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Origin of line broadening in the electronic absorption spectra of conjugated polymers:
Three-pulse-echo studies of MEH-PPV in toluene
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Integrated three-pulse stimulated echo peak shift data are compared forN,N-bis-dimethylphenyl-2,4,6,8-
perylenetetracarbonyl diamide and poly@2-(28-ethylhexyloxy)-5-methoxy-1,4-phenylenevinylene# ~MEH-
PPV! in toluene solvent. These two molecules represent a model probe of solvation dynamics and a prototypi-
cal soluble, electroluminescent conjugated polymer, respectively. The results indicate that it is inappropriate to
describe the linear absorption spectrum of MEH-PPV as being primarily inhomogeneously broadened. Con-
formational disorder along the polymer backbone gives rise to an ensemble of polyene electronic oscillators
that are strongly coupled to each other. As a consequence, fluctuations in the electronic energy gap on a
time-scale of 50-fs derive primarily from bath-mediated exciton scattering. The data reported here provide an
explanation for the broad, structureless electronic absorption of MEH-PPV. This interpretation provides a
valuable insight into the nature of the initial photoexcited state, and the efficient population of the emissive
state.
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I. INTRODUCTION

Since their discovery, there has been intensive study
organic conjugated polymers owing to the promise of ap
cations in electroluminescent devices~e.g., optical displays
and light-emitting diodes! and optical switches.1–3 They have
the advantages of favorable processing characteristics
interesting semiconducting properties, which may be tu
by chemical tailoring. In recent years there has been con
erable progress toward the development and understan
of electroluminescent devices based on poly~arylenevi-
nylene!, such as the material investigated in the pres
work, poly@2-(28-ethylhexyloxy)-5-methoxy-1,4-phen-
ylenevinylene# ~MEH-PPV!. Detailed aspects of their photo
physics that have significant implications to their functio
however, remain elusive and controversial.

A significant determinant of the electro-optic response
conjugated polymers is conformational disorder. It is wide
accepted that, because energy barriers for rotation aro
single bonds in conjugated chains are of the same orde
kT, there are breaks in the conjugation over the length of
polymer.4–9 These are referred to as ‘‘conformational su
units’’ of the polymer chain. Each of these subunits ha
corresponding unbrokenp system, which we refer to eithe
as the conjugation length or the delocalization length. Qu
tative explanations of solvatochromism and thermochrom
have been suggested by models based upon an inhom
neous distribution of conjugation lengths, and hence exc
tion energies. In such work the optical properties of con
PRB 610163-1829/2000/61~20!/13670~9!/$15.00
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gated polymers have been connected to an effec
conjugation length.

Our goal in these ongoing studies is to develop a pict
which rationalizes the microscopic chemical model desc
ing absorbing units of the disordered conjugated backb
with the mesoscopic optoelectric and optical properti
Models of conformational disorder based on barriers for c
formational motion typically predict that conjugation lengt
are short relative to that limited by the molecular weight
the polymer. It is often taken to be a corollary that the a
sorption line shape is determined by an inhomogeneous
tribution of absorptions corresponding to these conform
tional subunits.5,6 Such a concept is incongruous wit
estimations of ‘‘effective’’ conjugation length obtaine
through analysis of properties such as the static third-or
optical susceptibilityg,10–13or the saturation of such prope
ties with oligomer molecular weight.14–16 Single molecule
studies of ‘‘one-step’’ photobleaching of MEH-PPV als
suggest that electronic interactions extend along much of
length of the polymer chain.17 Furthermore, it is difficult to
understand electroluminescent exciton formation, or the
servation of conduction or semiconductorlike properties,
the rigid constraints of such a line-shape model. In this
gard, the interactions that couple conformational subu
along the one-dimensional nanostructure are of consider
interest.

Fitting the electronic absorption spectra of conjuga
polymers is of considerable interest owing to the possibi
of obtaining information regarding the nature of the eleme
tary excitations and the role of Coulomb correlations in t
13 670 ©2000 The American Physical Society
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p-conjugated system.18 Conjugated polymers are of particu
lar interest because they appear to belong to an interme
correlation regime.19 However, although such information i
contained in the linear absorption spectrum, it cannot be
tracted unambiguously from line-shape analysis. This is
cause linear spectroscopies are insensitive to the time s
of fluctuations of the electronic energy gap induced by int
action of the chromophore with complex condensed ph
environments, and therefore—even in the case of a two-le
system—cannot differentiate between homogeneous and
homogeneous broadening arising from coupling of the e
tronic transition to the bath~electron-phonon coupling!.20,21

