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Electronic energy transfer (EET) has been the subject of intense research because of its significant
contribution to the photophysical properties of various material systems. For sw-conjugated poly-
mers, it has long been accepted that a classical hopping mechanism is dominant in the energy transfer
dynamics because of a weak electronic coupling. However, recent research reveals that conjugated
polymers, in fact, can have an electronic coupling strong enough to preserve quantum-coherence. In
this review, we summarize the main photophysical features of conjugated polymers. We discuss how
electronic excited states evolve on various time scales from femtoseconds to hundreds of picoseconds
in terms of exciton relaxation, localization, and electronic energy transfer. The Forster energy
transfer model and modifications needed for describing energy transfer in conjugated polymers are
described. We discuss how chain conformation and its disorder influence EET and the time scale of
the evolution of electronic excited states, and demonstrate how quantum coherence contributes to
energy transfer dynamics. Recent research on exciton diffusion in various kinds of polymers is

summarized.

1. Introduction

Photoexcitation often results in electronic excitation
localized on a molecule or on a distinct light-absorbing
unit —a chromophore — in a supramolecular structure.
The electronic excitation can be transferred to nearby
chromophores (usually within a radius of ~10 nm) by
the process of electronic (or resonance) energy transfer
(EET or RET) provided that two key conditions are
satisfied.! First, there needs to be a small electronic
coupling that causes de-excitation of the donor chro-
mophore and a concomitant excitation of the acceptor.?
In most cases, thisis the Coulombic interaction between
transition densities,® that acts over a long-range and
is approximately described by a dipole—dipole (1/R?)
coupling between transition dipoles.* ® Second, energy
must be conserved. This means that the donor fluores-
cence spectrum must overlap with the acceptor absorp-
tion spectrum.’

EET is prevalent in a range of material systems, includ-
ing supramolecular complexes, aromatic polymers, semi-
conductor colloids, rare-earth doped crystals, and natural
proteins — especially those involved in photosynthesis. It
also provides an important contribution to the photophys-
ics of conjugated polymers. As will be described in more
detail below, structural disorder breaks the perfect one-
dimensional s-conjugation of a conjugated polymer and
produces a distribution of conformational subunits that
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act as effective chromophores. All of these chromophores
along a conjugated polymer chain absorb light, but rapid
EET funnels that excitation energy to the large chromo-
phores — generally longer -conjugated units — meaning
that fluorescence is observed from a select distribution of
chromophores (see Figure 1). The large Stokes shift be-
tween absorption and emission maxima that is typical of
conjugated polymers is caused largely by the combined effect
of vibrational relaxation (mainly torsional relaxation) and
electronic energy transfer to lower energy sites along the
chain.®” By studying EET, or more generally the evolution
of excited states in conjugated polymers, one can learn
about conformational disorder and chain aggregation
and how they influence the length scales and strength
of m-conjugation.

In this short review, we describe energy-transfer pro-
cesses in s-conjugated polymers. We first summarize
the mechanisms and time scales of EET reported in
the literature. In the reminder of the paper we will
focus on developing a picture of how electronic excited
states evolve on various time scales in conjugated
polymers.

2. Introduction to Electronic Energy Transfer

By the mid-1900s researchers had documented that
excitation energy can be transferred from any electroni-
cally excited molecule to a nearby ground state molecule
by a kind of “inductive resonance”.'®" !> The process is
comparable to the way that vibrations of one mechanical
oscillator can be transferred to a second oscillator if the

©2010 American Chemical Society
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Figure 1. (a) Chain conformation of a single polymer chain. The cartoon
zoomed in the black circle illustrates the processes of energy transfer
between absorption and fluorescence along a chain. (b) Close-up look of a
part of a single polymer chain showing conformational subunits produced
by conjugation breaks.

oscillators are weakly coupled (e.g., by a weak spring).
Excitation is thought of as localized on one molecule, the
donor, prior to the transfer event, then it is localized on
the acceptor molecule after transfer. It was established
that the primary process involved in transferring excita-
tion energy is not a “trivial’” mechanism whereby donor
fluorescence is reabsorbed by an acceptor, but EET
occurs through a quantum mechanical mechanism.'®
Although the result is easily demonstrated by writing
the antisymmetrized singlet reactant and product (i.e.,
before and after energy transfer) configurations of the
system, assuming orbital overlap is small and neglecting
electron correlation,'”!® here we are concerned with a
qualitative description.

