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Picosecond time-resolved spectroscopy of the excited state in a soluble derivative
of poly„phenylene vinylene…: Origin of the bimolecular decay

Arthur Dogariu, Dan Vacar, and Alan J. Heeger
Institute for Polymers and Organic Solids, University of California, Santa Barbara, Santa Barbara, California 93106

~Received 17 February 1998; revised manuscript received 6 July 1998!

Picosecond time-resolved spectroscopy studies are performed on solutions and thin films of
poly@2-methoxy-5-~28-ethyl-hexyloxy!-1,4-phenylene vinylene# ~MEH-PPV! in order to examine the excited
state. Interactions between excitations on different chains result in bimolecular decay dynamics. Since a
contribution from bimolecular decay is observed at excitation densities above 1018 cm23, excitations on dif-
ferent chains interact in the solid state within the picosecond time regime over distances of at least 10 nm. We
analyze the time dependence of the interaction dynamics predicted by different models and conclude that
Förster transfer makes a significant contribution to the bimolecular interaction. However, in order to explain
both the magnitude of the bimolecular decay coefficient and the interaction range~at least 10 nm in the
picosecond time regime!, quantum delocalization well beyond a single chain must be assumed. We conclude
that the wave function of the photoexcitations extends over about 5 nm.@S0163-1829~98!05140-6#
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I. INTRODUCTION

Conjugated polymers offer promise as high performa
materials for use in optoelectronic devices such as lig
emitting diodes,1,2 light-emitting electrochemical cells,3

photodiodes,4 and lasers.5–7 While there is agreement tha
this class of semiconducting polymers offers promise fo
variety of electronic applications, the nature of the prima
photoexcitations is controversial. Estimates of the bind
energy of the electron and hole in the photoexcited state~the
exciton! range from 0.2 eV or less,8,9 up to 0.9 eV.10,11In the
case of weak binding, the exciton would be delocalized o
many monomers on a given chain and, depending on
strength of the interchain transfer interaction, even over s
eral chains; whereas a large binding energy would im
localization on a few monomers of a given chain. A seco
area of disagreement centers around photoluminescence~PL!
quenching at high excitation densities in thin films. Initiall
the formation of nonradiative interchain polarons~electron
and hole on different chains! was proposed as th
mechanism.12,13More recent studies indicate interchain ex
ton formation.14,15 At moderately high excitation densities
bimolecular decay, resulting from interchain interactions
tween the excited species, is responsible for the fast
decay.16–21 At high excitation conditions, the formation o
biexcitons becomes favored.22–24

In this paper, we present the results of
comprehensive study of the time-resolved excite
state spectroscopy of the conjugated po
mer, poly@2-methoxy-5-~28-ethyl-hexyloxy!-1,4-phenylene
vinylene# ~MEH-PPV! in solution and in solid films. By
means of femtosecond time-resolved spectroscopy, we s
the excited-state spectra~absorption, emission, and stimu
lated emission! and the time decay of the excited-state sp
tral features. At excitation densities greater than 1018 cm23,
PRB 580163-1829/98/58~16!/10218~7!/$15.00
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interactions between excitations on different chains resul
bimolecular decay dynamics. We analyze the time dep
dence of the interaction dynamics predicted by differe
models and conclude that the dipole-dipole interaction, ex
tation diffusion, and quantum delocalization contribute to t
bimolecular interaction. However, Fo¨rster energy transfe
~via the dipole-dipole interaction! between localized excita
tions supplemented by classical diffusion cannot account
both the magnitude of the coefficient of the bimolecular d
cay term and the range of the interchain interaction. Qu
tum delocalization over distances of about 5 nm must
assumed to explain the observation that in the solid st
excitations on different chains interact within the picoseco
time regime over distances of at least 10 nm.

II. EXPERIMENTAL METHODS

The samples were solutions of MEH-PPV in tetrahyd
furan ~THF! or thin films spin cast onto sapphire substra
from THF. The solutions were prepared in a cuvette with
mm optical path length and an optical density~OD! of 0.5–
1.5 at the absorption peak. The films were 500 nm thick w
OD.2 at the absorption peak. Figure 1 shows the lin
absorption~dashed line! spectrum and the PL~solid line!
spectrum of the thin film samples. The PL emission is Sto
shifted with respect to the absorption, a feature that ma
these conjugated polymers suitable for use in luminesce
applications~e.g., as the gain material in lasers! where mini-
mum self-absorption~reabsorption! is important.

