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Integrated three-pulse stimulated echo peak shift data are compar&iNdnis-dimethylphenyl-2,4,6,8-
perylenetetracarbonyl diamide and gddy(2’-ethylhexyloxy-5-methoxy-1,4-phenylenevinylehe(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.

[. INTRODUCTION gated polymers have been connected to an effective
conjugation length.

Since their discovery, there has been intensive study of Our goal in these ongoing studies is to develop a picture
organic conjugated polymers owing to the promise of appli-which rationalizes the microscopic chemical model describ-
cations in electroluminescent devicésg., optical displays ing absorbing units of the disordered conjugated backbone
and light-emitting diodesand optical switches:3They have ~ with the mesoscopic optoelectric and optical properties.
the advantages of favorable processing characteristics adodels of conformational disorder based on barriers for con-
interesting semiconducting properties, which may be tunedormational motion typically predict that conjugation lengths
by chemical tailoring. In recent years there has been considd'® short relative to that limited by the molecular weight of
erable progress toward the development and understandifige Polymer. It is often taken to be a corollary that the ab-
of electroluminescent devices based on fatylenevi- sorption line shape is determined by an inhomogeneous dis-

nylena, such as the material investigated in the presen{ribution of absorptions corresponding to these conforma-
work,  poly[2-(2'-ethylhexyloxy-5-methoxy-1,4-phen- iona subunits:® Such a concept is incongruous with

. . . estimations of “effective” conjugation length obtained
ylenevinylen¢ (MEH-PPV). Detailed aspects of their photo- through analysis of properties such as the static third-order
physics that have significant implications to their function,

h o olusi d cont o optical susceptibilityy,'°~*3or the saturation of such proper-
OWEVer, remain elusive and controversial. - ties with oligomer molecular weighf.*® Single molecule
A significant determinant of the electro-optic response 0fg; gies of “one-step” photobleaching of MEH-PPV also

conjugated polymers is conformational disorder. It is widelyg,ggest that electronic interactions extend along much of the
accepted that, because energy barriers for rotation arour]gngth of the polymer chait. Furthermore, it is difficult to
single bonds in conjugated chains are of the same order afderstand electroluminescent exciton formation, or the ob-
KT, there are breaks in the conjugation over the length of theervation of conduction or semiconductorlike properties, in
polymer?~® These are referred to as “conformational sub-the rigid constraints of such a line-shape model. In this re-
units” of the polymer chain. Each of these subunits has ajard, the interactions that couple conformational subunits
corresponding unbrokem system, which we refer to either along the one-dimensional nanostructure are of considerable
as the conjugation length or the delocalization length. Qualiinterest.

tative explanations of solvatochromism and thermochromism Fitting the electronic absorption spectra of conjugated
have been suggested by models based upon an inhomogmlymers is of considerable interest owing to the possibility
neous distribution of conjugation lengths, and hence excitaef obtaining information regarding the nature of the elemen-
tion energies. In such work the optical properties of conju-tary excitations and the role of Coulomb correlations in the
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m-conjugated systert. Conjugated polymers are of particu- Me O OMe,
lar interest because they appear to belong to an intermediate Q O
correlation regimé® However, although such information is N . N
contained in the linear absorption spectrum, it cannot be ex- O O

Me O OMe

tracted unambiguously from line-shape analysis. This is be-
cause linear spectroscopies are insensitive to the time scales
of fluctuations of the electronic energy gap induced by inter-
action of the chromophore with complex condensed phase
environments, and therefore—even in the case of a two-level

system—cannot differentiate between homogeneous and in-
homogeneous broadening arising from coupling of the elec- = \/E/\/
tronic transition to the batkelectron-phonon coupling®%! 0
Me,
(0)
n*

On the other hand, nonlinear spectroscopies are capable of

providing a line-shape function, or spectral density, which

reveals all the time scales of the dephasing processes that are

coupled to the electronic transitiéf-2* In the case of mo-

lecular aggregates or semiconductor nanostructures, the FiG. 1. Molecular structures of the model probe chromophore

analysis of line shape is even more complicated because thér solvation dynamics, PERY, and the soluble electroluminescent

interactions between electronic transitions lead to a renoreonjugated polymer MEH-PPV.

malization of transition energies and the emergence of addi-

tional dephasing mechanisrfis:° formational disorder, electronic scattering, and electron-

Here we report on an investigation of the origin of the phonon coupling.