Because of the exponential attenuation of overlap of
the donor and acceptor molecular orbitals with distance
between molecules, contributions from this kind of inter-
action (often referred to the Dexter EET) are typically
negligible for intermolecular separations of greater than
5 A, and this is why they are neglected in Forster theory.
The primary interaction that promotes energy transfer is
thus the quantum mechanical electrodynamic interac-
tion, which is caused by a special two-electron Coulomb
integral. Normally we think about such two electron
integrals as the repulsion between the charge overlap den-
sities of electron 1 with that of electron 2. There is, how-
ever, the Coulombic interaction possible between two
transition densities, PA9"°"(r,) and PE55P°().% The tran-
sition density is a quantum-mechanical concept defined
as the off-diagonal density matrix element connecting
any two electronic states of a molecule. The quantum-
mechanical electrodynamic interaction V*“is the long-range
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Coulombic coupling between transition densities whereby
the de-excitation of the donor molecule resonates with
excitation of the acceptor
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When the two molecules A and B are separated by a dis-
tance large compared to their size, eq la can be repre-
sented approximately as a dipole—dipole interaction
between electric dipole transition moments, eq 1b, using
the usual notation where « is the orientation factor and R
is the center-to-center intermolecular separation.” How-
ever, in the case of conjugated polymers, the point-dipole
approximation is of limited value, as we discuss below."’

The next key ingredient, energy conservation, was ob-
tained from a series of careful experiments, mainly from
the groups of Vavilov and Galanin.'®***!' It was found
that the energy transfer efficiency depends on the overlap
of the emission (fluorescence) spectrum of the donor and
the absorption spectrum of the acceptor. Forster united
these ingredients using the Fermi Golden rule to estimate
the energy transfer rate in the limit of very weak electronic
coupling between donor and acceptor:>>

k:%/MWWMﬂ (2)

Here, s is the screening of the electrodynamic interaction
1*4 assumed in Forster theory to be 1/n°, where n is the
refractive index of the medium (e.g., solvent). The screen-
ing is actually a function of the size, shape, and separation
of the chromophores in the medium, and it has been found
to confer an additional distance dependence to the energy
transfer rate.” J(¢) is the overlap between area normalized
spectra; it is not the Forster spectral overlap. The magni-
tude of the integrated overlap depends not only on the
resonance of the two transitions, but also on the spectral
line broadening.

The genius of Forster theory is that it connects eq 2 to
spectra that can be recorded by the experimentalist. These
expressions are well-known and the reader is referred to
the literature for further explanation.”*?*~2° The Forster
critical transfer distance R, has proved particularly use-
ful. It is defined as the interchromophore distance R at
which the energy transfer efficiency is 50%. Its applica-
tion, however, relies on the validity of the point-dipole
approximation for the electronic coupling so that the
energy transfer efficiency E is given by eq 3

1
F TRy ?



612 Chem. Mater., Vol. 23, No. 3, 2011
3. Trends in Energy Transfer in Conjugated Polymers

Polarization anisotropy experiments using pump—
probe techniques provide information about the dynamics
of energy transfer. The polarization anisotropy is defined

27,28
as

o ]Vv(l)—IVH(l)
! t) o IVV(1)+2IVH(I) (5)

The intensities Iyy, measured with a vertically polarized
pump pulse and vertically polarized probe pulse, and
Iyy, measured with a vertically polarized pump pulse
and horizontally polarized probe pulse, are proportional
to an induced third-order polarization averaged over the
molecular orientations with respect to the pump—probe
polarization (P(3)(0,tp,t)) . The rotational averaging
relates the laboratory frame pump and probe pulse
polarizations to the dipole transition moments of the
molecules being photoexcited.”®** For randomly oriented
molecules this relationship is governed by an isotropic
Cartesian tensor.***> In the anisotropy expression the
signal amplitudes can cancel (ideally) except for the factor
that gives the time dependence of the ensemble averaged
transition dipole randomization,

1 1
() = | 35 |(Pa(a(0)- () (6)
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The prefactor is equal to 0.4 and the latter factor represents
the projection of the transition dipole unit vector rota-
tional correlation function, where P»(x) is the second-order
Legendre polynomial.

The depolarization of emission on ultrafast time scales
is caused by excitons migrating along polymer chains*®
or between chains.*”-*® The initial anisotropy is theoreti-
cally 0.4. However, possibly due to exciton dynamics that
occurs within the laser pulse duration, it is often observed
for conjugated polymers that the initial anisotropy is
below 0.4.°°~** The initially low anisotropy suggests that
excitation might be depolarized by dynamic conforma-
tional disorder,* structural relaxation,*' exciton local-
ization,*® or possibly fast coherent transfer.**~4¢

