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Controlling Interchain Interactions in Conjugated Polymers: The Effects of Chain
Morphology on Exciton—Exciton Annihilation and Aggregation in MEH —PPV Films

|. Introduction

Conjugated polymers are a novel class of materials that
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The presence of interchain species in the photophysics of conjugated polymer films has been the subject of
a great deal of controversy. In this paper, we present strong evidence that interchain species do form in
conjugated polymer films, and that the degree of interchain interactions can be controlled by varying the
solvent and polymer concentration of the solution from which the films are cast. Thus, much of the controversy
in the literature can be resolved by noting that the polymer samples in different studies had different side
groups or were prepared in different ways and thus have different degrees of interchain interaction. The
photoluminescence (PL) of poly(2-methoxy-3-&hylhexyloxy)-1,4-phenylene vinylene), MEHPPV, changes

both its spectral shape and quantum yield when the films are prepared from different solutions or when the
morphology is varied by annealing. Increasing the amount of interchain interactions enhances the red portion
of the film’s PL, a result assigned to a combination of changes in the vibronic structure of the PL of the
exciton and increased numbers of weakly emissive interchain species. Photoluminescence excitation
spectroscopy shows that excitation to the red edge of the absorption band preferentially enhances the red
emission, suggesting that the interchain species are aggregates with a distinct ground state absorption. Scanning
force microscopy shows topographic features that correlate with the degree of interchain interactions, verifying
that the morphology of conjugated polymer films changes with polymer concentration, choice of solvent, and
spin-casting speed. Even at low excitation intensities, photooxidative damage occurs quickly inFNPH

films excited in air, and the rate at which damage occurs is sensitive to the packing of the polymer chains.
For samples under vacuum at low excitation intensity, a long-lived emissive tail, in combination with excited-
state absorption dynamics that do not match those of the emissive species, provide direct evidence for the
production of interchain aggregates. Annealing an MEHPV film produces a photophysical signature similar

to photooxidation, implying that defects in conjugated polymer films are intrinsic and depend on the details
of how the chains are packed. At higher excitation intensities, we find that exa@taiton annihilation

occurs, and that the probability for annihilation can vary by an order of magnitude depending on the degree
of interchain contact in the film. Finally, we show that changing the film morphology has a direct effect on
the performance of MEHPPV-based light-emitting diodes. Higher degrees of interchain interaction enhance
the mobility of carriers at the expense of lower quantum efficiencies for electroluminescence. Taken together,
the results reconcile much of the contradictory literature and provide a prescription for the optimization of
conjugated polymer films for particular device applications.

for completely new applications such as cost-effective, large-
area luminescent panels or flexible, lightweight displays.

combine the optical and electronic properties of semiconductors . DesPite this enormous versatility for optoelectronic applica-

with the processing advantages and mechanical properties ofions, some of the fundamental physics underlying the construc-
plastics! When functionalized with flexible side groups, these tion or optimization (_)f practical devices based on these materials
materials become soluble in common organic solvents and can'&mains controver_5|al or poorly unders'_[ood. Fo_r ex_ample, W_hen
be solution processed at room temperature into uniform, Iarge-the chains of a conjugated polymer are isolated in dilute solution,

area, optical-quality thin film3.Such films are flexible and
easily fabricated into desired shapes that are useful in novel
devices® The ease of polymer processing compared to conven-
tional inorganic semiconductors offers the potential for enor-
mous cost-savings in applications that require visible band-gap
semiconductors. Thus, conjugated polymers offer the possibility

it is well accepted that photoexcitation creates only one
electronic specie’,® namely, a singleintrachain exciton. When
the polymer chains are in contact in a film, however, estimates
of the number of primary photoexcitations that result in
interchain species range from essentially 2éto 90%?! This
controversy has ramifications beyond simple differences in
interpretation of the photophysics: the formation of weakly

emissive interchain species would serve to significantly reduce
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cence (PL) and electroluminescence (EL) efficiencies of con- that MEH-PPV is like CN-PPV in that it also shows a red-
jugated polymer films. This leads to the question of whether shifted and longer-lived PL in films compared to solution. Thus,
the polymer-based light-emitting devices already produced haveSamuel and co-workers suggest that interchain excimers also
close to the maximum possible efficiency or if there is room play a role in the excited-state photophysics of MBPPV,
for significant improvement. although not to as large an extent as for-€GRPV13

In this paper, we present evidence that interchain species, In addition to excimer-like interactions in the excited state,
which we identify as aggregates, do form in films of conjugated it is possible for conjugated polymers to interact in both the
polymers, and that the degree to which they form can be ground and excited states. Delocalization of the wave function
controlled by altering the way in which the chains pack when over multiple chains in the ground state produces a weak
the films are cast. We will focus our attention on the interchain absorption that is red-shifted from that of a single chain.
interactions in phenylerevinylene (PPV) polymers, in par-  Excitation of the aggregate band typically produces a broad,
ticular poly(2-methoxy-5-(2ethylhexyloxy)-1,4-phenylene vi-  featureless and highly Stokes-shifted emission. Studies of ladder-
nylene), or MEH-PPV (for chemical structure, see inset to type polypara-phenylenef®22 poly(para-pyridyl vinylene)23.24
Figure 1, below). We find that the degree of interchain and polyfluoren& deriviatives show strong evidence for ag-
interaction affects not only basic photophysical properties such gregate formation in films. Near-field scanning optical micros-
as the shape and position of the PL spectrum and the PL lifetime,copy (NSOM) shows that the optical properties of these films
but also nonlinear behaviors such as the degree of exeiton vary from location to location, consistent with the idea of
exciton annihilation. In addition, we demonstrate that the rate spatially localized aggregate spectés%27All of these results
at which samples undergo photooxidative damage is also suggest that conjugated polymer chains can aggregate to form
morphology dependent. Thus, we are able to reconcile manyelectronic species with ground- and excited-state properties
of the conflicting results presented in the literature. Finally, we distinct from that of an isolated polymer chain.
show that the ablllty to control interchain interactions by altering We recenﬂy have performed a careful Study of the photo-
the film processing directly affects the performance of conju- physics of MEH-PPV and have concluded that aggregates play
gated polymer-based light-emitting diodes. an important role in solutio® Our evidence consists of a new

Given the extent of conflicting results and interpretation, we red-shifted absorption band observable via fluorescence excita-
spend the remaining sections of the introduction reviewing the tion that correlates with a weak red-shifted emission. Excitation
types of interchain interactions postulated in conjugated poly- of the new band produces a long-lived excited-state absorption
mers and the controversy over their existence. The rest of thisthat does not match the dynamics of the PL, consistent with an
paper is then organized as follows. Section Il summarizes our interchain species. We found that the degree of aggregation
experimental methods, and the results are described in sectiordepends on the chemical nature of the solvent and the
Ill. We summarize and conclude in section IV. concentration of polymer in solution. Aggregation is promoted

A. Aggregates and Excimers in Conjugated Polymers. in solvents such as chlorobenzene (CB), where the polymer
With all the controversy about interchain species, it is worth chains have an open and straight conformation, and is restricted
exploring the different types of interchain interactions that can in solvents such as tetrahydrofuran (THF) where the chain tends
occur in conjugated polymers. If the excited state wave function to form a tight coil?® And as expected, aggregation increases
is delocalized over two or more polymer chains, there are severalWith increasing polymer concentration. Our results are in accord
limiting cases to consider. If the excited state delocalization is With a growing body of evidence that alkoxy-substituted PPVs
accompanied by charge separation so the electron resides ondergo aggregation in solution, and that the amount of
one chain and the hole on an adjacent chain, the species isaggregation depends on changes in the polarity of the solvent,
referred to as a “spatially indirect exciton” or “polaron paift the polymer concentration, and the solution temperaturé.
On the other hand, if the excited state has no significant degree The distinction between aggregates, excimers and the other
of charge separation and is shared equally between multiplevarieties of interchain species can be quite hazy. It is well

chains, the species is referred to as an “excin&r*? A neutral known, for example, that the inhomogeneous environment in a
excited state shared between unequal chains (or unequallyconjugated polymer film leads to excited states that are broadly
between similar chains) is sometimes called an “excipléx®. distributed in energy. Excitation into the inhomogeneous

There is clearly a continuum of possible interchain excited states distribution results in rapid energy transfer to the lowest energy
between polaron pairs and excimers, and probably all are states®-36 Thus, the emission in a conjugated polymer can come
possible in the inhomogeneous environment of a conjugated from a completely different chromophore than the one that was
polymer film. For any of these interchain states, the delocal- originally excited. Our assignment of the existence of aggregates
ization of the excited-state wave function lowers the energy in solutions of MEH-PPV was predicated on the observation
relative to the single-chain exciton, so that interchain lumines- of a distinct ground-state feature, excitation of which led to
cence is expected to be red-shifted relative to the standarddifferent photophysics than excitation into the main exciton
exciton PL. In addition, the overlap of a delocalized interchain band?® One can easily imagine, however, that energy transfer
excited state with the single-chain ground-state polymer wave can cause intrachain excitons to migrate rapidly to low-energy
function is expected to be poor, leading to a long radiative aggregated sites. The net result would be excitation of a single-
lifetime and (due to the presence of nonradiative pathways) achain ground state to produce an aggregated interchain excited
low luminescence quantum efficien&y.1® state, providing a much more excimer-like behavior. Throughout
Samuel and co-workers recently have argued that the forma-this paper, we will refer to the interchain species in MEH
tion of emissive excimers is important in the photophysics of a PPV as aggregates, with the caveat that we do not know either
cyano-substituted PPV (CNPPV). They observed an emission the extent of charge transfer or wave function sharing between
band in the film that was broader, red-shifted, and longer-lived the chains or the extent to which the interchain species are
than that in solution, consistent with excimer formatida excited directly from the ground state.
Although CN-PPV is widely regarded as a special case due to  Given that aggregation occurs in many different conjugated
the strength of its excimer emission, these authors also notedpolymers and is also evident in solutions of MERPV, one
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might expect there to be strong evidence for aggregate formationthat the products of exciterexciton annihilation are absorbing
in MEH—PPV films. As pointed out above, however, the charge carrieré In more recent work, McBranch et al. found
existence of interchain species in conjugated polymers has beerthat the PA band associated with the interchain species in
quite controversial. After exploring the controversy in more conjugated polymer films appears linearly rather than nonlin-
detail, we will argue that MEHPPV aggregates in solution early with intensity, indicating that interchain species formation
survive the casting process and that the resultant film has ain conjugated polymer films may possibly be mediated by
degree of aggregation reminiscent of that in solution. defects** Similar intensity-dependent results using MERPV

