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Photon-echo studies of collective absorption and dynamic localization of excitation in conjugated
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Investigations of the origins of line broadening and excited state dynamics for the conjugated
polymer poly2-methoxy,5¢2-ethyl-hexoxy-1,4-phenylenevinylerje (MEH-PPV) and a model pentamer,
p-bis{[0, m-di(2-ethylhexyoxy-p-methylstyrylstyryl}benzene are reported. The time-integrated three-pulse
stimulated echo peak shifBPEPS experiment is employed to elucidate dephasing, spectral inhomogeneity
arising from conformational disorder, and dynamical processes, otherwise obscured by ensemble averaging.
We progressively discuss three dynamical models to describe the experimental data. The multiphonon model
describes coupling of the electronic transitions to high frequency vibrational modes, and is able to fit the
absorption spectra well, highlighting the importance of a distribution of conjugation length. However, it fails to
model the 3PEPS data. A two-level system approach is found to reproduce the absorption line shapes as well
as 3PEPS data, however, it cannot simultaneously describe the fluorescence data since the homogeneous
linewidth is grossly overestimated. In light of these analyses, we propose the three-stage relaxation model, that
(1) describes absorption into delocalized states that arise from electronically coupled conformational subunits;
(2) explains the fast decay of the 3PEPS data as a rapid dynamic localization of excitatig8) pravides a
homogeneous line broadening that is consistent for both the absorption and fluorescence processes. Simulta-
neous modeling of the 3PEPS, absorption, and fluorescence data, establishes a consistent picture to understand
the line broadening, dephasing mechanisms, and excited state dynamics for conjugated polymers and
oligomers.
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[. INTRODUCTION those of conformational subunits. However, these conforma-
tional subunits may couple to contribute collective electronic
Poly (p-phenylene vinyleng(PPV), its derivatives, such states to the absorption spectrum. Subsequent to absorption,
as poly [2-methoxy, 52'-ethyl-hexoxy-1,4-phenylene vi- these collective states are rapidly localized by conforma-
nyleng (MEH-PPV), and its oligomers represent new typestional relaxation. This provides an important new viewpoint
of materials compared to small organic molecd@sAl-  on the role, significance and nature of conformational sub-
though employed in efficient electroluminescent devicesynits.
their photophysical properties are not completely understood. Although conjugated polymers share some similarities
Characteristics of these conjugated polymers and oligomefgith inorganic semiconductors, they differ in that the prop-
are high luminescence quantum vyields, large apparerdrties of conjugated polymers are apparently characterized
Stokes’ shifts, broad absorption bands, and nonmirror imagpy an interplay ofr-system conjugation lengths and confor-
absorption and fluorescence spectra. A model that satisfactgnational disorder owing to the relatively low energy barrier
rily explains all these phenomena has not been elucidated.for disruptive small angle rotations arounebonds along the
Theoretical studies have suggested the importance of tor-
sional motions and changes in molecular structure that un-
derlie dynamical processes induced upon photoexcitétion.
Understanding of the elementary excitations and dynamics in
conjugated polymers appears to be a central subject enabling
design, optimization, and tuning at the molecular level of
devices based on conjugated polymers. For example, control-
ling conformational disorder or length of polymer chain can

profoundly affect the luminescence yield and charge trans-
port efficiency and therefore the overall efficiency of OLED ) \/(/\/
devices™'® In the present work we report a microscopic oH 0
3
\o
n

model that qualitatively and quantitatively describes the

origins of conjugated polymer photophysics. We elucidate

this model by comparing the origins of line broad-

ening in the conjugated polymer MEH-PPV with  FIG. 1. Molecular structures of the pentamer,
the model pentamer, p-bis{[o,m-di(2-ethylhexyoxy-  p-bis{[o,m-di(2-ethylhexyoxy-p-methylstyrylstyryl}benzene and
p-methylstyrylstyryl}benzendgFig. 1). We show that the ba- the conjugated polymer pdig-methoxy,5¢2’-ethyl-hexoxy-
sic characteristics of conjugated polymers are derived froni,4-phenylene vinyleqgMEH-PPV).
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backbone of conjugated chaitfs?® The distribution func- POL HWP

tion of different conjugation lengths takes a Gaussian form from NOPA /compressor  k;+kj-k,
with the center estimated to be five subunits, constitutingan | {777y 7h
ensemble of polyene-type electronic oscilla®rg?Such in-
formation is contained in the linear absorption spectrum to-
gether with the homogeneous absorption line shape contribu BS-0%
tion manifested by the coupling between electronic T

o O |
BS-67% }5-33% Ktk ki @ @ Bk okt

transitions and nuclear motions, causing fluctuations and re
laxations of electronic transition energie®. The time scales focusing Saminla
and amplitude of these fluctuations together dictate dephas J \_i ‘_L mirror
ing processes and characterize the dynamical width of fluc-
tuations of the electronic energy gafabsorption line
shape.®! A detailed understanding of the absorption line
shape for small organic molecules in the condensed phas
has been ascertainé3° Previous work has shown that the
origin of line shape in conjugated polymers differs funda- k, fey by
mentally from such model two level system®-2°For ex-
ample, it is possible that interplay between conformational
subunits predicted by the Coulomb interaction affects the
optical properties and electronic structure of conjugated
polymers. t
Many investigations have addressed the linear and nonlin-
ear optical properties of conjugated polymef8:4°> Time- FIG. 2. Experiment setup and pulse sequence for the 3PEPS
resolved absorption, fluorescence, and transient grating hawxperiment. See the text for details.
been applied to study excited state dynamics. Time-resolved
absorption and transmission spectroscopy has provided some [l. EXPERIMENT
information on the initial relaxation processes occurring after
photoexcitatiorf®~*8 such as the strong coupling between A tunable nonlinear optical parametric amplifi¢OPA)
electronic and vibrational states in excited state dynamicsvas pumped by 20@J of the output of a Ti:sapphire regen-
Femtosecond fluorescence experiments revealed an ultraf&@tively amplified laser system that generated40 fs
relaxation of optical excitations within an inhomogeneouslypulses at 775 nm and 1 kHz. The tunable visible output of
broadened density of states. However, unemitted relaxatiofe NOPA was used for excitatih.The excitation wave-
is possibly not detected. In order to establish connectioni&ngth was centered at 485 n{@.56 e\) for the pentamer
between conformational disorder, optical line shape and phaand 538 nm(2.31 eV} for MEH-PPV samples. The intensi-
tophysics, an experimental approach that is sensitive to ties of the excitation beams were controlled by using a half-
suitable correlation function, rather than population dynamwave plate/polarizer combination. Dispersion was precom-
ics, is required. pensated using a pair of quartz prisms. The resulting ultrafast
The three-pulse stimulated echo peak st8REP3 mea- pulse duration was measured by autocorrelation at the
surement is widely used to obtain time scales of solvatiorsample position according to the intensity FWHM of the sum
and protein dynamics owing to its great dynamic range—frequency generation in a 50m BBO crystal(assuming a
from femtoseconds to nanosecor@s4%-52The peak shift Gaussian pulse shap&he pulse durations were estimated to
reflects the rephasing and echo formation capability of théde 20—-40 fs depending on excitation wavelength. Time-
medium. Thus 3PEPS is capable of providing much valuabléandwidth products were 0.44 and 0.59, respectively. The
information, such as all the time scales of dephasing prolaser spectrum was measured using a CVI SM-240 CCD
cesses that are coupled to an electronic transition, by providspectrometer.
ing a line shape function and separating homogeneous and 3PEPS measurements were performed using three beams
inhomogeneous broadenifty3®°354Here, we apply 3PEPS of equal intensity(~5 nJ/beam at the sample~ig. 2. The
to investigate signatures of dephasing characteristic of MEHthree S-polarized beams were aligned after the delay stages
PPV and the model pentamer. Using this spectroscopy wt form an equilateral triangle beam geometitycm side§
have been able to elucidate the details of line shape broaénd were focused into the sample using a silver-coated
ening as a correlation function. The work we report here haspherical mirror(f=25 cm). The symmetric sweep delay
revealed that motions involving structural reorganizationcontrol was used for the 3PEPS measurement. Two beams
within individual conformational subunits dominate the ho-were independently delayed to scan pulse delays from nega-
mogeneous line shape. tive 7, pulse sequence 2-1-3, to positive pulse sequence
We have developed a three-stage relaxation model in ort-2-3, such that the population tindes fixed between pulses
der to explain the origins of inhomogeneous line broadenind and 3 atr<0 and then between 2 and 3 at0.
and to simultaneously model the 3PEPS, absorption and The three-pulse echo signals in thé&;+k,+k; and k;
fluorescence line shapes. —k,+Kks phase matching directions were spatially isolated us-

