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How should the primary photoexcitations of conjugated polymers be described?
Should they be thought of as tightly bound neutra excitations analogous to the Frenkel
excitons which ocaur in small moleaules? Should they be thought of as more loosely
bound excitons, similar to the Wannier excitons charaderistic of traditiona inorganic
semicondictors? Is the aorrect description somewhere between the Wannier and Frenkel
pictures? Or, are the primary photoexcitations free diarge cariers such as eectron and
hole polarons which are eaily able to escape their mutual Coulomb attraction? Over the
last decade, numerous theoreticd and experimental studies have been directed toward the
resolution of these questions and their results and implicaions have been hotly debated.
Photoinduced absorption studies have played a centrd role in this arena, and a great ded
can be learned by studying the results of these investigations. The goal of this chapter isto
review the principa results of a number photoinduced absorption (PA) studies on two
different classes of nondegenerate ground state polymers. polydiacetylenes, and
poly(arylene-vinylene)s. We will attempt to place these results, which have been published
over a period d more than a decade, in a common context, and we will examine their
implications based upn the arrent understanding of photoexcitations in these materials.
Since photoinduced absorption is just one of a @llection of time-resolved ogtical probes
which have been employed to probe the nature of the photoexcitations of conjugated
polymers, the results of this chapter must be taken together with those of other chaptersin
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order to obtain the most complete understanding available regarding the nature of the
primary photoexcitations of conjugated polymers.

The first section of this chapter will describe the experimental techniques used to
measure transient photoinduced absorption, to provide an understanding of the quantities
which are actualy measured and to outline the capahilities and limitations of available
femtosecond laser instrumentation. Section 2 presents a brief review of some of the basic
feaures of photoexcitations of conjugated polymers in an effort to provide afoundation
for some of the more detailed dscussions to be presented in subsequent sections. Sedion
3 will outline the major experimental results avail able for polydiacetylenes and will discuss
thelr interpretation. Section 4 will do the same for poly(arylene-vinylene)s. The fina
section will compare these two major classes of conjugated pdymers.

1 EXPERIMENTAL METHODS FOR PHOTOINDUCED

ABSORPTION

In this section, we review some experimental details pertaining to transient
photoinduced absorption measurements. The purpose of this sction is not to provide a
comprehensive overview of this widely used experimenta technique, but rather to
highlight those aspects which will be necessary to understand the results in later sections,
and to enable the reader to compare different measurements performed in different
laboratories with widely disparate laser systems. For detaled dscussions of the
experimental techniques involved, the reader is referred to works ecifically on this

subject.™?
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Fig. 1: Schematic pump/probe transient absorption experiment.

A vastly smplified experimental schematic is shown in Fig. 1. The pump laser
pulse aeates a population of excited state species in the sample following resonant
absorption. The probe pulse is mechanically delayed, arriving at a variable time following
the pump, and the differential transmission of the sample is probed as a function of delay

. . . . DT _ Ton- Toff
time. The differential transmission is computed from — = ———, where T, and T

Toff
are the sample transmisson with the pump beam on and off, respectively. Neglecting
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effeds of photoinduced changes in reflectivity, we may write g =e ™ _1%»-Dad (for

g <<1), where Da is induced absorption change, and dis the sample thickness. Since

Da(t,/ ) =DN(t)xs (/ ), where DN isthe excited-state population, and s isthe dsorption
cross sction for a particular excited state species, then DT/T in principle provides a direct
measure of both the time-dependent excited-state populations, and the wavelength-
dependent excited-state asorption cross sedions.

Upon closer examination of the details of this measurement technique, one begins
to understand some of the difficulties encountered in comparing results from different
laboratories and dfferent generations of experiments. The pump and probe beams are
derived from femtosecond (fs) or picosecond (ps) pulsed lasers, which have undergone
continuous evolution in terms of accessible photon energies, pulse duration, pulse energy,
and repetition rate, during the more than ten years for which experimental results are
reviewed in this Chapter. The earliest avallable laser systems were low pulse energy (10-
100 nJ), high repetition rate (100 MHZz) synchronously-modelocked dye lasers pumped by
modelocked Nd:YAG or Ar-ion lasers. Single lasers could not independently vary the
pump and probe photon energies, so that the spedroscopy capabilities of these systems
were limited. Two aternate approaches to achieve independent tuning have been
developed using dye laser technology. The first smply incorporated two separate dye
lasers pumped by the same mode-locked source laser'. In this case the achievable time
resolution is poor (>2 ps) due to uncontrolled jitter between the two synchronoudy-
modelocked dye lasers. Independent tuning is achieved, painstakingly, by changing dyesin
the separate lasers. Hence, it is impossible to perform a awmplete spectral characterization
of a sample in a short time. The low pulse energies require the use of synchronous (lock-
in) detedion of the modulated pump beams in order to detect DT/T signals on the order of
10“-10°. Hence, the dynamic range of these systems is limited on the high excitation
intensity side by a lack of available pump photons.

The dternative gproach involves amplifying the pulsed dye laser in a chain of
amplifier cells to sufficient per pulse energies (>1 m)) so that focussing through suitable
transparent media (water, ethylene glycol, quartz, or sapphire) generates a broadband,
time-resolved white-light continuum.® With this s/stem, the probe pulse is derived drectly
from the white light continuum, permitting convenient spectroscopic measurements. The
range of accessible pump pulse photon energies was typically still limited by the original
dye laser. However, subsequent systems alowed independent pump beam tuning by re-
amplification of a portion of the cntinuum in yet another dye amplifier cdl. Although
these systems allow spectral characterization of the differential transmission over a range
of wavelengths from 500-1000 nm, they suffer from nultiple nonlinear stages, and
generdly provided low repetition rate (10 Hz) pulses with relatively large pulse-to-pulse
fluctuations (>10-20%). Consequently, these systems offered a limited dynamic range &
well, requiring pumping a relatively high excitation densties to achieve differentid
transmission signals of order 10*-10”,
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Dramatic improvements in instrumentation for photoinduced absorption have
occurred over the past few years, with the development of modelocked solid-gtate
Ti:Sapphire oscill ators, Ti:Sapphire regenerative anplifiers and chirped-pulse anplification
techniques.* Laser systems utilizing these cmponents and techniques are now routinely
capable of generating high quality (TEMqg), high power (~ 1 mJ), ultrashort (<100 fs)
laser pulses at high repetition rates (1-10 kHz) with low pulse-to-pulse variations. In
addition, renewed interest in parametric generation tedniques, coupled with
improvements in the quality and availability of nonlinear optical crystas, has led to the
development of ultrafast parametric generation instrumentation. Thus, it is now possible to
generate broadly tunable, high energy, ultrafast optica pulses. Utilizing systems of this
type, it is possible to routinely measure photoinduced absorption signatures much smaller
than were detectable with dye laser based systems. Thisis a significant improvement, since
it alows measurement of photoinduced absorption behavior with lower pump fluences
where saturation and heating effects are less important. In Section 4, we will return to this
issue, when discussing the widely varying experimental conditions that have been used in
the past to perform photoinduced absorption measurements on poly(arylene-vinylene)s.

2. GENERAL INTRODUCTION AND BACKGROUND INFORMATION

Before dtempting to survey the various results and interpretations available
regarding transient photoinduced absorption in nondegenerate ground-state conjugated
polymers, we first present a smplified sketch of the general behavior expected to occur in
these materials. This Ketch is intended to provide afoundgtion for the more detailed
discussions to be presented in following sedions. It does not attempt to resolve the more
controversia aspects of this subject, but rather attempts to convey some widely aacepted
fedures.

For conjugated polymers, the strong dependence of the lattice @ordinates on the
electronic configuration results in the appearance of significant lattice deformations
associated with the excited electronic states. The result is a localization or “self-trapping”
of the photoexcitations within the lattice relaxed region.” The self-trapping process is
expected to occur for charged species (i.e. eledrons and holes) as well as for neutra
species (i.e. excitons). Interactions between excitations are governed by a combination of
electronic (i.e. Coulomb) interactions and lattice energy contributions. The dtuation is
further complicated by the fact that photoexcitations can be localized on individual chains,
or, due to inter-chain interactions, can be distributed over multiple chains.® Thus,
conjugated polymers are expected to be daracterized by a rich dversity of
photoexcitations.

