluences of 0.5, 1.9, and 5.4mJ/cm2. ~b! Calculated decays
using Eq.~4! with kfl

215180 ps andg5631029 cm3/s. Note that no ad-
justable parameters are used to calculate these curves:kfl

21 and g are ob-
tained from the measured fluorescence decay and fluence dependence
fluorescence, respectively.
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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whereNd
pu is the population of dark states left after the earl

pump pulse. The change in fluorescence of the probe bea
then

DFl

Fl
5

gdNd
pu

kfl1gdNd
pu. ~8!

In these expressions, onlykfl is known from the fluorescenc
decay. We need a new experiment to estimateNd , the num-
ber of initially excited species that end up in quenching d
states. We use the recovery of the 400 nm absorption at
delays as a way to estimate the fraction of initially excit
chromophores that remain trapped in dark states after
luminescent singlet excitons have disappeared. If we fol
the nanosecond decay of the low power 400–400 nm pum
probe signal at room temperature, whose early-time beha
is shown in Fig. 5, we find that the signal decays alm
completely by 3 ns. By averaging the signal from 3 to 5
we find that at most 2% of the initially excited chromophor
remain trapped in a dark state in this period. It is these s
cies that cause the 10% fluorescence bleaching at long de
seen in Fig. 1. The noise in this estimate is due to the v
low residual absorption at these long delays and low flue
levels. As mentioned earlier, it is also possible that excit
state absorption masks part of the bleach, making it app
smaller than it should and causing us to underestimate
percentage of chromophores remaining trapped in the d
states. Neglecting such complications for the time being,
can use Eq.~8! to estimate the value ofgd . Assuming an

FIG. 5. Degenerate 400–400 nm pump–probe data from PPV using p
fluences of 2.3, 10, and 40mJ/cm2. Symbols are experimental data and t
solid lines are calculated using Eq.~4! and values ofkfl

215180 ps andg
5231028 cm3/s.
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initial density of excitons of 6.631017/cm3, Nd51.3
31016/cm3 and kfl

21 of 180 ps, we find thatgd51.2
31028 cm3/s.

IV. DISCUSSION

The experiments in this paper demonstrate that the fl
rescence bleaching in PPV is due to intermolecular inter
tions and quenching as opposed to true saturation beha
Concerning the short-time quenching, which is due to EE
the most striking observation is that even though tim
resolved measurements like pump–probe and the fluo
cence decay are not fluence-dependent at the 10mJ/cm2

level, measurements that detect the integrated fluoresce
like the single and double pulse bleaching experiments, in
cate that EEA is occurring to an appreciable extent. By t
ing into account errors in beam size measurements and n
in the fitting, we estimate the error in our calculated valu
of g andgd to be on the order of 30%, less than the observ
variation. This variation may help explain why theg’s ob-
tained from different measurements can vary so widely,
though there may also be a dependence on difference
sample preparation between different groups as well.21 Using
more complicated models for exciton–exciton annihilatio
as discussed above, did not improve agreement between
two types of measurements. The physical origin of this d

p

FIG. 6. Fluorescence decay traces of PPV measured with a streak ca
using excitation fluences of 0.4, 5.9, and 20mJ/cm2. Symbols are experi-
ments and the solid lines are calculated using Eq.~4! and values of~a!
kfl

215180 ps and g5331029 cm3/s and ~b! kfl
215180 ps and g56

31029 cm3/s.
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crepancy is unclear, but it is possible that there is a fluen
dependent decay in the time-resolved experiments that is
resolved within our time resolution~100 fs!. Such a decay
could be the result of small domains within the materi
within which excitons could annihilate each other very ra
idly, or it could be the result of the instantaneous creation
quenching species along with the luminescent excito
There is evidence that in addition to luminescent excito
polarons can also be directly created upon photoexcitatio
PPV,22,23 and polarons are expected to be quenching spe
~see below!.

