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Conjugated polymer aggregates in solution: Control of interchain
interactions
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We present evidence that the degree of interchain interactions and morphology in conjugated
polymer films can be controlled by altering the chain conformation in the solution from which the
film is cast. Light scattering experiments show that the physical size of] algthoxy-5-
(2'-ethyl-hexyloxy-1,4-phenylene vinylene]MEH-PPV) chains can vary by a factor of 2 in
different solvents such as chlorobenzd@B) or tetrahydrofuran THF). Photoluminescence and
wavelength-dependent excitation indicate that MEH-PPV forms aggregate species with an
absorption and luminescence spectra that are distinctly red-shifted from the intrachain exciton. The
degree of aggregation is both concentration and solvent dependent; for solutions with concentrations
typical of those used in spin casting, aggregates comprise a significant fraction of the total number
of excited state species. The overall photoluminescence quantum yield is found to depend both on
how restricted the polymer conformation is due to the choice of solvent and on aggregation due to
polymer concentration. The excited state aggregates have a longer lifetime than their intrachain
exciton counterparts, as evidenced by a near-infrared transient absorption in femtosecond
pump-probe and anisotropy measurements. Memory of the chain conformation and the extent of
aggregation of MEH-PPV in solution is carried into cast films. Thus, many conflicting results
presented on the degree of interchain interactions can be explained by noting that the film samples
in different studies were cast from precursor solutions with different solvents and concentrations.
Overall, a careful choice of the solutighoth solvent and concentratipnan be used to produce
MEH-PPV films with desired interchain interactions for particular device applications19@9
American Institute of Physic§S0021-9609)50408-X]

I. INTRODUCTION the polymer chains are presumably isolated, the stimulated

Poly(para-phenylene vinylene(PPV) and its derivatives emlssm_n(SE), photolummesc_encePL)_, anq pho'F0|nduged
. . ) . . .~ _absorption(PA) decay dynamics are identical with a single
are widely studied due to their semiconducting and lumines-

cent properties. Within the class of PPVs, palynethoxy- characterist_ic relaxa_tion tinfe? typically 7300 ps. The
5-(2'-ethyl-hexyloxy-1,4-phenylene vinylerie(MEH-PPV) natural qssugnment is that all th_ese translent fegture_s result
exhibits characteristics that make it particularly favorable forToM @ Single excited state species, nami@fyrachain sin-
device fabrication. In addition to preventing crystallization 9/€t €xcitons. In films of PPV derivatives, however, the PL
of the polymer when cast into films, the asymmetric alkoxyYi€ld is quenched relative to that in solution, and several
side chaingsee the inset to Fig. 1 for a chemical strucjure 9roups have found that the SE dynamics differ from those of
give MEH-PPV solubility in common organic solvents, al- both the PL and the PA?*°Rothberg and co-workers have
lowing the use of processing techniques such as spin arndlso reported that the PL in films of MEH-PPV has a small,
drop castind:2 MEH-PPV also exhibits favorable charge in- long-lived tail®'! Moreover, these authors observed that the
jection properties in devices, with the valence band welltransient absorption dynamics varied with excitation wave-
matched to the work function of indium—tin—oxiddO) or  length: the PA increasingly overwhelms SE as the excitation
poly(aniline) and the conduction band compatible with easilywavelength is tuned to the bldé.These observations led
deposited metals such as aluminum or calcitthDespite  Rothberg and co-workers to conclude that, in addition to
these advantageous characteristics for device fabrication amkcited intrachain excitons similar to those formed in solu-
a large number of photophysical studies, however, the naturéon, a new interchain electronic species is formed in the
of the excited states of PPVs, in general, and MEH-PPV, irexcited state in films. From their observations, these authors
particular, remains controversial. estimate that up to 90% of the species formed upon excita-
One controversy with important implications for device tion of films are interchaifi:1?
performance focuses on whether the initial photoexcitationin  |n contrast, several groups have found evidence that
PPVs produces only a single species. Several groups hayhotoexcitation in conjugated polymers produces mainly in-
observed that for PPV derivatives in dilute solutions whenyschain singlet excitonS$ 1% Greenhamet al. found a con-
sistent relationship between the radiative lifetime, PL quan-
aE|ectronic mail: schwartz@chem.ucla.edu tum vyield, and PL decay time for films of several PPV
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1 (CN-PPV).2"%Their arguments are based on the fact that the

emission band in the film is highly red-shifted, broader, and

,@0.8 T E ji ) + loses vibronic structure compared to that in solution while
5 ¢ M the ground state absorption spectrum remains essentially un-
£06+ MEH-PPV | T changed. This led these authors to attribute the observed
< emission to interchain excimers, which have excitation delo-
=04+ —CB | calized between chains only in the excited state, instead of
% aggregates, which have a distinct delocalized ground state.
< 0.2 This assignment is also supported by quantum yield and life-
time measurements, which suggest that the radiative lifetime