]

delay: k, delay: k, fixed: k,

3PE

v
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ing irises and measured simultaneously. The peak shitir
each population tim& corresponds to the coherence time
when the time-integrated photon echo signals peak. The tem- ~ =
poral overlap between the three pulses was set initially by
autocorrelating each of the three pulse pairs. Accufaté,
and =0 stage positions were set according to overlap of the
pulses in the sample by measuring all three three-pulse echo
signals and using the symmetry of the echo signals along the
7 time axis. The time delay between pulse 1 and 2 was set
using k;+k,+ks; andk; —k,+Kks signals. The delay between
pulse 2 and 3 was set usikg—k,+ks andk; +k,—k; signals. - .
The first pulse, with wave vectds, creates an electronic
coherence between ground and excited states. The second 460 A0 AtD 500 S50 BOD Bo0 300
pulse,k,, creates a population which is allowed to undergo @) Wavelength (nm)
dynamic processes for a tinfe The last pulseks, converts

Absorbance (arb. units)
Fluorescence (arb. units)

the population into a coherence which generates an echo in

the ks=-k;+k,+k; phase matching direction. Simulta-

neously, we measure the signal with wave vedtpr +k; 1.

-k, +ks (with pulse sequence 2-1-3Peak positions of the ) £

measured echo signal were obtained by fitting each of the E . :

two data traces with a Gaussian function. The echo signals g 5

are symmetric along the axis at room temperature, so the o 18

peak shift7 for each r-scan at a fixedl was accurately g g

determined by taking half the separation between the peaks < 492

of the Gaussian fits for the two signal directions. The peak § §

shift is expressed by* = (|7 +| %)) /2. .
Chlorobenzendspectroscopic graglevas obtained from

Aldrich Chemical Company. MEH-PPV was purchased from 350 400 450 500 550 800 650700

Aldrich. The model pentamer was provided by Professor () Wavelength (nm)

Lewis Rothberg, University of Rochester. Solutions of MEH-

PPV and pentamer in chlorobenzene were filtered to remove ) )

; ; . ; FIG. 3. Absorption and photoluminescence spectra of pentamer
!nSOIUble impurities. The ab-sorbance W{:IS adjusted to be 0'(za) and MEH-PP\S(b) in chlgrobenzene solution.pSIit Widthz were
in a 100um cell. The solutions were circulated through 81 c nm. Excitation wavelenaths were 450 nm and 520 nm
100 um flow cell using a gear pump. All measurements re'réspecfively 9 ’
ported here were conducted at 294 K. '

Ill. RESULTS robenzene solutions. The 3PE data in upper panels for the
Absorption and photoluminescence spectra of dilutdPentamer are obtained using laser pulses with center wave-

MEH-PPV and pentamer solutiorishlorobenzene solvent €Ngth at 485 nm, and pulse duration of 45 fs FWHM. For
at room temperature are shown in Fig. 3. Both the pentamé!EH-PPV the excitation center wavelength is 538 nm, with
and MEH-PPV have broad, unstructured absorption band@ laser pulse duration of 25 fs FWHM. The 3PE signals are
and narrower, structured fluorescence spectra. The maximuRtise-width limited, and the actual peak shift is affected by
of the absorption band of the pentamer solution is located aulse duratior® The effect of pulse duration on peak posi-
~435 nm(2.85 e\j while the apparent Stokes’ shift between tion is accounted for in the simulation of the signals.
the absorption and fluorescence band peaks2§00 cm The 3PEPS experiment gives us the information that is
(322 me\). MEH-PPV has a broader, redshifted absorptioncontained in the 3PE signals in a compact form. 3PEPS re-
band compared to the pentamer. The absorption maximum kgals information about the time scales of dephasing and is
at ~500 nm (2.48 eV} in chlorobenzene, the apparent sensitive to a correlation function. In order to understand the
Stokes’ shift is~2330 cm?! (289 me\j. The similarity of  rather complicated data, we must perform computer simula-
the spectra for the two samples suggests that the primatjons. However, it is possible to interpret the 3PEPS data
origins of the line broadening in the absorption spectra dajualitatively. Disorder in the system is manifested in the
not differ greatly. This is somewhat surprising given that3PEPS data as an asymptotic peak shift; the larger the offset,
static inhomogeneity reflecting conformational disorder isthe larger the disorder. Although influenced by pulse-width
anticipated to contribute significantly to the MEH-PPV ab-and solvent effects, a higher initial peak shift is associated
sorption spectrum. This conformational disorder is furtherwith weaker coupling, as shown in Fig. 5.
discussed in Sec. V. The relationship between asymptotic peak shift anthe
Figure 4 shows the time integrated 3PE signal at variougpopulation time, can be understood using the following equa-
population times for the pentamer and MEH-PPV in chlo-tion for the asymptotic peak shiit:
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FIG. 4. 3PE signal versus coherence time for population tifve8, 20, and 50 fs, for both the pentantapper panelsand MEH-PPV
(lower panelgin chlorobenzene. Open circles are the data for the phase matching didgetiort ks and the filled circles are for the phase
matching direction k;+k,+ks. The solid lines represent the Gaussian fit of the echo data points. As the population time is increased, the
peak shift decreases.
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wherel'=2)\/(#) and 3=1/KT. \ is the total reorganization
energy divided byi. gy, is the static inhomogeneity of the
system. Whermr;,, # 0 a nonzero peak shift is observed. It can
also be shown that the peak shift decaydvHs), the corre-
lation function for fluctuations of the electronic energy gap,
in the absence of static inhomogenéityThe form of M(t)
will be discussed in greater detail in the following sections.
3PEPS data* versus population timeTl for the pentamer
and MEH-PPV in chlorobenzene solution are plotted in Fig.
, . 6(a) and Gb), respectively. The primary amplitude of the
10 100 1000 10° peak shift data for both pentamer and MEH-PPV rapidly
Population Time (fs) decays withinT=500 fs, attaining a persistent offset at a
population time of 5 ps. It is clear that MEH-PPV has a