It should be noted that the original Forster transfer
should be used only if the point-dipole approximation
holds. Usually, that is the case when the spatial extent
of transition dipoles is much smaller than the distance
between the centers of the molecules. In conjugated poly-
mers and oligomers, the point-dipole approximation often
fails. For example, Beljonne, et al. examined electronic
couplings between indenofluorene oligomers.*” Results
obtained from quantum chemical methods were compared
to electronic couplings obtained within a simple point—
dipole model. Although the point-dipole model correctly
reproduced the qualitative evolution of electronic cou-
plings with donor—acceptor separation, for linear chromo-
phores, it considerably underestimated (by about 1 order
of magnitude) the electronic couplings and transfer rates in
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comparison to the description provided on the basis of
the atomic transition densities. It was concluded that the
point—dipole model cannot adequately account for the
spatial distribution of the excitations over nearby donor
and acceptor oligomers and that this is a particularly
significant issue for linear chromophores. Rossky and
co-workers examined the interactions between two sr-con-
jugated molecules.*® They found that generally the energy
transfer rate shows a significantly weaker short-range dis-
tance dependence than anticipated (closer to R~ than to
R™°) and the Forster expression overestimates the energy
transfer rate by more than 2 orders of magnitude at short
separation. It was also found that significant excitation
transfer can occur via states that are optically dark. They
conclude that the Forster expression is inappropriate for
condensed-phase systems where donors and acceptors can
be closely packed, as, for example, in thin films. That was
also concluded by Walla et al. in a study of electronic
couplings between carotenoids.*

There have been many approaches to improve the
original Forster transfer. Krueger et al. realized that the
multipole expansion methods were of limited value and
that the most direct approach was to calculate transition
densities for the donor and acceptor directly using quan-
tum-chemical methods, then compute the coupling be-
tween them.’ This method, known as the transition
density cube (TDC) approach, has proven to be accurate
and versatile. Less computationally demanding methods
include the extended dipole model (or the line-dipole
model)****3°752 and the multicentric monopole expan-
sion model.!?#449:33:5% Al the improved models suggest
that the point-dipole approximation under- and over-
estimates the electrodynamic coupling for head-to-head
and cofacial transition dipole configurations, respec-
tively. For intrachain energy transfer, for example, calcu-
lation of electronic coupling using quantum chemical
methods that avoid the point-dipole approximation re-
veals the electronic coupling decreases markedly with the
increasing size of the donor and the acceptor.** This can
be attributed to the fact that the transition density
amplitude at the edges of donor and acceptor decreases
as the chromophore size increases.

Consistent with theoretical studies, it has been ob-
served that energy transfer in films is a few orders of
magnitude more efficient than the energy transfer in
solution.*’ This suggests that interchain energy transfer
is faster than intrachain energy transfer. That is in part
due to the closer separation that can be attained between
cofacially packed chromophores, but is also caused
by a breakdown of the point-dipole approximation.*’-*°
Similarly, Nguyen et al. observed faster interchain en-
ergy transfer in MEH-PPV than intrachain EET by
partly constraining the MEH-PPV chains in an ordered
mesoporous silica matrix.>>>® In the regime where in-
terchain energy transfer is significant, the point-dipole
approximation breaks down. Therefore, in order to
analyze energy transfer quantitatively, particularly in
films, it is necessary to modify the original Forster
transfer.
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When the Forster energy transfer model breaks down, a
generalized Forster critical distance Rg for the donor—
acceptor pair has been proposed.’’” The ratio of the
more precisely determined electronic coupling, V, to that
estimated using the dipole—dipole formula (see eq 1b),
194 enables a scaling factor 3 = (V/V '3 to be found
so that

Rc = nRy (4)

Rg can then be substituted for R, in eq 3.

The time scales of exciton localization and inter- and
intrachain EET are summarized in Table 1. Details of
exciton localization will be discussed later. Notably, each
process has distinctively different time scales, ranging
from femtoseconds to subnanoseconds. Most of the en-
ergy migration that ultimately produces the population
of conformational subunits from which fluorescence
originates happens during time scales of ~1—10 ps. The
inhomogeneity in time scales reflects that hierarchy of
structural characteristics of conjugated polymers, as we
discuss in the following section of this review.

The photophysical properties contributed by EET
depend significantly on the chain conformation such
as the size of a chain and the distribution of distances
between conformational units. These factors have been
probed by single molecule spectroscopy studies of MEH-
PPV.** %! If a chain has a self-collapsed conformation,
then the distance between segments is short enough that
excitation energy can efficiently be funneled to a single
conjugated segment, because all segments are effectively
within the Forster radius. On the other hand, if a chain is
more or less stretched, forming an open conformation,
EET is inefficient. Schindler and co-workers observed
zero-phonon lines in fluorescence with a spectral width
of a few meV for MEH-PPVand MeLPPP dispersed in

Table 1. Comparison of Time Scales and Effects of Exciton Localization
and Inter/Intrachain EET on Polarization Anisotropy

process EET time scale effects on anisotropy

exciton localization ~100 fs initial anisotropy is
smaller than 0.4
depolarization with

population time

interchain EET
intrachain EET

ps to tens of ps
tens of ps to
hundreds of ps
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a polystyrene matrix at 5 K.%% This observation indicates
one single chromophore only undergoes fluorescence,
while the rest of chromophores do not contribute to
fluorescence. This conclusion is supported by Lin and co-
workers through single molecule studies on MEH-PPV.
They suggested that the entire polymer chain does not take
part in the generation of emissive excitons, especially for
self-collapsed chains.®* Nonemissive sites are thought to be
mostly in aggregated regions of a polymer chain. Even if the
photogenerated excitons are bright states (therefore poten-
tially emissive), they cannot contribute to the steady-state
fluorescence spectrum once excitation is transferred to
nonemissive, dark, sites by EET.