0 A e B of the emitting species in films is an order of magnitude

425 500 575 650 725 longer than that in solution, indicating that the film emission

Wavelength (nm) comes from an electronic entity distinct from the intrachain

exciton?® On making a detailed comparison between the
FIG. 1. Normalized absorption and PL spectra of MEH-PPV in dilute solu- hotophvsics of MEH-PPV and CN-PPV.these authors
tions of: chlorobenzenéCB, dashed curvestetrahydrofuran(THF, dot— P I; y lik h ’ d-shift of
dashed curves and a 1:1 mixture of CB:THREmix, solid curves. Inset: _nOte t_at_ ke CN'PPV(_]-) MEH'PPV shows a red-s _' 0
Chenmical structure of MEH-PPV. its emission spectrum in the film compared to solution, al-

though the band does not broaden or lose vibronic structure

to the same degree as for CN-PPV; d8pat low-excitation

derivatives, including MEH-PPV, leaving no room for sig- intensities, the emission lifetime of MEH-PPV films is
nificant branching to an interchain speclé&/acar, Dogariu, longer than that in solution. Based on these observations,
and Heeger recently reexamined the excitation wavelengtfR@muelet al. suggest that MEH-PPV also forms interchain
dependence of the photophysics of MEH-PPV films andeXcimers in its excited state in films, but that the degree of
found that the excited state properties were independent &xcimer formation is intermediate between that of CN-PPV
the pump wavelengtf providing no evidence for interchain and unsubstituted PP/,
species. Other work examining the excited state photophys- Rothberg and co-workers have recently revisited the
ics in films of an oligomeric analog of MEH-PPV found that Photophysics of MEH-PPV films, and on the basis of the
the SE and PA dynamics agreed well at low excitation intentemperature dependence of the long-lived PL tail have con-
sities and disagreed only at high intensities, prompting th&luded that the interchain species are exciméngvising
suggestion that interchain species are mediated by doubM€ir original assignment of spatially indirect excitons or in-
excited states on single chain segments that occur only &erchain polaron pair$!*#% Thermal activation of inter-
high excitation densitie¥® chain polaron pairs, which consist of a Coulombically bound
Though the formation of interchain excited states in€lectron and hole on physically adjacent chain segments,
MEH-PPV is still a subject of much discussion, there is cleatvould be expected to cause charge transfer between chains
evidence for interchain species in other conjugated polymerdo reform emissive intrachain excitons. Instead, the long-
Studies of ladder-type padlgara-phenyleng (|__PPF),20‘22 lived PL tail, which has a spectrum distinctly red-shifted
poly(para-pyridyl vinylene (PPyV),232* and polyfluorene from that of the intrachain exciton, is observed to increase
(PP?® deriviatives show strong evidence for aggregate for-markedly upon coolind! These observations are readily ex-
mation in films. The aggregates are characterized by delocaplained if the interchain species is a weakly emissive exci-
ization of the electronic wave function among two or moremer whose PL quantum yield is expected to drop as the
chains in both the ground and excited states. This leads to tiemperature is increased due to an increase in the nonradia-
appearance of a new absorption band in films of these matdive relaxation raté!°-3?
rials that is red-shifted relative to that in solutihexcita- The whole controversy over interchain excited states in
tion of this band produces a broad, featureless, and highlpolymers like MEH-PPV is especially important to consider
Stokes shifted emissidi¥:?® Time-resolved measurements when fabricating devices; the formation of weakly emissive
show that new band has a longer radiative lifetime than thénterchain species would serve to significantly reduce the ef-
intrachain excitation, as expected for a transition involvingficiency of electroluminescent conjugated polymer devices.
wave functions that are delocalized over several chairSeveral groups have proposed solutions to reduce interchain
segment$?? Finally, studies based on near-field scanningcoupling in conjugated polymers such as the use of ex-
optical microscopyNSOM) show that aggregate species aretremely bulky side groups on the PPV backbdh&: This
spatially localized and that their optical properties vary fromtype of approach has the disadvantage, however, of also re-
location to location within the polymer filff:?® All these  ducing the coupling needed to allow carriers to easily pass
results suggest that conjugated polymer chains can aggregdietween chains; as a result, the improvement in lumines-
to form electronic species with ground and excited statecence efficiency in such materials is usually offset by poorer
properties distinct from that of an isolated polymer chain. charge transport, as will be discussed further below. Thus,
In addition to interchain species composed of aggreunderstanding and ultimately controlling interchain species
gates, Samuel and co-workers have recently argued that themains a key challenge to optimize the efficiency of PPV
formation of emissive interchain excimers plays an importanpolymers for use in electroluminescent devices.
role in the photophysics of a cyano-substituted PPV In this paper, we present a new approach to controlling
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the degree of interchain interactions in conjugated polymersyvavelength, and show a distinct low-energy absorption re-
modifying the chain packing in the film by altering the chain sponsible for emission at red wavelengths. Moreover, this
morphology in the solution from which the film is cast. In low-energy peak shifts dramatically both with the polymer
the fabrication of conjugated polymer devices, polymers ar&oncentration and choice of solvent, providing evidence for
often cast from solutions with very high concentrations, onMEH-PPV aggregates in solution. Finally, femtosecond
the order of 1% weight/volumeév/v). We will show that the pump and probe measurements show that different fractions
degree of interchain interaction and aggregation of MEH-of intrachain excitons and aggregates can be excited at dif-
PPV is directly related to both the concentration of polymerferent wavelengths, and that the presence of aggregates can
in the solution and the choice of solvent. Moreover, prelimi-be probed by PA at 800 nm. Anisotropy measurements show
nary evidence suggests that the “memory” of the solutionthat excitations on aggregates are much less mobile than
phase conformation is retained through the spin-casting prdheir intrachain counterparts. All these results suggest that
cess, resulting in solution-phase control over the morphologyhe method by which conjugated polymer films are cast can
and photophysics of conjugated polymer films. at least partly control the interchain photophysics and, ulti-
It is worth pointing out that the idea of interchain inter- mately, the behavior of such films in electroluminescent de-
actions of conjugated polymers in solution is not entirelyvices.
new. For example, at concentrations significantly below
those used in spin coating, the luminescence of (palga- |l EXPERIMENT