To begin the discussion of these photoexcitations, we note that a polymer sample
may be thought of as a ollection of (possibly interacting) conjugated chain segments.
Individual segments are separated by kinks (i.e. bends or twists) in the polymer chain, or
by isolated chemicd impurities unintentionally incorporated into the dain. The dectronic
states of each conjugated segment are delocalized over the aitire segment, and the energy
required to photoexcite a particular conjugated segment is determined by the length of the
segment, and by interactions with neighboring segments. Structuraly disordered samples,
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such as films deposited from solution, are diaracterized by a broad distribution of
conjugation lengths which leads to inhomogeneously broadened absorption spedra. As the
degree of structural order increases (for example in highly oriented films), the distribution
of conjugation lengths narrows and moves toward longer conjugation lengths. The
distribution of conjugation lengths may also be narrowed by employing samples composed
of oligomeric analogs of the polymer of interest.

Photon absorption results in the photoexcitation of a single mnjugated segment
(for simplicity, in the present discusson we neglect absorption mediated by states
extending over severa chains). Subsequent to photoexcitation, lattice relaxation is
expected to occur very quickly, with the polymer lattice alopting the @nfiguration which
minimizes the total excited state energy (electronic plus eastic). For smal conjugation
lengths the lattice deformation extends over the entire segment. As the length of the
conjugated unit increases the tendency for lattice relaxation might be expected to decrease.
However, sdf-trapping occurs even in extremely large acnjugated segments, since the
delocalization of the excited state can be quickly atered by a variety of processes
including electron-electron scattering and lattice fluctuations. In this case the length over
which the lattice @nfiguration deviates from the ground state nfiguration is snaler than
the conjugation length.

It has been assumed that the photoexcitation process results in the aeation of a
localized excitation, however the charge state of this excitation has not yet been
mentioned. In the spirit of the present (smplified) discussion, it suffices to say that the
production of charged species from these photoexcitations depends upon the stability of
the neutral photoexcitation relative to the production of a pair of oppositely charged
excitations. It is important to recgnize that the total binding energy of the neutra
excitation is a sum of the dedronic (Coulomb) binding energy and contributions due to
the lattice relaxation associated with the photoexcitations. For strongly bound (i.e.
Frenkel-like) excitations, there is limited probability of the generation of charged species.
For more weakly bound (i.e. Wannier-like) excitations the identity of the eledrons and
holes are better preserved, and the dissociation of the excitation to yield charge carriersis
more probable than in the Frenkel case.

One manifestation of the creation of a population of photoexcitations is a deviation
of the optical absorption spedrum from the non-photoexcited spectrum. Photoinduced
absorption spectra ae commonly displayed as the change in transmission normdized by
the transmission (DT/T) versus photon energy. Although the specific details of the
observed photoinduced absorption behavior differ from polymer to polymer, severa
generic features are @mmon in plotoinduced absorption spectra ad will be described
here. The first feaure is a reduction of the magnitude of the fundamental absorption band
(DT/T>0), and is known as bleaching. It arises becuse of the participation of the
electronic states of the mnjugated segment in the dectronic structure of the excited state
species. A second feature commonly observed in photoinduced absorption spectra is a
region of increased, or induced absorption (DT/T<0). Induced absorption features arise
from the dlowed transitions of chain segments which contain photoexcitations. Thus, they
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correspond to the excited-state absorption of the polymeric sample. Since the dedronic
structure of photoexcited chain segments is perturbed dwe to the lattice relaxation, the
spectral locations of the photoinduced absorption cannot be predicted solely on the basis
of the ground-state electronic structure. A third feature common to photoinduced
absorption spectra is Smilar to photoinduced bleaching (DT/T>0) but occurs in spectra
regions where photoluminescence is observed from the sample, and where the ground
state absorption is negligible. The observation of this feature indicates that the number of
photons contained in the probe pulse has increased as a result of passage through the
sample. The mechanism responsible for this behavior is stimulated emission of photons due
to the passage of the probe beam (i.e. optica gain). Stimulated emission will occur when
the dengty of an emissive excited state spedes is sufficiently high that a population
inversion exists. In luminescent conjugated polymers, the emission occurs from states with
ardatively large energy relaxation, or Stokes dhift, from the @sorbing states. Hence the
relevant energy diagram for the stimulated emission is a four-level system, in which a
complete inversion can be dtained for low pump fluences.

A fina feature which has been routinely observed in photoinduced absorption
gpectrais trandgent stimulated Raman gain. Thisis a stimulated emission process (DT/T>0)
smilar to that mentioned above, but is confined to spectral regions which are separated
from the pump wavelength by Raman active vibrationa modes. Trandgent Raman gain is
only observed when the pump and probe pulses are temporally overlapped.

The strong coupling ketween eledronic and structural degrees of freedom in p-
conjugated polymers which results in new spectra features in photoinduced absorption
experiments leads also to a rich dvergty of transient relaxation dynamics, from
femtosecond to millisecond time-scales.Energetic relaxation of the photoexcitations back
to the ground state may proceed through radiative or nonradiative dannels. The relative
branching between these channels is extremely important for device gplications duch as
polymeric light-emitting diodes (LEDs) which benefit from a high probability of radiative
recombination. Generation of charge crriers from the photoexcitations is important for
charge collection devices auch as photodetectors and photovoltaic cdls.

Consder asmplerate eguation of the form

dN é v
E=A-N8T1r+%8-bN2, (1)
nr

where N is the number of excited species, and A alows for the generation of the eccited
dtate species, either by direct photoexcitation (A=sgNgF ) or by ultrafast relaxation of a
diredly photoexcited state (A=N*/t * ). The term linear in N accounts for radiative and
nonradiative geminate recombination, and leads to recombination time @nstants which are
independent of the excited-state population N. The term quadratic in N arises from
bimolecular processes sich as nongeminate free carier recombination or exciton-exciton
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annihilation, and at high excitation densties leads to progressively faster recombination
dynamics.

In addition to monomolecular and bimoleaular recombination terms, a cmplete
description of the relaxation dynamics in conjugated polymers must include the dfeds of
disorder due to structural and chemica defeds, and inhomogeneous broadening due to
distributions of conjugation lengths. Within a semiconductor band pcture, as in
amorphous gmiconductors, these effeds can be understood qudlitatively in terms of a
random variation of the periodic potential in a tight-binding approximation (Anderson
modd).” The magnitude of the disorder term in the potential determines an energy
threshold near the elge of the conduction band (mobility edge) such that below this
threshold, eectron and hole wavefunctions are strongly localized, whereas above this
threshold the wavefunctions are mmposed of extended (Bloch-type) states® A similar
mobility edge (termed a locdization threshold) has been described within a tightly-bound
Frenkel exciton picture, whereby energy relaxation proceeds by hopping to adjacent chain
segments with longer conjugation length.” The mobility edge within this modd is
determined by the energy below which there is insufficient probability of finding an
adjacent chain with lower energy within the exciton lifetime. Within either mode, in the
presence of disorder, photoexcitations are trapped to localized states on time-scales of
picoseconds, and the dfects of disorder are felt most strongy for quasi-one-dimensional
systems.

Within a disordered semiconductor band picture, when the energy of photoexcited
dates falls below the mobility edge, then the smplified rate eguation (Equation 1) is
inadequate, since the excitations are now trapped at defed sites, and further recombination
proceeds via variable range hopping. This effectively leads to a distribution of
recombination lifetimes, with longer lifetimes dominating at longer times as the remaining
photoexcitations find the deegpest traps. Within a molecular exciton model, the relaxation
on an individual segment is exponential, while the diffusion between segments is again
governed by hopping within a distribution of localized states. These phenomena lead to

b
relaxation dynamics which follow a stretched-exponential time-dependence (t'(t/ £) )
with b £1. For srictly one-dimensional systems, b =15. Stretched-exponential time-

dependence, however, is a universa feature of relaxation dynamics in disordered systems,
and wnless the nature of the disorder can be carefully controlled, it is difficult to extrad
quantitatively useful information from the value of b.