On the other hand, nonlinear spectroscopies are capab
providing a line-shape function, or spectral density, wh
reveals all the time scales of the dephasing processes tha
coupled to the electronic transition.22–24 In the case of mo-
lecular aggregates or semiconductor nanostructures,
analysis of line shape is even more complicated because
interactions between electronic transitions lead to a ren
malization of transition energies and the emergence of a
tional dephasing mechanisms.25–30

Here we report on an investigation of the origin of t
electronic absorption line shape function for MEH-PPV
toluene using the three-pulse stimulated echo peak s
~3PEPS! method. Time-resolved four-wave-mixing expe
ments have been employed successfully in the past to s
microscopic relaxation and dephasing processes in com
systems.31 In contrast to the usual integrated two-pulse ec
~2PE! measurement, where one time delay—the cohere
time—is varied, the integrated 3PE signal has a dyna
range from femtoseconds to nanoseconds, owing to the
troduction of an additional time delay: the population tim
The peak shift protocol provides a way of reducing this
formation contained in the two time delays. Previously, t
method has provided incisive information on the time sca
and mechanism of polar and nonpolar solvation,32–37as well
as energy-transfer dynamics in weakly coupled molecu
aggregates.38,39 In order to understand better the nonline
response of MEH-PPV, we contrast it to that of t
chromophoreN,N-bis-dimethylphenyl-2,4,6,8-perylenetetr
carbonyl diamide~PERY!. The structures of these two chro
mophores are shown in Fig. 1. PERY is nondipolar and n
ionic, and is a model probe of solvation dynamics.37 The
solvation dynamics of such a dilute two-level chromopho
system are dominated by fluctuations and reorganiza
arising from electron-nuclear coupling. Conjugated po
mers, however, represent a quite different class of chem
systems. While conjugated polymers do interact with the s
rounding bath in essentially the same way as a model ‘‘tw
level’’ chromophore~i.e., PERY!, we expect that their non
linear response contains additional information regard
dynamics associated with interactions within the extens
p-electron system of the polymer backbone.12,40–44Thus it is
not clear what to expect for the case of MEH-PPV in ter
of the origin of the line shape for electronic linear abso
tion. We suggest on the basis of the observations repo
herein that the simple terms ‘‘homogeneous’’ and ‘‘inhom
geneous’’ fail to describe adequately the origin of the a
sorption line shapes of conjugated polymers because of
multiple time scales of the fluctuations contributing to co
ate

x-
e-
les
-
e
el
in-
c-

of

are

he
he
r-
i-

ift

dy
ex
o
ce
ic
n-
.
-
s
s

r
r

-

e
n

-
al
r-
-

g
e

s
-
ed
-
-
he
-

formational disorder, electronic scattering, and electr
phonon coupling.

II. EXPERIMENTAL SECTION

The 3PEPS method was described in de
previously.32,34 Here we used a tuneable optical paramet
amplifier ~OPA! pumped by a regeneratively-amplified T
:sapphire laser~Coherent Mira-RegA! as the excitation
source. Nearly transform-limited pulses of 40-fs duration a
repetition rate of 250 kHz were used, centered at a wa
length of 530 nm. The output from the OPA was split in
three beams~1, 2, and 3 in Fig. 2! of equal polarization,

FIG. 1. Molecular structures of the model probe chromoph
for solvation dynamics, PERY, and the soluble electroluminesc
conjugated polymer MEH-PPV.

FIG. 2. Experimental arrangement and pulse sequence for t
PEPS experiment. See the text for details.



po
el
il

n
er
d

e
kH

o
le
th
s
io

t

ec
ar
V
d

rd
s
iu

-

ix
he
e
a

u
-

c
s
h
.3
m
to
1

ent,
en

al

e

n

are

ak

f
ap
a-
is

u-
m-
f a
ro-
ion

ix.
sity

n

a-
nic
a-
tet-

l
and

H-
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intensity~each with a pulse energy of,10 nJ at the sample!,
and experiencing equal dispersion from the optical com
nents. Beams 2 and 3 can be delayed, while the fixed-d
beam 1 was chopped. The beams were aligned in an equ
eral triangle geometry~;1-cm side! and focused into the
sample using a 20-cm focal length fused silica singlet le
This experimental setup is shown in Fig. 2. Signals w
spatially isolated and recorded using diodes and lock-in
tection. No unusual power dependence of the signal could
observed for pulse energies in the range 2–15 nJ. Data w
also collected at a later date using a repetition rate of 60
and longer pulses~50–60-fs full width at half maximum!.
Consistent results were obtained.