electronic absorption line shape function for MEH-PPV in

toluene using the three-pulse stimulated echo peak shift Il. EXPERIMENTAL SECTION

(B3PEP$ method. Time-resolved four-wave-mixing experi- ) , )

ments have been employed successfully in the past to stud The 335538 method ~was descrlbe_d n deta_ul

microscopic relaxation and dephasing processes in compl eV|_o_ust. ™ Here we used a tuneable_ optical parametric

systems'! In contrast to the usual integrated two-pulse echof"lrr]pl'f".ar (OPA) pumped by a regeneratively-amplified Ti-
. :sapphire laser(Coherent Mira-ReghA as the excitation

(2PBE measurement, where one time delay—the coherenc

“Source. Nearly transform-limited pulses of 40-fs duration and

time—is varied, the integrated 3PE signal has a dynam,'?epetition rate of 250 kHz were used, centered at a wave-

range from femtosegqnds K_) nanoseconds, owing.to the 'qéngth of 530 nm. The output from the OPA was split into
troduction of_an additional tlme delay: the popul§t|on .t'm.e'three beamg1, 2, and 3 in Fig. 2 of equal polarization,
The peak shift protocol provides a way of reducing this in-
formation contained in the two time delays. Previously, this - k
. . .. . . . 1 2
method has provided incisive information on the time scales
and mechanism of polar and nonpolar solvafior, as well
as energy-transfer dynamics in weakly coupled molecular
aggregates®®® In order to understand better the nonlinear
response of MEH-PPV, we contrast it to that of the
chromophoreN,N-bis-dimethylphenyl-2,4,6,8-perylenetetra-
carbonyl diamidgPERY). The structures of these two chro- a !
mophores are shown in Fig. 1. PERY is nondipolar and non- #£ '>H<i
ionic, and is a model probe of solvation dynami€sThe !
solvation dynamics of such a dilute two-level chromophore |& r 7 sample
system are dominated by fluctuations and reorganization fixed
arising from electron-nuclear coupling. Conjugated poly- delay
mers, however, represent a quite different class of chemical
systems. While conjugated polymers do interact with the sur-
rounding bath in essentially the same way as a model “two-
level” chromophore(i.e., PERYj, we expect that their non-
linear response contains additional information regarding k, k, k3 k
dynamics associated with interactions within the extensive
m-electron system of the polymer backbd?é%~*4Thus it is Lo
not clear what to expect for the case of MEH-PPV in terms
of the origin of the line shape for electronic linear absorp-
tion. We suggest on the basis of the observations reported
herein that the simple terms “homogeneous” and “inhomo- -t-7 -T 0 t
geneous” fail to describe adequately the origin of the ab-
sorption line shapes of conjugated polymers because of the FIG. 2. Experimental arrangement and pulse sequence for the 3
multiple time scales of the fluctuations contributing to con-PEPS experiment. See the text for details.

Ky + 2k,
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intensity (each with a pulse energy ef10 nJ at the sample
and experiencing equal dispersion from the optical compo-
nents. Beams 2 and 3 can be delayed, while the fixed-delay
beam 1 was chopped. The beams were aligned in an equilat-
eral triangle geometry~1-cm side and focused into the
sample using a 20-cm focal length fused silica singlet lens.
This experimental setup is shown in Fig. 2. Signals were
spatially isolated and recorded using diodes and lock-in de-
tection. No unusual power dependence of the signal could be : : : . . .
observed for pulse energies in the range 2—15 nJ. Data were 350 400 450 500 550 600 650 700
also collected at a later date using a repetition rate of 60 kHz
and longer pulse$50—60-fs full width at half maximum
Consistent results were obtained. FIG. 3. Absorption and photoluminescence spectra of MEH-
Toluene(spectroscopic gradaevas obtained from Aldrich PPV in toluene.
Chemical Company. PERY was purchased from Aldrich. So-
lutions of PERY in toluene were filtered to remove insoluble

impurities. Samples were flowed through a 0.1-mm path- 7o describe the key features of the 3PEPS measurement,
length cell at optical densities of approximately 0.1 or lessit is usuaf*3?to separate the electronic energy gap between
and a temperature of 293 K. By examining the absorptionyroundg and exciteck states into its average valgel ;) for
spectrum we have excluded any significant contributions taijte k, and a fluctuating term which is an incisive dynamical

Absorption (arb. units)

Fluorescence emission (arb. units)

Wavelength (nm)