B. Controversy Over Interchain Interactions in Conju- films also have been obtained recently by Dogariu et al.
gated Polymers.In a pioneering study, Rothberg and co- Because the original pumiprobe experiments of Rothberg and
workers compared the excited-state photophysics of isolatedCo-worker8 were performed at high excitation intensity and the
MEH—PPV chains to those when the chains were in contact in Studies of Greenham et &P.Frolov et al.?® and Vacar et at?
a neat filmé Their femtosecond pumgprobe experiments Were performed at lower excitation intensities, the possibility
showed strong stimulated emission (SE) with a decay that Of intensity-dependent production of an interchain species could
matched the PL lifetime when the chains were isolated. In the explain the observed discrepancies.
films, however, the experiments revealed only excited state Although the possibility of intensity-dependent interchain
absorption (or PA, photoinduced absorption) at all wavelengths, species can explain most of the aforementioned contradictory
including those where the polymer luminesces. Furthermore, results, Rothberg and co-workers have performed new experi-
they found little relationship between the dynamics of the PA ments which suggest that interchain species are prevalent in
and those of the PL. The appearance of an emission-region PAconjugated polymers even at low excitation intensftté$Using
only in films and not in solution suggests a significant fraction time-correlated single-photon counting, these workers found
of the excited-state species in the film must be interchain; the evidence for a long-lived, red-shifted emission in MERPV
interchain species have an excited-state absorption spectrum anélims at liquid nitrogen temperatures that is distinct from the
dynamics distinct from that of the intrachain exciforin intrachain PL. In agreement with Samuel et'athey assigned
combination with other experiments studying the excited-state this emission to interchain excimers and noted that the long
photophysics as the excitation wavelength is varied, Rothbergradiative lifetime of the interchain species would cause its
and co-workers concluded that up to 90% of the primary emission to be effectively quenched at room temperature. By
photoexcitations in PPV-based polymer films are interchafa. comparing the relative amplitudes of the intra and interchain

In contrast, work from several groups has argued that luminescence, Rothberg and co-workers conclude that the

stimulated emission does exist in films of conjugated polymers duantum yield for the formation of interchain species in MEH
and that there is litle evidence for interchain species in PPV is near 5004247
phenylene-vinylene polymers. First, Greenham et al. did a  All of these data still leave open the question of the role of
series of careful PL quantum yield measurements on films of interchain species in films of MEHPPV. It is clear that the
several PPV derivatives using an integrating spherEhey photophysics at high excitation intensities are much more
found a consistent relationship between the radiative lifetime, complex in conjugated polymer films than in solution. On the
PL quantum vyield and PL decay rate, leaving no room for other hand, the existence of an intensity-dependent interchain
significant branching to an interchain species. Soon thereafter,species does not preclude the possibility of intrinsic interchain
Frolov et al. demonstrated the formation of an “excitonic switch” species at low intensity. After reviewing previous work on the
in an alkoxy-substituted PPV similar to MEHPPV 38 In this high-intensity photophysics of these materials, we will argue
work, a strong “dump” pulse applied to the center of the SE that the intensity-dependence is dependent on the degree of
band causes a reduction in the intensity of the PA in the near-aggregation and morphology of the conjugated polymer film.
infrared. This result shows that the SE and PA bands are C. Exciton—Exciton Annihilation, Line Narrowing, and
correlated: removal of emissive excitons by SE proportionally Photochemical DamageAt high excitation densities>(101°
removes the species responsible for the excited-state absorptiongm=3), the emission quantum yield from phenylengnylene
suggesting that none of the excited-state absorption is the resulipolymer films has been observed to df§plrhis decrease in
of interchain species. Finally, Vacar et al. reexamined the quantum yield, assigned to exciteexciton annihilation (E-
excitation wavelength dependence of the photophysics of EA), can be severe: the quantum yield drops by over half for
MEH—-PPV films and found that the excited-state properties a 1 order of magnitude increase in the excitation intensity.
were independent of pump wavelengiproviding no evidence Indeed, once out of the linear regime, the magnitude of polymer
for interchain species. fluorescence appears to scale as the square root of the input
McBranch and co-workers have attempted to reconcile theseintensity, a result consistent with bimolecular recombinatfati.

contradictory results by studying the intensity dependence of Fits to simple kinetic models that include a bimolecular
the excited-state transients in films of an MERPV olig- recombination term are consistent with the excitation intensity

omer40-42 At low excitation intensities, these workers found dependence of both the decay time of the luminescence and
identical SE and PA dynamics, suggesting that only a single, the loss in quantum yield using a single set of paramégfs.
intrachain species is needed to explain the photophysics. AtSimilar results have also been obtained for polyfluorene
higher intensities, a new PA band appeared whose magnitudecopolymers® The species produced following the bi-
increased quadratically with intensity. The growth of the new excitonic interaction is what McBranch and co-workér§ and

PA band also correlated with a fast decay of the SE. TheseDenton et af? believe to be responsible for the intensity-
results suggest that interchain species result from an interactiondependent PA.

between excitons. Thus, interchain species are produced at high Another phenomenon in conjugated polymer films that takes
excitation intensity either from doubly excited chain segments place at the same excitation intensities as E-EA is line
or by exciton-exciton (bimolecular) recombinatidf-42 Denton narrowing~52 or optically pumped lasing?=8 It is difficult

et al. recently have performed similar experiments on PPV films to believe, however, that both E-EA and line narrowing can
in combination with photoconductivity measurements, and claim take place simultaneously; the mechanism which produces line
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narrowing is expected to increase, not decrease, the emissiordifferent synthetic batches. The molecular weight of the polymer
quantum yield?®~72 Either a decaying exciton stimulates emis- in each batch was determined by gel permeation chromatography
sion from its neighbors before non-radiative mechanisms can (GPC) to be 535 000 g/mol and 1 000 000 g/mol, respectively.
quench the luminescence, or E-EA rapidly lowers the exciton All sample storage, handling and processing was carried out in
density to the point where stimulated emission cannot occur. the inert environment of a nitrogen drybox. Sample solutions
We recently have argued that some of the reported drops inin CB or THF were prepared by dissolving the appropriate
quantum yield at high excitation intensity might be due to the amount of polymer into the desired solvent and stirring for
anisotropic nature of SE resulting from the natural planar several hours in the dark. Solutions were spin-coated onto glass
waveguide formed by conjugated polymer filf$sThis would substrates immediately prior to use. Spin-coated films were
lead to different PL quantum yields in different spatial directions, heated at 50°C for several hours to ensure removal of the
possibly masquerading as a drop in overall quantum efficiency. solvent. All of the experiments reported here were performed
This also might explain the fact that the bimolecular recombina- at room temperature. Most of the films used in this study had
tion coefficients reported in emission quenching studies for PPV optical densities near the absorption maximum greater than 3,
vary by over an order of magnitud@#8-49.71 making it difficult to collect reliable UV-visible absorption

In addition to line narrowing and E-EA, there are also reports data. The PL and photoluminescence excitation (PLE) spectra
of photochemical damage to conjugated polymers at high were measured on a Fluorolog-3 (Instrument S. A. & Co.) using
excitation intensities. Many studies have reported a link between a xenon lamp for the excitation source. To minimize the effects

photooxidation and reduced PL quantum yiétd® Several of self-absorption from the optically dense samples, PL was
groups also have argued that irreversible photodamage can occucollected from the front face of the MEHPPV film samples.
in conjugated polymer samples at relatively low1('® cm™3) Although the measurement of absolute quantum yields from

excitation intensitieg?4° even in the vacuum of a cryost&t. solid samples can be difficult due to sample geometry and
The chief signature of photochemical damage is a rapid decaywaveguide effecty}’3approximate relative fluorescence quan-
of SE and the appearance of PA in the emission region; the PAtum yields were obtained by comparing the frequency-cubed
in the near-infrared is only slightly affected. This type of result weighted and integrated PL spectra of the different samples.

suggests that the observation of only PA in the emission region  pifferential scanning calorimetry (DSC) scans were taken
in the original MEH-PPV film experiments of Rothberg and  with a Perkin-Elmer Pyris-1 instrument using indium and zinc
co-worker8 s the result of a photodegraded sample rather than as standards under nitrogen flow. The heating and cooling rates
the presence of large numbers of interchain species. were 15°C/min. The glass transition temperatufig, of the

There is yet one more peculiarity concerning the high- MEH—PPV used in our experiments was determined by DSC
intensity photophysics of MEHPPV: line narrowing is readily  to be 216+ 10 °C. Annealed MEH-PPV films were prepared
observed when the films are cast from THF, but not when the by heating previously spin-cast films to 216 in the nitrogen
films are cast from CB! Variations of the line-narrowing drybox for several hours.

behavior and stimulated emission cross-section with film Topographic images of the MEHPPV film samples were

preparation clonditrigg 72har:/_e also beerr: obhservgd frc])r ﬁ’therobtained using a scanning force microscope (Park Scientific)
conjugated polymers'.®"“This suggests that changing the film it 5 ym scanners. The scanning conditions were similar to

morphology by casting the polymer films from different solvents those of previous work on polysiloxane monolay&radicro-

alters the interchain interactions in the films. Different degrees ¢, icated triangular SN, cantilevers (Park Scientific) with a

of interchain interaction could change the line-narrowing .-, spring constant of 0.05 N th were used for the
photophysics by introduction of a new interchain PA that lowers o 5qrements. The experiments were done in air under ambient
the effective gain, alteration of the rate of E-EA, or modification conditions in the constant-force mode, with an applied loading

of the threshold for photochemical damage. It is exactly this force of 1 nN. The scanning frequencies used were between
kind of dependence of the excited state photophysics on film 0.5 and 1 Hz.

morphology that is the subject of this paper. We will argue
below that the packing of the chains in the film critically changes

the cross-section for bimolecular recombination. When the]c liah | d at 800 ith 1. mJ of 1
chains are relatively isolated, the probability for E-EA is small s light pulses centered at nm wit mJ of energy at a

and line narrowing can occur. When the chains are more highly kHz repe_tition rate (Spectra Ehysics). These p_ulses pump a d_ual-
aggregated, E-EA occurs readily and the exciton density is pass optlca! parametric ampllf_ler (OPA). For st|mu_lated emission
reduced quickly enough that line narrowing cannot occur. We (SE) experiments, the OPA is set to produce signal and idler
also note that the original experiments of Rothberg and beams at 1250 and 2_220 nm, r_espectlve_ly. The 1250 nm s_lgnal
co-workers were performed on MEHPPV films cast from CH, beam propagates collinearly with the residual 800 nm light into
but that their subsequent wdfk” as well as that of Vacar et & YPe Il BBO crystal to produce femtosecond pulses at 485
al3® and Dogariu et &f® was performed on MEHPPV films nm for excitation of MEH-PPV by sum-frequency mixing
cast from THF. Thus, we will attempt to reconcile many of the (SFM). _The prob_e light at 625 nm IS produced bV_ second
contradictory results in the literature by noting that even for harmonic generation (SHG) of the residual 1250 nm I_|ght from
pristine conjugated polymers, the morphology of the film the SFM process in a second BBO crystal. Additional SE

changes both the photophysics and the susceptibility to photo-€XPeriments were performed with a 590 nm probe beam
chemical damage. generated by SFM in a type | BBO crystal using the 2220 nm

idler beam and the residual 800 nm light from the first SFM
process. For photoinduced absorption (PA) experiments, the
second crystal (SHG or SFM) was removed and filters were
The MEH-PPV used in all of the experiments performed used to select only the residual 800 nm light for use as the probe.
here was synthesized following the standard literature proce- Samples were pumped through the transparent substrate to
dure?”78 For all of the experiments listed below, we found minimize simultaneous exposure to light and oxygen. As
qualitatively similar results for material produced from two discussed below, we found reproducible signals when exciting

Time-resolved SE and PA measurements were made using a
regeneratively amplified Ti:sapphire laser which produe&20