FIG. 5. Example of 3PEPS data. The peak shift provides a meaﬁigher asymptotic offset than that of pentamer. This result is

sure of the inhomogeneity of the frequency distribution. Strong Cou'reproducible under different sample, pulse-width, and experi-

pling to the bath increases the homogeneous broadening, oM ental setup conditions. The nonzero persistent peak shift is
spondingly reducing the peak shift. These data were simulate(r}1 P ) P P

using the full response function. The solid lines are 3PEPS datgtmbdufd tkobthe deLgrekQ of Strut%galogeffeas al(ljng the. conju-
simulated using an exponentid¥i(t) with 7,=100 fs and A, gated backbone. Looking at t 5 S population time

=900 cnl. This represents Kubo relaxation. To demonstrate thd€9ion, it is evident that the pentamer 3PEPS data decays

effect of disorder in the system, a static Gaussian contribution ignore slowly compared to MEH-PPV. The clear and slowly
added to thatVi(t), with ¢=1000 cm’. Those simulated 3PEPS diminishing oscillations in the pentamer 3PEPS data are due

data are shown by the dotted line. Note that now a long-timefO the coherently excited intramolecular vibrations that are
asymptotic peak shift is evident. The effect of increased coupling toveakly damped by the bath. The oscillations for MEH-PPV
the bath is demonstrated by simulating the 3PEPS data with thigreé washed out by many averaged excited vibrational modes
M(t), but now withA,=1100 cm™. There is a decrease in the initial since the frequency of these vibrations depends on the size of
peak shift and the asymptotic offs@tashed-dotted line the conformational subunit§:5’

-
o N

Peakshift (fs)

[T N R < B o ]
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25 neous broadening denotes an effectively static frequency dis-
tribution. It is also illustrative to consider the spectral den-
20k sity, to gain insight into the connection between
0 reorganization energy and the Stokes’ shift via fluctuation
& g dissipation. This spectral density is essentially the distribu-
= 1o % tion of time scales(frequencies weighted by coupling
5 o constants$?
% 1oL The energy gap for an electronic transition of a chro-
Po) q P . . .
o i mophore is influenced by the fluctuations in the environment
, : : : = and the chromophore itself. Assuming that the fluctuations
S5t " popuiation Time (8 are similar for all chromophores in the system, the time-
- o dependent Stokes’ shift
1 | v o i
g 0 1000 2000 3000 4000 5000 6000 St = (6Vgp(t) Vse(0)) 2
Population Time (f = 2
(a) opulation Time (fs) <WSB>
16 with 6Vgg as the system-bath fluctuation, can be expressed in
1al% terms of the spectral density as follows:
12 S(t) = /A f dw p(w)cosat, (3)
€10 0
% ol where w is the frequency of the fluctuationp(w) is the
X ¢ spectral density\ is a renormalization constant which is
o 6 identical to the reorganization energy
g 100 1000 10
Population Time (fs) A= ﬁf do wp(w). (4)
2 SRRSO 00 aYoYaYaV-Ya¥No) 0
O 8 1060 2000 @000 4000 5000 000 The line shape function can be expressed in the frequency
(b) Population Time (fs) domain adh%8
FIG. 6. 3PEPS data* vs population time for the pentaméa) g9(t) = —int/A + fo do p(w)cotfiwp/2](1 - coswt)
and MEH-PPV(b) in chlorobenzene. Solid lines are simulated data
using the three-stage relaxation mofet]. (21)]. The insets show N .
the same data on a log-scale. +l . do p(w)sin wt, ©)

where 8=1/kt.
IV. THE STOKES'’ SHIFT These expressions yield the Stokes’ shift and line shapes
, L , _in the absence of energy transfer and generally pertain to
There has been much investigation into the nonmirror iM4solated chromophores. Clearly, there is a fundamental rela-
age rela.tlonshlp between absorption and fluorescence z_amq th@nship between homogeneous line broadening and the
large difference between the absorption and emissioRsiokes’ shift(21n). On the other hand, inhomogeneous line
maxima observed in conjugated polymers. In the followingyadening does not contribute to fluctuations of each chro-
section, we will introduce three major contributors to the mophore transition frequency and therefore does not affect
apparent Stokes'’ shift, some of which also affect the mirrory, e siokes’ shift. In order to obtain molecular Stokes’ shifts
image/line shape, anq which can be examined using different, ore complex systems such as conjugated polymers, spe-
spectroscopic techniques. They are the true moleculgfis| spectroscopic techniques must be used. For example, by
Stokes’ shift arising from electron-phonon coupling, an ul-ggjectively exciting only the red-most chromophores, site se-
trafast localization component, and spectral diffusion|gciive fluorescence techniques reveal the molecular Stokes’
through energy transfer. shift, unaffected by spectral diffusion associated with energy
transfer?9-61
A. Molecular Stokes’ shift and spectral diffusion

The coupling of electronic transitions to a bath of fluctu- B. Coupled chromophores and dynamic localization
ating nuclei in any chromophore effects line broadening and The ideas of localization and delocalization of electronic
the Stokes’ shift. Often we consider the characteristic timestate§%63 are known to be important in the study of photo-
scales of bath fluctuations to label line broadening as homaosynthetic systems, and we will demonstrate in this paper that
geneous or inhomogeneous. Homogeneous line broadeningey also play a role in the photophysics of conjugated poly-
results from a fluctuating frequency distribution; inhomoge-mers. The absorption of excitation onto the B850 band of the

045203-5



YANG, DYKSTRA, AND SCHOLES PHYSICAL REVIEW B71, 045203(2005

2light harvesting complex LH2 of purple bacteria and themers and conformational subunits. It is able to fit the absorp-
subsequent localization onto a single dimer pair is an illustion line shape. However, this model, in its present form, is
trative examplé? In this well studied system, there have unable to fit the 3PEPS, reinforcing the issue of the insensi-
been numerous experiments and discussions as to the extgivity of linear absorption to the origins of line broadening.
of delocalization observed. The answer seems to be that diffo simulate the 3PEPS and absorption simultaneously, we
ferent experiments interrogate different time scales and thusave used a two-level electronic system approach derived
show different degrees of localization of excitation. It hasfrom studies of solvation. However, this approach does not
been calculated that there are strong electronic couplings beatisfactorily fit the fluorescence line shape. To incorporate
tween the 18 chromophores in the B850 band and thus alspectral diffusion through the inhomogeneously broadened
sorption excites excitonic states. Circular dichroism experi-density of states, we move to the three-stage relaxation
ments (CD) provide an incisive probe of the instant of model. Within this model, we are able to simulate the 3PEPS
excitation, and thus absorption of a photon into delocalizedgignal as well as the absorption and fluorescence line shapes.
states of the B850 ring, for example. In fact, in order to

account for observed CD spectra, delocalization over at least A. Multiphonon model

half the ring system is requiréd.® On the other hand, the  previous work suggests that the distribution of conjuga-

extent of delocalization is found to be much less when calyjgp, lengths of phenylene-based molecular systems is deter-
culating the super-radiance from fluorescence experiments ¥hined by conformational disorder in the system and that the
the same systen®$. Fluorescence measurements are SenSigjstribution function is Gaussia. In this section, we
tive to times cales on the order of the fluorescence “fet'mespresent and discuss the simulations of the absorption spec-
suggesting a localization of excitatideforeemission. Itis  t,m of MEH-PPV by a theoretical appro&€tthat is derived
predicted, therefore, that emission would occur from local4 o molecular radiationless transition thed®y? The simu-
ized sgates while absorption is into delocalized excitongtion of absorption is based on the properties of each con-
states’ _ . _jugation segment which, when superimposed, form the
The 3PEPS experiment has a sufficiently large dyng‘m'(li\/lEH-PPV absorption profilé® In the Frenkel exciton

it i ,49-52,6 . . . X
range to be sensitive to all of these time scéfe¥’ _ theory, a conjugated system wibhunits can have energies
We are, therefore, able to monitor the dynamics of localiza-

tion as well as other, slower processes, such as resonance _ l
energy transfef®71 E=Eo+ 23( N+ 1>, (6)

wherel=1,2,... N, Ej is the energy of excited state of each
unit and B is the interaction strength between nearest-