Toluene~spectroscopic grade! was obtained from Aldrich
Chemical Company. PERY was purchased from Aldrich. S
lutions of PERY in toluene were filtered to remove insolub
impurities. Samples were flowed through a 0.1-mm pa
length cell at optical densities of approximately 0.1 or le
and a temperature of 293 K. By examining the absorpt
spectrum we have excluded any significant contributions
the signals from interpolymer associations.

NMR spectra were recorded on a Gemini 200 MHz sp
trometer. IR spectra were recorded on a Perkin-Elmer P
gon 1000 Fourier transform infrared spectrometer. U
visible spectra were carried out on a Perkin-Elmer Lamb
14P spectrometer. Gel permeation chromatography~GPC!
was carried out using PLgel 20-mm Mixed-A columns
@(6001300)-mm lengths, 7.5-mm diameter# from Polymer
Laboratories calibrated with polystyrene narrow standa
@M p5(1300– 15.4)3106# in tetrahydrofuran with toluene a
flow marker. The tetrahydrofuran was degassed with hel
and pumped at a rate of 1 mL/min at 22 °C61 °C.

Poly@2-~28-ethylhexyloxy!-5-methoxy-1,4-phenyleneviny
lene# was prepared by the addition of potassiumt-butoxide in
dry tetrahydrofuran~0.95 M, 20 mL! to a vigorously stirred
solution of 1,4-bis-choromethyl-2-~28-ethylhexyloxy!-5-
methoxybenzene~1.0 g 3.0 mmol! in dry tetrahydrofuran~80
mL! at room temperature under nitrogen. The reaction m
ture was stirred for 24 h at room temperature and was t
poured onto methanol~500 mL!. The resultant red precipitat
was filtered and washed well with water. The precipitate w
redissolved in tetrahydrofuran~100 mL!, filtered through a
sinter, and then precipitated by addition to methanol~500
mL!. The precipitate was collected and dried under vacu
to give poly@2-~28-ethylhexyloxy!-5-methoxy-1,4-phenylene
vinylene# ~'0.40 g, 45%!, lmax(CH2Cl2)/nm 334 and 505;
vmax ~KBr!/cm21 962~CvCH! and 3055 ~CvCH!; dH
(200 MHz;CDCl3) 0.83–1.13 (23CH3), 1.20–1.96 ~CH
and CH2!, 3.81–4.14~OCH3 and OCH2!, 6.57–6.67, 6.97–
7.31, and 7.41–7.68~Ar H and vinyl H!; GPC, M̄w54.9
3105, andM̄n51.13105.

The electronic absorption and photoluminescence spe
of the sample are shown in Fig. 3. The absorption peak
490 nm and the emission maximum is at 555 nm. T
sample exhibits a photoluminescence quantum yield of 0
60.09, determined relative to rhodamine 101, and a lifeti
of 380630 ps, measured using time-correlated single pho
counting. The radiative lifetime is therefore approximately
ns, indicative of a fully allowed radiative transition.
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III. RESULTS

To describe the key features of the 3PEPS measurem
it is usual24,32 to separate the electronic energy gap betwe
groundg and excitede states into its average value^«eg

k & for
site k, and a fluctuating term which is an incisive dynamic
probe of the local environment,d«eg(t):

«eg
k ~ t !5^«eg

k &1d«eg~ t !. ~1!

As described elsewhere,24,32,34 the integrated three-puls
echo signalS(T,t) is given by Eq.~2!, with t being the time
delay between the first two pulse~the coherence period!, T
the time delay between pulses 2 and 3~the population pe-
riod!, and t the time evolution of the nonlinear polarizatio
after the third pulse:

S~T,t!5E
0

`

dtuR~ t,T,t!u2. ~2!

For a two-level system with resonant excitation, there
four unique contributions to the response functionR(t,T,t)
which generate a third-order polarization in the2k11k2
1k3 ~3PE! phase-matching direction. Having a nonzero pe
shift ~denotedt* !, that is, a value oft corresponding to the
maximum ofS(T,t) for a fixedT, relies on the presence o
the fluctuating contribution to the electronic energy g
d«eg(t). The 3PEPS experiment provides detailed inform
tion on the electronic energy gap correlation function, and
directly sensitive to the solvation dynamics, but not to pop
lation decay. Moreover, if the inhomogeneous width is co
parable to the dynamical width, then the observation o
nonzero asymptotic peak shift at long population times p
vides definitive evidence of an inhomogeneous contribut
to the optical absorption spectrum.21,32,38,45,46Additional de-
tails of the 3PEPS experiment are provided in the Append