The source for the ultrafast nonlinear spectroscopic m
surements was a Spectra-Physics amplified Ti:sapphire
tem followed by an optical parametric amplifier~OPA!. This
facility provides 120 fs~full width at half maximum! pulses
at a repetition rate of 1 kHz with tunable wavelength. W
used the fourth harmonic of the idler from the OPA to pum
10 218 © 1998 The American Physical Society
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within the absorption band of MEH-PPV~450–560 nm!. In
order to probe the photogenerated excited state, the trans
sion of a femtosecond white-light continuum pulse w
monitored ~the continuum pulse was obtained by focusi
the '1.3-mm signal beam from the OPA into a 1-mm-thic
sapphire plate!. In this way, we were able to probe th
excited-state spectrum in a single measurement from 500
out to 1.1mm ~the limit of our silicon detectors!. The linear
chirp of the white-light continuum beam was measured to
about 80 fs for every 100 nm. The probe beam was split i
two beams; one was used as a reference to normalize
fluctuations in the continuum pulse. After passing throug
0.3-m spectrometer, the beams were detected using a Pe
cooled charge-coupled device camera. In this way, we w
able to record excited-state spectra as changes in tran
tance with sensitivity as low as 1%.

In order to study the time evolution of the excited sta
features, we performed single-wavelength measurem
with much higher sensitivity. The selected wavelengths~ob-
tained by using interference filters! are indicated in Fig. 2:
632 nm for the SE and 775 nm for the PA spectral regions
200-Hz mechanical chopper was placed in the pump be
and the in-phase changes in the probe beam were detect
a lock-in amplifier. By using small integration times~30 ms!
for the lock-in amplifier, we were able to follow fast chang
in the probe-beam energy by normalizing to the refere
beam. After averaging, we obtained a hybrid between
quency gating and shot-to-shot averaging, which allow
measurement of signals smaller than 1023 ~i.e., with a pre-
cision of 1024).

Care has been taken to ensure that all the data were t
on pristine, unoxidized samples. All the experiments w
performed with the solid samples under a dynamic vacu
After each scan, we checked reproducibility by recover
the signals under the same conditions while illuminating
the same spot in the sample. To prevent laser-induced d
age in the sample, the input fluences were always kept on
two orders of magnitude below the measured dam
thresholds.22

FIG. 1. Optical density~dashed line! and PL~solid line! spectra
for MEH-PPV. The arrows indicate the pump wavelengths used
the data in Fig. 2.
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III. EXPERIMENTAL RESULTS

The time-resolved nonlinear spectrometer was used to
vestigate the excited-state spectral features. Figure 2 sh
the differential change in the transmittance of MEH-PP
measured at 1, 10, and 50 ps after the excited state
induced by a pump pulse at 490 nm. One can easily iden
the distinct regions of positive differential transmission~cor-
responding to gain! and negative differential transmissio
~corresponding to loss!. In the gain region, at frequencie
within the PL spectrum, the stimulated emission~SE! over-
comes the photoinduced absorption~PA!, whereas in the loss
region, the PA dominates.

Within our resolution, we have not detected any change
the spectral shape of the excited-state spectrum as a res
varying the pump wavelength within the absorption ban
Also, there was no change in spectral shape when pum
at different excitation levels. As seen in Fig. 2, the spec
decay uniformly; the excited-state spectra at 1, 10, and 5
after the pump pulse are similar in shape.

A. Low density dynamics

Using the high-sensitivity single-wavelength measu
ments, the decay of the SE and PA features were studie
solutions and films of MEH-PPV. We have previous
reported25 that the dynamics of SE and PA are insensitive
the pump wavelength within the main absorption band
MEH-PPV. Figure 3 shows the differential changes in tra
mittance~positive for SE probed at 632 nm and negative
PA probed at 775 nm! through~a! a 0.5-mm film, and~b!, a
1-mm cell containing the solution of MEH-PPV in THF. Th
pump wavelength was 450 nm~triangles!, 490 nm~squares!,
and 545 nm~circles!. For these low-density studies the hig
est excitation density was below 231018 cm23 in film, and
on the order of 1016 cm23 in solution. This ensures, as dis
cussed in detail in Sec. III B, that the excitation density
low enough to neglect interactions.19 Figure 3 shows that the
decay of the excited state is independent of the pump pho
energy ~at least within the visible part of the absorptio