There are two distinct regimes of energy transfer imporneighbor conjugation units. The corresponding transition di-
tant to the study of conjugated polymers. The first is thepole moment is

rapid localization, already discussed, whose associated spec- 1 )
tral diffusion gives rise to part of the apparent Stokes’ shift. | . 2|4 c < l ) )
The second, slower process is likely to operate via a NN+ 1 2N+2/ |’
generalized-Forster mechanism where energy is transferred ) o i
from a localized excitation on the donor to a delocalizedVhere the monomer dipole momejat|*=1. The absorption
“aggregate chromophore” sta&75 Owing to the separation coefflmentaeg(w) for the e_Iectronlc transitiog— e of each
of time scales, energy transf@rom donor chromophore to conjugation segment is given by

delocalized chromophore aggregateccurs well after the 2 % it 1
initial localization of excitation. However, this is still shorter  agf(w) = —|,ueg|2f dt{—(Ee— Ey—fiw) = —dztz]
than the fluorescence lifetime. Multiple localization-energy 3ach = Lh 2
transferto delocalized acceptor-localization processes may

occur before fluorescence is observed from excitation local- X exp[— H Gi(t)}’

ized on the lowest energy chromophores in the sysStefa. .

C. Resonance energy transfer

8

where 4 denotes the electronic transition momeats the
V. SIMULATION OF THE DATA f_actor vv_hlch des_crlbes _the medium _effect;s the speed of
light, d is the width of inhomogeneity of electronic states,
We have simulated the data using three models. The mubnd herell;G;(t) corresponds to the line shape function,
tiphonon model gives a physical picture of conjugated poly-which is defined via

23,8 sinh(fiw;/2KT) exd - B2B{°AZI[ B]* coth(\;/2) + B coth(1//2)]]
sinh; sinhf [ 8% coth(u]/12) + 7 cothiN/2) ][ 8] tanh(u12) + 5 tank(n;/2)]

Gj(t) = 9
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account in this model. Thus the line shape functig;(t)

of Eq. (9) cannot fit our 3PEPS data to obtain the line broad-
ening response function, which is indispensable to differen-
tiate between homogeneous and inhomogeneous broadening.
Moreover, there seem to be subtleties missing from the mul-
tiphonon model, in its present form, that are necessary to
understand the pentamer data. The following two-level elec-
tronic system approach allows this differentiation by describ-
ing these low frequencies in the bath spectral density accord-
ing to a Brownian oscillator model.

Normalized absorbance
T

B. Two-level electronic system approach

Assuming that the coupling between the electronic transi-
| | | tion of each conjugation segment is coupled to a bath of
1610° 1810* 210* 2210 2410* 2610 nuclei which are undergoing Brownian motion, we use a
Wavenumber (cm™) two-level electronic system to model the chromophore-bath
system. The theoretical treatment of third-order nonlinear op-
FIG. 7. Simulation of MEH-PPV absorption line shape by the tical signals has been described elsewhere in d&t&The
multiphonon modefEq. (11)] (dotted ling. Solid line is experimen-  electronic energy gap between ground and excited states for
tal data. an individual conjugation segmentan be separated into its
averagetransition frequenc{w), a dynamical fluctuating
In Eq. (9), Bj=(wj/h)"? \j=itwj+hie)/2KT, w/=-ite],  term dw;(t) and a static offset.
where w; and w; are the oscillator frequencies of théh
mode in the electronic statgsande, respectivelyA; denotes w;(t) ={w) + Sw;(t) + &;. (12
the normal coordinate displacement which is chosen so that
the conjugation lengtliN) dependent Huang-Rhys fact&y

_ 2 _ . . .
=wjAj/2h=g+bi/ (N+1) with g andb; being adjustable, as R(t,T,7) which generate third order polarizatiotfswith 7

described by Changt al?6 We take the Gaussian function |, . . i ]
D[N] deduced from the disorder to describe the distributionbelng the time delay between the first two puléie coher

. : ; ence periogl T the time delay between the last two pulses
of con]ug'at|on segments of MEH-PPV backbone W't.h center(the population period andt the time evolution of nonlinear
Ng and widthB,, as fitting parameters. In our calculation, the

best fit for absorption spectrum of MEH-PPV gives Ng polarization after the third pulse,

The time-integrated 3PE sign&8T,7) measured in the
laboratory is expressed in terms of response functions

=5 andB,,=6.3, o
ST, 7= f dt|R(t, T, D% (13
D[N]=B;?exg— (N= No)%/By,]. (10) 0
Thus, the molecular absorption coefficient for MEH-PPV isFor a 3PEPS experiment, the peak shif(T) at a particular
given by time T is defined as the coherence time at which the inte-
grated echo signal is a maximum. The behaviorofT) is
a(w)=2 D[N]ag, g, (@) (11)  closely related to the transition frequency correlation func-
N

tion M(t).31:35

The calculated absorption spectrum of MEH-PPV is The nonlinear response function can be expanded in terms
shown in Fig. 7 with contributions from conjugation seg- Of line shape functiorg(t) as described by Mukamel and
ments consisting of one to nine subunits compared with exco-workers’®-8g(t) is in turn related to the correlation func-
perimental data. As in Ref. 26, the blue tail of the absorptiortion M(t), which accounts, in this approach, for bath fluctua-
spectrum is fitted by choosing 14Q0550, 700(700), and tions in the condensed phase. The line shape fungiins
200(200 cmi ! for the three vibrational modes of the ground defined via
(excited state of each conjugation segment. The slight dis-
crepancy between the experimental data and the simulation . ! 2 ! E
is probably due to underestimating the contribution from the 9t =-ix 0 dt; M(ty) +(dw®) o dty o dt; M(to).
short conjugation length segments. The width of inhomoge-
neity d is taken as 900 cm for all segments. (14