Il. Experimental Section
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this way at low intensities for samples under vacuum in a THF solutions as the active layer. Both sets of devices were
cryostat. The pump and probe beams are focused collinearly infabricated in an inert atmosphere using precleaned ingium
the sample, and wave plates and polarizers are used to orientin-oxide (ITO) substrates as the anode. In one set of diodes,
the relative polarization of the pump and probe beams to the the conducting polymer 3,4-polyethylenedioxythiophene-poly-
magic angle (547 to prevent interference from dynamical styrenesulfonate (PEDOT) was spin-coated onto the ITO
processes (such as energy trari$féf) that can reorient the  substrate and subsequently baked at A2@or 2 h toserve as
transition dipole of the species being prol§&d. a hole transport layer. The active MEHPPV luminescent layer
For all of the femtosecond experiments, a small part of the Was then obtained by spin casting from a 1% weight/volume
probe light is split off to serve as a reference, and the remainder (W/v) solution in CB or THF and then baked at 70 for 2 h.
is attenuated with neutral density filters to serve as the probe IN the second set of diodes, the MERPV layers were spun
pulse. The signal and reference beams are then collected on Sflirectly onto the precleaned ITO substrates. Spin speeds were
photodiodes whose output is digitized on every laser shot usingchosen to ensure that the thickness of the MEHPV layer in
a fast gated current-integrating 11-bit analog-to-digital converter 2l of the devices was about 1200 A as measured with an alpha-
(A/D) (LeCroy 4300B). The A/D and computer are fast enough Step profilometer. For both sets of devices (with and without
to allow on-the-fly rejection of any laser shots with intensities PEDOT), metal cathodes consisting of calcium (500 A) with
outside preset bounds; typically we reject any pulses whosean additional encapsulating layer of aluminum (1000 A) were
intensity deviates more that: 15% from the average. The thermally evaporated at10°° Torr. The total light-emitting
experimental signal is then normalized in two ways. First, the area is about 0.12 cinThe current-brightness-voltage measure-

digital values for the signal and reference beams are divided Ments (HV and L=V curves) were carried out in a nitrogen
on each shot, normalizing away fluctuations in the probe environment using a HP 4155B Semiconductor Parameter

intensity. Second, small baseline drifts and pump intensity Analyzgr. Relatiyg qlevice efficiencies (photons/electron) were
fluctuations are accounted for by mechanically chopping the determined by dividing the measured brightness (voltage on the
pump beam, and subtracting the ratio of the digitized signal detection photodiode) by the current passing through the device.
and reference beams with the pump off from that of the adjacent

shot with the pump oft The time delay between the pump Ill. Results and Discussion

and probe pulses is varied mechanically by a computer-
controlled delay stage with 0/6m resolution. Typical baseline
noise when averaging 300 shots (0.3 s) per stage position is
change in absorbance of2 x 104 This easily allows us to
collect ~1 mOD transients resulting from excitation fluences

Our operative definition of a conjugated polymer aggregate
is a place where two or more chain segments come together
&ind share theirr-electron density. Our definition of such
aggregates is photophysical; the extentreélectron delocal-
o " = . ization must be enough to significantly alter the wave function
O.f ~15 ”‘]/C."? (ex?'tat'on den5|t|e3vl_018 cm %) with good from that of a single-chain chromophore. Thus, we expect that
S|gnal-to-n0|_se ratios using only a smg_lc_e pass of the delay aggregated chains haveelectron contact for approximately
stage: a typlca_l scan W.'th 100 delay positions can be collgcted the length of the exciton<4 repeat unit®). With this definition,
n roug_hly 1 min. As o!lscussed b?'OWz .th's ability to.rapldly strongly tangled chain segments which cross at 90 degrees are
scan with such sm_all signal Ieve_ls is critical to d_etermmlng the not considered aggregated: they would have minimelectron
role of photochemical damage in the MERPV films. overlap and thus no distinct photophysical signature. We also
The excitation energy at the sample is calculated using the note that our definition of an aggregate does not require that
measured intensity of the pump beam on a photodiode and thethe shared chromophores come from physically distinct
known transmission of calibrated neutral denSity filters. The chains: one chain Wrapped around on itself can form an
excitation spot size at the Sample was determined to- 280 aggregate if two of its Chromophores share enomgj‘]ectron
um by measuring the transmission of the pump beam through density. When we use the words “interchain interactions” in
a series of calibrated pinholes placed at the sample position.this paper, we imply that-electron density is shared between
Due to the uncertainties in the measurements of both the Spotmu|’[ip|e chromophores that can come from either the same or
size and the energy at low intensities, the absolute values fordifferent polymer chains.
the pump fluence reported below are likely accurate only to | our previous work, we argued that the extent of aggregation
+50%. Excitation densities were determined using the calculated ,f MEH—PPV in solution could be controlled by the choice of
pump fluence and the fraction of pump light absorbed by the solyent and concentratid Aromatic solvents such as CB have
sample over its thickness. For the 485 nm pump photons usedy preferential interaction with the aromatic backbone of the
here, we calculgte. that an excitation fluence oful/cn? polymer chain, and thus the chains adopt a rigid, open
produces an excitation density o8 x 10'°cm™. Due to the  conformation in solution. With the backbone open and exposed,
combination of errors inherent in measuring the absorption depthit is straightforward for ther-electrons on one chain to overlap
of the MEH-PPV films and those in determining the pump  with those on a neighboring chain. Increasing the concentration
fluence, we believe our calculated absolute excitation densities gffers a greater number of segments available for interaction,
(and hence bimolecular recombination coefficients) are accurategs a result, the extent of aggregation is increased. Nonaromatic
only within a factor of 2. As discussed below, the relative splyents such as THF, on the other hand, have a preferential
quantum yield of excitons produced following excitation is not jnteraction with the polymer’s side groups. Thus, the polymer
the same for different films, leading to an additional undeter- chains in THE coil tightly to maximize solvent-side group
mined scaling factor in computing the excitation density. The jnteractions and minimize exposure of the aromatic backbone
relative pump fluences and excitation densities on different scanstg the solvent. Evidently, the MEHPPV chains do not coil in
for the same film, however, should be accurate to within a few THF in a manner that allows significantelectron interactions
percent since the relative change in pump pulse energy frompetween chromophores on the same chain. Aggregation can still
scan to scan can be measured quite accurately. occur in THF, but only at high enough concentrations to force
Two sets of polymer light-emitting diodes (LEDs) were adjacent polymer coils together so thaglectron density is
constructed utilizing MEH-PPV films cast from either CB or  shared over a sufficient contiguous distafte.
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1 — TABLE 1: Fit Parameters? to Normalized PL Spectra of the
(a) D Solution MEH —bPPV Films Presented in Figure 1 and PL Quantum
A\ - Yields
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B= . 4 \ 01=13.0 0,=25.3 03=43.6
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Q f A \ —— annealed
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: : " 01=17.0 0,=22.6 03=39.3
o~ - \ a,=0.75 a=0.65 a3=0.35
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024 f o N =049 a =048 a=0.67
N aEach PL spectrum is fit to:
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Figure 1. Normalized photoluminescence (PL) spectra of MEPPV 5 Only relative quantum yields were determined experimentally; absolute
in different environments. (a) PL of a 0.25% w/v solution of MEH numbers were obtained by assigning the quantum yield of the film cast
PPV in CB (solid curve), and the film resulting from spin-casting the from the 1.0% w/v CB solution to 12%, see text. The relative PL
solution (dotted curve). The small dashed curves show Gaussian fits quantum yield of the solution cannot be compared directly to those of
to the three visible peaks of the solution PL; fit parameters for the the films because of differences in the sample geomeFif.parameters
film PL are summarized in Table 1. (b) PL of MEHPPV films cast for MEH—PPV in solution, not the film cast from the solution.
from a 0.25% wi/v solution in CB (solid curve, same as dashed curve
in (a)), a 0.25% w/v solution in THF (dotted curve), a 1.0% soluton MEH—PPV in CB (heavy solid curve) and the film which
in THF (gray solid curve), a 1.0% solution in CB (dashed curve) and resulted from spin-casting this solution onto a glass substrate
the film cast from the 1.0% CB splution after annealing (thin solid (dotted curve). The PL spectra have been normalized to the same
curve). The inset shows the chemical structure of MEHPV. maximum value for better comparison and both show three
. . . discernible peaks. The thin dashed curve shows three Gaussians
The purpose of this paper is to test the hypothesis that the,\nose sum is fit to the solution PL. The overall fit is
degree of aggregation in solution is preserved through the casting gistinguishable from the data on the scale of the figure: the
process and survives into the film. If true, this idea suggests Gayssian fit parameters for all of the PL spectra shown in Figure
that aggregation is indeed important in conjugated polymers 1 5re summarized in Table 1.
since most films are spin-coated from solutions with hlgh_ The three peaks in the CB solution PL spectrum (Figure 1(a),
enough concentration that aggregates are prevalept. ,Th'sheavy solid curve) are roughly equally spaced in energy. Thus,
hypothesis also suggests that the degree of aggregation in thgy,o logical assignment is that the entire emission comes from a
film can be tailored by changing the properties of the solution gjngje electronic state and that the peaks represent vibronic
from which the film is cast, making it possible to optimize the ¢ cture (the 80, 0-1, and 6-2 emission bands) from a mode
interpha?n interactions in conjugated polymer films for particular 4+ is strongly displaced upon excitation. The observed splitting
applications. corresponds well to the energy of a&C stretch, a motion that
In the remainder of this section, we present experimental js expected to be strongly displaced when the benzoid-like
evidence that interchain interactions between conjugated poly-polymer ground state is excited to the quinoid-like excited state.
mers can indeed be controlled by the way in which the films |n addition to the emission consisting of vibronic structure, we
are prepared. We will focus our attention on MERPYV films noted in previous work that MEHPPV aggregates in solution
cast from 4 different solutions: high concentration (1.0% w/Vv) have a weak red emission that peaks near 666&his means
in CB; high concentration (1.0% w/v) in THF, low concentration  that aggregate species in solution fluoresce in roughly the same
(0.25% wi/v) in CB, and low concentration (0.25% w/v) in THF.  place as the 82 emission band. The magnitude of the aggregate
It is worth noting that preliminary evidence suggests that the emission in low concentration solutions, however, is quite3®w.
spin speed also affects the morphology and photophysics of Thus, we assign the features in the solution PL spectrum to
conjugated polymer films; we will explore this in detail in future  vibronic structure, with the possibility of a very small contribu-

work 83 We also varied the film morphology by annealing:
heating the films toly for several hours allows the chains to

tion from aggregate emission in the red tail near th ®and.
The MEH-PPV film cast from the 0.25% w/v solution has

reorganize and produce lower energy structures, presumablya PL spectrum that is noticeably red-shifted from that in solution

increasing the amount of interchain interactions.
A. Morphology Effects on the PL of MEH—PPV Films.