3. PHOTOINDUCED ABSORPTION IN POLYDIACETYLENES

In this sedion, we review some of the principa results of time-resolved
photoinduced absorption in polydiacetylenes. Polydiacetylene is available in high quality
snge crystas, such as polydiacetylene-toluene sulfonate (PDA-PTS), with a principal
excitonic asorption near 2.0 eV having extremely narrow linewidths of G<100 meV. In
addition, the large side chains in polydiacetylenes lead to relaxation phenomena
predominantly isolated to single dhains. As a mnsequence of the high degree of purity and
sructura order exhibited by this polymer family, the experimental and theoretical picture
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of transent photoinduced absorption in polydiacetylenes is much smpler and less
controversa than the @rresponding case in poly(arylene-vinylene)s. Many studies of
photoinduced absorption dynamics and spectral dependence have gpeaed over a period
of more than a decade.'**®

It is widely aaccepted that the dominant absorption feature & 1.97 €V in PDA-PTS
arises from a direct absorption into a singlet (Frenkel) exciton with 1Bu symmetry and
with binding energy of 0.4 eV.'®*® The large binding energy results from the increased
importance of electron correlation relative to electron-phonon interactions. An important
consequence of the large dectronic correlation energy is that, in contrast to poly(arylene-
vinylene)s, the energy of the lowest even symmetry 2Ag state in polydiacetylene lies below
the lowest optically-allowed 1Bu trangition. This crossover has been modeled extensively
in Pariser-Parr-Pople (PPP) molecular orbital cdculations of short chain oligomers (N=5-
14).*° This accourts for the low luminescence quantum efficiency in polydiacetylenes:
following excitation into the dlowed 1Bu singet excited-gtate, rapid (1 ps) relaxation
occurs to the lower 2Ag state, from which radiative recombination is forbidden.
Subsequent rapid nonradiative pathways lead to relaxation back to the ground state with a
time cnstant of 2.0 ps.**

Since there are no signatures of luminescence, stimulated emission, or inter-chain
species, interpretation of the transient photoinduced absorption results in the
polydiacetylenes has been considerably smplified. The photoinduced absorption spedrum
consists of a broad photoinduced absorption peak (negative DT/T) nea 1.4 eV, extending
to near the asorption edge a 1.9 eV. In the vicinity of the band edge, strong bleaching of
the excitonic absorption occurs.**** The broad photoinduced absorption feaure in the
near-IR has been assigned to excited-state absorption from a triplet state, based on
correlations of the spedral shape with the triplet photoinduced absorption signature & 50
ms,"® and the extremely longrlived nature of the absorption feature."* This triplet feature
appears a high intensities (>10° Wi/en¥) with superlinear intensity-dependence for
pumping drectly into the 2.0 eV absorption band (indicating generation of triplets
following two-photon absorption), or with linear intensity-dependence for pump energies
higher than 25 eV.""*® The triplets are generated by rapid intersystem crossing from
excited states with excess energy.

The bleaching of the exciton resonance proceeds via two novel mechanisms which
in combination are unique to conjugated polymers. When the pump beam lies within the
1Bu exciton absorption band, depletion of the available @sorbing states occurs via phase-
gpace filling, since excitons consist of correlated electron-hole pairs which obey the Fermi
exclusion principle.** As the available phase space is filled, the ocillator strength due to
the remaining available states is decreased. The absorption beaches uniformly from the
exciton band in this case (Fig. 2, bottom), smilar to what is observed in inorganic
semiconductor quantum heterostructures.
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Fig. 2. Optical density of a » 200 A polydiacetylene-toluene sulfonate film (top).
Differentia optical density for 1.8 eV excitation (middle) and 2 eV excitation
(bottom). Adapted from Ref. 16.

Strong phonon coupling leads aso to transent Raman gain for pump energies both
within the absorption band (Stokes Raman gain)® and below the absorption band
(Antistokes Raman gain).'® The latter effect leads to strong, narrow linewidth, bleaching
signatures which are resonantly enhanced when the probe beam and the pump beam are
separated by an energy equal to the vibrational modes which couple strongly to the
electronic transition (Fig. 2, top). In PDA-PTS, the two principal vibrational modes are
the C=C (1400 cm™) and C°C (2100 cm™) stretching modes. In Fig. 2, top, the narrow
bleaching signatures at 2.0 and 2.2 eV arise from these two phonons. This grong
resonance enhancement occurs in spite of the fact that only virtual excitons are aeated by
the pump beam at 1.8 eV, since the virtual exciton lifetime is sufficiently long to create
structura deformations smilar to that of a red exciton when the pump detuning is less
than or comparable to the optical phonon frequencies.*®

The nonlinear transmission response in the vicinity of the exciton resonance (as
well as related nonlinea optical phenomena such as third-harmonic generation,
electroabsorption, and two-photon absorption) have been very successfully modeled in
PDA-PTS and PDA-4BCMU using a single odd-parity (1Bu) and two even-parity (2Ag
and mAg) excited-states in addition to the ground state'”'® Vibrational coupling is
included in these cdculations using the Franck-Condon approximation, whereby the
(adiabatic) eectronic and vibrational wavefunctions are separable, and the dectronic
dipole trangtions consist of the principa transition (0-0) between structuraly relaxed
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configurations, followed by a vibrational progresson due to coupling to discrete numbers
of vibrationa states in a harmonic potential. The degree of coupling to higher vibrational
dates is determined by the extent of structura deformation which accompanies
photoexcitation.® These models combine experimental results which measure the energy
positions and linewidths of odd- and even-parity states, with exact dipole moment
calculations using a sum-over-states perturbation theory approach® using matrix elements
taken from corrdlated-electron PFP molecular orbital calculations."™® These models,
optimized by detailed comparison with a number of nonlinear optical experimental
tedhniques, verify that in polydiacetylenes the lowest even-parity 2Ag state lies below the
first allowed 1Bu exciton, and quantitatively reproduce the spectral dependence of the
transent photoinduced absorption in the vicinity of the eccitonic trangition (Fig. 3). They
do not, however, contain sufficient detail to account for triplet states, or the @wntinuum of
levels which leads to the very broad nea-IR photoinduced absorption feature assigned to
the triplet excited-state. The detailled medanism behind the rapid intersystem crossing in
polydiacetylenes has not been identified.

Experiment Theory
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Fig. 3: Experimenta and calculated difference dsorption line shapes for PDA-PTS, with
t»0, at three different pump detunings (W, - w,,) from resonance, as indicated.

The experimenta signals have been scaled to match the cculated peak heights for
the strongest peak. Adapted from Ref. 18.

As a reault of the substantial experimental and theoretical progress in explaining
the principal transent photoinduced absorption feaures, the mechanisms responsible for
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the linea and nonlinear optical properties, and the nature of the photoexcited states, are
widely agreed upon for polydiacetylenes. As we will see in the next section, thisis not the
case for paly(arylene-vinylene)s.

4, PHOTOINDUCED ABSORPTION IN POLY(ARYLENE-VINYLENES)

Over the past decade, numerous authors have employed the technique of transient
photoinduced absorption in the study of the photoexcitations of poly(arylenevinylenes)™*°
Unfortunately, various authors have studied different derivatives and in many cases distinct
forms (i.e. pure films, dilute blends, solutions, etc.) of these polymers. In addition, these
investigators have employed dSgnificantly different photoexcitation conditions (i.e.
excitation wavelength, intensity and optical polarizations) to measure the photoinduced
absorption. As aresult, it is difficult to reconcile the conflicting results of many separate
investigations and obtain a universa or unambiguous picture of the nature of the
photoexcited states for short times following excitation. Nevertheless, a great dea of
experimental work has been published, and it is instructive to review the results of these
studies. In this sction, we examine the spectroscopic signatures which are cmnon to
many different derivatives of PPV and related compounds, discuss the interpretations
which have been offered by the original authors, and attempt to find explanations to
contradictory observations.

Before we examine in detail the body of work on poly(arylene-vinylene)s, we
outline the main issues which have been left unresolved by previous gudies. These include:
1) Are more than one ecited-state species present in the first picoseconds following
resonant excitation? 2) If so, what are the various gecies present (excitons, polarons,
polaron pairs, etc.)? 3) Are the photoexcitation pathways and relaxation mechanisms
fundamentally different in solution and solid films? 4) If a single species is responsible for
al of the photoinduced spectral features, what is the temporal correlation between the
photoluminescence, stimulated emission, and various photoinduced absorption peaks? 5)
How can one understand the dfects of different experimenta conditions on the range of
observed phenomena?