One might now consider a multistep energy-transfer
process, which is called exciton migration.®* From aniso-
tropy decay experiments, energy transfer in conjugated
polymers in solution and films has been found to occur
on a picosecond or longer time scale,***! which is much
slower than relaxation and decoherence times. Exciton
localization occurs in tens of femtoseconds because of
coupling to the torsional modes.>”** Therefore, although
coherent energy transfer has been observed in MEH-PPV
chloroform solution,***® in many cases exciton migra-
tion occurs, on average, by incoherent dynamics (such as
in the Forster energy-transfer model). This is typically
labeled exciton diffusion.

The exciton diffusion length in films varies among
kinds of conjugated polymers, but has been found to be
approximately 10 nm (see Table 2) determined by various
kinds of studies; photoconductivity action spectra® ¢’
and stationary/time-resolved luminescence quenching
studies.®®”"7 One can determine the diffusion length from
the fit of photocurrent or internal quantum efficiency
spectrum of a device with numerical models such as
exciton diffusion and discrete hopping models.®> 7 In
the study of stationary fluorescence quenching, the diffu-
sion length is determined by fitting the ratio between
unquenched and quenched fluorescence at the probe
wavelength using a relation developed from the diffusion
equation. On the other hand, the diffusion length can be
determined also by multiplying the diffusion constant by
the exciton lifetime. The diffusion constant is determined
by the fit to the time-resolved fluorescence quenched by
the interfaces, using a diffusion equation. The exciton
lifetime can be measured by time-correlated single photon

Table 2. Exciton Diffusion Length in Conjugated Polymers”

polymer method/quencher diffusion length (nm) ref
P3HT steady-state PLQ/TiO, 75+ 1 69
P3HT time-resolved PLQ/TiO, 8.5+0.7 70
P3HT steady-state PLQ/pyrolytic graphite 741 71
PPV short-circuit photocurrent fit/Cg 741 66
NRS-PPV S5+1
BEH-PPV time-resolved and steady-state PLQ/Cgq 6+ 1 76,77
MEH-PPV 63+1
MDMO-PPV steady-state PLQ/TiO, 6+1 78
F8BT steady-state PLQ and ELQ/Ca ~5 73
F8BT Steady state PLQ/PEDT:PSS 10—15 74
LPPP (ladder-type poly( p-phenylene)) steady-state PLQ & time-resolved stimulated emission quenching/Cg, 14 75

“PLQ and ELQ stand for photoluminescence quenching and electroluminescence quenching, respectively.
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counting measurements. For accurate determination of
the exciton diffusion length using fluorescence quenching
techniques, two concerns are the effects of optical inter-
ference and of energy transfer from the polymer film to
the quencher film on luminescence quenching. It has been
suggested that these problems can be resolved by using
a thin TiO, film with less than 5 nm thickness.”® In
addition, it should be noted that the exciton diffusion
length determined by luminescence quenching studies is
the diffusion length only perpenticular to the substrate.
Because in many cases conjugated polymers are prefer-
entially lying in an in-plane orientation relative to the
substrate,””*” the in-plane diffusion length is expected to
be different.

The diffusion coefficient of excitons is often assumed
time-independent for simplicity. However, in the presence
of energetic and orientational disorder, the diffusion co-
efficient should be considered to be time-dependent.®' ~53
Indeed, for conjugated polymers, the time-dependence
of the exciton diffusion coefficient has been considered
to explain exciton transport, because they migrate in a
Gaussian density of states, which is broadened due to
energetic disorder.®>7>%47%8 Excitons diffuse quickly at
early times, but more slowly with time. The origin of a
decrease in the diffusion coefficient with time can be ex-
plained by the relaxation of excitons to the lower energy sites
which have lower exciton hopping probabilities; in conju-
gated polymers, high energy excitons, on shorter subunits,
can be transferred downhill to any other subunits in a
Gaussian density of states, but as excitons reach lower
energy subunits, the number of suitable acceptors within
the Forster radius diminishes.® ~°' Another origin of the
time-dependent diffusion coefficient is traps such as
aggregates. The rate of transfer from aggregates is often
considered to be negligible or very small compared to the
transfer rate between nontrap sites and toward the
traps.”® Athanasopoulos et al. found that the dynamics
of exciton transport are not affected by the presence of
traps at short times (<10 ps), but are slowed down at
longer times, because of the fact that excitons transfer to
the nontrap sites with high probability at short times but
they are captured by the traps with time.”>