(dotted curve, Figure 1(a)), consistent with the “gas-to-crystal”
effect® This effect results from the fact that the dipole of an

Figure 1(a) shows the PL spectrum of a 0.25% w/v solution of MEH—PPV excited state interacts more strongly with its
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Figure 2. Photoluminescence excitation (PLE) spectra for emission
collected at 585 nm for an MEHPPV film cast from 0.25% w/v CB
solution (dotted curve) and an MEHPPV film cast from 1.0% w/v

CB solution after annealing (heavy solid curve). The PLE spectra for
emission collected at 660 nm for the 0.25% CB-cast film (dashed curve)
and for the annealed film (thin solid curve) are also shown.

surroundings in the highly polarizable environment of a
conjugated polymer film than in solution. The stronger polariza-
tion interaction with the environment leads to a red-shifted
emission. Other than the red-shift, the film PL retains the same
general shape as in solution: all three bands shift by roughly
the same amount with little change in the relative peak heights
or widths. Unlike our previous work on high concentration
solutions?® red-edge excitation of this film shows no enhance-
ment of the red emission near the-® band. This is shown
explicitly by the photoluminescence excitation (PLE) spectra
in Figure 2. Collection of the PL at 585 nm (dotted curve), the
peak of the 6-0 band where aggregates are not expected to
emit284647results in an excitation profile that matches the-Wv
visible absorption spectrum. Collection of the PL at 660 nm

J. Phys. Chem. B, Vol. 104, No. 2, 200243

nm (thin solid curve) are also shown in Figure 2. As expected,
the 590-nm PLE spectrum of the annealed film is identical to
the absorption spectrum. Unlike what was observed for the
0.25% CB-cast film, however, the 660-nm PLE of the annealed
film shows a clear signature of red-edge excitation leading to
enhancement of the red emission. In accord with our previous
work on MEH-PPV in solutior’® we assign the weakly
absorbing, weakly emitting red-shifted species to aggregates.
The 660-nm PLE spectra of the MEHPPV films cast from

the 1.0% wi/v solutions (not shown) show a rising edge between
that of the 0.25% solution-cast films and the annealed films.
Given the low aggregate emission quantum yield in films, the
detection of aggregate emission by PLE implies that large
fractions of the excited species in the 1% solution-cast films
(and even larger fractions in the annealed films) are aggregates.

We have already argued that the degree of aggregation of
MEH—PPV in solution is greater in CB than in THF and is
larger at higher concentratioAOur working hypothesis is that
memory of the interchain interactions in solution is preserved
through the casting process and survives into the film. Thus,
the red-shift of the PL and increase in the height of the two red
peaks relative to the-80 band must be a direct reflection of
increased interchain interactions in the film. The PL and PLE
of the annealed film are also consistent with this idea. Annealing
produces a film where the chains have had the opportunity to
pack into low energy structures with a high degree of interchain
contact. The main question that remains to be answered is why
does increasing the amount of interchain interactions change
the relative heights of all three peaks instead of just the reddest
peak? We see two possible answers to this question: (1) that
the emission from the aggregate, which peaks near 660 nm,
has enough amplitude near the Dband at 625 nm to change
the relative heights of both of the red peaks relative to th8 0
band, or (2) that the emission of the intrachain exciton changes
its vibronic structure in different film environments.

(dashed curve), near the expected peak of the aggregate The possibility that a fluorescent interchain species in MEH

emission, produces an excitation profile essentially identical to
that at 585 nm, providing little evidence for aggregate emission.
The quantum yield for aggregate emission should be much
smaller in films than in solution at room temperature; the
aggregate film quantum efficiency should be on the order of
only a few percent®47 Since the PL quantum efficiency of the
exciton is expected to be on the order of tens of pertttie
ability to distinguish the aggregate and exciton by PLE in films

PPV films can change the shape of the PL already has been
postulated by groups working on MEHPPV-based LEDs that
emit different colors when the films are prepared in different
ways®58 The PLE results in Figure 2 argue that the emission
at the position of the 92 band near 660 nm in the annealed
films and in the films cast from high concentration solutions is
due in part to aggregates. Thus, the relative increase in the height
of this band can be explained by the facts that increasing the

requires a large fraction of the species produced upon excitationconcentration of the solution increases aggregation and that
to be aggregates. Therefore, the PLE data indicate that relativelychanging the solvent to CB from THF promotes aggregation.

few of the excitations in the MEHPPV film cast from the
0.25% w/v solutions result in emission from aggregates.
Figure 1(b) compares the normalized PL of MERPV films
cast from four different solutions: 0.25% w/v in CB (heavy
solid curve), 0.25% w/v in THF (dotted curve), 1.0% w/v in
THF (solid gray curve), and 1.0% w/v in CB (dashed curve).
The PL from the films cast from both low concentration
solutions are similar, but the shape of the PL from the films
cast from the 1.0% w/v solutions changes with solvent. The

The emission that does come from aggregates in MEBRV,
however, peaks near 660 nm and has a smaller contribution at
the position of the 61 band near 625 ni@#:*64"The Gaussian

fit parameters in Table 1 show that the increase in amplitude
of the 660-nm band with increasing interchain interactions,
which could reasonably be associated with aggregate emission,
is not enough to adequately fit the-Q peak near 625 nm; the
best fit requires a substantial increase in the relative amplitude
of the 0-1 band as well as the-2/aggregate band (Table 1).

heights of the three emission peaks also change with the solutionThus, while some of the relative change in height of the 585

concentration, with the redder peaks increasing in intensity
relative to the bluest (60) peak. The red-shift and increase in

nm (0-0) and 625 nm (61) PL bands may be due to the
presence of emissive aggregates, another phenomenon must be

relative height of the two reddest peaks are accentuated in the'ésponsible for the bulk of the difference.

PL of the annealed film, which is shown as the thin solid curve.
Annealing any of the MEHPPV films leads to a qualitatively
similar PL, so only the PL of the 1.0% CB-cast annealed film

The other possibility to explain the changes in the fluores-
cence of various MEHPPV films is that the PL of the exciton
changes in different film environments. This idea is supported

is shown as representative. Excitation spectra of the annealecby experiments examining the behavior of the PL from

film for PL collected at 590 nm (heavy solid curve) and 660

conjugated polymer films with applied press@fé® As the
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Figure 3. 5um x 5um scanning force micrographs of MEHPPV films cast from different solutions. Clockwise from upper left: 1.0% w/v in
CB, 0.25% w/v in CB, 0.25% w/v in THF, 1.0% w/v in THF. The black-to-white color scale represents height differences of 100 A. The dark
horizontal streaks associated with some of the topographic features are artifacts of the horizontal scan direction.

pressure (and correspondingly the amount of interchain contact)changes in the emission spectrum of MEPIPV films with

is increased, the PL of MEHPPV red-shifts, the height of the  increasing interchain interactions are predominantly the result
0—1 and G-2 peaks increase relative to the @ band, and the  of changes in the spectrum of the exciton, with increasing
emission quantum yield dropexactly the same changes we amounts of emissive interchain species playing an important
see with increasing degree of aggregation in the solution from but secondary role. The fact that the vibronic structure of the
which the film is cast. The vibronic structure in the PL of exciton changes with film morphology makes assignment of
MEH—PPV remains visible at pressures up to 50 kbar, a result the fraction of the emission that comes from aggregates difficult.
assigned to emission from a single intrachain spegighe PL The relative increase in magnitude of the 660 nm band likely
red-shift can be explained by the increasing polarizability of reflects a combination of a change in the relative strength of
the environment, and the loss in quantum yield can be attributedthe 0-2 emission from the exciton and an increase in the
to formation of an increased number of weakly emissive number of emissive aggregates.

aggregates. The relative change in height of the emission peaks All of the above arguments that the amount of aggregation
are then assigned to changes in vibronic couplfigoth the in MEH—PPV films changes with the way in which the film is
Franck-Condon emission envelope and the number of sequenceprepared are predicated on photophysical data. As of yet, we
and combination bands underlying the main vibronic structure have provided no direct evidence that the morphology of the
are likely to change as the interaction between a chromophorepolymer films changes with increasing solution concentration
and its neighbors is altered. This idea of the exciton PL having or choice of solvent. X-ray diffraction work from several groups,
environment-dependent vibronic structure is also supported by however, indicates that the chain packing in conjugated polymer
recent experiments using near-field scanning optical microscopy films,%® including MEH-PPV1.92does strongly depend on the
(NSOM) to examine single MEHPPV chromophores diluted  way in which the film was cast. In the next section, we offer
in an inert host polymef? The single chromophores clearly direct evidence for the change in morphology of MEPPV
cannot be aggregated, but the emission spectrum from differentfilms with casting conditions by performing scanning force
chromophores shows the same type of variability in position microscopy on the same films whose PL spectra are presented
and vibronic structure seen in Figure 1. Thus, we believe the in Figure 1(b).
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Annealed MEH-PPV PS cast from THF

0 um 5 pm

Figure 4. 5um x 5um scanning force micrographs of an annealed MEHPV film cast from 1.0% CB solution (left) and a polystyrene (PS) film
cast from THF (right). The black-to-white color scale represents height differences of 40 A, less than half that in Figure 3. The irregular object on
the PS film is a dust particle (see text).

B. Morphology of MEH —PPV Films via Scanning Force correspond to regions of highly tangled MEIRPV chains. We
Microscopy. Figure 3 shows scanning force micrographs of the expect that the entangled chains in these regions have a higher
MEH—-PPV films cast from 1% w/v CB solution (upper left), propensity for interchain contact and thus a higher number of
0.25% w/v CB solution (upper right), 1% THF solution (lower the photophysical aggregate species relative to flatter regions.
left), and 0.25% THF solution (lower right). All of the scans The idea of tangled MEHPPV chains surviving casting from
show an area mm on a side; the color change from black to solution to the film also fits with the surface topography of the
white represents a height difference €100 A. Scans taken  films cast from THF. The chain conformation in THF solution
on other regions of the same films are qualitatively similar to is highly coiled?® thus, the ability for multiple chains to snarl
those presented in the figure. Figure 4 showgnd x 5 um together is significantly reduced relative to CB solution. The
scanning force micrographs of the annealed MEMPV film tightly coiled chains that do tangle in THF solution likely do
cast from 1.0% w/v CB solution (left) and a reference film cast so by agglomeration of entire chain coils. Thus, the film cast
from a 1% w/v solution of 500,000 MW polystyrene (PS) in from 0.25% THF solution shows fewer topographic features
THF (right). The color change for the images in Figure 4 than that from the corresponding CB solution, and the features
represents a height scale of on40 A. The irregular object  that are present in the THF-cast film are larger in both diameter
seen near the center of the PS image is a dust particle; otherand height. Increasing the concentration of the THF solution to
regions of the same film show no such features and are 1.0% promotes aggregation by increasing agglomeration of the
essentially flat on the scale presented. The dark horizontal coiled chains, producing even larger topographic features in the
streaks associated with some of the topographic features in bothresultant cast film without significantly increasing their number.
figures are artifacts of the horizontal scan direction used when Figure 4 shows that annealing produces yet another change
producing these images. in the surface topography of MEHPPV films. The annealed

Figure 3 makes it clear that the surface topography of the films are significantly flatter than any of the as-cast films shown
MEH—PPV films changes significantly with the choice of in Figure 3 (nhote that the color height scale in Figure 4 is less
casting solution. The film cast from 0.25% w/v CB solution than half that in Figure 3). This fits well with a picture in which
shows several small circular topographic features, the largestheating abov@y allows the chains to freely flow and form low
of which are~200 nm in diameter and-10 nm high. When energy structures. Annealing allows the MEAPV chains to
switching the casting solution concentration to 1.0% w/v, the slowly untangle and increase their degreeradlectron contact,
resulting MEH-PPV film has an increased number of these producing a film surface that is nearly flat. The small features
same features. The features are too regular in outline, have togpresent on the surface of the annealed film show that some
flat an aspect ratio, and occur with too high a frequency to be memory of the initial tangled regions is retained, but that for
assigned to dust particles or other impurities (cf. the dust particle the most part, the polymer chains are now packed with a
in the PS reference film in Figure 4). Since the degree of different morphology. Overall, Figures 3 and 4 argue that
aggregation in solution is quite a bit higher at higher concentra- changing the conditions under which the film is prepared can
tions, it makes sense to assign the features to regions wherecontrol the morphology of conjugated polymer films.
the MEH-PPV chains are highly aggregated. We have already C. Effect of Film Morphology on Photochemical Damage
argued that the open and stiff MEHPPV in CB solution tend in Conjugated Polymers.As mentioned in the Introduction,
to aggregate together to promoteelectron interaction& several groups have argued that photooxidation of conjugated
Clumps of these aggregated chains from the solution that endpolymer films can take place quite readily, even at relatively
up near the surface of the film would be too tangled to flatten low excitation intensitieg?4%49.74.7The photophysical signatures
during the spin-coating process, leading to the observed of oxidative damage are a reduced PL quantum yield and the
topographic features (we will discuss the dependence of the film appearance of an excited-state absorption in the spectral region
topography on spin speed in a future publicatfnwWe note where SE is expected to occur. One suggestion for reducing
that these features are far too large to be the photophysicalphotodamage is to excite the polymer film through the transpar-
aggregates discussed above; rather, we believe that theyent substraté?74If the film is optically thick, the photoexcited
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each stage position and moving the translation stage to 100 stage
positions. The total time to collect a single scan including stage
movement is~1 min. The stage was alternately translated
backward and forward to collect multiple scans. Normally we
would average the results of multiple scans together to improve
the signal-to-noise. As is evident from the figure, however, the
dynamics collected on subsequent scans are not reproducible.