Our approach to exploring these questions is as follows. We begin by reviewing a
number of important contributions by Rothberg and coworkers.™*" We will first describe
the eperimenta observations, and then we will discuss the model which has been
developed to explain these observations. In short, this model postulates two species in the
solid-state (singlet excitons and polaron pairs) and a single species in solution (singlet
excitons). Then, severa issues which remain to be resolved from these studies will be
discussed. We then turn to works from several groups which find agreement with some
aspects of the polaron pair model (at least two species in the solid state).*** The results of
several other groups which reach the contradictory conclusion that a single spedes
(excitons) can account for al observed features are then introduced,®*" along with a
discussion of the rrelation between photoluminescence and photoinduced absorption. At
this point, the divided nature of the debate will be @undantly clea, and the remainder of
the Section will be devoted to recent observations which may resolve many of the
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controversies.*®* In addition, we will offer a simple, coherent picture to explain the
different results obtained under disparate experimental conditions.
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Fig. 4: Spedrum of photoinduced transmission changes 1 ps after photoexcitation at 510
nm in thin films of PPV. Solid line is to guide the e/e. The bottom trace is the
steady-state photoluminescence spedrum for comparison. Adapted from Ref. 21

Figure 4 shows the photoinduced absorption spectrum for a PPV thin film,
obtained within one picosecond of photoexcitation (10 photons'cm® @ 510 nm).** The
region of podtive DT/T shown in Fig. 4 coincides with the spedra location of CW
photoluminescence, and is due to stimulated emission of photons by the probe beam.
Subsequent measurements with better time resolution showed that the spectral evolution
of the stimulated emission feature is essentially complete within 200 fs of photoexcitation,
implying that the processes of lattice relaxation and spectral diffusion to the longest chain
segments are ompleted by this time.* Ref. 21 also reported the observation of an induced
absorption feature peaked at ~ 1.5 eV. The behavior of this near-IR induced absorption
and the stimulated emission differed in two important ways. First, the relaxation dynamics
were different: the stimulated emisson decayed within a few picoseconds, and, at later
times, the same spedra region was dominated by the high-energy tail of the near IR
induced absorption. Second, the excitation spectrum of the photoinduced absorption and
that inferred for the stimulated emission were different a zero delay (i.e. zero delay time
between pump and probe). The excitation spectrum for the stimulated emission spedes
resembles that of the CW photoluminescence, peaking near the asorption edge, while the
excitation spectrum for the induced absorption dowly increases as the pump energy
increases above the dsorption edge. The strengths of the photoinduced features were
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linearly dependent on the pump fluence, and ro intensty dependence of the decay
dynamics was observed.
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Fig. 5: Time-resolved absorption in MEH-PPV solution, film, and blend. (a) Fradional
change in probe transmission DT/T vs probe photon energy at “zero” picosecond
pump probe delay in MEH-PPV solution (-). For reference, the steady tate
photoluminescence (dashed line, arbitrary units) and absorption (solid line,
referenced to right axis) spectra ae shown. Verticd arrows indicate the excitation
wavedength. ( b) Data analogous to (a) in MEH-PPV/palystyrene blend. (¢) Data
anaogausto (a) in MEH-PPV film. Adapted from Ref. 23.

These two spectral feaures were also observed in MEH-PPV samples, and are
shown in the photoinduced absorption spectra presented in Fig. 5.°° These spectra were
obtained for samples of MEH-PPV in (&) solution, (b) dilute blends with polystyrene, and
(c) neat films. For these samples, the time-resolved photoluminescence and the time
dependence of the depletion of the time-integrated luminescence by an intense pulse
centered at the peak of the luminescence spectrum were dso measured.” The data of fig.5
reved that the stimulated emission feature is present in the solution and blend samples, but
does not appear in the neat film. In contrast the induced absorption feature is present in all
three samples. For the solution and dlute blend samples, the stimulated emission, induced
absorption, photoluminescence, and plotoluminescence depletion al showed single
exponential dynamics with similar time nstants, indicating that a single species is
responsible for al of the features. However, in the solid thin film of MEH-PPV, the
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photoluminescence depletion and photoinduced absorption showed very different
dynamics, indicating that in these samples, as in the PPV thin films in Fig. 4, at least two
species with distinct dynamics are involved.
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Fig. 6: Steady-state photoluminescence spectrum, using 3 €V excitation energy, with
polarization parallel to the chains, and photoinduced absorption spectra taken at
200 ps delay with 2.05 eV pardld excitation. Adapted from Ref. 24.

In addition to the nea-IR induced absorption feature which occurs near 1.5 €V, a
mid-IR induced absorption feature near 0.5 eV has also been observed.** Figure 6 shows
both the nea-IR and mid-IR induced absorption features in stretch-oriented M-PPV films,
The position of the pe& of the mid IR feature was not determined, since it occurs above
the accessible range of probe energies used in Ref. 24. However, based upon the shape of
the measured portion of the induced absorption spectrum, the peak was estimated to be &
approximately 0.5 eV. Both the near-IR and mid-IR induced absorption features exhibited
identical dynamics, indicating that they originated from the same spedes. In addition, the
magnitudes of both induced absorptions scaled linealy with pump fluence.

The interpretation of this data is taken directly from the original works, with
critica comments reserved urtil the end. The authors first assign the species responsible
for the stimulated emisson as intrachain singlet excitons. The processes of lattice
relaxation and spectral diffusion occur quickly and are essentialy complete within 200 fs
of photon absorption. The intra-chain singlet excitons recombine radiatively and are
responsible for the stimulated emission as well as the photoluminescence. Since the
dynamics of the stimulated emission and the induced absorptions differed in the neat PPV
films of Ref. 21, different spedes must be responsible for these signatures. Further, since
the stimulated emission and induced absorption features appea within the time resolution
of the experiments, the branching of the initiad photoexcited state into the intra-chan
singlet exciton and the species responsible for the induced absorptions is complete on this
time-scale (<1 ps). Assuming that both the stimulated emission and the induced absorption
trangtions are fully alowed, the branching ratio between the species responsble for the
induced absorption and that responsible for the stimulated emission was estimated to be
9:1 for neat PPV films*
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The nea-IR induced absorption feature observed in MEH-PPV solutions and
blends was aso assgned to intra-chain singlet excitons, based upon the smilarity of its
relaxation dynamics to the dynamics of the stimulated emission and photoluminescence. In
contragt, the authors assigned the near-IR and mid-IR induced absorption features
observed in reat films to bound inter-chain electron polaron-hole polaron pairs that they
term “spatialy-indired excitons’ in analogy to the excitations of coupled quantum well
heterostructures.®* This assignment is made for several reasons:

1. The reported lack of intensity dependence of the relaxation dynamics of the induced
absorption (even at excitation densities in excess of 10°° cm®) indicates that
bimolecular recombination is not important. Therefore, the relaxation must be
dominated by the recombination of bound geminate pairs.

2. The non-emissive nature of the geminate recombination implies a lack of significant
wavefunction overlap of the geminate polarons. Thus, the polarons must be spatialy
separated from each other.

3. The postions of the picosecond induced absorption pe&ks agree well with the
absorption peaks observed for negatively charged PPV oligomers in solution (0.6 eV
and 1.6 eV).”® Thus, these absorption pegks are expected to be due to negatively
charged pdarons. A similar pair of infrared pe&ks are dso observed in millisecond
absorption-detected magnetic resonance (ADMR) measurements and are assigned to
bipolarons.?® However, it is unlikely that bipolarons could be formed on ps time-scales.

4. Findly, the asence of the induced absorption signature of spatially-indired excitonsin
MEH-PPV solutions and blends (recall that the 1.5 €V induced absorption in solutions
and Hends is attributed to intra-chain singlet excitons and not to spatially indirect
excitons) indicates that the spatially indirect excitons are only produced in neat films
where inter-chain interactions are most significant.

Some aspeds of the behavior of these materials remain controversid. First, the
near-1R photoinduced absorption features in both dilute and condensed samples of MEH-
PPV are similar in spectral shape and absolute magnitude, which makes assignment of this
feaure to different species for different morphologies difficult. Interpretation of the shape
of this feature is complicated by its broad and relatively smooth spectral profile, and the
fad that severa distinct spedes have been shown to have overlapping photoinduced
absorption features in this spectra range & long (ms) time-scales, including triplet
excitons, polarons, and bipolarons.”

Second, in reat films of MEH-PPV, the stimulated emission is dominated by the
photoinduced absorption at al waveengths. Interpretation of the photoluminescence
depletion experiment under these mnditions is complicated by the fact that the depletion
beam is partidly absorbed dwe to the presence of sgnificant induced absorption. In
addition, significant two photon absorption of the depleting beam is also expected since it
is approximately ten times as intense & the pump beam used in these experiments.®® Thus
as the intense depleting beam traverses the sample, at least three processes are occurring.
Firg, the depleting bean is causing stimulated emission of photons (the desired effect).
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Second, the depleting beam is pumping the excited state species responsible for the
induced absorption and the luminescence to an even higher-lying excited state. Since the
induced absorption is stronger than the stimulated emission at the wavelength of the
depleting beam, this process is more probable than stimulated emisson. The fate of these
higher-lying states is unknown. Third, due to two-photon absorption, the depleting beam
is producing more stimulated emission and more indwced absorption.”® As a result, the
dynamics of photoluminescence quenching in MEH-PPV neat films may contain
contributions from many sources, and d not provide an unambiguous measure of the
population of luminescent species.