r

FIG. 2. The photoinduced change in transmittance spect
(DT/T) of a MEH-PPV film~thickness 0.5mm! at 1 ps~solid line!,
10 ps ~circles!, and 50 ps~squares! after the 490-nm pump. The
arrows indicate the probing wavelengths for SE~632 nm! and PA
~775 nm! as described in the text.
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band!. By comparing the results shown in Fig. 3, one se
that the lifetime of the excited state of MEH-PPV is slight
shorter in a solid film than in a solution. This is not surpr
ing; there are additional channels for decay~e.g., through
defects! in the solid state.

In Fig. 3, the lines represent fits to the SE and PA d
using a dual exponential decay

DT/T~ t !5DT/T~0!@b exp~2t/t1!1~12b!exp~2t/t2!#,
~1!

whereb is the fraction of excitations that decay by the fas
channel. The numbers for the decay times and theb factor
obtained by fitting the data in Fig. 3 are shown in Table
Because the differential change in transmittance is prop
tional to the excited state density

DT/T5expS E Da dzD>sE N dz. ~2!

Equation~1! describes the temporal evolution of the exci
tion density. The decay times~see Table I! are almost iden-

FIG. 3. Differential change in transmittance for SE at 632 n
~positive! and PA at 775 nm~negative! for a MEH-PPV film with
0.5 mm thickness~a! and 1-mm cell of solution in THF~b! when
pumped at 450 nm~triangles!, 490 nm ~squares!, and 545 nm
~circles!. Excitation density is below 231018 cm23 in film and
1016 cm23 in solution.
s
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tical with the decay times reported by Zhanget al.18 The
two-exponential fit is certainly not unique, and should not
considered as fundamental. For example, a stretched e
nential could be used equally well~and might have more
significance in a disordered material!. Even a single expo-
nential fits reasonably well and provides a simple and c
venient way to characterize the decay at low-excitation d
sities.

The long decay time of the PA and the SE in solution a
close to the 300-ps PL lifetime, which we measured usin
time integrating gate.26 The SE is dependent on the solve
from which the film was spin cast, implying that chain pac
ing and film microstructure play an important role in dete
mining the amount of radiative vs nonradiative decay of
excitations. In the optimum case, when the nonradiative
cay rate is negligible, one finds that the PA and SE lifetim
are identical,17 whereas in the opposite extreme, when t
decay of the excitations is mostly nonradiative, one fin
very little, if any, SE.12,13 From Fig. 2, we conclude that th
SE and PA are correlated at least between 600 and 850
There is also a PA contribution from another excited st
that makes the lifetimes a little different in the PA and S
even in solution, where intrachain contributions domina
Samuel, Rumbles, and Collison15 reported much longer life-
times for the solid films of MEH-PPV, mainly due to long
lived interchain excitons, which lead to a strong red spec
shift of the PL. However, we did not find any significa
difference between the PL or SE spectra in solution and fi
Thus, the MEH-PPV films used in this study, obtained fro
THF solutions, have a much smaller excimer yield than fil
obtained from toluene.14,15 In order to resolve the discrep
ancy between our SE data and the lack of SE reported
previous experiments,12,13 we have purposely oxidized
sample by exposure to air for a period of one week. In agr
ment with other photo-oxidation studies,14,22 the oxidized
films exhibit a PA feature that dramatically reduced the SE25

B. Interaction dynamics

With increasing pump irradiance and, hence, increas
excitation densities in the MEH-PPV film, the initial deca
rates of the SE and PA become faster and dependent on
excitation density. In Fig. 4 the dynamics of the SE~probed
at 632 nm! are shown for increasing excitation densities
3.631018 cm23 ~squares!, 1.231019 cm23 ~triangles!, and
2.931019 cm23 ~circles!. Throughout this paper, the num
bers quoted for excitation density are the maximum valu
i.e., at the front surface of the sample. The highest excita
density is still well below the threshold for gain narrowin
for these MEH-PPV films;27 thus, the fast decay at high den
sities is not due to amplified stimulated emission. The sy

TABLE I. The short (t1) and long (t2) lifetimes and the
weighting factorb used in Eq.~1! to fit the data in Fig. 3.

b t1 ~ps! t2 ~ps!