In our previous work, we discussed the physical orig
and kinetics of the dark state. Briefly, we found no eviden
for a large, rapid dark state formation time, but only for
slower process whose yield follows the temperature dep
dence of the singlet exciton lifetime. In this paper, we rev
the actual numbers in the previous paper downward, so
the yield is approximately a factor of 10 lower than in Pap
I. Furthermore, we can obtain an estimate, probably a lo
bound, for the fluorescence quenching rate of the dark sta
namely 1.231028 cm3/s, which is comparable to or large
than the EEA rate of 631029 cm3/s. Although we can esti-
mate a luminescence quenching rate for the dark states, t
experiments do not establish their identity. Possibilities
clude charge-transfer excimer states, polarons, and tr
states. All these species have been identified in P
using photo-induced absorption and optical magne
resonance.19,24

Of these possibilities, quenching by charged polaro
has received the most attention in the literature.25 Early work
by Friend and co-workers showed that long-lived photoex
tations could efficiently quench luminescence in partia
converted PPV, where one would expect many defect cen
to be present.26 The most detailed studies of polaron–excit
interactions in fully conjugated polymers have concentra
on poly~phenylene! ladder polymers.27–29 These workers
found a polaron quenching rate of 9310210 cm3/s, almost a
factor of 10 lower than what we obtain for PPV. Other stu
ies by the Vardeny and Barbara groups have identified e
cient luminescent quenching by polarons in PPV derivati
like DOO-PPV,30 aggregates of a porphyrin derivative31 and
MEH-PPV.32,33 In the latter case,32 a Stern–Volmer quench
ing constant of 7310219 cm3 was obtained, which implied
that a single charge could quench over a thousand surro
ing chromophores. Our quenching constantgd is related to
the Stern–Volmer constantK via

K5
gd

kfl
, ~9!

and we find an even larger Stern–Volmer quenching cons
of 2.2310218 cm3 for PPV. In both cases, quenching in PP
appears to be stronger than in these other polymers.
may be a consequence of the fact that the other polymers
functionalized with alkyl sidechains, while PPV has n
sidechains and has significant crystallinity. In PPV the ch
mophores are more closely packed and polarizable, and
may make them more susceptible to quenching interact
like charge transfer. Alternatively, it may be that the sing
emission of PPV and the absorption spectrum of its rad
Downloaded 06 Jun 2006 to 138.23.126.103. Redistribution subject to AI
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cationic or anionic polarons have better spectral overl
leading to more efficient Forster energy transfer. Finally, o
estimate of the dark state yield based on the 400 nm abs
tion recovery, is;2%, which is less than the 10% yield o
polarons estimated by Mirandaet al. based on transient in
frared absorption.22 This estimate was based on the peak s
nal of an absorption that quickly decayed: After 20 ps, on
about one-third of the original charges remained~Fig. 3 of
Ref. 22!. This decay leads to an effective yield of long-live
polarons on the order of 3%–4%, similar to what we obse
in this paper.

There are two observations which provide indirect e
dence that charged polarons are the dark states respon
for the long-time fluorescence quenching. First, from o
previous work, we know that the probability of generatin
the dark state increases as the excitation wavelength
creases. This wavelength dependence among 300, 400
500 nm excitation is similar to that observed for photoco
ductivity in PPV, where the greater photon energy increa
the exciton dissociation probability, although the exa
amount of enhancement is still under debate.34–36This is not
conclusive evidence, however, since the triplet yield in P
has also been found to be wavelength-dependent due to
glet exciton fission.37 Second, the amount of quenching d
pends on the introduction of oxygen defects in a man
consistent with polaron generation. PPV samples expose
oxygen and light are known to develop carbonyl defects t
provide locations for enhanced charge separation, as m
sured by photoconductivity.38 In samples which are deliber
ately photo-oxidized under air and room lights, we see
decrease in the fluorescence lifetime and a correspon
increase in the amount of long-time quenching. Both obs
vations are consistent with an increase in the dark state
mation rate at the expense of the excitons, suggesting th
is related to the charge separation which such defects
hance. A quantitative comparison of how the photocond
tivity and the fluorescence quenching depend on the de
of photo-oxidation would help cement this connection.