Finally, a long-time (>1 ns) non-exponentia tail is observed in the time-resolved
photoluminescence in both dilute solid blends and thin films.*® This is interpreted as being
due to recmmbination of the inter-chain bound pairs to form luminescent singlet excitons.
The fact that this long-time tail exists also in the dilute solid bdends was attributed to
aggregation. In this picture, the long-time (nonexponential) tail is due to aggregated
portions with significant inter-chain interactions, while the initial (exponential) PL is due
to separated chains with no interaction. Hence, the ratio of the peak to the long-time PL
should provide an estimate of the degree of aggregation. Since thisratio is nearly identical
in dilute blends and ned films, this would imply similar aggregation in these two forms. If
this were the @se, then other characteristics of the blends (high photoluminescence
quantum efficiency, strong stimulated emission, etc.) should more dosely match the neat
films.

A possible explanation of the long-time tail is that the disorder induced by the
solid-state environment in both pue MEH-PPV films and blends results in a similar
distribution of deep traps for intrachain excitations, and that the exponentia
photoluminescence is due to geminate recombination of intra-chain excitons, while the
long-time tail arises from non-geminate recombination of trapped species as a result of
variable range hopping in the disordered solid state. This explanation, however, is also not
satisfactory, since variable range hopping relies on thermally-activated transport. Hence, at
low temperatures, the magnitude of the tail should be suppressed. However, in Ref. 27 it
was demonstrated that the opposite isthe @se.

Similar conclusions to those presented above for Rothberg et a were reached for
thin films of another derivative of PPV: BUEH-PPV (Fig. 7).*° This derivative differs from
MEH-PPV due to the substitution of a butoxy group rather than a methoxy group at the
2-position of the phenyl ring. Both stimulated emisson and the broad near-IR induced
absorption band were observed in reat films of this polymer. The strength of the
simulated emission feature (relative to MEH-PPV) was attributed to decreased inter-chain
interadions due to the substitution of the larger butoxy side groups. The induced
absorption feaure occurred at a slightly lower energy than it does in MEH-PPV, and was
attributed to the photoproduction of inter-chain excitations. The red shift of the induced
absorption, relative to MEH-PPV, was dso attributed to decreased inter-chan
interadion.As in the @ase of PPV neat films, the dynamics of the stimulated emission and
the induced absorption feature differed, with the stimulated emisson decaying more
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quickly than the induced absorption. The decay time of the stimulated emission (60 ps)
was also significantly shorter than the luminescence lifetime (900 ps). Measurement of the
decay dynamics of the induced absorption revealed that decay times differed for different
spectral regions, with faster decys observed on the red side of the induced absorption
fedure. This was interpreted as a dynamic blue shift of a competing induced absorption
from a second species which was also responsible for masking the stimulated emission.
The authors concluded that the second spedes was likely an inter-chain spedes, but were
careful to note that their results did not distinguish between polaron pairs or other
aternatives.
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Fig. 7. Fractional change in probe transmission (DT/T) vs. photon energy at “zero” time
delay for BUEH-PPV films (open circles, right axis). For reference, the steady-state
photoluminescence (solid curve) and absorption (dashed curve) are dso shown.
Inset: chemicd structure of BUEH-PPV. Adapted from Ref. 30.

Measurements of photoinduced absorption in a ladder-type derivative of PPP, m-
LPPP (Fig. 8)*! aso support the general conclusions outlined above for PPV derivatives.
In this derivative, as for the BUEH-PPV, stimulated emission was observed in thin films,
dthough the luminescence quantum efficiency was much lower than that in solution.* A
broad near-1R induced absorption feature smilar to those seen in other materials was also
observed. Once again, the dynamics of the stimulated emission and induced absorption
fedures differed, which was taken to indicate that photoexcitation results in the
appearance of at least two species in thin films of this polymer. Results were dso reported
for closdly redlated compounds of LPPP in solution®* and in dlute (10%) blends in
polycarbonate.® Interestingly, although the existence of two spedes is postulated in each
of these works in a smilar manner as in PPV and MEH-PPV, they are not in agreament
over the nature of the second species.
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Fig. 8: Photoinduced change (DT/T) in the transmisson T of m-LPPP thin film at zero
delay (solid circles), optical density (OD, dashed line), and photoluminescence (PL,
dotted line, excitation at 390 nm). Adapted from Ref. 31.

Graupner et. a. foundin the solutions that the stimulated emission feature had an
approximately exponential lifetime of 190 ps, much shorter than that observed for the
photoinduced absorption decay a 650 nm, which had a nonexponential decay form with
approximately 40% of the signal having a lifetime greater than 1 ns.** They speculated that
the different decay dynamics for the photoinduced absorption feature may be due to
gpatialy-indired excitons forming on single dains in solution. In the thin film results, the
decay of the stimulated emission feature & 490 nm was also nearly exponential, but with a
much shorter time @nstant of 8 ps. In contrast with the solution results, the thin film near-
IR photoinduced absorption showed a more rapid, nonexponentia decay. The same
authors assigned the second species in thin films to be due to be hot, intra-chain polarons,
which diffuse to neighboring chains but remain unbound, based on polarization memory
studies® Finally, other authors reported that in the dilute LPPRPpolycarbonate blend,
rapid nonexponential decy was observed for both the stimulated emission feature (500
nm) and the photoinduced absorption feature (650 nm).** Asin the se of the thin films,
the decay was more rapid for the photoinduced absorption signal.

These results were interpreted within a molecular exciton hopping model, with the
initial rapid decay (2 ps) indicating the fastest hopping time to nearest neighbors, and the
subsequent nonexponential deay arising from diffusive energy relaxation within a
distribution of conjugation lengths. Again, the different dynamics for stimulated emission
and photoinduced absorption were used to argue for the eistence of spatially-indired
excitons, athough in this case no sudies of the intensty-dependent dynamics were
reported. Triplet statesin all three forms of LPPPwere ruled out as the second species on
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the basis that the signals appear too quickly for known intersystem crossing times in p-
conjugated systems, which are typicdly on the nstime-scale.

In contrast to the @ove works, which document at least two photoinduced spedes
with different dynamics, severa authors have reported correlations between the tempora
relaxation dynamics of the photoluminescence, stimulated emission, and the photoinduced
absorption features in both PT and PPV derivatives, and have @ncluded that a sngle
intra-chain spedes is responsble for al the observed ptotoinduced absorption feaures™
%, To understand these results, it is helpful to consider the expected relationship between
the dynamics of photoinduced absorption features and the photoluminescence decay time.
Photoinduced absorption measures -DT/T, which in the small signal limit is propartional to
Dad, where Da is the dhange in absorption coefficient due to photoexcitation. If only two
dates are involved we @an write Da = Nys1- NyS, which accounts for the induced

absorption due to occupation of N1 excitations with absorption cross-section s1 to a

higher-lying excited state, as well as the bleaching sgnal due to depopulation of the
ground-gtate, with absorption cross-section sQ. In spectra regions well below the

absorption band edge (sp=0), the transent photoinduced absorption is then linearly
propartional to the population of the excited-state N1 at a given delay time. Time-resolved

photoluminescence, on the other hand, measures the intensity I(t) of emitted light a a
given timet after excitation:®

1(t) = hw A SN, (f) 2)

The constant of proportionality A is the radiative transition probability (Einstein’'s A
coefficient). As long as this probability remains constant (independent of t), then the
photoinduced absorption and photoluminescence should follow the relation (in the low
intensity limit of Eq. 1):

[(t) = hw>A XN, :hw%p—d(;A). 3
This relation will hold as long as a single sate is responsible for both the photoinduced
absorption and the photoluminescence. This relationship is easily understood qualitatively:
if the spedes which is responsible for an induced absorption recombines radiatively, then
the number of photons emitted in a short time interval is equa to the change in the
population of the excited-state species over the same interval. However, in the Gase that
inhomogeneous broadening and disorder play a significant role in the dynamics, then
different chain segments may display different relaxation times, with different probabilities
for radiative recombination. For example, an excitation which is deeply trapped at a defect
ste may have significantly different cross-section for radiative recombination than that of
an excitation on a prigtine chain. In such cases, the dynamics can be described wsing a
distribution of different relaxation times and radiative probabilities G(ti), where

1 1 1
=+

L.t t
i R NR
correlation between the photoinduced absorption and the photoluminescence dynamics no

The outcome of such a distribution is that A=A(t), and the smple
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longer follows®’ In this case, one muld take the view that such a distribution of time
constants means effedively that more than one type of excitation contributes to
photoinduced absorption and photoluminescence, each with different time-dependence.

A close orrespondence between the temporal profile of the luminescence and the
time-derivative of the near-IR photoinduced absorption hes been reported for thin films of
PT for times less than 40 s, in PPV films for times up to 400 ps,*® and in PPyV films
and solutions for times up to 1 ns.*® These observations imply that geminate recombination
of a single intra-chain spedes provides the dominant relaxation channel in these materials
(over these time-scales), consstent with the formation of singlet excitons as the primary
photoexcitations in these materias. Thus, it was concluded that a single species (an intra-
chain exciton) could explain al of the observed transient absorption features in both
solutions and thin films of the @ove materias over certain time-scales.