PA solution 0.2560.03 30620 320670
SE solution 260640

PA film 0.4560.05 156 5 270650
SE film 0.5560.05 136 3 130630
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bols in Fig. 4 show the SE data obtained when the ME
PPV film was pumped at 450 nm, while the solid lin
represent data obtained when pumping at 545 nm. The
that the noninteracting excitations~i.e., at low excitation den-
sities, Fig. 3! and the interacting excitations~at high excita-
tion densities, Fig. 4! show decay dynamics that are indepe
dent of the pump wavelength proves that the st
responsible for the SE and PA is the same no matter how
primary excitation was formed, at least while pumpi
within the visible absorption band.

In order to study the effect of interactions between ex
tations on the decay dynamics, we examine time-dela
pump-probe data in the spectral ranges associated with
and SE. Figure 5~a! shows the decay dynamics of PA
probed at 775 nm and pumped at 490 nm, analogous to
SE data in Fig. 4. In Fig. 5~a!, we plot the normalized dif-
ferential transmittance~normalized to its value att50) to
better illustrate that at higher pump energies, the excitati
decay more rapidly. From the decay dynamics of the
@Fig. 5~a!# and the SE, we find that the effect of bimolecul
interactions can be seen when the excitation density at
front surface (N05aF/\v, whereF is the input fluence and
a is the linear absorption coefficient at frequencyv! is above
231018 cm23. There are reports of interaction at even low
excitation levels~e.g., N0'331017 cm23).18 This implies
significant interaction between excitations even at a m
separation of 10 nm, as calculated directly from the conc
tration, assuming a random distribution of excitations. T
relatively long distance suggests that the interaction ta
place between excited species from different chains~inter-
chain interaction!.

The same study performed on solutions of MEH-PP
shows no change in the dynamics with varying the pu
fluence; in the solution both SE and PA had the same
namics when the excitation density was varied from 1015 to
1017 cm23. Thus, in solution, when the polymer chains a
dilute and well separated, there is no indication of bimole
lar decay dynamics. Because the optical densities of solu
and film samples were almost the same, and because we

FIG. 4. SE differential transmittance for MEH-PPV film
pumped at 450 nm with an excitation density at the front of
sample of 3.631018 cm23 ~squares!, 1.231019 cm23 ~triangles!,
and 2.931019 cm23 ~circles!. Lines show the same for pumping a
545 nm.
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the same fluence range for the pump beam, the numbe
excitations per chain was comparable in film and soluti
Thus, the bimolecular decay observed in solid films ari
predominantly from interactions between excitations on d
ferent macromolecular chains.

Because of the bimolecular interactions, the decay rate~in
the absence of interaction, the inverse of the natural lifetim!
becomes density dependent. This leads to the addition
quadratic term in the description of the decay of the exc
tion density after the pump pulse:17,28

dN

dt
52

N

t
2 f ~ t !N2, ~3!

where f (t) characterizes the interaction between the exc
tions andt is the natural lifetime. For simplicity, we will
assume from now on a single exponential decay at low
citation densities. This assumption does not affect the in
pretation of the interaction dynamics for two reasons: firs
single exponential decay provides a reasonably accurate
scription of the data~because of the small contribution of th
fast decay!, and second, the faster initial contribution to th
decay~at low excitation densities! is quickly hidden by the

e

FIG. 5. PA differential transmittance for MEH-PPV, normalize
~a!, and transformed as described in text~b! to yield the interaction
dynamics, for excitation densities of 1.431018 cm23 ~open circles!,
431018 cm23 ~triangles!, 1.031019 cm23 ~squares!, and 1.6
31019 cm23 ~closed circles!. The lines are best fits withb/AI ~solid
lines! and constantb ~dashed line! for f (t) ~see text!.
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10 222 PRB 58ARTHUR DOGARIU, DAN VACAR, AND ALAN J. HEEGER
faster bimolecular contribution at high densities. The ra
decay resulting from interactions between excitations
been studied assuming a constant coefficient of the quad
term in the rate equation20 or a coefficient proportional to
1/At.17 We will attempt to determine the time dependence
f (t) directly from fits to the data. For this purpose, we tran
form the pump-probe data by introducing a new variab
given by

y~ t !5e2t/t/N~ t !, ~4!