The multiphonon model can fit the absorption line shap
well. However, the calculation o;(t) includes only high
frequency modes, since we do not have detailed informatio
on the distribution of low frequency torsional modes. This o
means that the homogeneous broadening, influenced by low oa(w) :f dtexd—i(w - wegtlexd-g()], (15
frequency modes in the spectral density, is not taken into -

eFrom this function, we obtain absorption and fluorescence
H’ne shape functions,
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* neity required to reproduce the data was found toodhe
o(w) = f dtexd—i(w = weg+ 2M)tlexd—g* (1)]. =1200 cm®. The appearance of slowly damped oscillations
- indicates weak coupling between electronic transition and
(16)  solvent bath.
o ) ) ) 3PEPS data for MEH-PPV in chlorobenzene were mod-
In order to obtain information concerning the amplitude g|gq using the response functid(t), which is best repre-
and time scales of the fluctuations of the bath, as well as thgented by three exponentialg, exp(-t/ 7). We obtained
inhomogeneity of the system, we have modeled our data US- —950 et and 7 =5 fs: A =610 cni? and 7.,=70 fs:
ing the unnormalized correlation functiovi(t) as a sum of )\22300 o and 7‘3:3:1 oS, The total coupIinSZ strengths

componentsas follows: were also constrained to be 1160 ¢rn order to equal one-
_ _ _ half of the Stokes’ shift estimated from the difference in the
M(D) = 2 Ne X~ t/7) + Ayip €XP(— U riip)COL it + ) peak maxima of the absorption and emission spectra
+ UiZ, (17) (1160 cm?). The small offset shown in the data required a

static inhomogeneityy;=1000 cn*. The vibrational contri-
where), are the reorganization energies associated with expution with a frequency 80 cth for the pentamer is assigned
ponential contributions that model Brownian fluctuationsto torsional motion. Analogous vibrations are damped out in
with time scales(correlation timey 7.. Ay, iS vibrational the polymer data owing to the superposition of vibrational
reorganization energy of the vibrational mode with themodes from the distribution of conjugation lengths.
damping timer,j,. \ is related to the amplitude of the fluc-  Discrepancies between calculated and experimental spec-

tuations at temperaturg by tra and the form of energy gap transition correlation function
) prompted us to scrutinize contributions to the 3PE signal.
A= (6w?) (18) According to the 3PEPS data and simulations for either pen-

2kT tamer or MEH-PPV, we conclude that any inertial solvation

. N effect is insignificant. The huge coupling strengths and very
The coupling of low-frequency vibrational modes to the rapid time constants for all exponential components also ex-
electronic transition is taken into account to fit the data acrjyde diffusive solvation effects typical of dilute chro-
cording to exponential terms in EQLY). It has been deter- mgphore solutions. These observations clearly differentiate
quency mode has a large Huang-Rhys fa§and hence the  mojecules in solution. An important observation was that us-
sum of Sw,;p, controls the huge apparent Stokes’ shift of phe-ing this two-level system model we were unable to fit the
nylenevinylene oligomer¥: Leng et al. ascribe the low fre-  fiyorescence line shape, which we should have been able to
quency modes to torsional modes of PPV polymer and itgjo, given theM(t) obtained from the 3PEPS experiment.
derivatives!* o o o It is well accepted that the torsional barrier around single
In general, the inertial motion in solvation is caused byponds in conjugated chains is very Igon the order okT),
the small angle free rotation of a few solvent molecules, andyq the conformational rotation of a conjugation segment is
has been shown to be well approximated by a Gaussian comgongly coupled to the electronic transition. For example,
ponent ofM(t).>*848We cannot include a Gaussian contri- Tretiak et al. calculated energy profiles of ground and ex-
bution to M(t) and retrieve an acceptable simulation of thecijied states of PPV conjugated polymers, and modeled the
experimental 3PEPS data. The absence of this component @xcited state of PPV by a planar structure relative to a tor-
the simulations of the polymer and pentamer is an indicatiorgiona”y disordered ground state conformatfoithus the
that dephasing in both these materials is not governed bprge apparent Stokes’ shift can be interpreted in terms of the
solvation, but has a different origin. conformational change upon excitation, and hence the origin
Static inhomogeneity owing to the distribution of conju- of fluctuation and relaxation of transition energies contained
gation lengths and isomers derived from conformational disin M(t) is mostly connected to these conformational changes.
order is assumed to follow a Gaussian distribution, and isHn the other hand, the static offsets may represent an ex-
included in the correlation function according to a standardcreme|y long lifetime component that is also related to dif-
of the absorption line shape, and as we will show in the-{,“ong polymer backbone.
following section, helps to explain the nonmirror image re-  The time scales of correlation between conjugation seg-
lationship between absorption and emission. ments that cause dephasing, as well as the coupling between
3PEPS data for the pentamer in chlorobenzene wergyrsional motions and electronic transitions enter the 3PEPS
found to be fit best byM(t) with two exponential compo-  sjgnal. Therefore the dephasing processes of conjugated PPV
nents Aej exp(—t/ 7)), with \e;=170 cm* and 74=25fs;  oligomers and polymers need to be further interpreted by a
Ae>=1130 cm* and 7,,=690 fs. The sum of the coupling detailed model for third-order response of a many-body dis-
strength was fixed to be 1300 chrccording to the experi- ordered system. In the following section we describe how we
mentally determined apparent Stokes’ shift for the pentamegan implement this in a phenomenological model.
in chlorobenzeng2600 cmY). The coherently excited in-

tramolecular vibrations were simulated as damped cosines C. Three-stage relaxation model
Mib €XP(—t/ 7ip)COS wyipt+ @), with \,;,=40 cnit and 7, It is apparent from the above analysis that the line shape
=4 ps, w,j,=80 cni!, and ¢=1.8 rad. The static inhomoge- of MEH-PPV is poorly described as a simple two-level elec-
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Thus, even individual conformational subunits, or the model

pentamer, are very much unlike typical chromophores in the
condensed phase. We describe here a refined physical model ’
that explains all our observations. This model accounts for

(1) absorption into delocalized electronic stat€d;implicit

tronic system coupled to nuclear motions of a solvent bath. _—\ =
]

incorporation of the coupling of torsional motions to elec-
tronic transitions, and therefore dynamic localization of ex-
citation; (3) coupling to torsional motions and bath fluctua- AG I —
tions that provide homogeneous line broadening,) h@
inhomogeneous line broadening owing to a distribution of v ©)
conformational subunits. A particularly significant result is
that different manifestations ofl) and (2) in absorption,
3PEPS and other transient spectroscoffidss, up to this
point, obfuscated analysis of excited state dynamics.

An understanding of conjugated polymers begins with a 3 d
clear description of the sources of inhomogeneous line