Figure 5 (a and b) shows that the longer the sample has been
exposed to the laser, the faster the decay of the SE and the
greater the magnitude of the PA that appears at longer times.
None of the data in Figure 5 (a and b) has been scaled, indicating

(b) F=24p)/em? Scan # the number of emissive species produced immediately after
1 photoexcitation is the same for each scan. The change in

___% dynamics from scan to scan is completely consistent with

previous reports showing that cumulative photooxidative damage

creates an absorbing species in the region where SE otctirs.
Similar experiments performed pumping from the front face of
the sample or using films cast from 0.25% solution showed an
\ even faster appearance of the absorbing species. This is
- - consistent with the fact that the films cast from solutions of
lower concentration are optically thin, resulting in a larger
fraction of the photoexcited region of the sample near the
polymer—air interface. For this reason, all of the pumgrobe
experiments shown in subsequent figures were performed only
on films cast from 1% w/v solutions pumping through the
substrate in a vacuum. Figure 5 (c) shows data collected on a
fresh spot of the same film as part (a) at two different excitation
fluences,F = 2.4 uJ/cn? (solid curve) andF = 44 uJicn?
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0=t " (dashed curve), scaled to the same maximum value for better
TvwwN gy, . comparison. Following the low fluence experiment, damage is

l , ¢ 1 ; evident after only a single scan at higher fluence. Once damaged,

20 0 20 40 60 80 100 the low fluence result is not recovered and subsequent scans at

low fluence are similar to the one obtained at high fluence. In
the next section, we will show that similar experiments on

films exposed to the air following excitation with femtosecond pulses samples in & vacuum show no PA at long times and have
at 485 nm. Each pumpprobe scan takes-1 min to complete, and reprod.UCIbIe lc.)W. fluence scans before_ a}nq after h'gh f'“er?ce
subsequent scans are taken moving the delay stage back and forth (se@xc'tat'on* verifying that exposure to air is indeed involved in
text for details). At a constant excitation fluence of Z&cn?, the the damage mechanism.

film cast from 1.0% w/v CB solution is monitored for 10 scans (a), Perhaps the most interesting result in Figure 5 is that sample
while only the first three scans are shown for the film cast from 1.0% damage appears to occur more readily in MERPV films cast

THF solution (b). The data in parts (a) and (b) of the figure have not ;
been scaled. The scans at low (2cr?, solid curve) and high (44 from THF than those cast from CB. Figure 5 (b) shows that the

wJdlcn?, dotted curve) excitation fluence on the CB-cast film shown in 1 HF-cast film is damaged on the _first scan; _the equivalent
part (c) have been scaled to the same value at time zero. amount of damage does not occur in the CB film at the same

pump fluence until after 10 scans (Figure 5 (a)). We believe

region will have no contact with the outside environment since the difference in damage rate is directly related to the morphol-
oxygen diffusion through the film is slow. Another way to 09y of the MEH-PPV films. If the conformation of the polymer
reduce photooxidation is to keep the samples in the vacuum ofchains in solution is preserved into the film as suggested by
a cryostat. We note, however, that irreversible sample damageFigure 3, then the MEHPPV films cast from THF are
assigned to oxidation has been observed even under vafuum. comprised of tightly coiled polymer chains that would tend to

Figure 5 shows the results of femtosecond pump and probepaCk roughly like spheres. The CB-casj films, on the other hand,
experiments measuring the change in stimulated emission (SE)Vould contain straighter polymer chains that tend to interpen-
near the peak of the-0l band at 625 nm following excitation ~ €trate. The extra void space present between the chain coils in
near the MEH-PPV absorption maximum at 485 nm. The data THF-cast films would allow oxygen to diffuse to photoexcited
are plotted as the negative change in sample absorbance, sé¢gions more readily than would the tight chain network in the
that an increase in probe intensity due to SE gain on the graphCB-cast films, increasing the rate at which damage occurs.
goes up and a loss of probe intensity due to excited-state The idea that changes in film morphology affect the rate at
absorption goes down. All of the experiments presented in this which MEH—PPV samples damage due to changes in oxygen
figure were performed on samples in air with the excitation light mobility is also supported by recent NSOM experiments from
incident through the glass substrate. The stimulated emissionDeAro and Buratt@® In these experiments, MEHPPV films
dynamics shown in part (a) are for MEHPPV films cast from in air were selectively excited either on top of one of the
1.0% wi/v solution in CB; those in part (b) are for films of topographic features seen in Figure 3, or in one of the flat
comparable thickness cast from 1.0% w/v solution in THF, both regions between the features. The total fluorescence intensity
at constant excitation fluence & 2.4uJ/cn?). A single pump- was monitored as a function of time. The emission intensity
probe scan was taken by averaging 300 laser shots (0.3 s) atlecreased following excitation due to photooxidation, but the

Time (ps)

Figure 5. Degradation of the 625-nm SE dynamics in MERPV
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al.*> For these experiments, the excitation light passes through
N Fluence the substrate and the samples are kept under dynamic vacuum
//Fi]m Cash (|.L.UCII12) in a cryostat. Experimental reproducibility was xgrified by first
' N —— running a scan at low excitation fluences X uJ/cn¥ for THF-
\Fr?_r[lTij 0 07 cast films, < 10 uJ/cn? for CB-cast films), then running the
® 24 ! o , .

scan at the desired excitation fluence, and finally rerunning the
scan at low excitation fluence. With all three scans taken using
the same excitation spot, the before and after scans at low
fluence were identical within the signal-to-noise. At excitation
fluences= 25 uJ/cn? for MEH—PPV films cast from either
solvent, however, we observe a turnover of the SE into a PA at
long delay times. The magnitude of the time zero signal at these
higher pump intensities scales sub-linearly with excitation

S Fluence | fluence, and the before and after low-fluence scans do not agree,
& ~ Film Cast ™\ (W/em?) indicating that sample damage has occurred. The observation
1.2t % From CB/} o 8 of sample damage at high fluences, even under dynamic
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x 16 vacuum, is in agreement with the observations of McBranch
and co-workers who assigned the observed damage to photo-
oxidation#®42 In the next section, we will show that the
annealing of MEH-PPV films produces a photophysical
signature which is very much like that of photooxidation. Thus,
we will assign the observed damage in a vacuum at high
+ intensities to photoinduced annealing of the sample rather than
0 : et —] photooxidation.
20 0 20 .40 60 80 100 The intensity-dependent SE dynamics of the two films shown
ime (ps) in Figure 6 are similar in two important ways. First, for the
Figure 6. Effects of morphology on the intensity-dependence of the 10W excitation densities shown in the figure, the magnitude of
exciton dynamics in MEHPPV films. (a) Pump 485/Probe 625 SE the SE signals at time zero is linear with pump fluence, in
scans of an MEHPPYV film cast from 1.0% w/v THF solution with  agreement with other report$45 This suggests that we are

an excitation fluence of 0.ZJ/cn? (squares), 2.4J/cn¥ (solid circles), directly probing all of the emissive species created by the pump
and 6.8uJ/cn? (triangles). (b) Pump 485/Probe 625 SE scans of an

—Change in 625 nm Abs. (mOD)

MEH—PPV film cast from 1.0% w/v CB solution with an excitation pulse and are not missing dynami_cs due to r_10n|inear interactions
fluence of 8uJ/cn? (open ciréles) 1GJ/cn? (crosses), and 24J/cn? that occur faster than the resolution of our instrument. Second,
(diamonds). The solid curves show the best fit for the data from each the SE dynamics become increasingly faster at higher excitation
film to eq 2 (see text for details). intensity. These results are in accord with previous work on

exciton—exciton (bimolecular) annihilatioff;41:43-45.48-50 The

rate of the decrease was slower for excitation at one of the increasing SE decay rate with increasing excitation density also
topographic features than for excitation in the flat regions of resembles that expected from amplified spontaneous emis-
the film. If the topographic features represent regions of highly sion71.73The data presented here, however, used excitation
tangled chains as argued above, then we would expect slowerfluences nearly 2 orders of magnitude lower than those
oxygen diffusion into these sites and thus slower oxidative previously reported for the observation of line narrowing in
damage relative to the more open chain conformation in the MEH—PPV films5157 In addition, measurements of the PL
flat regions of the film. using the same excitation pulses as for the ptmpbe

Finally, we point out that the observation of SE in MEH  experiments showed no signs of line narrowing. Thus, we
PPV films cast from CB is at odds with the original results believe the intensity-dependent dynamics seen in Figure 6 are
presented by Rothberg and co-workers who found PA but no likely the result of bimolecular interactions.
SE& In subsection E below, we will show that with sufficiently In addition to their similarities, the SE decay results in Figure
low excitation intensity in a vacuum, both THF and CB-cast 6 also show two important distinctions between the CB and
films of MEH—PPV show long-lived SE signals. The signal THF cast films. The first difference is that CB-cast films show
sizes reported in ref 8 suggest an excitation fluence more thana significantly smaller signal size than the THF-cast film at the
2 orders of magnitude higher than the high fluence results same pump fluence. This can be explained partly by the fact
presented in Figure 5 (c). Thus, in agreement with the conclu- that the CB-cast films have an optical density at the pump
sions of other$?“°we believe the lack of SE observed inref 8 wavelength about half that in the THF-cast films (changing the
is not due to the presence of interchain species but instead issolvent changes both the solution viscosity and evaporation rate,
the result of photodamage from very high intensities. With this |eading to films with different thicknesses), and partly by the
understanding of the nature of sample damage and its morphol-fact that the CB-cast films have a lower total exciton quantum
ogy dependence, in the next section we study how the intensityyield due to the higher fraction of aggregates. The second
dependence of the photophysics of MERPV depends on the  difference is that the same types of changes in SE dynamics
degree of interchain interactions under conditions where oxida- that occur with a factor of 3 increase in pump fluence in the
tive damage does not occur. CB-cast film require an order of magnitude pump fluence