where N(t) is obtained from the differential transmissio
data andt is the natural lifetime~in the absence of the inter
action!. From Eq. ~3!, the rate equation fory(t) becomes
dy/dt5 f (t)e2t/t. This means that by plotting the derivativ
of Eq. ~4!, one can directly obtain the time dependence of
coefficient of the quadratic termf (t). Because of the noise in
the data this approach proves to be cumbersome. We
however, extract the integral off (t) directly from the data in
the form given by Eq.~4!:

y~ t !5e2t/t/N~ t !51/N~0!1E
0

t

f ~ t8!e2t8/tdt8. ~5!

Equation~5! shows that by plotting the data in terms of th
new variable, one should obtain the same time dynamics
all the curves because the time dependent part of the ri
hand side,F(t)5*0

t f (t8)e2t8/tdt8, does not depend on th
initial excitation densityN(0). Thedata in Fig. 5 prove tha
this is indeed true. The symbols in Fig. 5~b! represent the
pump-probe data from Fig. 5~a! replotted after applying Eq
~5! to the differential change in transmittance.

It is straightforward to show that for small signals~few
percent!

DT

T
~0!5

s~12e2aL!

a
N0>

sN0

a
, ~6!

wherea is the linear absorption coefficient,s is the cross
section for the excited-state process~SE or PA!, andN0 is
the highest excitation density~at the front surface of the
sample!. From this, we calculatesSE,63256.3310216 cm2

and sPA,77552.1310216 cm2 for the stimulated emission
and photoinduced absorption cross sections, respectiv
The approximation made in Eq.~6! is valid because of the
high optical density of the MEH-PPV samples at all t
pump wavelengths, exp(2aL)<0.03. Equation~6! shows
that all the equations that apply forN can be used forDT/T
as well. We note that the initial excitation density~the initial
photoinduced signal! is linear with the input pump energ
even at densities that indicate strong interaction~i.e., signals
over 10%!. This provides confidence that there are no hig
order nonlinearities~e.g., further excitation to a higher ex
cited state or excitation of a biexciton!. In the case of biex-
citon formation, the signals at zero delay are proportiona
the square of the pump intensity~and not linear!.22,24 In this
work, measurements of the dynamics were restricted
pump powers below the regime of biexciton formation~de-
fined by an input fluence greater than 3.1 mJ/cm2 for methyl-
substituted ladder-type poly~para-phenylene! ~m-LPPP!
~Ref. 24! or greater than 0.6 mJ/cm2 for MEH oligomers23!.
Given that the absorption coefficient is above 104 cm21, the
d
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excitation density in the biexciton studies was more than
31019 cm23. By performing experiments in thicker~500
nm! films, we were able to measure the dynamics of
excited state below 1019 cm23, which corresponds to inpu
fluences between 0.5mJ/cm2 and 50mJ/cm2. The observation
that both the SE and PA signals immediately after zero de
are linear in input fluence implies that the two-exciton fo
mation does not influence the dynamics.

In Fig. 5~b!, we have subtracted the constant fac
1/@DT/T(0)#, proportional to 1/N(0), from each curve. By
fitting the data in this form we directly obtain the time d
pendence ofF(t), the integral form off (t). The fact that all
the curves in Fig. 5~b! show the same dynamics, although
shown in Fig. 5~a! they clearly decay differently, indicate
that a rate equation of the form given by Eq.~3! is appropri-
ate. The solid line in Fig. 5~b! represents a fit to the dat
assuming that f (t)5b/At, which means F(t)
5A2ptb erf(At/t), where b is a constant and erf(x)
52/Ap*0

` exp(2x2)dx is the error function. The dashed lin
represents the best fit withf (t)5b8, which gives F(t)
5b8t(12e2t/t). As indicated in Fig. 5~b!, a 1/At time de-
pendence provides a better description of the data tha
constant for the functionf (t). Analysis of both the PA and
SE lead to the same conclusion. By fitting several data
@including the solid lines in Fig. 5~a!# and using Eq.~6!, we
found

f ~ t !5b/At ~7!