There are obvious contradictions between the various results reported above, even
for the same materia. For example, in PPV films, it was proven “conclusively” that a
single intra-chain species™ or both intra- and inter-chain species”™ are created. It is
tempting to conclude, based on the aove discusson of temporal correlations between
photoluminescence and photoinduced absorption, that the lack of correlation in some
samples and not others can ke dtributed to varying amounts of disorder and/or extrinsic
defects. Another aspect of this problem which is difficult to understand is the relationship
between the strength of the stimulated emission feature and the dhemica structure of the
polymer. As stated above, the stimulated emission feature is present in reat films of PPV,
absent in reat films of MEH-PPV, absent in reat films of M-PPV, and present in neat films
of BUEH-PPV. If the size of the side-groups provides a measure of the degree of inter-
chain interaction, then it would be expected that the production of inter-chain species, and
the corresponding quenching of the stimulated emission, would be most probable in PPV
films. Recent results $ow a dramatic dependence of the strength of stimulated emission in
spin-coated thin films on the solvent used to dissolve various soluble poly-arylene-
vinylenes.*® The morphology (polymer chain packing) in thin films is quite sensitive to the
solvent, especially in MEH-PPV. In particular, films cast from tetrafydrofuran (THF) have
a gain narrowing threshold (a measure of stimulated emission and lasing efficiency) which
is more than five times lower than that from films cast from more aromatic solvents
(chlorobenzene or p-xylene).*

Obvioudly, many factors which have been poaly controlled in previous gudes
contribute to the gparent strength of the stimulated emission fegure. Again, it is tempting
to attribute the cause to unspecified extrinsic dfects. This is an easy but unsatisfying line
of reasoning, since it leads to a rather general tendency to dismiss otherwise valid results
on the bass of imperfect materials. It is a sword which cuts a wide swath in a field
studying disordered organic materials with relatively high levels of structural and chemical
defects. In the following, we will present more specific evidence that extrinsic effectsdo in
fad play an important role in the contradictory body of published literature, and we will
examine under what conditions these effects dominate the intrinsic photoexcitation
pathways.
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In the remainder of this Section, we describe a series of recent measurements
which establish that many of the cnflicting results outlined above can be understood as
arising from a combination of intensity-dependent interactions of the primary photoexcited
gpecies (intra-chain excitons) at high excitation dengties, and extrinsic photochemical
defects.®** These interactions leal to efficient production of secondary species which
quench the stimulated emission in two ways: by depleting the exciton population directly,
and by creaing a new photoinduced absorption band in the same spectral range. The
production of extrinsic defects by photochemica degradation also plays an important role,
and this degradation can proceed very rapidly for the extremely high photon fluences used
in many pulsed experiments, evenin “inert’”’ environments.

To begin this final discussion, we first describe recent observations of intensity-
dependent recombination dynamics in a number of poly(arylene-vinylene)s for both the
simulated emission and photoinduced absorption features which were overlooked in
previous gudies. Second, careful measurements of the wavelength-, intendty-, and time-
dependent photoinduced absorption in a modd MEH-PPV oligomer are presented. From
these results it becomes clear how the interaction of intra-chain excitons at high excitation
densities can leal to dramatic changes in the transient photoinduced absorption signatures.

As dated above, a primary argument for bound polaron pairs has been the
observed lack of intensity-dependence of the recombination dynamics for the near-IR
photoinduced absorption feature even a high excitation densities (>10%*°cm?®). %%
Recent studies have reported intensity-dependence for the dynamics of the time-resolved
photoluminescence on the 100 ps timescale, and for the CW photoluminescence quantum
efficiency in PPV thin films, showing that the excitation density threshold for the
appearance of bimolecular processes is » 10" - 10”cm®.*** Yan et al have estimated the
spatid diffusion length of luminescent excitons in MEH-PPV to be gproximately 50 A
within their lifetime, based on luminescence quenching by a known concentration of
electron-accepting carbonyl defects® Hence, one might expect significant bimolecular

processes to be evident for excitation densities higher than ]/ (50,&)3 @o®cm3,

consistent with the results of Refs. 42,43 These studies point to exciton-exciton
annihilation as the mechanism for intensity-dependent dynamics, and rapid nonexponential
decay, of the photoluminescence and stimulated emisson. Recently, strong intensity-
dependence has aso been reported for the relaxation dynamics of the near-IR

photoinduced absorption features in several different poly(arylene-vinylene)s over the

range from » 1018 - 10%cm™3® at the same wavelengths where these effects were

previoudy ruled out.**

We now review the results of extensive studies® undertaken on a five-ring
oligomer of MEH-PPV, MEH-DSB,* with chemical structure shown in the inset to Fig.9.
MEH-DSB represents a nealy ideal model compound for the study of fundamental
photophysical properties, for severa reasons. 1) Oligomers can be made & purified,
controlled conjugation length samples. 2) High qudlity thin films can be prepared by
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vacuum evaporation, so that samples can be easily prepared and measured in an inert and
solvent-free ewvironment. 3) The oxygen substitution redshifts the oligomer absorption to
allow pump/probe measurements using a frequency-doubled Ti:sapphire laser as excitation
source (3.1 eV). 4) The coompound shows high quantum efficiency for photoluminescence
in thin films (of order 20%), with radiative lifetimes of 1.2 ns, indicating a negligible
concentration of extringc, quenching defects. 5) The oligomer is easily soluble, to alow
comparative studies in thin film and solution. All measurements of thin film samples were
performed in avacuum of »10° Torr a room temperature.

We sumrmmerize the mgjor conclusions from these studies:

1) At low excitation densities (<5 10'® cm®), the dynamics for the stimulated emission,
and all waveengths of photoinduced absorption measured are independent of
excitation dengity.

2) At intermediate excitation densities ( 5 10%-1" 10 cm® ), bimolecular dynamics are
observed for the photoinduced absorption from 750-900 nm (PA1) and the stimulated
emisson at 535 nm (SE). PA1 and SE arise from the same species, the intra-chain
exciton.

3) Over this same intermediate range, a second photoinduced absorption band (PA2) is
observed from 620-750 nm, which has dynamics which are independent of intensity,
and are dealy much slower than PA1 and SE. This band, assigned to bound polaron
pairs, does not significantly overlap either SE or PA1. Hence, it plays a minor role in
guenching SE over this range.

4) With increasing excitation density over 5" 10" cm®, photochemical degradation occurs
progressively more rapidly on the time-scale of the tens of seconds required to acquire
a single time-scan. Above 5 10% cm’® it is essentially impossible to obtain data free
from the effects of photodegradation in these thin films.

5) The effects of photodegradation are reveaded as an irrewversible reduction in the
magnitude of SE, PA1, and PA2. In addition, the decay dynamics of SE become much
more rapid above athreshold of 5" 10%° cm®, and SE and PA1 no longer match. These
effeds on the dynamics are aitirely reversible; the dynamics of SE and PAl are
identical in pristine and degraded samples below this threshold.

6) The magnitude of PA2 grows more rapidly than those of SE and PA1l over the
excitation density range where bimolecular annihilation is observed. It is consdered
that the creation of PA2 occurs primarily within this range as a secondary by-product
of the exciton-exciton annihilation process.

Fig. 9 shows the photoinduced absorption spectrum taken at atime delay of 1 psina
solution of MEH-DSB in xylenes (1.5 mg/ml in a 1 mm cuvette, Fig. 9a), and in a
1000 A thin film (Fig 9b).® As in severa other poly(arylene-vinylene)s, stimulated
emisson and kroad near-IR photoinduced absorption bands are observed in both
solutions and films. Figure 10 shows the dynamics of the induced absorption in MEH-
DSB probed a a wavelength of 800 nm (PA1), for excitation dendties ranging from
10"-10%° cm’®, saturating at the highest intensities. At low intensities, the relaxation is
nearly exponential on these timescales, with atime mnstant of approximately 100 ps.
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Asthe ecitation intensity rises above athreshold of 10" cm’®, increasing contributions
from fast nonexponential processes are observed. These results indicate that
bimolecular relaxation processes occur on ultrafast timescales, rapidly depleting the
excited-state population. Similar intensity-dependent dynamics of the PA in other
organic solids (such as phthalocyanines and fullerenes) have been assigned to
exciton-exciton annihilation.”* In this process the energy from one exciton is
transferred to a nearby exciton, which rapidly relaxes nonradiatively back to the
lowest excited-state. This results in a net reduction in the exciton population. At the
highest excitation densities (>10”° cm®) the intensity-dependence saturates, as
expected when the density becomes comparable to the spatial extent of the excitations
(delocalized over a single five-ring oligomer).