D. Role of Film Morphology in Exciton—Exciton An- increase in the THF-cast film. This is a key result of this
nihilation. Figure 6 shows the intensity-dependent SE dynamics paper: the rate at which E-EA occurs in MEIRPV depends
for MEH—PPV films cast from both (a) 1% w/v THF and (b) on the morphology of the film. This means that at high excitation
1% w/v CB solutions. The data in Figure 6 (a) agree well with densities, the local chain packing geometry determines the
the essentially identical measurements reported by Dogariu etprobability with which neighboring excitons can interact. This
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also could explain why the reported bimolecular recombination shown in Figure 6 as the solid curves. For the THF-cast film,
coefficients in different studies vary by nearly an order of the best fit parameters to eq 2 are= 57 + 8 ps ands = 4.3
magnitude!34849.71 Studies on polymers with different side x 107204+ 1 x 10720 cm?/+/ps. The CB-cast film, in contrast,
groups or on films prepared in different ways will have differing has best fit parameters of= 734 10 ps ang3 = 3.5 x 10°1°
degrees of interchain interaction and, hence, different prob- + 8 x 10720 cm®+/ps. The interpretation of the fitting
abilities for bimolecular interaction. parameters is clear. The exciton lifetiméor both films is close
Quantifying the difference in E-EA between MEHPPV to the same within the error of the fit. This suggests that the
films cast from different solvents requires the use of a kinetic emitting species in both films is the same with a similar PL

model. Previous studies of E-EA in conjugated polymers have jifetime in the absence of bimolecular interactions; the slightly
used two different models to describe the effects of bimolecular |arger lifetime in CB likely reflects a small component of long-

recombinatiorf9=4548-50 lived aggregate emission, as will be discussed further below.
dN(t) N(Y) Much more striking is the fact that the bimolecular recombina-
— = ,BNZ(t) Q) tion coefficient is nearly an order of magnitude larger in the
dt T CB-cast film than in the THF-cast film. This is a direct
dN(t) NO B indication that the probability for E-EA depends on the
—— = — —= — E=Nq1) (2) morphology of the conjugated polymer film; as expected, the
dt v Vit higher degree of interchain interactions in the CB-cast films

produces a much larger probability for excitonic annihilation.
This is consistent with assumptions underlying eq 2: the degree
of E-EA depends on the overlap of two neighboring excitonic

lifetime, andp is the bimolecular recombination coefficient. In vvfat\;]e fugptlonst, Wh'.Ch ": t(l_jm (ljependion thehrelatlve position
the absence of the annihilation term or at low excitation ©' "€ adjacent conjugated polymer chromophores.

densities, both models predict single exponential relaxation with ~ The large difference in bimolecular recombination coefficient
the fluorescence lifetime; the quadratic term in both models With casting conditions also can be used to explain the
represents interactions between excitons that allow for a fasterobservation of line narrowing in MEHPPV films cast from
decay of the population at high excitation densities. Both models THF but not from CB%%¢ In films cast from THF, the
assume that the measured SE transients are due only to excitongrobability for bimolecular interaction is low enough that
interchain species are not taken into account. Using either model,amplified spontaneous emission can take place at high excitation
a single choice of§ andt should describe the exciton decay densities before E-EA significantly reduces the exciton density.
dynamics for all initial excitation densities. Thus, several pump  In films cast from CB, on the other hand, the bimolecular
probe transients with different excitation densities must be fit recombination coefficient is high enough that E-EA quickly
simultaneously to determine which model best describes thereduces the exciton density so that amplified spontaneous
data. emission cannot occur. We note that the data of Figure 1
The model represented by eq 1 assumes that excitonicsuggests that it is possible to reduce the interchain interactions
diffusion maintains a spatially uniform carrier density at all times by casting films from a solution with lower polymer concentra-
so that the annihilation rate depends only on the population tion. Thus, with the right preparation conditions, it is possible

whereN(t) is the time-dependent population density of emissive
excitons (with the density of excitons at time ze\{), directly
proportional to the size of the SE gain signal)s the exciton

density. The analytic solution to this model is given by that line narrowing could be observed from CB-cast films of
. MEH—PPV.

N(t) = N(0) e — 3) In the next section, we will return to our argument that a

7+ 7N(0) — 7AN(0)e significant fraction of the absorbed pump photons at low

excitation intensities produce weakly emissive aggregates. Our
contention is that a higher fraction of aggregates is produced
upon excitation of CB-cast films than of THF-cast films. Thus,
for a given excitation fluence, the corresponding density of
emissive excitons is lower in films cast from CB compared to
films cast from THF. This means the relative valuesidfor

The 1A/t term in the model represented by eq 2 allows for the
fact that excitons can interact at a distance through overlap of
their delocalized wave functions at times too short for diffusion
to play an important rol& Equation 2 has no analytic solution
and thus must be fit to the data numerically. While most workers
have chosen either eq 2 or eq 3 to model their data, both !
McBranch and co-workefsand Dogariu et a5 have consid- the two films quoted above may not be accura_te becausg we do
ered both models in the analysis of their results. McBranch and MOt know the absolute emission quantum yields, leaving an
co-workers found that eq 2 provided a much more satisfactory Undetermined scaling factor in the fitting procedure relating the
fit to the data than did eqd.Dogariu et al. transformed their initial excitation density to the signal size for each film.
data in such a way as to allow the functional form of the time- Moreover, eqs 2 and 3 do not account for the presence of
dependent coefficient in front of the quadratic term in the model Multiple emitting species or the possibility that excitons can
to be determined without assuming the form of either eq 2 or change their emission cross-section and lifetime via energy
eq 3. In agreement with McBranch and co-workers, they found transfer to aggregated sites. Due to all this complexity, we
that a 14/t term like that in eq 2 provided the best fit to the duestion the utility of simple bimolecular recombination models
experimental dat& in providing anything more than a qualitative description of the
For the MEH-PPV SE data presented in Figure 6, we also Photophysics in conjugated polymers. The fact that the SE decay
fit the data to both egs 2 and 3, and, in agreement with both rate increases with increasing pump fluence suggests that E-EA
Dogariu et at> and McBranch and co-workefswe find that does occur, but the details are clearly much more involved than
eq 2 provides a much better fit to the data than eq 3. The bestthe simple physics suggested by the model of eq 2. Overall,
fits with eq 3 are visibly quite different from the data and give the strongest conclusion from Figure 6 comes from the fact that
a sum of squared errors that is larger by at least a factor of 3 similar changes in SE require a much larger change in pump
than the best fits to eq 2. The best fits to eq 2 for each film are fluence in THF- than CB-cast films: the rate at which E-EA



Interchain Interactions in Conjugated Polymers J. Phys. Chem. B, Vol. 104, No. 2, 20049

(a)

75 100 125 150
Time (ps)

ge in Abs. (Arb. Units)

Change in 800 nm Abs.

—Chan

)
h
O N
<o WD
==
8 3
,Tji-rj 2'..
= 2 o
2 5|2
o Q.
B2y

(e
b
b

I I I !

40 60 80 100
Time (ps)

Figure 8. Comparison of the 625-nm SE (solid curve) and 590-nm
SE (dotted curve) dynamics for an MEHPPV film cast from a 1.0%

CB solution following excitation at 485 nm with an excitation fluence

of 8 uJ/cn?. The inset shows the same SE transients on a longer time
scale. The two transients in both the figure and inset have been scaled
to the same value at time zero.

)
S
o=
[\®]
S

that photoexcitation of films cast from different solvents
produces different fractions of excitons and weakly emissive
aggregates.

E. Interchain Species at Low Intensity in MEH—PPV
Films. Throughout this paper, we have argued that photoexci-

—Change in 625 nm Abs.

Time (ps)

Figure 7. Comparison of the intensity-dependent 800-nm PA (a) and tation of MEH—PPV films produces both intrachain excitons
625-nm SE (b) dynamics following 485-nm excitation for MERPV and interchain aggregates, and that the relative fraction of
films cast from 1.0% w/v THF solution with an excitation fluence of  aggregates produced depends on the film morphology. We have

2.4 udlcn? (heavy solid curves), 6,8J/cn? (dotted curves), and 13.6 P
wdlen® (thin solid curves). The SE data are plotted as the negative also argued that the aggregates have a weak emission on the

change in absorbance for ease of comparison, and both sets of data{ed side of the PL, so the 625 nm SE dynamics transie_nts
have been scaled to have the same signal at time zero. presented above may have decay components from both excitons

and aggregates. The PL excitation spectra presented above in
occurs in MEH-PPV films is highly sensitive to the way in  Figure 2 and the work of Rothberg and co-workér§ however,
which the film was prepared. both suggest that MEHPPV aggregates do not emit at the
position of the 6-0 band near 590 nm. Thus, pumprobe SE
transients at 590 nm should solely reflect the dynamics of the
exciton. Since the exciton dynamics should be the same probed
at either 590 or 625 nm, any differences in the dynamics at the
two wavelengths can be directly assigned to aggregate emission.

We close this section by comparing the intensity dependence
of the excited-state absorption of MEHPPV films to that of
the SE. Figure 7 (a) shows the 800 nm PA dynamics as a
function of excitation fluence for an MEHPPV film cast from

.THF' (Note that in this figure and in those below, the PA data_l Figure 8 makes exactly this comparison for the MBPPV film
Is plotted as the change in absorbance rather than the Negative ast from CB: the solid curve shows the emission dynamics at

.Of th_e change in absorbance used to plot the SE d_ata.) The dat%ZS nm (same as in Figure 6 above), and the dashed curve shows
in Figure 6 are_all scaled to th_e same vaIu_e at time zero for the 590 nm emission dynamics at the same pump fluence. The
ease of comparison. The magnitude of the time zero PA scalesy, , yansients in the figure are scaled to the same signal size at

linearly with excitation fluence in@agreement with the recent (ime ero for better comparison. It is clear that the early time
work of McBranch and co-workerS.The 625 nm SE data at  gynamics are identical, indicating that the majority of the

the same excitation fluences are shown in Figure 7 (b) (samegmission at both wavelengths comes from a single species,

data as in Figure 6 (a) but scaled to the same value at timeresumably the exciton. At times longer than 60 ps, however,
zero). The change in PA dynamics at early times with intensity ine data show a long-lived emissive tail at 625 nm that does
is in agreement with the ideas of McBranch and co-workers ot exist at 590 nm (Figure 8, inset). This must be due to
that a portion of the PA resullts from the byproducts of EE& emission from a second, long-lived species that emits at 625
or of excitonic interactions with intrinsic defect$What is also nm but not at 590 nm, undoubtedly the aggregate. We know of
clear from the figure, however, is that the PA and SE dynamics no way to explain the difference in emission dynamics at the
do not agree with each other, even at low intensities. This result two wavelengths without invoking the presence of two distinct
is in accord with Dogariu et al. who also found differing PA  emitting species. The absolute difference between the two curves
and SE dynamics in MEHPPV films cast from THF at low s small, but because the difference persists for relatively long
fluence’® but it is not in agreement with identical SE and PA  times, the tail still has a significant contribution to the integrated
decays observed by McBranch and co-workers in an MEH  (steady-state) spectrum. The relative amount of aggregate
PPV oligomeri®-42 (McBranch et al. do not compare the SE emission can be computed by comparing the integrated area of
and PA dynamics in their more recent work on polynféys.  the difference between the two transients to the total area under
Thus, we turn in the next section to a more detailed study of the 625 nm transient. The result suggests tha0% of the

the low intensity photophysics of MEHPPV films, and we emission at 625 nm in MEHPPV films cast from 1% w/v CB
argue that the dissimilar dynamics are a direct result of the fact solution is due to aggregates.
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PPV film cast from 1.0% CB solution (solid curve) and the same film
after annealing (dotted curve).
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guantitative comparison is difficult given the signal-to-noise in
the SE experiments and the very low amplitude of the SE tails.
In addition to aggregates, some of the PA could result from
singlet or triplet® excitons, dissociated excitons following
encounters with intrinsic defects, or the byproducts of the small
amount of E-EA that takes place at this excitation fluence. The
fact that the tail comprises a significant fraction of the PA
suggests either that many more interchain species than intrachain
excitons are produced upon excitation, or that the 800-nm PA
cross-sections of the interchain species are much larger than
that of the exciton. The relatively weak intensity-dependence

curves) and 1.0% w/v THF solution (dotted curves) at a low excitation Of the PA seen in Figure 7 (a) suggests that a large portion of
fluence of 2.4uJd/cn?. The SE traces in (a) have been scaled to the the PA signal does not result from exciton dynamics because
same maximum value at time zero; the PA traces in (b) have beenthe change in exciton dynamics due to E-EA (cf. Figure 6)

scaled to have the same value at longer times (see text for details).