The exciton diffusion length is one of the key parameters
in determining efficiency of polymer based diodes. For
light-emitting diodes, a small diffusion length is preferred
to prevent exciton quenching, for example, dissociation at
the metal electrode interface, defects or heterojunction
interfaces before radiative recombination. In contrast,
for photovoltaic devices, a long diffusion length of excitons
is desirable in order for excitons to reach the interface (e.g.,
with PCBM) in bilayer heterostructures or polymer blends
with large domain sizes. A popular way to overcome the
problem of the short exciton diffusion length is to control
film morphology.”* However, it was found that fine mor-
phology might not be optimal for power conversion
efficiency, as it causes inefficient dissociation of polaron
pairs. Coarse morphology is rather better in order for
charges to escape from their counterpart charges once
excitons reach heterojunction interfaces.”” Therefore, one
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of the best solutions to efficient photovoltaic devices with
respect to exciton diffusion and polaron-pair dissociation
is to have coarse morphology and long exciton diffusion
lengths. Scully and co-workers show that the large Forster
radius enhanced by the large spectral overlap between the
donor with a high quantum yield and the acceptor with a
high absorption coefficient increases an exciton diffusion
length, but power conversion efficiency still needs to be
improved.”®

4. Conformational Subunits and Conjugated Polymer
Excited States

In this section, we consider the chromophores of con-
jugated polymers in more detail. A perfect conjugated
polymer would have sr-orbitals delocalized in one dimen-
sion along the chain and its electronic structure would
therefore be described well by the semiconductor band
model. Schott and co-workers have reported close to ideal
polydiacetylene chains with extraordinary coherence
lengths.”””® However, it is generally found that conju-
gated polymer chains are highly disordered and therefore
twists of the chain break the m-conjugation into basic
chromophores, called conformational subunits, as illustrated
in Figure 1. Nevertheless, a chain of noninteracting confor-
mational subunits is not quite the correct description of
a conjugated polymer. In fact, conformational subunits
can interact, forming delocalized collective states, as we
will discuss in this section. There are two ways of thinking
about the manifestation and consequences of conforma-
tional disorder.

There are many twists and kinks along the polymer
backbone leading to an inhomogeneous distribution of
chromophores — spanning from about two to ten polymer
repeat units. One of the significant consequences of this
conformational disorder is inhomogeneous broadening.
Inhomogeneous broadening arises from a distribution of
sizes (and thus energies) of chromophores that comprise a
conjugated polymer chain. Inhomogeneous broadening can
be investigated also by site-selective fluorescence’ ' and
spectral hole-burning studies.'®* '™ Both techniques are
used to eliminate inhomogeneous broadening by photose-
lection of a narrow distribution of chromophores, thus
revealing the homogeneous line broadening of electronic
transitions. A consequence of inhomogeneous broadening
in conjugated polymer is that excitation on the blue edge of
the absorption spectrum mainly excites short subunits, and
energy transfer causes that excitation energy to migrate
“downbhill” to longer, more red-absorbing, conformational
subunits. In other words, excitation energy above a certain
threshold energy leads to emission independent of the
excitation energy, indicating that excitation energy is fun-
neled to a common lowest lying excited state regardless of
the initial excitation energy, which has been revealed by Bassler
and co-workers and other groups.”1%%1957197 Thjs conclu-
sion is in agreement with single molecule studies.'® It has
been found that spectral overlap is favorable and electronic
coupling is caused by the Coulombic interaction between
the chromophores.*’ This model is well-suited to describe



Review Chem. Mater., Vol. 23, No. 3, 2011 615
@) (b)
12 L
2
B 104 L
2 2
% £ 8 L
<
S 2 6 L
o S
S & 4 L
©
L
o 2 4 L
0 T T T T T
Coherence time (fs) Coherence time (fs) 0 50 100 150 200 250 300
Population time, T (fs)
(© (d) (e)
P \
0 h | ’
1 ,{‘ | | ln
| ! N 1 u i o
1] Ia 14 1 |
T 'l‘ | “" |
1|
47/

Figure 2. (a) Three-pulse photon echo signals versus coherence time for population times 7' = 0 and 50 fs for a dilute MEH-PPYV solution in chlorobenzene.
The signal peaked at positive coherence times is the rephasing signal (closed circles), and peaked at negative coherence times is the nonrephasing signal (open
circles). (b) The peak shift as a function of population time. The evolution of excited states is illustrated in chronological order: (¢) Delocalization of an
exciton created by photoexcitation, (d) exciton localization, and (e) electronic energy transfer in a single polymer chain are illustrated and their schematic of
electronic structures and potential energy surfaces for each event are schematically illustrated. Panels a and b are adapted with permission from ref 111.
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the picosecond and longer dynamics of EET along and
between conjugated chains.****

This static picture of weakly interacting chromophore
subunits, however, is not ideally suited for understanding
a number of other experiments. For example, electron
transport measurements of single conjugated oligomers
show that coherent charge transport (tunneling) domi-
nates up to a certain length, then activated hopping
becomes important as conformational disorder breaks
the coherence.'® A question is how we can best describe
the transition from tunneling to hopping. Similar ques-
tions arise for ultrafast EET. In this respect, photon echo
spectroscopy has been revealing.