IIl. RESULTS

the signals from interpolymer associations. probe of the local environmendieo((t):
NMR spectra were recorded on a Gemini 200 MHz spec- . )
trometer. IR spectra were recorded on a Perkin-Elmer Para- eg(t) =(Eeg) T Feeg(l). 1)

gon 1000 Fourier transform infrared spectrometer. UV- . 32,34 .
visible spectra were carried out on a Perkin-Elmer Lambda As described elsewhefé;* the integrated three-pulse

: ho signaB(T, 7) is given by Eq.2), with 7 being the time
14P spectrometer. Gel permeation chromatograffByC ec ; .
was carried out using PLgel 20m Mixed-A columns delay between the first two pulgthe coherence periodT

. the time delay between pulses 2 andtBe population pe-

[(600+ 309)—mm_ lengths, 7.5—mm diamejefrom Polymer riod), andt thg time evolti)tion of the Sonlinpeae polarizgtion
Laboratories calibrated with polystyrene narrow standard%ucter the third pulse:
[Mp=(1300-15.4X 10°] in tetrahydrofuran with toluene as
flow marker. The tetrahydrofuran was degassed with helium o )
and pumped at a rate of 1 mL/min at 22*Q °C. S(T,m)= Jo dt|R(t,T,7)[*. @

Poly[2-(2'-ethylhexyloxy-5-methoxy-1,4-phenyleneviny-
lene] was prepared by the addition of potassitsbutoxide in ~ For a two-level system with resonant excitation, there are
dry tetrahydrofura{0.95 M, 20 ml) to a vigorously stirred ~ four unique contributions to the response functi(t, T, 7)
solution of  1,4-bis-choromethyl-@'-ethylhexyloxy-5- ~ Which generate a third-order polarization in thek; +k;
methoxybenzenél.0 g 3.0 mmolin dry tetrahydrofurarig0 ks (3PE) phase-matching direction. Having a nonzero peak
mL) at room temperature under nitrogen. The reaction mixShift (denotedr*), that is, a value ofr corresponding to the
ture was stirred for 24 h at room temperature and was thefl@imum ofS(T, 7) for a fixedT, relies on the presence of
poured onto methané600 mL). The resultant red precipitate e fluctuating contribution to the electronic energy gap
was filtered and washed well with water. The precipitate wa@¢ed(t)- The 3PEPS experiment provides detailed informa-

ecssoled in tevahycroranoo m iered trough a7 o " EEctori enercy gap carteaon unction
sinter, and then precipitated by addition to metha(&f0 y y ' Pop

mL). The precipitate was collected and dried under vacuurr|1a“0n decay. Moreover, if the inhomogeneous width is com-

; ) parable to the dynamical width, then the observation of a
to give poly 2-(2'-ethylhexyloxy-5-methoxy-1,4-phenylene- . ; R i
vinylene] (=0.40 g, 45%, A (CH,Cl,)/nm 334 and 505; nonzero asymptotic peak shift at long population times pro

o (KBl S63CE T and 3055\ oy 196 Seniue e of 2 ot cocin
(200 MHZ;CDCL) 0.83-1.13 (2 CH,), 1.20-1.96 (CH :

tails of the 3PEPS experiment are provided in the Appendix.
and CH), 3.81-4.14(0CH, and OCH), 6.57-6.67, 6.97~ The integrated three-pulse stimulated echo signal intensity

7.31, and 7.41-7.68Ar H and vinyl H; GPC,M=4.9  g(T 1) versus the first time delay for various population

X 10°, andM,=1.1X 10°. timesT for both PERY and MEH-PPV in toluene are shown
The electronic absorption and photoluminescence spectia Fig. 4 for the signal directionk; —k,+ ks and —k; +k,

of the sample are shown in Fig. 3. The absorption peaks at k5, at population timeg =0, 20, and 48 fs. Both probe

490 nm and the emission maximum is at 555 nm. Thechromophores have a high initial peak shift of 18 fs, indica-

sample exhibits a photoluminescence quantum yield of 0.38ve of weak coupling between their respective electronic

+0.09, determined relative to rhodamine 101, and a lifetimaransitions and the bath. This is typical for nonpolar solva-

of 380+ 30 ps, measured using time-correlated single phototion, and has also been observed in benzene and carbon tet-

counting. The radiative lifetime is therefore approximately 1rachloride solvent3’ Note that the precise value of the initial

ns, indicative of a fully allowed radiative transition. peak shift is also dependent also on the laser pulse width and
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T=481fs circles are the data for the signal
direction k;—k,+k; and filled
circles are for the signal direction
—k;+k,+ks. The peak shift is
defined as half the separation be-
tween the maxima of these two
signals.