The integrated three-pulse stimulated echo signal inten
S(T,t) versus the first time delayt for various population
timesT for both PERY and MEH-PPV in toluene are show
in Fig. 4 for the signal directionsk12k21k3 and2k11k2
1k3 , at population timesT50, 20, and 48 fs. Both probe
chromophores have a high initial peak shift of 18 fs, indic
tive of weak coupling between their respective electro
transitions and the bath. This is typical for nonpolar solv
tion, and has also been observed in benzene and carbon
rachloride solvents.37 Note that the precise value of the initia
peak shift is also dependent also on the laser pulse width

FIG. 3. Absorption and photoluminescence spectra of ME
PPV in toluene.
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FIG. 4. Integrated three-puls
stimulated echo~3PE! signal in-
tensitiesS(T,t) vs the first time
delay t for population timesT
50, 20, and 48 fs, for both PERY
~upper panels! and MEH-PPV
~lower panels! in toluene. Open
circles are the data for the signa
direction k12k21k3 and filled
circles are for the signal direction
2k11k21k3 . The peak shift is
defined as half the separation b
tween the maxima of these tw
signals.
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solvation time scales. Meaningful direct comparison of
PERY 3PE dataS(T,t) for T520 and 48 fs to that of MEH-
PPV is complicated by the strong oscillations in the PER
3PEPS data, which are due to coherently excited vibratio
modes.

A better contrast between the time scales of fluctuati
that lead to dephasing is evident from inspection of
3PEPS data~peak shiftt* versus population timeT! for each
probe chromophore. These data were obtained by taking
the separation between the 3PE peaks for the two si
directions—hence obviating the necessity to determine
cisely t50—and are plotted in Fig. 5~diamonds!, along
with the simulated data~solid line! for both PERY and
MEH-PPV in toluene. The simulations are discussed bel
The PERY 3PEPS data decay quite slowly, attaining a p
shift of 1.5 fs at a population time of 6 ps. The marked a
persistent oscillations of the coherently excited intramole
lar vibrations are indicative of weak coupling between ch
mophore and bath. In contrast, the MEH-PPV peak shift d
decay rapidly, attaining a peak shift of 1.5 fs at a populat
time of only 100 fs. Bearing in mind that the peak shift
e
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approximately proportional to the electronic energy gap c
relation function,32,34 and therefore to time scales of ba
fluctuations that are coupled to the electronic transition
comparison of the PERY and the MEH-PPV data sugge
that the origin of the fluctuations which are coupled to t
electronic transitions is fundamentally different for each
these two chromophores.

The 3PEPS data were simulated using the us
procedure34 in order to obtain the electronic energy-gap co
relation functionM (t), which provides details of the time
scales of bath fluctuations. In general, for a dilute probe m
ecule such as PERY in this way we obtain an estimate of
electronic transition energy correlation function@Eq. ~3!#,
that describes the fluctuations at a single site, in this ca
chromophorek. The time scales of the bath fluctuations co
tained inM (t) are representative of the solvent bath, and c
generally be retrieved using any dilute probe chromopho

Mkk~ t ![^dvk~ t !dvk~0!&. ~3!

The 3PEPS data for PERY in toluene were found
ift

of
FIG. 5. Three pulse stimulated echo peak sh
~3PEPS! vs population time for PERY in toluene
~upper panels! and MEH-PPV in toluene~lower
panels!. Note that the scales on the abscissae
the plots in the right-hand panels differ.
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FIG. 6. Transient grating~TG! data for both
PERY and MEH-PPV in toluene. In the transie
grating experiment, the first two pulses~k1 and
k2! arrive at the sample simultaneously and ge
erate a population grating, which is probed by t
third pulsek3 . The TG signal intensity exhibits a
sharp peak for delay times less than the autoc
relation width of the laser pulse owing to non
rephasing contributions to the response functio
For reference, this is compared with the 3PE s
nals for T548 fs in the directionk12k21k3

~dashed lines!.
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be best fit by M (t) with a Gaussian componen
l1 exp@2(t/t1)

2#, l1580 cm21 and t1580 fs, and three ex-
ponential componentsl j exp(t/tj), with l255 cm21 and t2
5650 fs; l3525 cm21 andt353.0 ps; andl455 cm21 and
t45120 ps. Note the small coupling strengthsl j character-
istic of nonpolar solvation. The coherently excited intram
lecular vibrations were simulated as damped cosi
l i exp(2t/ti)cos(vit1fi), with l5545 cm21, t55820 fs,
v55139 cm21, and f550.15 rad, andl6524 cm21, t6
5712 fs, v65278 cm21, andf650.0 rad. The Stokes shif
for PERY in toluene was experimentally determined to
373 cm21.