Fig. 9: Spectra of photoinduced absorption (solid lines), photoluminescence (dotted lines),
and absorption (dashed lines), for MEH-DSB in solution (top), and thin films
(bottom). The demicd structure of MEH-DSB is shown in the inset. Adapted
from Ref. 39.

Attempts to model these intengty-dependent dynamics using a simple
bimolecular recombination rate equation (Eq. 1) failed to gve satisfadory fitsto the data.
This is hardly surprisng since such an equation assumes a diffusve mechanism for the
annihilation process, which maintains a spatially uniform carrier density. Because of the
short timescales involved in these processes, diffusion cannat be expeded to play a
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dominant role, and the excitons must therefore interact primarily due to spatia overlap of
delocalized wavefunctions. In these mnditions, the rate eguation can be written®
dN N N?

el G(t)'t—' bf 4

Fits to the experimental data using this equation are shown in Fig. 10 witht = 200 psand
b = 1.5 10%° cm®ps®. As expected for a bimolecular process, the magnitude of the
long-lived (>10 ) component is nearly independent of excitation density for densities
far above the threshold, indicaing that rapid bimoleaular decay dominates urtil the
excitation density isreduced to near the threshold.

Fig. 10. Normalized photoinduced absorption dynamics at 800 nm in MEH-DSB films for
several excitation densities (solid lines), plotted together with fits using Eq. 2, with
t = 200 ps, and b=1.5x10-*° cm’/ps™®. Approximate excitation densities, from the
top to the bottom curves, respectively, are: 8 10'® cm®, 2.5" 10"° cm®, 7.5 10"°
cm®, and 1 10%° cm®. Adapted from Ref. 38,

The discrepancy between these recent results and those quoted above can be
understood by examining the details of the experiments performed in each case. In some
cases, the use of unamplified, high repetition rate (76 MHz), low pulse energy (<10 nJ) ps
lasers forced the aithors to study excitation densities below 10™ cm®; these studies are
consistent with the low intensity results in Fig. 10.*** Other studies have utilized a low
repetition rate (10 Hz), medium energy per puse (5 m)) fs amplified dye laser.**" The
achievable signal-to-noise for photoinduced absorption measurements using such a system
is consderably lower than that for the kHz solid-state anplified Ti:Sapphire laser used in
Ref. 38, because of both significantly lower pulse-to-pulse anplitude fluctuations, and the
ability to use lock-in detection to recover low signals. Consequently, these studies were
performed primarily in the high excitation dengity limit. The dight intensity-dependence
reported in many previous works is consstent with the saturation effects at the highest
excitation dengties evident in Fig. 10.
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Fig. 11: Intensity-dependent relaxation dynamics (normalized) probed a 800 nm in films
of MEH-DSB, PPV, MEH-PPV, and P3HT. Adapted from Ref. 38.

To demonstrate that the bimolecular recombination for the near-IR induced
absorption at 800 nm seen so clealy in MEH-DSB in Fig. 10 is a genera feature of the
poly(arylene-vinylene) family, the &ove measurements were repeated in thin films of PPV,
MEH-PPV, and PT. The (normalized) traces of the dynamics of the induced absorption at
800 nm in these films over the same range of pump energies, together with the results for
MEH-DSB, are plotted on a linear scae in Fig. 11. The ecitation densities are lower for
these films, due to excitation far from the peak of the p-p* energy gaps. Also, thicker
films (optica density 1-2) were required to recover acceptable signal-to-noise in some
materids, so that the excitation density varied strongy along the depth of the films.
Consequently, the observed results in these films represent a superposition of intensity-
dependent dynamics integrated over the dsorption depth. Nonetheless, in al cases clear
intensity-dependence is evident over this range. In these results, it is also clear that the
effed can be subtle & higher excitation densities, and that only by carefully examining very
thin films over the whole ecitation density range presented in this gudy (as in Fig. 10),
can one recover unambiguous evidence of bimolecular recombination kinetics. Taken
together, the results of Figs. 10 and 11 and Refs. 42,43 demonstrate that bimolecular
recombination d both the anissive intra-chain exciton ard the species responsible for the
near-IR photoinduced absorption a 800 nm (widely attributed to an inter-chain
excitation) is an intrindgc, general feature in solid films of poly(arylene-vinylene)s.
Hence, this near-IR photoinduced absorption is not attributable to a bound polaron pair
with purely geminate decay.
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The remainder of the results presented in this Sedion will involve MEH-DSB.*
Fig. 12 shows the dynamics up to 50 ps of the stimulated emission at 535 nm (SE) taken
a two intensities (3° 10" cm® and 25" 10*° cm®), plotted together with the photoinduced
absorption at 850 nm (PA1) measured at the same two intensities, and multiplied by -0.3.
The inset shows the same feaures at short times. It is clear from these aurves that the two
bands have identical intensity-dependence and dynamics, and hence aise from the same
species. the intra-chain exciton. Consistent with previous results™*® measurements
performed in solution also showed identical dynamics for the two features, but with realy
exponential decay times of 600 s even at densities approaching one asorbed photon per
oligomer (Fig. 13). From the modeling in Fig.10, the nonexponential decay of these
feaures in thin films is entirely acoounted for by hbimolecular recombination due to
exciton-exciton annihilation.

Fig. 12: Comparison of the stimulated emisson dynamics a 535 nm (symbols) and the
photoinduced absorption dynamics at 850 nm (multiplied by -0.3, lines) in MEH-
DSB thin films for two excitation densities: 3" 10" cm® (lower curves) and
2.5 10° cm® (upper curves). The inset shows the short-time behavior of the
same feaures. Adapted from Ref. 38.

In the films a second photoinduced absorption band (PA2) peaking a 685 nm
(1.81 V) is dso discernible. Fig. 14 shows photoinduced absorption spectra for several
delay times (1, 10, and 100 ps) which show that PA1 dsappears quickly, while PA2
persists to longer times. In the inset to Fig. 14, the decay curves are normdized to the
peak a 1.81 eV, from which it is evident that PA1 and PA2 arise from different species.
Note that the minimum observed in the photoinduced absorption spedra & ~1.6 eV isan
artifact of the @ntinuum generation process, as are the oscillations present on these
spectra. Nevertheless, the shape of the spectra presented in Fig. 14 clearly evolve with
increasing delay time, and at the longest delays only a single peak at 1.81 €V is present.
Note that the overal magnitude of the peaks in Fig. 14 is quite smdl (<1% at 100 o)
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relative to typical spectral measurements of this type. The distinct nature of PA2 is even
more dear when the dynamics of PA2 are investigated. Fig. 15 shows that no intensity-
dependence was observed for the dynamics of PA2 (the lower intensity curves are scaled
to match the highest intensity curve). Over this same excitation intensity range, as sen in
Figs. 10 and 12, the intensity-dependence of SE and PA1 is unmistakable. Since this band
is unaffected by bimolecular recombination processes even at high excitation densities, it
may be asigned to the dusive spatially-indired exciton, or inter-chain polaron pair.
However, its presence does not appear to interfere significantly with either SE or PAL. If
PA2 overlapped with either SE or PA1, the relaxation dynamics and intensity-dependence
of these two separated features would not match so closely.

Fig. 13 Comparison of the stimulated emission dynamics at 510 nm (solid circles) and the
photoinduced absorption dynamics at 625 nm (open squares) and at 755 nm (solid
triangles) in MEH-DSB solutions. Adapted from Ref. 39.

Above excitation densities of 5° 10?° cm®, photodegradation becomes increasingly
evident. The process is demonstrated in Fig. 15. Time-scans are displayed for a pump
pulse energy of 100 nJ (5" 10*° cm®) for both SE (Fig. 16a, solid squares) and PA1 (Fig.
16b, solid squares). The pump energy was then increased to 1 nJ, and the sample was
exposed to the 1 kHz pulse train for »30 seconds. Reducing the energy again to 100 nJ,
the time-scans plotted as open circles were obtained: an irreversible fourfold reduction of
the magnitude of both features resulted. However, the dynamics are identical to those in
the pristine sample, for delays up to 50 ps, as $rown for the first 3 ps in Fig. 16 by the
scaled data Thisisin contrast to the effects of photodegradation reported by Refs. 27 and
43, in which plotooxidation affeded the stimulated emisson dynamics much more
strongly than the photoinduced absorption dynamics.
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Fig. 14: Spectra of photoinduced absorption for MEH-DSB thin films at various delay
times 1 ps (solid line), 10 ps (dotted line), and 100 ps (dashed line). The inset
shows a detail of the photoinduced absorption peaks, normalized to the vaue &
685 nm (1.81 eV). Adapted from Ref. 39.