The existence of EEA in our bleaching data, even at v
low pump fluences, raises the possibility that the dark s
may be generated by EEA itself, as opposed to being
intrinsic characteristic of the polymer. Experiments by se
eral groups have interpreted large, power dependent abs
tions in the near infrared as being due to charge creation
recombination after EEA.16,18 We have seen similar dynam
ics and power dependence in 400 nm pump–800 nm pr
experiments. Such a mechanism would lead to a nonlin
dependence of the long-time bleach on pump fluence, h
ever, which we do not observe. The relation of the induc
absorption to polarons in conjugated polymers is also
absolutely clear. Recently, Gulbinas and co-workers sho
that part~but not all! of the photo-induced absorption~PA! of
ladder-type polymer at 1.9 and 2.1 eV are due to polaron39

Experiments on MEH-PPV under charge injection con
tions, on the other hand, have resulted in the conclusion
polarons have no absorption in the range 0.5–1.8 eV.40 Tran-
sient experiments on DOO-PPV by Vardeny and co-work
have led to the conclusion that the 800 nm induced abs
tion is due to in large part to the excitons.41 In Paper I, we
P license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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discussed the relation of the 800 nm induced absorptio
the quenching states, and concluded that there was no
way to relate the two observables, since the 800 nm abs
tion did have an appreciable decay on the 6 ns time sc
while the dark quenching state did not.

If the connection between the long-lived fluorescen
quenching species and the polarons in PPV can be defin
established, then it opens up the possibility of using fluor
cence to detect the dynamics of charged states in poly
samples in the absence of external fields, which can
quench the exciton fluorescence through field-induced di
ciation in the absence of any charges.42,43 For example, the
charge recombination rate in PPV is unknown, but is rela
to the nanoscopic charge mobility in the material. If t
amount of fluorescence quenching is directly related to
amount of charged polarons in the sample, then this prov
a highly sensitive way to follow the disappearance of tho
charges due to recombination or trapping.32 As the charges
recombine, the quenching disappears and the fluoresc
excited by the delayed probe pulse would recover to its
tial value. A second point is that if the long-lived dark sta
does turn out to be a charged polaron, it has implications
electrically pumped luminescent organic devices like LED
and lasers. One of the goals in organic electronics is to
crease carrier mobility and thus charge density in device
obtain high brightness and possibly stimulated emission
lasing. As the charge density increases, however, the lu
nescence quenching may also increase, preventing l
gains in fluorescence output. The role of charges in reduc
the luminescence efficiency of small molecule devices
already been investigated to some degree,44 and it is very
possible that similar effects will limit polymer devices a
well.

V. CONCLUSION

The main goal of Paper I was to describe the role
long-lived dark states in PPV, whose fraction we estima
using the amount of long-time fluorescence bleach, wh
was assumed to be due to ground-state depletion. In
paper the absorption cross section of PPV at 400 nm is m
sured directly and is found to be 6310217 cm2, which is a
factor of 100 smaller than that required to deplete the gro
state by the amount observed in our experiments. We h
reanalyzed our transient fluorescence bleaching data in P
I and have found that the magnitude of the signal is con
tent with EEA rather than ground-state depletion. The ea
time bleaching signal is consistent with EEA, while the lon
time behavior is due to a dark state with a quench
constant on the order of 1.231028 cm3/s. Although our data
alone is insufficient to conclusively determine the identity
the dark quenching states, the dependence of the bleach
nitude on sample preparation and on excitation wavelen
are qualitatively similar to what is expected for polaron fo
mation. This new analysis requires us to revise downw
the value reported in Paper I for the dark state yield, but a
provides new insights into the interactions between th
dark states and the luminescent excitons in PPV and rel
polymers. The very effective luminescence quenching of
dark state, even at very low densities, suggests that it ma
Downloaded 06 Jun 2006 to 138.23.126.103. Redistribution subject to AI
to
asy
p-
le,

e
ly

s-
er
so
o-

d

e
es
e

ce
i-

r

-
to
d
i-
ge
g
s

f
d
h
is
a-

d
ve
per
s-
-

-
g

f
ag-
th

d
o
e
ed
is
be

a useful tool for the detection of such states. Unfortunat
this quenching may also limit the ultimate brightness of
ganic electroluminescent devices based on conjugated p
mers.
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