The 3PEPS data for MEH-PPV in toluene~over the range
T50 – 5 ps! were modeled using the same response fu
tions as for the dilute chromophore case. The energy-
correlation function can be well represented by a sum
exponentialsl j exp(t/tj), with l15700 cm21 and t1550
620 fs; l25120 cm21 and t25400650 fs; and l3
5250 cm21 and t3515 ps. The time constantt3 was not
determined with high accuracy, but represents a contribu
from either static inhomogeneity or a slow spectral diffusi
process. Such a small residual inhomogeneity may be
result of photo-oxidation of the sample, or it may be due
slight aggregation of the polymers.47 On the other hand, it
could represent the ‘‘red emitting’’ states of the polyme
which would be an interpretation consistent with rece
single-molecule studies.48 The errors in the coupling
strengths are estimated to be approximately610%. The cou-
pling strengths were constrained such that their sum eq
half the Stokes shift estimated from the difference in
peak maxima of the absorption and emission spectral
51070 cm21. The different time scales obtained from ana
sis of the PERY 3PEPS data compared to that for ME
PPV—despite the same solvent bath present in each ca
suggests that the fluctuations of the electronic energy g
and hence the line broadening mechanisms, for these c
mophores are derived from distinctly different physical p
cesses.

We need to be convinced that the rapid decay compon
-
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in the peak shift of MEH-PPV is not due to exciton-excito
annihilation during the population period.49 To this end, in
Fig. 6 we report transient grating~TG! data for both PERY
and MEH-PPV in toluene. In the transient grating expe
ment, the first two pulses arrive at the sample simultaneou
and generate a population grating, which is probed by
scattering of the third pulse. The TG signal intensity exhib
a sharp peak for delay times less than the autocorrela
width of the laser pulse, owing to ultrafast inertial solvatio
and nonrephasing contributions to the response function34

There is no evidence in the MEH-PPV TG data of any s
nificant contribution from a fast decay component that wo
suggest that the dephasing actually arises from exci
exciton annihilation. However, the longer time dynamics
the TG decay are highly nonexponential, which could
ascribed to either exciton-exciton annihilation or excit
transport to states that absorb outside the spectral bandw
of the laser.50,51

IV. DISCUSSION

The nonlinear response of polyenes and perfect co
gated polymers constitutes a complex many-body prob
owing to the strong correlation effects characteristic of th
electronically delocalized systems.42,43,52For a realistic treat-
ment of the experimental data we need to consider the n
linear response of a conjugated polymer with conformatio
disorder. In the most simplistic model, the absorption sp
trum can be modeled as a linear combination of absorp
line shapes of perfect polyenes, representing noninterac
conformational subunits. In this case, the absorption sp
trum would be described as being inhomogeneously bro
ened. This would be clearly evident in the 3PEPS data a
asymptotic residual peak shift;45,46 in other words,l1 would
be small compared tol3 . However, it is clear that this is no
the case; the rapid decay of the MEH-PPV peak shift tow
zero suggests that there is minimal persistent energetic
order. This was quantified in the simulations by the ve
largel1 and shortt1 . Hence, in order to describe proper



en
n

en

o
n
d
e

a
nd

e-
n
n

t i
r
e

es

re

ai
e

n

f
th
es

ito

e-
na
th

to

s
s

as
n
ib
o

s

or
e
on

ath
our

is

e

is-
of
is

to
om
on
pe

not
tates
ven

e-
ons
int
il-

r-
ser-
en
on-
-
age

t lie
into
oly-
s
the

the
off-
na-
y,
the
mic
lec-
uld
nd
ety-

um
th

PRB 61 13 675ORIGIN OF LINE BROADENING IN THE ELECTRONIC . . .
linear and nonlinear response of MEH-PPV in a consist
framework, we must consider a minimal model that accou
for the interaction between the primary excitations repres
ing absorbing subunits along the polymer chain.