T=48fs

FIG. 4. Integrated three-pulse
. stimulated echa3PE signal in-
% tensitiesS(T,7) vs the first time
> delay = for population timesT
B e : , - Lococs o R .. =0, 20, and 48 fs, for both PERY
g -100  -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100 (upper panels and MEH-PPV
= (lower panel$ in toluene. Open
k=2
(7]
w
o
323

-100 -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100
1 (fs) 7 (fs) 1 (fs)

solvation time scales. Meaningful direct comparison of theapproximately proportional to the electronic energy gap cor-
PERY 3PE dat&(T,t) for T=20 and 48 fs to that of MEH- relation functiort®** and therefore to time scales of bath
PPV is complicated by the strong oscillations in the PERYfluctuations that are coupled to the electronic transition, a
3PEPS data, which are due to coherently excited vibrationadomparison of the PERY and the MEH-PPV data suggests
modes. that the origin of the fluctuations which are coupled to the
A better contrast between the time scales of fluctuationglectronic transitions is fundamentally different for each of
that lead to dephasing is evident from inspection of thethese two chromophores.
3PEPS datépeak shiftr* versus population tim&) for each The 3PEPS data were simulated using the usual
probe chromophore. These data were obtained by taking hafrocedurg® in order to obtain the electronic energy-gap cor-
the separation between the 3PE peaks for the two signaklation functionM(t), which provides details of the time
directions—hence obviating the necessity to determine prescales of bath fluctuations. In general, for a dilute probe mol-
cisely 7=0—and are plotted in Fig. %diamonds$, along ecule such as PERY in this way we obtain an estimate of the
with the simulated datgsolid line) for both PERY and electronic transition energy correlation functipgq. (3)],
MEH-PPV in toluene. The simulations are discussed belowthat describes the fluctuations at a single site, in this case a
The PERY 3PEPS data decay quite slowly, attaining a peakhromophore. The time scales of the bath fluctuations con-
shift of 1.5 fs at a population time of 6 ps. The marked andtained inM (t) are representative of the solvent bath, and can
persistent oscillations of the coherently excited intramolecugenerally be retrieved using any dilute probe chromophore:
lar vibrations are indicative of weak coupling between chro-
mophore and bath. In contrast, the MEH-PPV peak shift data M (1) =( Sk (t) 5w*(0)). (3)
decay rapidly, attaining a peak shift of 1.5 fs at a population
time of only 100 fs. Bearing in mind that the peak shift is The 3PEPS data for PERY in toluene were found to

20

20

g sl 15 ] PERY

S

£ 101 10 1

[Z]

x

$ 51 51

o

0 ; . ; . .
0 . 1'0 1(’)0 10'00 10000 O 500 1000 1500 2000 FIG. 5. Three pulse stimulated echo peak shift
L S 3PEPS vs population time for PERY in toluene
Population time T (fs ( .
2 Population time T (fs) 20 - P (fs) (upper panelsand MEH-PPV in toluenélower
' , panel3. Note that the scales on the abscissae of
@ 15 4 MEH-PPV 15 MEH-PPV the plots in the right-hand panels differ.
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£ 10 10
[
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S 54 5 -
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10 5 25
vg ] PERY 20 - PERY
g
5 13 1.5 4
z 1.0 1 FIG. 6. Transient gratingTG) data for both
E, 0.1 0.5 - PERY and MEH-PPV in toluene. In the transient
£ 3 grating experiment, the first two pulséls, and
el T T T T T 0.0 & T y k,) arrive at the sample simultaneously and gen-
2 100 0 100 200 300 400 500 0 1000 2000 3000 erate a population grating, which is probed by the
Time T (fs) Time T (fs) third pulsek,. The TG signal intensity exhibits a
107 3.0 sharp peak for delay times less than the autocor-
[%2] ] . . .
= MEH-PPV 25 4 MEH-PPV relat|on_ width qf th_e laser pulse owing to non-
s 204 rephasing contributions to the response functions.
‘(% 14 ' For reference, this is compared with the 3PE sig-
N 151 nals for T=48fs in the directionk;—k,+kj
’§ ] 1.0 4 (dashed lines
[0)
£ 0.1 - 0.5 |
E | T T T T T 0.0 = T T
'r% -100 0 100 200 300 400 500 0 1000 2000 3000
Time T (fs) Time T (fs)