broadening. The physical picture of the polymer is a chain of g\ g, origins of inhomogeneity in the three-stage relaxation
“wormlike” conjugated segments separated by breaks in Conmodel. The absorptiofil) occurs into a manifold of delocalized
jugation (caused by a large dihedral angté?’ As a result, states.o; is the standard deviation of this inhomogeneously broad-
there is a distribution of conjugation lengths, and for MEH-ened density of exciton stateX. is the totalinhomogeneous line
PPV the average value for conjugation length is approxitroadening in the absorption spectrum. Subsequent to photoexcita-
mately five repeat unit€-2°The distribution of conjugation tion, there is spectral diffusio2) through this density of states
lengths is influenced by the degree of conformational disorassociated with a rapid localization of excitatiar. is the remain-
der in the systerfi/ ing standard deviation of the inhomogeneous broadening, directly
Our experiments suggest that there is another type of digelated to the conformational disorder. Fluorescef®es from a
order manifest in the absorption spectrum. This disorder, repsmaller ensemble of localized states as a result of resonance energy
resented by standard deviation, reflects a set of delocal- transfer.
ized states formed by Coulombic interactions between
proximate conformational subunits. For polyindenofluorene, _ _ _ i _
for example, intrachain electronic couplings are estimated to M(D) = 22 Ne €XP=/70) + Ay €XP~ Uryip) COL it + )
be in the range 1 to 900 c¢th depending on the length of +32 (20
the conformational subunité.Smaller conformational sub-
units couple more strongly than larger conformational sub-
units. Interchain couplings are larger. Thus it is not unreasonwhere the\, are the intramolecular reorganization energies
able to consider several coupled conformational subunits téor relaxation with time scales.. The vibrational component
constitute a primary absorbing unit. is the same as in the two-level system. We have ascertained
However, we expect these delocalized states to be verghat the homogeneous line broadening is dominated by fluc-
short lived owing to the large reorganization energies chartuations due to the changes in geometry associated with the
acteristic of individual conformational subunft8® Thus  torsions within conformational subunits. To model that, we
3PEPS decays according to localization of the excitationhave adopted an Ohmic spectral density and exponential
driven by geometrical relaxation of a conformational sub-M(t) in keeping with work done by Mukamel and colleagues
unit. Fluorescence emission derives from the relaxed, equiliregarding Kubos stochastic theory of line sh&8p¥ A key
brated geometry. Thus we introduce the notion that conjuassumption in our analysis is that the homogeneous line
gated polymers contain dynamic chromophore/fluorophorghape function—the exponential componenMit)—is the
units as a consequence of the strong dependence of elegame in each measurement. Since absorption pertains to a
tronic structure on nuclear coordinates. delocalized excitation and 3PEPS and fluorescence to
Within the framework of a three-stage relaxation model,|ocalizing/localized excitation, this approximation amounts
the inhomogeneity seen in an absorption spectrum is derivegh assuming the local and nonlocal fluctuations are corre-
from two sourceswy, an inhomogeneously broadened den-|ated. A considerably more sophisticated model is necessary
S|ty of exciton states and'z, the conformational disorder. to account proper]y for Changesg(]‘[) during localization of
They are related to the total inhomogeneRy,by:%* excitation?1-92
2_ 2 The massive change in geometry associated with photo-
32= g%+ 03. (19 e . . . .
excitation of conjugated polymers and oligomers gives rise
Figure 8 shows schematically the density of states and th&s the homogeneous line shape. For PPV oligomers, Tretiak
conformational disorder and labels each of the stages of reet al® modeled the transition to a mainly planar excited state

laxation: absorption, localization, and fluorescence. from a ground state with large torsional disorder. This large
The absorption line shape is governed by the correlatiomeometry change, which is also very likely observed upon
function, excitation of MEH-PPV and the model pentamer to the first

045203-9



YANG, DYKSTRA, AND SCHOLES PHYSICAL REVIEW B71, 045203(2005

singlet excited state, may be viewed as a type of “reaction” Fluorescence occurs from a small subset of localized
along a potential surface®® states because energy migration through the polymer
Subsequent to excitation into a delocalized manifold oftransfers  population to the larger conformational
electronic states, ultrafast relaxation, associated with localsubunits?®-%1:98.9Thus ¢, narrows toc prior to emission.
ization of excitation, is observed in the 3PEPS experimentI'he time evolution ofr,— o3 is not accounted for explicitly
The ultrafast relaxation may be interpreted via a randonin our simulations because it occurs on longer time scales
walk within the inhomogeneously broadened density ofthan we are focussing on. The fluorescence line shape is
states” Chromophore fluctuations and dynamics are related€termined by the correlation function,
to a correlation function, to which the 3PEPS experiment is - _ _ i _
sensitive, by the fluctuation-dissipation theorem. Owing to M(D) = 2 N expl=t/7e) + Aip €xp— ) COL oyt + )
the significant difference between ground and excited state + géz, (22
equilibrium geometries, an initially photoexcited conforma- )
tional subunit is far from equilibrium. In response to that, the"Where the prime denotes fluorescence from a subset of the
polymer backbone relaxes through nuclear degrees of fre@ntire ensemble. Th|_s conf(_)rmatlonal d|_sord_er is much
dom into a new equilibrium position. There is a concomitantSmaller than. that requwed. to fit the absorption line shape. In
change in intermolecular configurati&hRather than simply polymers, this may be attributed to resonance energy transfer
“rolling down” the potential energy surface, the fluctuationsom the slr(:(c))rtest chromophores to the longéswest en-
and small angle torsions are instrumental in the relaxatio§r9¥) ones:" Thus, fluorescence is only observed from this
proces$%.97 This is manifested as the very fast decay in this/OW €nergy subset of the entire ensemble of chromophores,
stochastic 3PEPS signal. To account for this rapid spectrlarrowing the distribution. The picture may be slightly dif-
diffusion we use the phenomenological correlation functionferent in the pentamer. Fluorescence is still observed only

given by from a subset of the ensemble, but the origin of this subset
can arise from different processes. The poor photostability of
_ the pentamer suggests that photoproducts may be produced.
= - + N\ - ) St +
M(D)= 25 he eXP— /70 + Myip X Uri)COL st + ) Reaction with oxygen may form ketonic defects, which have
+ gf exp(—t/7,0) + gg_ (21) been shown to quench fluorescence by migration of energy

to the defect®192Thus, if those pentamers with defects do
The homogeneous contribution remains as in the absorptionot fluoresce, the ensemble size of fluorophores is effectively
correlation function. The relaxation through the distributionreduced.
of delocalized states is a dissipative process, thus the addi- Additionally, in order to fit the experimental data, keeping
tional time-dependent component with amplitutﬁe Hence in mind our physical picture of the choromophores, high-
it is clear that the inhomogeneity, is removed by dynamic frequency modes were added to the simulations of the ab-
localization on a time scal@,.. The inhomogeneity is asso- sorption and fluorescence line shapes. They were incorpo-
ciated with conformational disorder is,, which is respon- rated using the following equations for the area-normalized

sible for the asymptotic offset in the 3PEPS data. absorption and fluorescence line shafe§s104
|
ai(e) = <2 Nal 2> P(k)Refoo dt(k|k(t)expi(e — e = Mt/hlexd - g(t)]>e/n, (23)
i k 0
fi(e) = <2 Nl 22 P(k)Refoc di(kk(t)exli(e - e+ Nt/filexd - g * (t)]>63, (24)
i k 0

whereg(t) is the line broadening function, is the reorgani- modes, these equations reduce exactly to Mukamel’s line
zation energy associated with the Stokes’ shiffs the tran-  shape functions, Eq$15) and(16).

sition moment,éf is the transition frequency of théh chro- With the three correlation functions in hand, we simulta-
mophore adjusted for thermal population of théh  neously fit the absorption, fluorescence and 3PEPS line
vibrational mode. It is weighted by the Boltzman weighting shapes. The 3PEPS fits are shown in Fig. 6. The parameters
P(k). (k|k(t)) is the time-dependent overlap of the initial are listed in Table I. The absorption and fluorescence fits are
vibrationk with its evolution in the excited state abj (N,)  shown in Fig. 9. The different time scales of relaxation
is a normalization constant. The angular brackets indicate ashown inM(t) arise from a variety of intramolecular inter-
ensemble average ov&ror o7 for the absorption and fluo- actions. The ultrafast componei observed in both MEH-
rescence, respectively. In the absence of high frequencyPV and the pentamer may be attributed to the Brownian
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TABLE I. Simulation parameters in the three-stage relaxation model for the pentanaed the polymer

(b).