A model involving an inhomogeneous set of coupled tw
level systems, each consisting of optically coupled grou
and excited states~semiconductor Bloch equations an
elaborations thereof! has been used successfully to mod
nonlinear optical properties of semiconductors~e.g., optical
Stark effect and two-pulse echo data!.28,29,53–56 The 3PE,
however, involves propagation through an additional timeT,
under a diagonal density operator, which is interpreted m
roscopically as a population grating comprised of grou
and excited-state molecules.24,32,34 A more sophisticated
theory for four-wave-mixing signals for molecular aggr
gates was recently developed by Mukamel a
co-workers,25,26,44which includes the effects of two-excito
states~i.e., theAg electronic oscillators!, static disorder, and
coupling to a phonon bath of arbitrary spectral density. I
equally applicable to a semiconductor band-gap model o
molecular excitons. A clear physical picture can be obtain
from the electronic-oscillator analysis developed by th
workers.57,58 In the work of Meieret al.,43 it was suggested
that only two electronic oscillators need to be conside
explicitly ~Bu and Ag!, all others being excited off-
resonance. However, the nonlinear response still cont
contributions additional to that reminiscent of a two-lev
system. These arise because the primaryAg oscillator is op-
tically active via a two-photon transition at the excitatio
frequency. Hence, as described by Yaron and Silbey,11 for
example, the minimal model for the nonlinear response o
conjugated polymer is cast in terms of Liouville space pa
ways that involve three intermediate stat
u0&⇒u1&⇒u2&⇒u3&⇒u0&, with ⇒ indicating a transition
moment connection. Hereu0& is the ground state,u1& and u3&
are one-exciton states~Bu electronic oscillators!, andu2& can
be the ground state, a one-exciton state, or a two-exc
state ~Ag electronic oscillator!. According to Yaron and
Silbey,11 terms whereu2& is either the ground state or a on
exciton state represent exciton migration terms and domi
the nonlinear response owing to cancellations involving
two-exciton intermediate state contributions.

From that work, as well as from 3PEPS studies of pho
synthetic light-harvesting complexes,38,45 it is clear that sig-
nificant additional contributions to the nonlinear respon
arise owing to interactionsVk,k8 between chromophore
~proximate electronic oscillators labeledk and k8!. When
Vk,k8 is nonzero~e.g., the case of MEH-PPV!, fluctuations of
a distinctly different nature from those which lead to deph
ing in a perfect polyene are introduced owing to intersubu
exciton hopping and ground-state bleaching. These contr
tions to the response diminish the apparent distribution
static disorder~inhomogeneous width! by increasing the
overall dephasing. In other words, in the nonlinear respon
the distribution of«eg

k are coupled viaVk,k8 , thus introduc-
ing rapid fluctuations over the spectral distribution of conf
mational subunits. Moreover, in conjugated polymers ther
also significant static disorder and/or stochastic fluctuati
in the couplingVk,k8 itself.7

To see what this means for the absorption line shape~lin-
ear response! of a conjugated polymer~e.g., MEH-PPV!
t
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compared to a two-level system coupled to a harmonic b
~e.g., PERY!, here we deduce a physical picture based on
interpretation of the 3PEPS data. The linear polarization
given by P(1)(t)5*0

`dt1R(1)(t1)«(t2t1), where the re-
sponse function for a two-level system~such as PERY! is
given by

RTLS
~1! ~ t !5^ i ummu2@J~ t !2J†~ t !#&disorder, ~4!

with

J~ t !5exp@2 ivm2g~ t !#, ~5!

whereg(t) is the line-shape function, directly related to th
electronic energy gap correlation function viag(t)
5*0

t dt*0
tdt8M (t8).24 The ensemble average over static d

order which may arise from extremely slow fluctuations
the bath, for example in a rigid polymer glass solvent,
written explicitly. This is the inhomogeneous contribution
the line shape. The fast fluctuations of the bath, arising fr
stochastic random fluctuations in the bath of phon
oscillators,22–24 contribute to the homogeneous line sha
throughg(t).

For a molecular aggregate system, however, we can
make a simple separation between the molecular eigens
and the bath dynamics. The linear-response function is gi
by

Ragg
~1! ~ t !5K i(

m,n
mm

~1!mn
~1!@Gmn~ t !2Gmn

† ~ t !#L
disorder

, ~6!

whereGmn(t) is the function described in Ref. 26 that d
scribes the interplay between one-exciton Green’s functi
and the collective bath coordinate. The logical starting po
to determine the one-exciton Green’s functions is a Ham
tonian describing thep-electron system in terms of the alte
nating single and double bonds, for example, the Pari
Parr-Pople or INDO/SCI Hamiltonians which have be
shown to be useful for describing the key properties of c
jugated polyenes.59,60 Conformational disorder must be in
cluded at this level in order to determine ensemble aver
properties of the conjugated polymer.61 A significant effect
of this disorder is to generate a number of eigenstates tha
close in energy and loosely correspond to absorptions
spatially separated conformational subunits along the p
mer chain. These eigenstates, labeledm, n,..., can be used a
the basis for a Hamiltonian that will be used to calculate
equations of motion for the system.