Fig. 15: Photoinduced absorption dynamics at 685 nm in MEH-DSB thin films for several
excitation densities from 10" -10°° cmi®. Solid lines are the lower intensity curves,
scaled to match the highest curve. Adapted from Ref. 39.
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Fig. 16: Photoinduced absorption dynamics of MEH-DSB thin films for (a) 535 nm
simulated emission, and (b) 850 nm photoinduced absorption. Data were first
taken at an excitation density of 5° 10" cm® on pristine samples (solid squares).
After photodegradation the data plotted as open circles were obtained at the same
excitation density (see text). The photodegraded curves are scaed to match the
pristine aurves (open triangles). Adapted from Ref. 39.

The origin of this discrepancy can also be traced to intensity-dependent effects, as
shown for SE in Fig. 17. Beginning with a pristine spot (solid circles, 5° 10" cm®) the
pump energy was raised by a fador of five, with extreme care taken to minimize
photodegradation by taking only a single rapid scan (open squares, 2.5° 10° cm®). For
this data, as ®e in Fig. 13, SE and PA1 still match. The photodegradation process was
then tradked at a fresh spot, again starting from 5” 10™° cm®, but allowing longer exposure
by averaging four time-scans (solid line). The dashed line (2.5" 10*° cm®) and dotted line
(5" 10 cm®) resulted. The photodegradation results in a reduced magnitude of the peg
simulated emission and a dramatic sharpening of the time decay curve. This is now
qualitatively similar to those dfects reportesin Refs. 27,43.

As a1 in Fig. 10, these effects are not seen for PA1, which has been conclusively
identified as being die dso to the intra-chain exciton. These unequal effects on SE and
PA1 are also only present above »2" 10°° cm’®. Subsequent cycling between 5" 10" and
5 10™ cm’® results in no additional degradation of the signals, and the degradation does
not ater the strict correlation between the two features a the lower intensities. At this
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point the intensity-dependent effeds are fully reversible and repeatable. At even higher
densities, the stimulated emission feaure decays much more rapidly, crossing zero in afew
picoseconds to a negative value (induced absorption). Hence, there is a reversible
interadion at both high densities and in the presence of photodegradation which leads to
the dficient production of a third species which competes with the stimulated emission
diredly.

Fig. 17: Stimulated emission dynamics at 535 nm of MEH-DSB thin films for pristine
samples (symbols) and photodegraded samples (lines). Excitation densities are:
5 10" cm® (solid circles and solid line), 2.5" 10° cm® (open squares and dashed
line), and 5 10” cm® (dotted line). Adapted from Ref. 39.

A plausible mechanism for the generation of such a species is via the eciton-
exciton annihilation process, which commonly proceeds in organic molecules through
Forster energy transfer, in which an adjacent exciton pair annihilates into a single doubly-
excited exciton. From this highly energetic state, it is easy to rationalize dficient branching
into other channels, including free polarons or triplet excitons. However, a quantitative
model showing these effects is beyond the scope of these initia results.

These recent results have demonstrated that:

1) The dominant nea-IR photoinduced absorption band exactly matches the stimulated
emi;sion decay for MEH-DSB solutions and films below a threshold of a few times 10%°
cm”,

2) The failure of these features to overlap above this threshold is an intrinsic, reversible
effed, probably due to secondary production of a distinct species as a competing
channdl during the ecciton-exciton annihilation.

3) The intensty-dependent dynamics of the nea-IR photoinduced absorption and the
gimulated emission (below the threshold) in films can be understood within a
bimolecular recombination model.

4) The near-IR photoinduced absorption feature & 800 nm in both PPV and MEH-PPV,
which hes previoudy been assigned to inter-chain polaron peirs, shows very smilar
intensity-dependent effects to those in MEH-DSB.
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Fig. 18: Peak value of the photoinduced absorption at 850 nm (PA1) at zero delay vs.
excitation density in MEH-DSB films. The dashed line shows linear dependence.
The inset shows the ratio of the peak values of PA2 and PA1 over the same range
of excitation densities. Adapted from Ref. 39.

This combination of facts leads us to conclude that the primary species
responsible for the ultrafast transent absorption features in a rumber of poly(arylene-
vinylene)s is the intra-chain exciton. The @ntradictory results of many different studies
using excitation densties in the range of 10° cm® are likdy largely attributable to
unintentional production of competing species due to an interaction which is only efficient
at the highest densities and in the presence of extrinsic, photo-oxidative defects. Evidence
was aso found for a geminate bound pair, but the photoinduced absorption from this
species does not overlap or interfere with the stimulated emisson dynamics in the
oligomer.

We oondgder findly the possibility that even the bound plaron pairs (PA2) arisein
sgnificant quantity only within the regime of exciton-exciton annihilation. Fig. 18 shows
the intensity-dependence of the peak value of PA1 at Dt=0 in this regime. In the inset, the
ratio of PA2/PAL is plotted. It appeas from this data that the branching ratio between
PA1 and PA2 is a strong function of intensity, with more dficient generation of PA2 at
high excitation dendties. While it is not possble to rule out direct generation of bound
pairs a low intengties from this data, Fig. 18 is suggestive that the generation of
appredable numbers of bound pairs occurs due to nonlinea interactions of nearby
excitons, which are present only in films, and not due solely to inter-chain interactions.
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Fig.19: Transient photoinduced absorption spedrum of DO-PPV at zero delay taken at
excitation densities <10'® cm®. Dashed line is a fit (see text). Adapted from Ref.
45.

A final, recent piee of evidence arguing in favor of intra-chain excitons as the
primary photoexcitation in poly(arylene-vinylene)s comes from Ref. 45, in which the first
measurements are presented of broadband photoinduced absorption which include both
the 0.3-0.5 eV and 1.2-2.1 eV probe wavelength ranges at excitation densities far below
the threshold for bimolecular effects. The results for DO-PPV thin films are reproduced in
Fig. 19. The fitted curves were derived with no adjustable parameters from the measured
postions and dpole matrix elements of mAg states taken from electroabsorption
measurements on the same sample.®™® These mAg states represent the states of opposite
parity responsible for the allowed excited-state trangitions of the 1Bu singlet exciton.
Hence, the existence of two subgap photoinduced absorption bands can ke quantitatively
understood in terms of excited-state asorptions of intra-chain excitons.

5. SUMM ARY AND CONCLUSIONS

The use of photoinduced absorption techniques to probe the nature of the
photoexcited states of conjugated polymers has provided a wedth of information about
these materias. For the polydiacetylene family of polymers, there is widespreal agreement
over the interpretation of the photoinduced absorption behavior. This agreement is
possible because of the high degree of chemical and structural purity available in these
polymers, which assures that different investigators will be measuring the properties of
highly similar samples. In addition, it allows meaningful theoreticd investigations to be
conducted without the need for inclusion of the difficult to quantify effeds of chemical and
structura disorder.

The situation is quite different for the polymers of the poly(arylene-vinylene)
family. Taken at face value, many of the results presented in the literature are in
contradiction. However, closer examination of these investigations, coupled with the
knowledge of the importance of intensity dependent decay dynamics and photochemical
degradation, resolves many of the goparent discrepancies between various investigations.
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Measurements at low excitation dengties reved identicd dynamics for the stimulated
emisson and near IR photoinduced absorption features, even in the presence of
photochemical defects. For pristine samples, this correspondence is maintained up to
relatively high densties. However, in the presence of photochemically generated defects
the stimulated emission and plotoinduced absorption features no longer match each other
when high excitation densities are anployed. Unfortunately, due to the large differences in
ultrafast instrumentation employed by different investigators, measurements were
generdly performed in either the low intensity regime or high intensity regime, and the
cross-over between the low intensty and high intensity behavior was only recently
observed.

Reconciling the results of different experimental investigations is only a small
portion of the task a hand. Of prime importance now is developing an unambiguous
interpretation of the experimental results. In this regard, much remains to be
accomplished, and further experimental and theoretical investigations are required. The
observations described in this chapter should be used as a guide in the design of future
investigations of the photoinduced absorption behavior of poly(arylene-vinylenes). Armed
with the knowledge of the atifacts that can be introduced by extrindgc defeds,
investigators dould strive to maintain the utmost chemicd purity of their samples. In
addition, the photophysical behavior of the sample should be recorded over a sufficiently
wide range of excitation dendgties to alow intensity dependent processes to be
guantitatively measured. It is envisioned that with the recent advances in ultrafast laser
instrumentation, high signal-to-noise measurements over wide ranges of excitation
densities should becme routine.
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