In photon echo experiments, the first pulse produces a
superposition of excitations in the ensemble, each with
a different natural frequency owing to inhomogencous
line broadening. The final pulse in the sequence induces
“rephasing”. That is, the inhomogeneous dephasing,
which appears in the first period between the first and
the second pulses, is canceled by the action of the third pulse,
and thus a signal so-called the photon echo is generated.
In many cases this experiment allows us to detect pro-
perties that are usually obscured by inhomogeneous
line broadening.

One of the examples of photon echo experiments is the
three-pulse photon echo peak shift (3PEPS)."'*!!! Figure 2a
shows the peak shift of the time-integrated photon echo
signal on the coherence time axis for MEH-PPV in solution.
This represents the rephasing capability of the ensemble
after a certain population time T. A reduction in the peak
shift with the population time as shown in Figure 2b is
caused by spectral diffusion and indicates loss of memory of

the initial electronic transition frequency distribution due to,
for example, stochastic interaction with the local environ-
ment. The nonzero asymptotic peak shift after long popula-
tion times observed for MEH-PPV in solution suggests that
the inhomogeneous line width is comparable to the homo-
geneous line width. Interpretation of the 3PEPS of MEH-
PPV solution required starting from a model when elec-
tronic excitation is somewhat delocalized. For example,
the photogenerated excitons could be modeled by em-
ploying the Su-Schrieffer-Heeger (SSH) Hamiltonian
including disorder in the transfer matrix elements be-
tween repeat units.''>!"'? Therefore, excitons formed by
photoexcitation are initially delocalized across multi-
ple chromophores on a single chain''*!''® or in packed
chains (Figure 2¢)."'*!""7 The initial dynamics that decay
the 3PEPS are then assigned to relaxation among these
exciton states together with dynamic localization caused by
decoherence (Figure 2d). After approximately 100—200 fs
the excitation is localized more-or-less to a conformational
subunit and energy transfer proceeds on longer time scales
by a hopping (Forster) mechanism (Figure 2e). Although
this energy migration is thought to be mainly a hopping
processes from excitation localized on a conformational
subunit, the acceptor excited states are delocalized—just
like the initially photoexcited states.''® Hence energy
transfer should be more correctly modeled by using
Generalized Forster Theory** or the method employed
by Singh and co-workers.'"”

The model suggested by 3PEPS is supported by ultra-
fast anisotropy experiments. When a system of randomly
oriented polymer chains interacts with polarized light, the
probability that any chromophore in the ensemble will
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Figure 3. (a) Absorbance for MEH-PPV in chlorobenzene solution
and normalized laser spectra with center wavelength of 493 nm (blue),
510 nm (green), and 540 nm (red). (b) The intensities Iyy and Iyy as
a function of population time at an excitation of 493 nm. (c) Pump—
probe anisotropy versus population time at 493 nm (blue), 510 nm
(green), 540 nm (red) the pump—probe wavelengths. Adapted and
modified with permission from ref 120. Copyright 2009 American
Chemical Society .

absorb light depends upon the projection of its transition
moment with respect to the polarization of the electric
field vector of the incident light. That is, when the sample
is excited by polarized light, the transition dipole needs to
be oriented (at least partly) in the direction of polariza-
tion. This is the initially prepared state; from this dis-
tribution of states, relaxation will occur. If that relaxation
involves a change in the orientation of transition dipoles,
then a concomitant change of anisotropy is observed in
the ensemble measurement.”-3
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Figure 4. Delocalization of electronic eigenstates in the dressed eigenstate
representation at the primary excitation moves along a polymer chain.
The cartoon in the center represents exciton relaxation between eigen-
states. The coloration denotes the net amplitude of an excited eigenstate.
Less than 10% of amplitude is not shown. For example, for state 1, the
color coding indicates that 96% of amplitude is delocalized over one
large conformational subunit and the remaining 4% of amplitude is delo-
calized over the rest of segments, which is not shown. For state 4, the color
coding denotes that 67, 19, and 12% of the amplitude are delocalized over
the three different conformational units. Adapted with permission from
ref 119. Copyright 2009 American Institute of Physics.

Typical Iyy and Iyy pump—probe traces for MEH-
PPV in solution are plotted in Figure 3 (b). Figure 3 (¢)
demonstrates the excitation wavelength dependence of
the anisotropy decay of MEH-PPV in chlorobenzene as
measured by one-color pump—probe. Excitation wave-
lengths were 493, 510, and 540 nm. The anisotropy decays
rapidly during the first ~200 fs, after which it assumes a
significantly slower decay profile that ultimately accounts
for most of the anisotropy decay. These decay processes
are attributed to exciton relaxation and energy transfer
respectively.