(a) Pentamer (b) MEH-PPV

Ne» COTL Te, TS Ner CTE Te, TS

A1=250 400 A=210 85

A>,=150 690 No=177 1500

o, cmt Tios TS >, cmt o, cmit Tioe TS S, cmt
01=350 60 0,=416 25

0,=455 574 0,=425 595
05,=175 05=10

motion of the chromophores themselves, which has a diredhan the conjugation lengfi. The three-stage relaxation
effect on the conjugation of the-electron system. Slower model has incorporated this effect, along with a distribution
relaxations(2) are due to slower, larger angle torsions andof exciton states, to simulate the absorption, fluorescence and
the massive rearrangement between ground and excited st8BEPS data simultaneously.
geometries. These resulting linewidths and Stokes’ shifts are
calculated in the high temperature limit. However, a knowl-
edge of M(t) permits line shapes to be calculated at any
temperature. Compared to single molecules with two level states, the
Conformational disorder playS a role in the behavior Ofproperties of Conjugated p0|y_ and o|igomers are obvious|y
the polymer, and even the pentamer, wia That was pre- jfferent owing to diminishing solvation effects. The origin
dicted previously, for oligomers that approach or are greategf the absorption line shape lies in the nuclear motion
coupled to the electronic degrees of freedom. The collective

VI. DISCUSSION

properties of the chromophores give rise to distinct features
which differ from a superposition of contributions from in-
> dividual conjugation segments.
@ Though the multiphonon model can fit the absorption line
2 shape of MEH-PPV phenomenologically, the line shape
g function Eq.(9), in its present form, is not effective when
% faced with the task of explaining the 3PEPS data because we
£ have used a bath spectral density involving only discrete
S high frequency vibrational modes. This is not representative
of the actual spectral density of the conjugated polymers and
oligomers, since their electronic transitions appear to be
300 400 500 600 700 800 strongly coupled to a bath of low frequency intramolecular
(@) Wavelength (nm) modes—presumably torsiof. Nonetheless, this mul-
tiphonon model provides a clear connection to the coupling
between electronic transitions and intramolecular vibrations,
that provides the most satisfactory explanation for the homo-
> geneous line shapes retrieved from analysis of the 3PEPS
[ data using the three-stage relaxation model. Furthermore, if
2 4 the multiphonon model is modified, as described recéfily,
o ! to include electronic interactions between conformational
(5] ] . .
N i subunits, then it becomes closely related to our three-stage
g ) relaxation model, however, it must first be incorporated into
2 : the response function formalism to model the 3PEPS data.
' We noticed that the Gaussian distribution function used to
_._,' '\ model inhomogeneous broadening may under-represent the
dw & &g a0 0 - shortest conformathnal subu_nlts Whlch cpntrlbute to the blge
() Wavelength (nm) edge of the absorption, causing a deviation from a Gaussian

line shape. Some research has shown a distribution function

with the shortest repeat units most heavily weighted to be

FIG. 9. Simulation of absorptiofiEq. (23)] and fluorescence successful in simulation of the absorption spectra in linear
[Eq. (24)] line shapes using the three-stage relaxation model fopolyenes’?2% Perhaps this would be a better representation
MEH-PPV (a) and the pentamdb). Dashed lines are experimental and an improvement over the current model. However, the
data. Solid lines are simulated data. longer side chains on both MEH-PPV and the pentamer
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would hinder movement more so than in the polyenes, leadsociated with this geometry change accounts for nearly all of
ing to a distribution function somewhat less weighted towardthe observed Stokes’ shift. Through the three-stage relaxation
the shortest chromophores. model we were able to separate the rapid dynamic localiza-
The two-level system approach works well for othertion of excitation from the molecular line shape. We obtain a
classes of materials, molecular dyes, for example, and waStokes’ shift corresponding to\2= 750 cnt for MEH-PPV
used to simulate the experimental data for MEH-PPV and thé¢hat is comparable to the molecular Stokes’ shift reported for
pentamer. It provides an approximate description of the lowpoly(phenylphenylenevinylenef 500 cn11.6 The reorgani-
frequency intramolecular modes by assuming them to beation energyj is related to the homogeneous line shape by
continuously distributed and in the high temperature limit. Inthe fluctuation-dissipation theorem.
this model, the distribution of conformational subunits is di- We view the line broadening in MEH-PPV and the pen-
rectly related to the inhomogeneous line broadening of théamer as arising primarily from coupling to substantial ge-
absorption spectrum and the asymptotic offset of the 3PEP8metry changes, and as such it differs from typical molecules
data. We are able to fit the absorption and 3PEPS line shap@sthe condensed phase. Consistent with this picture, the ho-
well, however, this model clearly fails when attempting to fit mogeneous line broadening can only be modeled satisfacto-
the fluorescence line shape because the homogeneous linly as exponential terms iM(t). For example, we were
broadening is far too large. The two-level system approachinable to retrieve a Gaussian component associated with in-
does not incorporate relaxation through a broadened densittial solvation. We can consider these nuclear motions to be
of states. Although, since the time dependence of that locala bath of overdamped Brownian oscillators. The Stokes’
ization is exponential, the 3PEPS data can still be simulatedhift, due to relaxation, can only be observed when the os-
by addition of an exponential term to the homogeneous comeillators are overdamped. Mukamel shows that in this limit,
ponent of the correlation function. However, use of this cor-M(t) is exponential in naturé® Mathies and co-workers have
relation function is unsatisfactory for simulation of fluores- used such an exponenti&l(t) in the analysis of the photo-
cence data. physics of bacteriorhodopsin by modeling the photoisomer-
The short falls of the two-level system model are rem-ization coordinates as a low-frequency vibrational mode with
edied by inclusion of a distribution of exciton states in aa large Huang-Rhys fact8t. The transitions of bacterior-
three-stage relaxation model. Theoretical frameworks havlodopsin are strongly coupled to this isomerization coordi-
calculated exciton states that derive from the large number afate. The example of bacteriorhodopsin is especially relevant
7 electrons in conjugated oligomers, although states at thgiven the structural similarity to polyenes.
band edge are discrete. Mukamel's collective electronic os- Mathies and co-workers have shown that ttis-trans
cillator approach and the quantum chemical calculations ophotoisomerization of bacteriorhodopsin is extremely fast.
Beljonne and Brédas are exampt€sl%® We define the This is also true of stilbene, thes—transphotoisomerization
manifold of states that leads to the distribution characterizedf which is nearly barrierless along the reaction
by o, as collective states formed by electronic couplingcoordinate!**12 In more complex systems, such as conju-
among conformational subunits. gated polymers and oligomers in solution, there are many
The three-stage relaxation model is a phenomenologicathemically unique double bonds around which photoisomer-
model that captures the essential physics of absorption intoiaation may occur. This results in an ensemble of isomers,
delocalized manifold of electronic states, and subsequerihcreasing the inhomogeneity of the system. Vibrational
evolution to a localized emissive state. It incorporates twadephasing is expected to occur on a slower time scale and
types of disorder into the simulations of the absorption, fluoinvolves coupling of the isomerization coordinate to a wave
rescence and 3PEPS data. In the context of this model, it isackett!!
apparent that conformational disorder is ultimately respon- It is worthwhile to note that the time-averaged distribution
sible for each of these categories of disordeias distri-  of conjugation lengths remains constant while a “snapshot”
bution of transition frequencies distributed over the polymer;of one conformation will differ from the previous, since the
and (i) a distribution of delocalized exciton states arisingsystem is dynamic. The fluctuations of nuclear coordinates
from electronic coupling among these subunits. The standarth the chromophores can give rise to inhomogeneous
deviation of the distribution of transition frequenci@sving  broadening?!® This is different from thestaticinnomogene-
to conformational disorderis related to the distribution ity observed in other systems such as molecular dyes and
function used in the multiphonon model. Spectral diffusioninorganic semiconductors. The inhomogeneity that provides
through an inhomogeneously broadened density of excitothe asymptotic peak shift observed for both the pentamer and
states is included in the simulation of the 3PEPS data t&/EH-PPV, may also be caused by a subpopulatiortisf
model dynamic localization of excitation. We find this dy- isomer photoproducts. Photoisomerization is known to occur
namic localization occurs in-25 fs for the polymer. Pos- in many conjugated systems. Isomerization at any of the car-
sible mechanisms by which excitation localizes in conju-bon sites along the backbone would add to conformational
gated polymers have been discussed recéfifi° disorder which is manifested as the long-time peak shift off-
The significant geometry change upon photoexcitatiorset. The slow interchange between conformations may be
(and subsequent relaxatiois intimately related to many of another contributor to the residual peak shift observed on the
the line shape features of the system. This geometry changine scale of the experiment. In addition, chains of different
itself is very large and has a direct and profound influence oronformations have been observed in single molecule studies
the electronic structure of the polymer by the disruptionrof of MEH-PPV1* The presence ofis-isomers would support
orbitals with nuclear motion. The reorganization energy asthe model that polymers adopt a defect cylinder conforma-
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tion in solution!® Hairpin turns necessary to form the defect to o,=10 cnT’. However, because absorption occurs to de-
cylinder conformation are easily formed wheis-defects are  localized states, resonance energy transfer, in turn, operates
present and are perhaps less accessiblepbylefects alone. by a non-Foérster mechanism; whereby localized excitation
Additional experiments on complimentary systems arepn a donor conformational subunit transfers energy to an
consistent with the three-stage relaxation model outlineciggregate state. The separation of time scales between the
above. We are currently studying films of MEH-PPV and rapid localization (25 f and resonance energy transfer
preliminary data show that the peak shift does, in fact, decay~.; ng suggests that such energy migration can be usefully