A clear difference between the two-level system and
conjugated polymer is now apparent: the diagonal and
diagonal static disorders have a significant effect on the
ture of these eigenstates.7,62 This suggests that, analogousl
some of the fast bath fluctuations that are coupled to
instantaneous eigenstates of the polymer will have a dyna
effect on the electronic energy gaps at the level of the e
tronic eigenstates. The nuclear motions effecting this sho
be primarily associated with intramolecular motions, a
some evidence that this is the case for epitaxial polydiac
lene films has been reported by Phamet al.63 These workers
also reported an excitonic dephasing time of 52 fs.

Thus while the line broadening in the absorption spectr
of a two-level system is introduced by coupling of the ba
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fluctuations to the electronic energy gap, that for a molecu
aggregate is determined by exciton population relaxation
well as pure dephasing involving both electronic and nucl
interactions. This pure dephasing may be viewed as b
mediated scattering over the eigenstates. A further detail
may have significance as a dephasing mechanism in co
gated polymers is the effect of bath-mediated fluctuation
Vk,k8 . In the present paper we describe these effects p
nomenologically. This is accomplished by separating
electronic energy gap correlation function of Eq.~3! into two
distinct contributions,54 fluctuations at a single siteMkk(t)
and a contribution arising from intersite scatteringMkk8(t):

Mkk~ t ![^dvk~ t !dvk~0!&, ~7a!

Mkk8~ t ![^dvk8~ t !dvk~0!&. ~7b!

The single-site fluctuations of Eq. 7~a! are indicative of
solvation dynamics, and owing to the dissimilarity of th
MEH-PPV 3PEPS data from those of PERY~both in tolu-
ene!, we conclude that it is the various dephasing mec
nisms contributing intersite correlations@Eq. 7b# that domi-
nate the MEH-PPV nonlinear response. These are relate
the exciton migration terms identified by Yaron and Silbey11

Noting the rapid decay of the 3PE peak shift of MEH-PPV
1.5 fs at a population timeT5100 fs suggests that an ave
aging over the conformational subunits occurs primarily o
50-fs time-scale. This precludes any significant static in
mogeneous distribution of excitation energies in the abso
tion line shape, at least in the region of the absorption sp
trum resonant with the laser pulse spectrum. Moreover,
observation that this contribution dominates the 3PE
signal—in striking contrast to the PERY data—provides fi
evidence thatVk,k8 are significant compared to solute-solve
couplings. Thus, although there certainly is a distribution
conformational subunits along an ensemble of polymer ba
bones, which in turn provide a distribution of localized e
citation energy gaps, analysis of the 3PEPS data repo
here suggests that thesubunits are strongly coupled to eac
other. This is an important result implied by the 3PEPS me
surement, and is independent of the model used for the
relation function.

The fast dephasing time observed for MEH-PPV, sign
cantly shorter than the fluorescence lifetime, indicates
ergodicity is satisfied, and that therefore there exists a r
tionship between the absorption line shape and the Sto
shift between absorption and photoluminescence;
fluctuation-dissipation. This provides support for our mod
of the electronic energy-gap time-dependent correla
function insofar as the total coupling strength to the fluct
tions equals half the Stokes shift. Hence our model descr
the 3PEPS data, the absorption line shape, and the l
Stokes shift of the photoluminescence spectrum. There
additional dissipative processes, seen in the transient gra
data, that represent irreversible exciton migration proces
and account for the relaxation of the excited-state popula
to the distribution of states from which photoluminescen
takes place.48,51

We suggest that the results we have reported here pro
the bridge between linear spectroscopic observables~e.g., the
absorption maximum and Stokes shift! and understanding
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properties that scale critically with the polymer length~e.g.,
cubic optical nonlinearity!. The absorption maximum o
long-chain polyene oligomers redshifts with the avera
number of double bondsN in the sample. However, this
bathochromic shift saturates quickly with increasingN. In
other words, the absorption maximum is not a sensitive
dicator of the averageN in a polymer sample. On the othe
hand, the enhancement of nonlinear properties, such as c
optical nonlinearity, withN is remarkable.14 Here we have
reported an observation that the interaction between the
of primary electronic oscillators representing conformatio
subunits ~arising from conformational disorder! in MEH-
PPV is significant. As a consequence, we do not expect
scaling of linear and nonlinear responses to be isomorp
primarily because of the sensitivity of the nonlinear respo
to electron correlation.