with b52310220 cm3/Aps. This value forb is twice that
reported by Maniloff, Klimov, and McBranch for a PPV
oligomer.17 The other fit@dashed line in Fig. 5~b!# obtained
by using a constant coefficient of the quadratic term for E
~3! yieldsb851.1310220 cm3/ps, the same order of magn
tude as that reported for PPV.20,21

IV. DISCUSSION OF INTERACTION MECHANISMS

The physical interpretation of Eq.~3! is that two excita-
tions disappear as a result of the interaction between th
~e.g., exciton-exciton annihilation or exciton fusion with cr
ation of a higher energy excited state29!. Here we discuss the
mechanisms leading to this interaction process.

There are two independent experimental facts.

~1! Bimolecular decay is observed. The coefficient of t
bimolecular decay term is given by Eq.~7! with b52
310220 cm3/Aps.

~2! The range of the interaction which leads to the bim
lecular decay is at least 10 nm in the picosecond regime

The mechanism responsible for the bimolecular decay m
be consistent with both~1! and ~2!.

Excitation transfer via the dipole-dipole interactio
known as the Fo¨rster energy-transfer process, has been w
studied.28,30–34In addition, excitations can interact with on
another through classical diffusion. Finally, quantum de
calization provides a mechanism for long-range interacti
In the following, we briefly consider the contributions from
these mechanisms for bimolecular interaction.
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A. Long-range dipole-dipole interaction „Refs. 30–33 and 35…

The dipole-dipole interaction leads to a 1/At dependence
for the coefficient of the bimolecular interaction term in t
rate equation. In this case, Eqs.~3! and ~7! are correct with
the coefficientb given by

b5
1

2

4pR0
3

3
Ap/t, ~8!

whereR0 is the distance between the dipoles at which
decay rate due to the interaction equals the natural de
given by 1/t. The contribution to the bimolecular decay ra
from Förster transfer is (R0 /R)6/t, which means that
4pR0

3/3 defines the dipole-dipole interaction volume; at d
tances longer thanR0 , (R0 /R)6/t,1/t, the bimolecular de-
cay via Förster transfer is ineffective. From Eq.~8! and the
measured value ofb, we obtainR0>4.5 nm. However, this
value for R0 is not consistent with the measured range.
order for the Fo¨rster dipole-dipole interaction to account fo
the measured range~>10 nm!, the measuredb would have
to be an order of magnitude larger (2358). Nevertheless
the dipole-dipole interaction leads to the correct time dep
dence for the decay and contributes to the bimolecular de

The effective range can be extended in two ways: thro
classical diffusion of the excitations, provided the diffusi
constant is large enough to enable diffusion over distance
approximately 5 nm in the picosecond regime, and throu
quantum delocalization.

B. Diffusion of excitations

Diffusion yields the following expression for the coeffi
cient of the quadratic term in the rate equation:28,36

f ~ t !54pDRS 11
R

ApDt
D , ~9!

where D is the diffusion constant andR is the encounter
distance~the distance between the excitations at the mom
of interaction!. Two distinct regimes are evident from E
~9!: ~i! the high-diffusion limit whereD.R2/(pt) and f (t)
>4pDR; ~ii ! the low-diffusion limit whereD,R2/(pt)
and f (t)5b/At. In both cases, the picosecond regime is
relevant time scale, for the effect of bimolecular decay
clearly seen at 1 ps@see Fig. 5~a!#.

In the high-diffusion limit, the coefficient of the interac
tion term in Eq.~3! is a constant. Although a constant ter
does not fit the data as well as the square-root dependen
Eq. ~7! ~see Fig. 5!, using the ‘‘best-fit’’ value forb8 @Fig.
5~b!, dashed line# and assumingR'5 nm yields D'1.7
31023 cm2/s. This value is an upper limit for the diffusio
coefficient because we have assumed that all the meas
bimolecular decay rate is due to diffusion. Such a sm
value for the diffusion constant would be inconsistent w
the inequality~i! defining the high-diffusion regime, which
implies that the typical distance traveled by an excitation i
ps, r ,(Dt)1/2'0.5 nm, would be far too small to accou
for the measured interaction range~at least 5 nm until the
dipole-dipole interaction can contribute!.