makes up a smaller part of the total PA signal. The PA signal

The data in Figure 1 presented above suggest that the ratioin the long-lived tail is relatively unaffected by pump fluence,

of aggregate to exciton emission should be higher in MEH
PPV films cast from CB than in films cast from THF. Figure 9

consistent with the assignment to aggregates.
Another striking feature of Figure 9 (b) is that the PA tails

(a) shows the 625 nm SE dynamics from the CB-cast (solid in the CB and THF-cast films are essentially identical. This
curve, same as in Figure 8) and THF-cast (dotted curve, samemeans that whatever interchain species is responsible for the
as in Figure 6) films at the same low pump fluenée= 2.4 long-lived PA, the same species is created in both THF and
wJlcn?) and scaled to the same intensity at zero time. The CB-cast films. The relative fraction of absorbing species is
dynamics agree well at early times, but at longer times the CB- higher in CB than THF (as can be seen when scaling the two
cast film shows an obvious long tail relative to the THF-cast scans to the same amplitude at time zero instead of at long time),
film. Careful inspection of the data from the THF-cast film at but the long-lived absorbing species produced in both films have
long times (not shown), however, reveals a long-lived SE decay the same dynamics. This supports the assignment of the long-
similar to that in Figure 8 but with a much smaller amplitude. lived PA to aggregates; the identical decay time and higher
Since the tail has larger amplitude in the CB-cast film, we relative PA amplitude in CB-cast films are consistent with all
believe that most of the difference in dynamics seen in Figure of the above data that suggest that aggregates form in both films
9 (a) is due to the fact that THF-cast films have a smaller number but at a higher concentration in CB-cast films. Byproducts of
of aggregates. E-EA are not expected to play a significant role in the PA
The dynamics of the PA in the CB and THF-cast MEH  transients of Figure 9 (b) because of the low excitation fluence,
PPV films at low excitation fluence are shown in Figure 9 (b). and there is no reason to expect that absorbing species produced
Note that the time axis in this figure is compressed by a factor by exciton dissociation at intrinsic defects would decay identi-
of 5 compared the data presented in Figure8@&nd 9 (a), cally in the different films. All of the evidence presented in
and that like Figure 7 (a), the data are plotted as the positive this paper consistently suggests that excitation of MEPV
change in 800 nm absorbance. The data in this figure have beerfilms at low intensity produces a significant number of ag-
scaled so the two transients have the same change in absorptiogregates, in agreement with the recent conclusions of Rothberg
at long delay times. A long-lived, nonexponential tail that clearly and co-workerg647
does not have the same dynamics as the SE dominates the Given that the size of the SE tail increases with increasing
observed PA transients. Given that the photophysical signatureaggregation in the film, the ratio of aggregate to exciton emission
of MEH—PPV aggregates in solution is a long-lived PA #il,  should be even higher in the annealed films compared to the
the logical assignment for the long-lived PA species in Figure as-cast films. Figure 10 compares the 625-nm SE dynamics of
9 (b) is the aggregate. This assignment is supported by the factthe as-cast CB film (solid curve, same data as in Figures 8 and
that the long-lived PA tail has qualitatively similar dynamics 9) and the same film after annealing (dotted curve) at a fluence
to the tails of the SE transients in Figures 8 and 9 (a); a low enough that there should not be significant E-EAu®B
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cn?). Surprisingly, the annealed film does not show a large,
long-lived emissive tail; instead, the SE decays into a net

J. Phys. Chem. B, Vol. 104, No. 2, 200251

absorption after only 3 ps. This result is quite similar to that of &— THF #1 f
Figure 5, where the SE quickly decayed into a PA following —a— THEF #2 ’zé
photooxidative damage of the sample. In the case of Figure 10, 1 o CB #1

however, the film was annealed in a nitrogen environment and
the excitation conditions (sample under dynamic vacuum,
pumping through the substrate, low excitation fluence) are the
same as for the data presented in Figure® 6vhere photo-

oxidation does not occur. Thus, Figure 10 shows clearly that
alteration of interchain interactions can produce defects with
the same photophysical signatures as photooxidation. This is
consistent with the idea of defect-mediated exciton dissocia-

Current (mA)

[\.)b.)-llkU‘l

~st— CB #2

. . . _ —o— THF #1 #
tion;** excitons take a few ps to migrate to the defect site, where j
they dissociate to produce an absorbing species (likely a charged —a— THF #2 o
polarorfd). This dissociation of excitons leads to the rapid decay —e— CB #1 i

of the SE, and the appearance of polarons causes the growth of

—st- CB #2

the PA. The fact that such dynamics are observed in film
samples that have never been exposed to oxygen indicates that
these defects are intrinsic: defects can be formed by alteration
of the interchain packing either via annealing or by photooxi-
dation.

The possibility that intrinsic exciton dissociation produces a 2
species which absorbs at the same wavelength as the emission
has important implications for the photophysics of MEPIPV.

Light Output (Arb. units)

4
Voltage (V)

Figure 11. The dependence of current (a) and brightness (b) on applied
Pump-probe experiments measure a superposition of stimulatedvoltage for ITO/PEDOT/MEH-PPV/Ca/Al sandwich-structure light-
emission and excited-state absorption at a given wavelength.emitting diodes when the MEHPPV layer is cast from 1.0% wiv THF

solution (circles, triangles) or 1.0% w/v CB solution (diamonds,

Thus, while most of the dynamics observed in pufppobe crosses).

SE experiments reflect changes in the population of emissive
species, some fraction of the measured dynamics may result
from changes in the absorbance of dissociated excitons. In the
experiments presented in Figures% the SE transients did
not turn over into a PA tail at long delay times. At pump
fluences higher than25 uJ/cn?, however, we did observe long
time absorbing tails on the SE transients, indicating sample
damage even in the vacuum of the cryostat. This is consistent

With a mild annealing of.the MEHPPV films by the high. devices made with films cast from a 1% w/v MEWPPV
intensity pump pulse, leading to an increased number of exciton-¢ o tion in THE. The data show clearly that the devices

di_ss_oci_ating defects. It is Woth r_loti_ng that while a long PA_ fabricated from the THF-cast films do not work as well as those
tail indicates the presence of intrinsic defects, the converse iSyoqaq on CB-cast films. Figure 11 (a) demonstrates that the
not true. The lack of observation of a PA tail at low excitation T E_cast devices have a higher turn-on voltage and lower

fluences does not necessarily mean that absorbing species dgyq king current than their CB-cast counterparts. Figure 11 (b)
not play a role in the observed dynamics. Rather, the lack of a gy that the inability to get current into the THF-cast films

long time PA may indicate that absorbing species are present,.eqits in a significantly lower light output:t & V bias, the
but in low enough concentration (or with a low enough cross- gmission from the THF-based devices is barely visible to the
section at the SE wavelengths) that the probe pulse experlencegye in a darkened room, while that from the CB-based devices
net gain rather than absorption. The long-lived emissive tail from ;g easily seen with the room lights on. To ensure that the
the aggregates may also help mask small amounts of PA fromitfarences in device performance were not artifactual, we
dissociated excitons. We are presently constructing an apparatus$apricated and tested a series of devices from both CB- and
that will allow us to simultaneously measure the SE and PL THE_cast films. We found only minor differences in the
dynamics. Any differences_ observe_d will be_ a_direct reflectio_n behavior of devices that were prepared under identical condi-
of the presence of absorbing species modifying the dynamicstions; the typical variation in performance is represented by the
in the pump-probe SE experiment. data for the two devices for each kind of film shown in Figure
The fact that aggregation in MEHPPV films depends so  11. Similar devices constructed without the PEDOT hole-
sensitively on the casting conditions has important implications transport layer had higher turn-on voltages and lower working
for the behavior of devices based on MERPYV films. Previous currents than those shown in Figure 11, but the qualitative
work has shown that changing the morphology of conjugated behavior of lower current and lower light output when using
polymer films does have a significant effect on charge trans- THF-cast films remained the same.
port2° Moreover, the quenching of emission due to the presence The dramatic difference in the-M curves for devices based
of aggregates or intrinsic defects is clearly detrimental to device on MEH—PPV films cast from CB and THF in Figure 11 (a)
performance. Thus, in the next section, we explore the behavior directly reflects the different degrees of interchain interactions
of MEH—PPV-based light-emitting diodes as the degree of in the films. It is well known that spin-casting leads to polymer
aggregation and morphology of the active layer are changed chains which lie primarily in the plane of the filM.This means
by casting from different solvents. that it is unlikely that single polymer chains span the electrodes

F. Role of Film Morphology in MEH —PPV Light-
Emitting Diodes. Figure 11 shows currentvoltage (a) and
brightness-voltage (b) curves for ITO/PEDOT/MEHPPV/Ca/

Al sandwich structure light-emitting diodes (LEDs). The
diamonds and crosses show the data for two different devices
constructed with the active layer cast from a 1% wi/v solution
of MEH—PPV in CB; the circles and triangles correspond to



252 J. Phys. Chem. B, Vol. 104, No. 2, 2000 Nguyen et al.

work on isolated MEH-PPV chains in the channels of oriented
mesoporous silica shows promise in this direcfi®¥.For film-
based devices, the way in which interchain interactions should
be optimized is less obvious. Finding the right balance between
carrier transport and luminescence efficiency should enhance
the performance of conjugated polymer devices. Another
possibility to improve the efficiency would be to prepare a
hetero-structure device based solely on MBPPV. By casting
a layer from CB followed by a layer from THF and then another
layer from CB, the polymer in the device would have excellent
current transport characteristics near the electrodes and a high
0 luminescence efficiency in the center region where the carriers
0.2 0.5 1 recombine.