be best fit by M(t) with a Gaussian component in the peak shift of MEH-PPV is not due to exciton-exciton
Ay exd —(t/m)?], \;=80cm ! and r,=80fs, and three ex- annihilation during the population peridd.To this end, in
ponential components; expt/7;), with A,=5 cmtandr, Fig. 6 we report transient gratingG) data for both PERY
=650fs; A\;=25cm and73=3.0ps; and\,=5cm *and and MEH-PPV in toluene. In the transient grating experi-
7,=120ps. Note the small coupling strengthscharacter- ment, the first two pulses arrive at the sample simultaneously
istic of nonpolar solvation. The coherently excited intramo-and generate a population grating, which is probed by the
lecular vibrations were simulated as damped cosinescattering of the third pulse. The TG signal intensity exhibits
\; exp(—t/n)cos@it+¢;), with As=45cml, 75=820fs, a sharp peak for delay times less than the autocorrelation
ws=139cm?t, and ¢s=0.15rad, and\g=24cm?, 74 width of the laser pulse, owing to ultrafast inertial solvation
=712fs, wg=278cm %, and ¢s=0.0rad. The Stokes shift and nonrephasing contributions to the response functfons.
for PERY in toluene was experimentally determined to beThere is no evidence in the MEH-PPV TG data of any sig-
373 cm L. nificant contribution from a fast decay component that would
The 3PEPS data for MEH-PPV in toluefwver the range suggest that the dephasing actually arises from exciton-
T=0-5ps were modeled using the same response funcexciton annihilation. However, the longer time dynamics of
tions as for the dilute chromophore case. The energy-gafie TG decay are highly nonexponential, which could be
correlation function can be well represented by a sum ofscribed to either exciton-exciton annihilation or exciton
exponentials\; expf/7)), with \;=700cm ! and ;=50  transport to states that absorb outside the spectral bandwidth
+20fs; A\,=120cmt and 7,=400+50fs; and A, Of the laser®®!
=250cm ! and 7;=15ps. The time constant; was not
determ_ined with h_igh accuracy, but represents a con_tribqtion IV. DISCUSSION
from either static inhomogeneity or a slow spectral diffusion
process. Such a small residual inhomogeneity may be the The nonlinear response of polyenes and perfect conju-
result of photo-oxidation of the sample, or it may be due togated polymers constitutes a complex many-body problem
slight aggregation of the polymet5.0n the other hand, it owing to the strong correlation effects characteristic of these
could represent the “red emitting” states of the polymer, electronically delocalized systerfs**2For a realistic treat-
which would be an interpretation consistent with recentment of the experimental data we need to consider the non-
single-molecule studi€®¥. The errors in the coupling linear response of a conjugated polymer with conformational
strengths are estimated to be approximateh0%. The cou- disorder. In the most simplistic model, the absorption spec-
pling strengths were constrained such that their sum equatsum can be modeled as a linear combination of absorption
half the Stokes shift estimated from the difference in theline shapes of perfect polyenes, representing noninteracting
peak maxima of the absorption and emission spectra: conformational subunits. In this case, the absorption spec-
=1070cm L. The different time scales obtained from analy- trum would be described as being inhomogeneously broad-
sis of the PERY 3PEPS data compared to that for MEH-ened. This would be clearly evident in the 3PEPS data as an
PPV—despite the same solvent bath present in each caseasymptotic residual peak shift;*°in other words), would
suggests that the fluctuations of the electronic energy gapbe small compared th;. However, it is clear that this is not
and hence the line broadening mechanisms, for these chrthe case; the rapid decay of the MEH-PPV peak shift toward
mophores are derived from distinctly different physical pro-zero suggests that there is minimal persistent energetic dis-
cesses. order. This was quantified in the simulations by the very
We need to be convinced that the rapid decay componerarge A, and shortr,. Hence, in order to describe properly
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linear and nonlinear response of MEH-PPV in a consistencompared to a two-level system coupled to a harmonic bath
framework, we must consider a minimal model that accountge.g., PERY, here we deduce a physical picture based on our
for the interaction between the primary excitations representnterpretation of the 3PEPS data. The linear polarization is
ing absorbing subunits along the polymer chain. given by PM(t)=f5dt,RM(ty)e(t—ty), where the re-