Modeling of these pump—probe experiments suggested
that the ultrafast components of the anisotropy decay
cannot be understood by the Forster EET model. It was
found that population relaxation among states delocal-
ized over more than a single conformational subunit, as
proposed from analysis of the 3PEPS measurements, was
likely to precede energy transfer hopping from one chro-
mophore to another. In subsequent work, the nature of
the delocalized states and their relaxation dynamics were
further elucidated (see Figure 4).'"’

The ultrafast contribution to energy transfer dynamics is
highly complicated. From the preceding discussion it is
already clear that population relaxes among delocalized
electronic states while those same states localize (decohere).
A good description for ultrafast EET dynamics in con-
jugated polymers is as follows. Relaxation among delocal-
ized states is mediated by coupling between electronic
states and the bath (random fluctuation of the environ-
mental polarization). However, because excitation is sparsely
delocalized (cf. Figure 4), relaxation involves excitation
jumping though space. That is promoted by electronic
coupling (like in the Forster theory). This picture for
population dynamics is suggested by 3PEPS and ultrafast
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Figure 5. Two-time anisotropy decay as a function of (a) population time
at t = 0 and (b) coherence time at 7" = 0 for a solution of MEH-PPV in
chloroform (red curve in a and squares in b) and aqueous suspension of
MEH-PPV NPs (blue curve in a and circles in b). The green solid linein b
isa linear fit of the experimental points for Rhodamine 6G (triangles). The
organge, red, and cyan solid curves in b represents the simulation results.
The anisotropy versus coherence time for Rhodamine 6G in ethanol is
shown for reference. No decay in the anisotropy for Rhodamine 6G
indicates that the artifacts affecting anisotropy along 7 axis are sufficiently
minimized. Adapted with permission from ref 46. Copyright 2009 Science.

pump—probe anisotropy experiments.''*!12% These dy-
namics are evident in the anisotropy decays, Figure 5(a),
where MEH-PPV in solution is compared to collapsed
chains in MEH-PPV nanoparticles. The faster EET evi-
dent in the nanoparticles is due to efficient interchain EET.

On these ultrafast time scales, we should ask whether
quantum-coherent dynamics are also involved. There-
fore, recently we probed whether the electronic excitation
evolves solely according to population dynamics, and
therefore follows classical probability laws, or whether
quantum-coherent evolution contributes on ultrafast time
scales. To answer this question, we designed a variation of
the pump—probe anisotropy experiment called two-time
anisotropy decay (TTAD).*** This experiment measures
whether an electronic coherence undergoes energy transfer
in competition with subsequent population transfer. The
results, Figure Sb, indicate that quantum-coherent dy-
namics occur, but primarily for intrachain EET rather than
for interchain energy transfer. This suggests that the poly-
mer’s structure supports (low-frequency) phonons with
long length scales compared to the exciton size,'*' leading
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Figure 6. (a) Schematic of torsional vibration potentials in the ground
and excited states for conjugated polymers. The black shading illustrates
the thermal population of each potential, reflecting the origin of a broader
spread of energies in absorption than emission. (b) Absorption and
emission spectra for MEH-PPV solution in chrolobenzene at room tem-
perature. (c, d) Contour plots of transition density matrices for 14 PPV
oligomers. (¢) Transition from the ground state (equilibrium geometry) to
the lowest excited state. (d) Transition from the excited state (equilibrium
geometry) to the ground state. Panels a and b are adapted and modified
with permission from ref 141. Copyright 2008 World Scientific Publishing.
Panels ¢ and d are adapted with permission from ref 114. Copyright 2002
American Physical Society.

to correlated bath fluctuations and effectively reduced
decoherence along a chain.'?

We conclude by noting that the delocalization issue is
important not only for excitons, but also for polarons.
Recent numerical calculations of polaron-pair dissociation
yield in polymer:fullerene blends suggest that delocaliza-
tion of charge carriers in a chromophore significantly
affects the local mobility of charge carriers.'*® The more
delocalized the polaron pairs, the higher local mobility for
charge carriers and the higher probability of polaron-pair
dissociation.

5. Role of Torsional Modes

Nonmirror image absorption—emission spectra of con-
jugated polymers are often observed at ambient tempera-
ture, as the example for MEH-PPV shows in Figure 6b;
the absorption is spectrally broad and unstructured, and
the emission is narrow and has clear vibronic features.
The origin of these different lineshapes has been ex-
plained by a combination of conjugated polymer photo-
physics and the effect of energy migration. We have
already explained how conformational subunits are ex-
cited with a broad energy distribution owing to confor-
mational disorder, and subsequently electronic excitation
is transferred mostly to the lowest energy chromophores,
which often correspond to the longest conformational
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units or sometimes interchain species. Therefore, the
distribution of emission energies is narrow compared to
that of absorption energies.