to zero as predicted by the extremely efficient energy tranSf%odeled b : o
. 20 y the generalized Forster thedGFT) models
in these films’® This energy transfer allows the system to proposed recenti{p73.121-123

explore all states of the ensemBfelhe coupling of the elec-

tronic transitions to the solvent bath appears to be negligible

compared to coupling to intramolecular modes, however, the VIl. CONCLUSIONS

iolvent canrf]fot behd|sreg?rded as umfmﬁortanlt. The _sol;)/enr: IS The origins of many optical properties of conjugated
nown to affect the conformation of the polymer in both 1y mers differ greatly from those of molecular dyes and

i Y 14-117
solution and film: Furthermore, ladder-type polypar- inorganic semiconductors. It is the interplay between conju-

aphenylenes have been shown to obey the mirror-image rulgaion and the conformational disorder that disrupts it that
suggesting that the change in line shape is indeed due,

i X > Blves rise to many of these properties. We have shown that
least in part, to the large geometry change in the less rigi

| died in thi h I kes' shift ob e conformational disorder in these systems results in large
polymers studied in this paper. The smaller Stokes’ shift 0bgnectra) inhomogeneity, quantified by a standard deviation,

served ir_1 LPPs is consistent with the_ model, as well. LPP§r22425 cnt™. Homogeneous line broadening results from
are an ideal model system to retrieve the true Stokesgopjing 1o intramolecular motions modeled by an over-
shift== . . . damped Brownian oscillator. No evidence was found for in-
Some . the.deV|at|ons_from expenment_al data are readily, ;5| solvation. An important conclusion of our analysis was
explained. In Fig. 9, the simulated absorption spectrum doeg, 5 ahsorption occurs from the ground state to a delocalized
not exactly follow the experimental line shape 'on_the. redset of states, that we suggested originate from electronic cou-
edge. In this model, we have used a Gaussian distribution Qfjing petween conformational subunits. That set of states ap-

g_xcn_(t))n _states_.hMore ngorouhs simulation would hz?]\_/ehu_s usr(]a ears as an additional inhomogeneous broadening of the ab-
istribution with a steeper than Gaussian rise, which is whal o\ otion snectrum. characterized sy~ 416 cm™ for MEH-

is observed experimentally. Also, the 3PEPS experiments argp,, The strong coupling of electronic transitions to the

pherforlr)ned using laser pulseshthaélexcitedon the red fedgeﬁ%fuclear coordinate was suggested to be of the utmost impor-
the absorption spectrum. The blue edge is so far offy,.q i determining dynamics subsequent to photoexcitation

resonance that we are not sensitive to that area of the spegy conjugated polymer systems. The highly nonequilibrium

trum. It has been well documented that the initial part of the P
eometry produced upon photoexcitation—and subsequent
ultrafast decay of the 3PEPS signal is difficult to®}i®? The g y P pon p g

. . 0 . relaxation—has a direct effect on the electronic structure of
underlying reason is that within the pulse-overlap region

g ; ) ) he conjugated polymer, and promotes rapid localization of
several additional signal pathways contribute to t_he_ SNy citation. This relaxation is observed in the 3PEPS experi-
when the pulses are not properly time ordered. This is esp&sant as a type of spectral diffusion, with,.~25 fs for

cially important in multichromophore systems and semiconyey ppy, The fluorescence derives from a localized state,
ductors. Coupling to high-frequency modes also affects thg, g yrace ofr, is evident in that line shape, explaining the

early tiTe behavior IOf tL\e ?PEPS s?gnal.]cWehare allso un"?‘blgwain reason for lack of mirror image symmetry between ab-
t(_) resoive accurately the frequencies o co erently excite orption and fluorescence, as well as the large apparent
vibrational modes that add to the 3PEPS sigAl. Stokes’ shift.

The implications of these results for resonance energy |, summary, we have used the 3PEPS experiment to ex-
transfer in conjugated polymers are that there are two distinc&Ore the photophysics and dynamics subsequent to photoex-
regimes of energy migration. During the firs25 fs, delo-  gjiation of MEH-PPV and a model pentamer and have dis-
calized states populated during excitation—effectively 0CCU¢;ssed the importance of disorder and geometry change.
pying several conformational subunits—are localized to a
single conformational subunit. Associated spectral diffusion
explains the unexpectedly rapid decay of the 3PEPS data.
This relaxation is a highly complex dynamical process, The authors gratefully acknowledge Professor Lewis
wherein electronic and nuclear degrees of freedom ar®othberg for providing us with the model pentamer sample.
inseparablé® In the second, longer time scale regime prior The authors thank the Canadian Foundation for Innovation,
to photoluminscence, excitation energy migrates to a subdighe Ontario Innovation Trust, Research Corporation, Pre-
tribution of longer conformational subunts, thus narrowingmiers Research Excellence Award, NSERC and Photonics
their associated spectral inhomogeneity frogr425 cm®  Research Ontario for financial support.
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