A model involving an inhomogeneous set of coupled two-sponse function for a two-level systefsuch as PERYis
level systems, each consisting of optically coupled groundiven by
and excited stategsemiconductor Bloch equations and
elaborations therepfhas been used successfully to model RS = (0| sl LI() = IT(1) ) disorden 4
nonlinear optical properties of semiconductéesg., optical ith
Stark effect and two-pulse echo det&®%3-%6The 3pg,
however, involves propagation through an additional time _ P
under a diagonal density operator, which is interpreted mac- JO=exd —lon=g(b)], ©
roscopically as a population grating comprised of groundwhereg(t) is the line-shape function, directly related to the
and excited-state molecul&&®*3* A more sophisticated electronic energy gap correlation function vig(t)
theory for four-wave-mixing signals for molecular aggre- = fidrfjd7'M(7').?* The ensemble average over static dis-
gates was recently developed by Mukamel andorder which may arise from extremely slow fluctuations of
co-workers2>2544which includes the effects of two-exciton the bath, for example in a rigid polymer glass solvent, is
states(i.e., theA, electronic oscillators static disorder, and written explicitly. This is the inhomogeneous contribution to
coupling to a phonon bath of arbitrary spectral density. It isthe line shape. The fast fluctuations of the bath, arising from
equally applicable to a semiconductor band-gap model or tgtochastic random fluctuations in the bath of phonon
molecular excitons. A clear physical picture can be obtaine@scillators??~2* contribute to the homogeneous line shape
from the_electronic-oscillator analysis developed by thesehroughg(t).
workers?”*®In the work of Meieret al,*® it was suggested For a molecular aggregate system, however, we cannot
that only two electronic oscillators need to be considerednake a simple separation between the molecular eigenstates
explicitly (B, and Ay), all others being excited off- and the bath dynamics. The linear-response function is given
resonance. However, the nonlinear response still containgy
contributions additional to that reminiscent of a two-level
system. These arise because the prinfgpyscillator is op- ,
tically active via a two-photon transri-[tti?)grn at the excitation  Ragg(t)= '% iy 2 [Grnn(1) = GlL(D)] , (6)
frequency. Hence, as described by Yaron and Sitbegr ' disorder
example, the minimal model for the nonlinear response of dvhere G,,(t) is the function described in Ref. 26 that de-
conjugated polymer is cast in terms of Liouville space pathscribes the interplay between one-exciton Green’s functions
ways that involve three intermediate  statesand the collective bath coordinate. The logical starting point
|0)=]1)=[2)=|3)=[0), with = indicating a transition to determine the one-exciton Green’s functions is a Hamil-
moment connection. Herl) is the ground statel) and[3)  tonian describing ther-electron system in terms of the alter-
are one-exciton staté8, electronic oscillators and|2) can  nating single and double bonds, for example, the Pariser-
be the ground state, a one-exciton state, or a two-excitoparr-Pople or INDO/SCI Hamiltonians which have been
state (A, electronic oscillator According to Yaron and shown to be useful for describing the key properties of con-
Silbey;" terms wherd2) is either the ground state or a one- jugated polyene®®° Conformational disorder must be in-
exciton state represent exciton migration terms and dominaigluded at this level in order to determine ensemble average
the nonlinear response owing to cancellations involving thyroperties of the conjugated po|ynf5érA significant effect
two-exciton intermediate state contributions. of this disorder is to generate a number of eigenstates that lie

From that work, as well as from 3PEPS studies of photoclose in energy and loosely correspond to absorptions into
synthetic light-harvesting complex&:°it is clear that sig-  spatially separated conformational subunits along the poly-
nificant additional contributions to the nonlinear responsemer chain. These eigenstates, labetea,..., can be used as
arise owing to interactions/, ,» between chromophores the basis for a Hamiltonian that will be used to calculate the
(proximate electronic oscillators labelddand k’). When  equations of motion for the system.
Vi is nonzerde.g., the case of MEH-PBMfuctuations of A clear difference between the two-level system and the
a distinctly different nature from those which lead to dephasconjugated polymer is now apparent: the diagonal and off-
ing in a perfect polyene are introduced owing to intersubunitdiagonal static disorders have a significant effect on the na-
exciton hopping and ground-state bleaching. These contribuure of these eigenstaté8? This suggests that, analogously,
tions to the response diminish the apparent distribution okome of the fast bath fluctuations that are coupled to the
static disorder(inhomogeneous widihby increasing the instantaneous eigenstates of the polymer will have a dynamic
overall dephasing. In other words, in the nonlinear responsesffect on the electronic energy gaps at the level of the elec-
the distribution ofs(keg are coupled viav, ., thus introduc- tronic eigenstates. The nuclear motions effecting this should
ing rapid fluctuations over the spectral distribution of confor-be primarily associated with intramolecular motions, and
mational subunits. Moreover, in conjugated polymers there isome evidence that this is the case for epitaxial polydiacety-
also significant static disorder and/or stochastic fluctuationgene films has been reported by Phatral % These workers
in the couplingVy y itself.’ also reported an excitonic dephasing time of 52 fs.