The fact that conjugated oligomers exhibit a similar
shape in their absorption spectra compared to conjugated
polymers suggests that the broad and unstructured ab-
sorption spectrum is not caused solely by conformational
disorder in polymer chains—and in fact it is intrinsic to
the chromophore.'**'*> Karabunarliev and co-workers
have shown using semiempirical quantum chemical cal-
culations that low-energy torsional modes become stiffer
in the excited state than the ground state.'*®'?” Similarly,
theoretical studies employing ab initio quantum chemical
calculations for oligomers and polymers have shown that
the potential as a function of torsion angle in the excited
state is steeper than the ground state.'®™'** Torsional
potentials in the ground and excited states are illustrated
schematically in Figure 6a. In some cases, torsions change
frequency between the ground and excited state having
a potential energy minimum at the same torsion angle,
0°.13213% However, in general, it is widely accepted that
conjugated polymers in the ground state are twisted,
whereas they tend to form a planar conformation in the
excited state.'**13313¢ The thermal population of torsion
angles on the ground state leads to a distinctly none-
quilibrium distribution when projected onto the steeper
excited state potential by photoexcitation. Torsional
relaxation prior to fluorescence results in the narrow
emission spectrum. Absorption, on the other hand, oc-
curs with a broad distribution of transition energies,
leading to a broad and unstructured spectrum.

In conjugated polymers, it is speculated that the tor-
sional modes play an important role in exciton localiza-
tion. The torsional modes couple to excitons delocalized
over multiple chromophores (Figure 2c¢), and conse-
quently excitons become localized to the center of con-
jugated chromophores (Figure 2d)."'*'37:13% The center
corresponds to where the bond length alternation is
minimized in the excited state. Theoretical studies re-
vealed that for PPV, excitons are delocalized upon photo-
excitation, but become localized over ~6 repeat units at
equilibrium, as shown in panels ¢ and d in Figure 6. One
should note that the exciton localization is attributed to
the fact that the electronic coupling between transition
dipoles on interacting chromophores is weaker than the
exciton—phonon coupling.®” It is also worth mentioning
that exciton localization is a consequence of the dynamic
coupling between nuclear and electronic degrees of free-
dom rather than static coupling, causing dephasing of the
ensemble coherence.''>1%

6. Conclusions

We have reviewed theoretical and experimental aspects
of electronic energy transfer in conjugated polymers. The
Forster energy-transfer model is often used to describe
the transfer of excitation energy between conformational
subunits along conjugated polymer chains, assuming a
weak electronic coupling between those subunits compared
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to the coupling with the bath of nuclear degrees of freedom.
One problem with this model is that the point-dipole
approximation assumed in the Forster energy-transfer
model is inappropriate to quantitatively analyze energy
transfer observed in conjugated polymers. Various proce-
dures for calculating the electronic coupling in conjugated
polymers more accurately have been suggested and suc-
cessfully describe the nature of energy transfer. Examples
include the line-dipole model, the multicentric monopole
expansion model, and the transition density cube model
model. Certain studies such as polarization anisotropy,
photon echo experiments, and numerical calculations have
revealed that exciton delocalization and localization affect
the mechanism of ultrafast energy transfer. Indeed, even for
a hopping mechanism, excitation energies are transferred
from localized to delocalized states in the manner described
by generalized Forster theory. Moreover, it was recently
found that quantum-coherence is involved in the ultrafast
energy-transfer process along a polymer chain, that is,
excitation energy is transferred coherently between slightly
delocalized states along a chain. Hence the dynamical
evolution of excitations in conjugated polymers can be
considerably more complicated than previously thought.

A general qualitative conclusion is that excitons mi-
grate quickly (high exciton diffusion constant) at early
times, and then more slowly between more localized states
at later times after photoexcitation. Energetically down-
hill energy transfer occurs within a Gaussian density of
states and the transfer to aggregates are often seen in
films. These kinetics collectively give rise to a short
exciton diffusion length of ~10 nm, typically found in
conjugated polymers. This is one of the biggest concerns
among researchers because it is a factor limiting the
efficiency of polymer photovoltaic devices. Many groups
are working at resolving this problem by altering film
morphologies. Quantum coherent energy transfer has
been observed in conjugated polymers, but can it help in-
crease exciton diffusion length if optimized? A theoretical
study employing a modified Redfield equation for the
exciton density matrix showed that quantum-coherence
helps excitons move farther than it would if only inco-
herent energy transfer processes are considered.'*® This
issue still remains open at the present. It may turn out that
the solution lies not only in increasing exciton diffusion
length in pristine conjugated polymer domains, but also
in optimizing long-range energy transfer to the interface
with the electron acceptor, thereby bypassing the diffu-
sion bottleneck.
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