The low-diffusion limit leads to the same time depe
dence as in Eq.~7! and suggested by our experimental da
e
ay
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-
y.
h

of
h

nt

e
s

of

red
ll

1
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with a coefficientb54ApDR2. In this limit, however,D
would be even smaller~of the order 1024 cm2/s). Again,
therefore, the typical distance traveled by an excitation i
ps would be far too small to make a significant contributi
to the decay. We conclude that diffusion of excitations is n
of major importance to the bimolecular decay in the picos
ond regime, although it may play a role in the bimolecu
dynamics at longer times~e.g., after 100 ps, when the bimo
lecular contribution becomes very small!.

C. Quantum delocalization

The dipole-dipole interaction is not effective at distanc
above 5 nm, and diffusion is too slow to contribute in
significant way to the bimolecular decay in the picoseco
regime. Therefore, in order to explain the observed inter
tion between excitations at distances larger than 10 nm,
wave function of the photoexcitation must be delocaliz
over a distance of at least 5 nm.

We have seen that the dipole-dipole interaction betw
localized excitations leads to a time-dependent bimolec
decay rate@as given by Eqs.~7! and~8!, and indicated by the
data in Fig. 5#. The fact that the bimolecular decay rate d
creases with time arises from the strong distance depend
of the dipole-dipole interaction: at longer times, the coe
cient of the bimolecular term decreases~as 1/At) because the
nearer neighbors are depleted as time progresses. This
depletion effect is in addition to the average concentrat
dependence of the bimolecular interaction, given by
square of the concentration in the rate equation. In the c
of completely delocalized excitations, Eq.~3! would have a
constant bimolecular decay rate@i.e., f (t) is constant#, sug-
gesting a somewhat softer time dependence than 1/At ~con-
sistent with the data shown in Fig. 5!. The true picture in-
volves quantum delocalization over about 5 n
Unfortunately, the time dependence off (t) is not known for
bimolecular interaction between quantum delocalized ex
tons. On physical grounds, we expect the same local de
tion effect to be operative; however, the detailed time dep
dence will depend on the form of the spatial decay of
delocalized wave function.

A quantum delocalization distance greater than 5 nm
required by the measured range is roughly consistent w
recent calculations by Ko¨hler et al.37 who predict that the
excitations created by pumping into the main visible abso
tion band result from transitions between orbitals delocaliz
over approximately 5 monomer units, or about 4 nm. W
note, however, that the interchain nature of the bimolecu
interactions was not considered by Ko¨hler et al.

The bimolecular decay arises from interchain interactio
it is not observed in solutions under the same excitation d
sities, i.e., same density-per-chain of excitations. Thus, s
an average delocalization of 5 nm is needed to explain
dynamics, the data suggest that the wave function of
excitations extends over several chains@the distance between
two chains in MEH-PPV film cast from the THF solution
known to be less than 0.4 nm~Ref. 38!#. However, the exact
shape of the three-dimensional wave function cannot be
ferred from our experiments. Although interaction betwe
excited species on the same chain is possible, we estim
the distance between two intrachain excited species to
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more than 1000 monomer units at an excitation density
1018 cm23. We are currently performing studies on high
oriented films in order to obtain better insight in this pro
lem.

V. CONCLUSION

In summary, we have examined the temporal and spec
behavior of the excitations in MEH-PPV during the lifetim
of the emitted PL. The magnitude and decay of the SE
PA probed at 632 and 775 nm, respectively, do not cha
when the pump wavelength varies within the visible abso
tion band. We have carefully analyzed the interchain bim
lecular interaction that shortens the decay for both SE
PA ~and, implicitly, PL!. The observation of bimolecular de
cay even in the picosecond regime is inconsistent with
s,
re

e

Q

.

is

d-

in

.

E

C

d

D.
f

al

d
e
-
-
d

f-

fusion over large distances. Explaining the magnitude of
bimolecular decay dynamics with a combination of t
dipole-dipole interaction~Förster energy transfer! plus diffu-
sion leads to a range of only 4.5 nm. Thus, to account for
measured range, as determined from the onset of bimolec
decay as a function of excitation density, the excitatio
must be delocalized well beyond a single chain, with wa
function that extends over about 5 nm.
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