To see what this means for the absorption line sh@ipe Thus while the line broadening in the absorption spectrum
ear responseof a conjugated polymefe.g., MEH-PPY  of a two-level system is introduced by coupling of the bath
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fluctuations to the electronic energy gap, that for a moleculaproperties that scale critically with the polymer lengéhg.,
aggregate is determined by exciton population relaxation asubic optical nonlinearity The absorption maximum of
well as pure dephasing involving both electronic and nuclealong-chain polyene oligomers redshifts with the average
interactions. This pure dephasing may be viewed as batmumber of double bond8l in the sample. However, this
mediated scattering over the eigenstates. A further detail thdiathochromic shift saturates quickly with increasiNg In

may have significance as a dephasing mechanism in conjwther words, the absorption maximum is not a sensitive in-
gated polymers is the effect of bath-mediated fluctuations irdicator of the averaghl in a polymer sample. On the other
Vi - In the present paper we describe these effects phéyand, the enhancement of nonlinear properties, such as cubic
nomenologically. This is accomplished by separating theoptical nonlinearity, withN is remarkable? Here we have
electronic energy gap correlation function of E8).into two  reported an observation that the interaction between the set
distinct contributions? fluctuations at a single SitMl(t) of primary electronic oscillators representing conformational

and a contribution arising from intersite scatterivg,.(t): subunits (arising from conformational disordein MEH-
PPV is significant. As a consequence, we do not expect the
M (1) =(So*(t) 5wX(0)), (79 scaling of linear and nonlinear responses to be isomorphic,
primarily because of the sensitivity of the nonlinear response
Mkk,(t)5<5wk’(t)5wk(0)>. (7b) to electron correlation.

The single-site fluctuations of Eq(a are indicative of
solvation dynamics, and owing to the dissimilarity of the
MEH-PPV 3PEPS data from those of PERNoth in tolu- In the present report we investigated the origin of the line
eng, we conclude that it is the various dephasing mechashape the for electronic linear absorption of a prototypical
nisms contributing intersite correlatiofgqg. 71 that domi-  soluble, electroluminescent conjugated polymer, [@I(2’-
nate the MEH-PPV nonlinear response. These are related tthylhexyloxy-5-methoxy-1,4-phenylenevinylehe (MEH-
the exciton migration terms identified by Yaron and Silbey. PPV) in toluene solvent. Integrated three-pulse stim-
Noting the rapid decay of the 3PE peak shift of MEH-PPV toulated echo peak shift data were compared foMN-

1.5 fs at a population tim& =100 fs suggests that an aver- bis-dimethylphenyl-2,4,6,8-perylenetetracarbonyl  diamide
aging over the conformational subunits occurs primarily on §PERY), a model two-level probe of solvation dynamics and
50-fs time-scale. This precludes any significant static inhoMEH-PPV. We suggested that the simple terms “homoge-
mogeneous distribution of excitation energies in the absorpaeous” and “inhomogeneous” fail to describe adequately
tion line shape, at least in the region of the absorption speahe absorption line shapes of conjugated polymers because
trum resonant with the laser pulse spectrum. Moreover, théhe time scales of fluctuations contributing to, and arising
observation that this contribution dominates the 3PEP$rom, conformational disorder, electronic scattering, and
signal—in striking contrast to the PERY data—provides firmelectron-phonon coupling are complex.

evidence thaV, . are significant compared to solute-solvent  The picture we presented here is summarized as follows.
couplings. Thus, although there certainly is a distribution ofConformational disorder along the polymer backbone gives
conformational subunits along an ensemble of polymer backrise to an ensemble of polyene electronic oscillators that are
bones, which in turn provide a distribution of localized ex- strongly coupled to each other by Coulomb interactions. As a
citation energy gaps, analysis of the 3PEPS data reportesbnsequence, fluctuations in the electronic energy gap, ob-
here suggests that tlseibunits are strongly coupled to each served here to have a characteristic relaxation time scale of
other. This is an important result implied by the 3PEPS mea-50 fs, derive primarily from bath-mediated exciton scatter-
surement, and is independent of the model used for the coing. The electron-phonon couplings at each conformational
relation function. subunit are small—characteristic of nonpolar solvation—as