Current (mA) We close this section by noting that the strong dependence
of carrier transport on film morphology may also have implica-

Figure 12. Efficiencies (in arbitrary units) for two of the MEHPPV _ioh¢ f6r the mechanism of device failure. After operation for
diodes whose brightness and current characteristics are shown in Figure ’

11 with the MEH-PPV film cast from 1.0% w/v THF solution (solid  many hours, conjugated polymer-based LEDs develop “black
curve) or from 1.0% w/v CB solution (dashed curve). spots” in which the luminescence is quenched and through which

a pinhole short eventually forms. The scanning force micro-
in a sandwich-structure LED. Thus, current flow in conjugated graphs in Figure 3 show that there are aggregated regions at
polymer-based devices requires carrier transport between poly-the surface of MEH-PPV films. When these films are used in
mer chains, a process that is obviously sensitive to the degreegevices, it is likely that current injection takes place preferen-
of interchain interactions. For MEHPPV in CB, the open and  tjally at the aggregated features on the surface. This means that
straight polymer chains in solution form a film with large  most of the current through the device may flow through a few
numbers of aggregates, facilitating charge transport between|gcalized pathways in the film where the interchain overlap is
chains and aIIowing hlgh current to flow between the electrodes. the Strongest. Since the current density through these aggregated
For MEH—PPV in THF, on the other hand, the t|ght|y coiled paths is |arge, the po|ymer nearby is heated and probably
chains in solution form a film with relatively weak interchain  anneals, and the annealed region grows with continued use. The
interactions. This means that there are few paths between theamjssion from carriers that recombine in these annealed regions
chains over which carriers can migrate through the film. As a g strongly quenched, leading to dark spots where there is no
result, it is difficult to both inject charge and carry current in - |yminescence. Eventually the resistance along the annealed
the THF-cast films, leading to the observed higher turn-on pathways drops, leading to device failure when all of the current

voltage and generally poorer device performance. flows through a few nonemissive regions of the film.
The fact that THF-cast MEHPPV-based devices perform

more poorly than their CB-cast counterparts illustrates a |y conclusions
fundamental tradeoff in maximizing the efficiency of conjugated
polymer-based LEDs. Once the carriers recombine and the Throughout this paper, we have argued that interchain species
exciton is formed, the highest luminescence efficiency results do exist in films of conjugated polymers and that the degree to
from films with minimal interchain interactions. To form the which they form can be controlled by the way in which the
emissive excitons by electrical injection, however, high carrier film is prepared. In the Introduction, we pointed out that there
densities and mobilities are required, necessitating a large degredas been a large amount of controversy in the literature
of interactions between the polymer chains in the device. This concerning the role of interchain species in the photophysics
tradeoff is illustrated by the data in Figure 12, which shows of conjugated polymers. The samples in these studies, however,
the relative quantum efficiency (photons/electron) of the MEH  have consisted of oligomers, conjugated polymers with different
PPV-based LEDs from Figure 11 as a function of current. The side groups or molecular weights, conjugated polymer films
solid curve shows the efficiency of the device based on the THF- prepared from solutions with different solvents or concentrations,
cast film; the efficiency of the CB-cast film is shown as the and films spin-cast at different speeds. Since these different
dotted curve. The figure makes it clear that the efficiency of samples will have different degrees of interchain interaction, it
the device based on the THF-cast film-£25% higher than is not surprising that so many authors have reached different
that for the device fabricated from the CB-cast film. Thus, the conclusions. The data presented above show that interchain
few injected carriers that find their way to the center of the interactions change with both film morphology and excitation
THF-cast film tend to recombine into excitons on single chains, intensity, allowing resolution of many of the seemingly incon-
producing luminescence with high efficiency. Many more sistent results in the literature. Thus, we believe that morphol-
carriers flow through the devices based on CB-cast films, but a 0gy-dependent aggregation is a feature common to conjugated
significant fraction of those that recombine do so on aggregated polymers as a class of materials.
sites leading to poorer overall luminescence efficiency. While a majority of the change in shape of the PL spectra
This tradeoff between efficient charge transport and efficient with increasing interchain interactions reflects changes in the
luminescence with film morphology provides a prescription for vibronic structure of the exciton, some of the relative increase
optimization of conjugated polymer-based devices. For photo- in the red edge of the PL is the result of aggregate emission.
voltaic cells or photodiodes where charge transport is critical Since the aggregates have a much lower quantum vyield for
and luminescence is undesirable, casting the film from a solventemission than the exciton, increasing the fraction of aggregates
that maximizes interchain interactions can optimize the device. in the film lowers the overall PL quantum yield. Although
For polymer-based LEDs, the ideal situation would be to force absolute PL quantum yields of conjugated polymer films are
the current through single polymer chains so that recombination difficult to measuré?73the data in Figure 1 provide enough
can take place in an environment free of aggregation; recentinformation to determine reasonably accurate relative quantum
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yields. We can then approximate the total quantum yields of the excitons are strongly fluorescent but the aggregates do not
the different films using the measured relative yields by emit (the equivalent of 590 nm for MEHPPV as in Figure 8).
assuming that the quantum efficiency of the 1.0% w/v CB-cast This means that the only reduction in PA caused by the dump
film is the same £12%) as that reported by Greenham et al. pulse would be due to the stimulated emission of excitons,
for MEH—PPV films cast from the similar aromatic solvent exactly what Frolov et al. observé®Thus, if our conclusions
xylenel® These approximate quantum yields are summarized for MEH—PPV hold for the alkoxy-substituted PPV used in
in Table 1. Not surprisingly, the quantum efficiency of the the excitonic switch experiments, we would predict a different
MEH—PPV films drops in direct proportion to the extent of result only if a redder “dump” pulse were employed. We also
polymer aggregation in the solutions from which the films were note that Frolov et al. did observe a longer lived species that
cast?8 More importantly, the overall quantum yields presented they assigned as resulting from triplet absorpfidwe believe

in Table 1 provide a consistent relationship between the numbersthat this PA possibly could be reassigned to aggregates. Finally,
of aggregates and excitons produced upon excitation of thewe point out that the solution-phase aggregation behavior of
different films. If we assume that the films cast from the low the polymer used by Frolov et al. is different from that of
concentration solutions have a minimal degree of aggregation MEH—PPV3!so it is possible that the conjugated polymer films
(as suggested by the PLE data in Figure 2), then the quantumused for the experiments of ref 38 were cast in a way that
yield for exciton emission must be30%, about the same as produced relatively little aggregation.

that observed in MEHPPV solutiong® Using the estimate of The strong variation in interchain interactions with film
Rothberg and co-workers that half the excited species in MEH morphology also plays an important role in the intensity
PPV films cast from THF are aggregates, the overall quantum dependence of the photophysics of conjugated polymers. Our
yield of 0.17 implies that the aggregates emit witt8% results for MEH-PPV are in good agreement with the polymer
efficiency. A 3% quantum yield is in accord with the ratio of studies of McBranch and co-worketslt is likely that the

the room-temperature PL and radiative lifetimes for the ag- oligomeric system studied by McBranch and co-workeré
gregate determined by Rothberg and co-workefé. The has a morphology similar to that of MEHPPV films cast from
emission from the 1.0% w/v CB-cast MEHPPV film can then THF. Thus, the oligomeric fiims are easily damaged by
be explained as &1:2 exciton/aggregate mix, and the annealed photooxidation or by photoannealing and contain relatively few
film PL would result from a~15:85 ratio of excitons to  aggregates. The increased number of aggregates in conjugated
aggregates. The 1:2 ratio in the CB-cast film implies tha0%  polymer systems led to a much more congested photophysics
of the total emission comes from aggregates, in excellent because the PA of excitons, aggregates, the byproducts of E-EA
agreement with the magnitude of the long-time tail in the time- (or exciton dissociation at intrinsic defects), and possibly triplets
resolved SE data presented in Figure 8. The 85:15 mix of all overlap. Overall, we believe there is no inherent contradiction
aggregates to excitons in the annealed film suggests thatbetween the intensity-dependent results of McBranch and co-
aggregates and excimers contribute roughly equally to the totalworkerg®-4244 and the low intensity conclusions of Rothberg
PL seen in Figure 1. Of course, none of the above analysis takesand co-worker$47 because of the differences in film morphol-
into account that there may be nonemissive species that are alsagy.

formed upon excitation (especially in the annealed films as  Ajthough the presence of significant numbers of interchain
implied by Figure 10). Still, the rough agreement of the gpecies implies that simple bimolecular recombination models
approximate quantum yields in Table 1 with the estimates of miss much of the essential physics of conjugated polymer
Rothberg and co-worket%* provides strong support for the  systems, we found that consistent fits to the SE data from the
presence of significant numbers of morphology-dependent, MEH—PPYV films cast from both CB and THF could be obtained
weakly emissive interchain species in conjugated polymer films. using eq 2. The bimolecular recombination coeffcignthat
The existence of large numbers of aggregates in MBERV we determined for CB-cast MEHPPYV films is nearly an order
films can also be used to resolve some of the controversy presenbf magnitude higher than that in THF-cast films. This indicates
in the literature. The dramatic change of the PL quantum yield that recombination is much more efficient in films with increased
with film preparation conditions is likely the reason for the large interchain interactions, so that the large variation in repgfited
variation in the measured total PL efficiency for MERPV values can be explained by the different film preparation
reported by Greenham et®IThe conclusions of Greenham et methods used in different studi#s!84971The fact that both
al. that there are not significant numbers of interchain speciesthe fluorescence quantum yield gfidary so dramatically with
produced upon excitation of phenylengnylene polymers rely interchain interactions also explains why the observation of line
heavily on estimates of the radiative lifetime of the excittdn.  narrowing in conjugated polymers depends sensitively on how
Since absorption by aggregates comprises a fraction of thethe films are madét.5455.72
oscillator strength in conjugated polymer films, there is no  Finally, the fact that the morphology and degree of interchain
simple way to directly estimate the exciton’s radiative lifetime. jnteractions in conjugated polymer films vary with casting
The crudely determined numbers presented in Table 1 suggestonditions provides a prescription for optimizing polymer films
that the emission quantum yield for excitons in MERPV are  for device applications. CB-cast MEHPPV films with higher
at most a factor of-2 higher than those reported by Greenham degrees of interchain interactions have lower overall lumines-
et al. We believe that the difference lies in errors calculating cence quantum yields than THF-cast films, but they are better
the radiative lifetime due to the presence of aggregates. able to transmit charge carriers between chains. Annealed
The presence of aggregates is also consistent with the resultdMEH—PPV films should provide even better charge transport
of published pump-probe experiments on conjugated polymer characteristics at the expense of quenching nearly all of the
films. Our results are in good quantitative agreement with the emissive excitons. This means that the use of annealed films
MEH—-PPV work of Dogariu et at®> Moreover, the existence  should significantly enhance the efficiency of conjugated
of aggregates is compatible with the “excitonic switch” work polymer-based solar cells and photodiodes by allowing more
of Frolov et al®® We believe that Frolov et al. chose a efficient collection of charge through the polymer and reducing
wavelength for the “dump” pulse in their experiments at which the losses from emissive recombination. The optimal film
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conditions for light-emitting devices require both that efficient  (24) Blatchford, J. W.; Gustafson, T. L.; Epstein, A. J.; Vanden Bout,

charge transport moves carriers away from the electrodes an '_A,\‘/ia}égrig?,%’ij ';AHi(g;génfi}sD'Rg;BB?;%%ragfhggSZu' D Swager. T
that recombination occurs in a region without significant "(25) Grell, M.- B.rad.ley, D.D.C.: Long, X.. Chamberlain, T.; Inbaseka-

interchain interactions. Given that the mobility of carriers along ran, M.; Woo, E. P.; Soliman, MActa Polym.1998 49, 439.
single polymer chains is higl¥,the possibility of using single (26) DeAro, J.; Weston, K. D.; Burratto, S. K.; Lemmer,Chem. Phys.

; =+ Lett. 1997 277, 532.
polymer chains for both charge transport and recombination (27) DeAro, J. A.; Lemmer, U.: Moses, D.: Buratto, S.S¢nth. Met

could allow for a significant improvement in the efficiency of 1999 101, 300.
conjugated polymer-based devicés. (28) Nguyen, T.-Q.; Doan, V.; Schwartz, B. J. Chem. Phys1999
110 4068.
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