V. CONCLUSIONS

In the present report we investigated the origin of the l
shape the for electronic linear absorption of a prototypi
soluble, electroluminescent conjugated polymer, poly@2-~28-
ethylhexyloxy!-5-methoxy-1,4-phenylenevinylene# ~MEH-
PPV! in toluene solvent. Integrated three-pulse sti
ulated echo peak shift data were compared forN,N-
bis-dimethylphenyl-2,4,6,8-perylenetetracarbonyl diam
~PERY!, a model two-level probe of solvation dynamics a
MEH-PPV. We suggested that the simple terms ‘‘homog
neous’’ and ‘‘inhomogeneous’’ fail to describe adequate
the absorption line shapes of conjugated polymers beca
the time scales of fluctuations contributing to, and aris
from, conformational disorder, electronic scattering, a
electron-phonon coupling are complex.

The picture we presented here is summarized as follo
Conformational disorder along the polymer backbone gi
rise to an ensemble of polyene electronic oscillators that
strongly coupled to each other by Coulomb interactions. A
consequence, fluctuations in the electronic energy gap,
served here to have a characteristic relaxation time scal
50 fs, derive primarily from bath-mediated exciton scatt
ing. The electron-phonon couplings at each conformatio
subunit are small—characteristic of nonpolar solvation—
demonstrated by comparison of the MEH-PPV data with t
for PERY. The linear absorption line shape of MEH-PPV
significantly affected by the interplay between the fluctu
tions controlling conformational disorder and their impact
the electronic eigenstates. The data reported here sug
strongly that these fluctuations—arising from coupled el
tronic and nuclear interactions—are fast on the experime
time scale, since the decay of the peak shift indicates
there is very little static inhomogeneity~within the laser
pulse bandwidth! that persists for times comparable to th
fluorescence lifetime. Furthermore, simulation of the pe
shift decay for MEH-PPV in toluene, based on the pheno
enological correlation functions of Eqs. 7, reproduces
Stokes shift for photoluminescence and assigns its origin
fluctuations mediated by the coupled electronic oscillato
This provides an explanation for the broad, structurel
electronic absorption of MEH-PPV and possibly many oth
well-solvated conjugated polymers. This interpretation p
vides a valuable insight into the nature of the initial pho
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excited state, and the efficient population of the emiss
state.
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APPENDIX

Three pulse echo peak shift~3PEPS! spectroscopy pro-
vides a useful reduction of the information content of t
time-integrated three pulse echo~3PE! signal. The 3PE sig-
nal is generated by the resonant interaction of three op
pulses with an ensemble of chromophores. The first pulsk1
creates a coherence between ground and excited states.
a time delayt, the second pulsek2 converts this coherence t
a population which undergoes spectral diffusion and poss
other dynamic processes for a timeT. The final pulsek3
converts this population to a coherence that may generat
echo in theks52k11k21k3 signal direction. In the 3PEPS
experiment we simultaneously measure a signal in theks8
5k12k21k3 signal direction, which corresponds to th
pulse sequencek2 ,k1 ,k3 . We do this to determine the pea
shift t* —half the difference between the values oft at the
maxima ofks andks8—to greater precision.

The 3PEPS experiment provides details of the time sc
~or spectrum! and amplitude of fluctuations of the electron
energy gap@Eq. ~1!#. Fluctuations as distinct as site ener
s,
re

R
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e
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differences that persist for times significantly longer than
experimental time window, static inhomogeneity, compa
to the rapid fluctuations that lead to ‘‘homogeneous’’ lin
broadening can be clearly differentiated. This is facilitat
by the enormous dynamic range of the 3PEPS data; fro
few fs up to hundreds of ps. As an example, a compariso
3PEPS data for a probe chromophore in a liquid~oxazine
750 in acetonitrile! with a probe chromophore in a rigid
polymer glass~IR144 in polymethylmethacrylate, PMMA! is
shown in Fig. 7. The 3PEPS data for oxazine 750 decay to
asymptotic value of 0 fs according to the time scales of fl
tuations in the acetonitrile bath. This is indicative of hom
geneous line broadening. In contrast, the asymptotic valu
the peak shift data for IR144 in PMMA is approximately
fs. Such a nonzero asymptotic peak shift is a direct meas
of the distribution of static inhomogeneity of IR144 excit
tion energies in the polymer matrix.

FIG. 7. Comparison of 3PEPS data for a probe chromophor
a liquid ~oxazine 750 in acetonitrile! with a probe chromophore in a
rigid polymer glass~IR 144 in polymethylmethacrylate!. See the
Appendix.
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