The fast dephasing time observed for MEH-PPV, signifi-demonstrated by comparison of the MEH-PPV data with that
cantly shorter than the fluorescence lifetime, indicates thafor PERY. The linear absorption line shape of MEH-PPV is
ergodicity is satisfied, and that therefore there exists a relasignificantly affected by the interplay between the fluctua-
tionship between the absorption line shape and the Stoke®ns controlling conformational disorder and their impact on
shift between absorption and photoluminescence; vidhe electronic eigenstates. The data reported here suggest
fluctuation-dissipation. This provides support for our modelstrongly that these fluctuations—arising from coupled elec-
of the electronic energy-gap time-dependent correlatiortronic and nuclear interactions—are fast on the experimental
function insofar as the total coupling strength to the fluctuatime scale, since the decay of the peak shift indicates that
tions equals half the Stokes shift. Hence our model describekere is very little static inhomogeneitfwithin the laser
the 3PEPS data, the absorption line shape, and the largrilse bandwidththat persists for times comparable to the
Stokes shift of the photoluminescence spectrum. There arfduorescence lifetime. Furthermore, simulation of the peak
additional dissipative processes, seen in the transient gratirghift decay for MEH-PPV in toluene, based on the phenom-
data, that represent irreversible exciton migration processemological correlation functions of Egs. 7, reproduces the
and account for the relaxation of the excited-state populatiostokes shift for photoluminescence and assigns its origin to
to the distribution of states from which photoluminescencefluctuations mediated by the coupled electronic oscillators.
takes placd®! This provides an explanation for the broad, structureless

We suggest that the results we have reported here provideectronic absorption of MEH-PPV and possibly many other
the bridge between linear spectroscopic observables, the  well-solvated conjugated polymers. This interpretation pro-
absorption maximum and Stokes shifind understanding vides a valuable insight into the nature of the initial photo-

V. CONCLUSIONS
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excited state, and the efficient population of the emissive 10 ]

state. ]
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FIG. 7. Comparison of 3PEPS data for a probe chromophore in
a liquid (oxazine 750 in acetonitrijevith a probe chromophore in a
Three pulse echo peak shifSPEP$ spectroscopy pro- rigid polymer glass(IR 144 in polymethylmethacrylate See the
vides a useful reduction of the information content of theAppendix.

tlmg-mtegrated three pulse ec'ff‘P.E) 3|gngl. The 3PE SI9°  gifferences that persist for times significantly longer than the
nal is generated by the resonant interaction of three Optlcagxperimental time window, static inhomogeneity, compared
pulses with an ensemble of chromophores. The first pulse 14 the rapid fluctuations that lead to “homogeneous” line
creates a coherence between ground and excited states. Affghadening can be clearly differentiated. This is facilitated
a time delayr, the second pulse, converts this coherence to by the enormous dynamic range of the 3PEPS data; from a
a population which undergoes spectral diffusion and possiblyg, f5 up to hundreds of ps. As an example, a comparison of
other dynamic processes for a tinfe The final pulsek;  3pgps data for a probe chromophore in a lig(datazine
converts this population to agohere_nce _that may generate a0 in acetonitrile with a probe chromophore in a rigid
echo in theks= —k; + k,+ k3 signal direction. In the 3PEPS polymer glasgIR144 in polymethylmethacrylate, PMMAs
experiment we simultaneously measure a signal inkfie  shown in Fig. 7. The 3PEPS data for oxazine 750 decay to an
=k;—kz+ks signal direction, which corresponds to the asymptotic value of 0 fs according to the time scales of fluc-
pulse sequenck; ki k3. We do this to determine the peak tuations in the acetonitrile bath. This is indicative of homo-
shift 7*—half the difference between the valuesmoht the  geneous line broadening. In contrast, the asymptotic value of
maxima ofkg andk.,—to greater precision. the peak shift data for IR144 in PMMA is approximately 5

The 3PEPS experiment provides details of the time scalefs. Such a nonzero asymptotic peak shift is a direct measure
(or spectrum and amplitude of fluctuations of the electronic of the distribution of static inhomogeneity of IR144 excita-
energy gafgEq. (1)]. Fluctuations as distinct as site energy tion energies in the polymer matrix.
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