phenylene-2,6-benzobisoxazple strongly quenched in so- The MEH-PPV used in all the experiments performed
lutions due to excimer formatlo??.Moreovgr, Samuel and pere came from a single batch synthesized following the
co-workers have recently shown that excimers of CN-PPVgiangard literature procedub The molecular weight of the
also form in solution, and that by varying the polarity of the olymer was determined to be 535000 g/mol by gel perme-
solvent, the degree of excimer formation changedytion chromatography(GPQ. Sample solutions in chlo-
markedly.36 The amount of excimerlike emission was higheSIrobenzene, tetrahydrofuran or a 505@lume:volume mix
in the poorestmost polay solvents for CN-PPV, suggesting of the two solvents were prepared by dissolving the appro-
that this polymer tends to assemble in configurations favorpriate amount of polymer into the measured solvent and stir-
able for excimer formation in these solvents. In this paperying for several hours. Solutions were stored in sealed vials
we will show that the opposite is true for MEH-PPV: there isin an inert atmosphere in the dark when not in use, and
increased evidence for aggregate formation in nonpolar sokeshly dissolved solutions were used whenever possible. All
vents and less so in poorer, more polar solvents. the experiments reported here were performed at room tem-
As we will discuss below, some of the controversy thatperature.
exists in the literature can be reconciled by the idea that the |_|ght Scattering measurements were performed on a Mi-
conformation of polymer chains in solution can influence thecrotrac Ultrafine Particle Analyzdt.eeds & Northrup. The
morphology and hence the interchain photophysics in filmsnstrument makes use of a 780 nm diode laser, well to the red
cast from different solvents. For example, MEH-PPV filmsof the MEH-PPV absorption band, and measures the spec-
prepared layer by layer using Langmuir—Blodgett techniquegrum of frequency shifts of the scattered light. This allows
show significant differences in their photophysics from spin-the velocity or diffusion constant distribution of the polymer
cast films?’ In addition, some work has found only photoin- molecules to be directly inferred with standard anal§Sis.
duced absorptiofPA) at all probe wavelengths and no sign Using literature values for the viscosities of the solvents at
of stimulated emissiofSE) or gain in MEH-PPV films cast room temperature and assuming that the laws of hydrody-
from CB®’ On the other hand, SE has been observed imamics are obeyed, the measured diffusion constants can be
MEH-PPV films cast from tetrahydrofurafiTHF), and, converted to a size distribution. The instrument is capable of
moreover, no pump wavelength dependence is observed felistinguishing particles as small as 3 nm at relatively high
films cast from this solvert® The presence of SE in films particle concentrations.
cast from THF but not CB is also consistent with the factthat ~ UV-visible absorption spectra were recorded on a HP
gain narrowing of the emission has been observed to occur i8453 spectrophotometer using tungsten and deuterium lamps
MEH-PPV films cast from THF pumped at high intensity, as light sources. The photoluminesceriB&) and photolu-
but that no narrowing is observed from CB-cast fiffid? minescence excitatiofPLE) spectra were measured on a
We will show that these observations are consistent with th&luorolog-3(Instrument S. A. & Cg.using a xenon lamp for
extent of aggregation of MEH-PPV in the precursor solu-the excitation source. PL quantum yield measurements were
tions from which the films are cast. performed on this instrument using Rhodamine 101 in etha-
In this paper, we present evidence of the concentrationrol as a reference with an assumed quantum yield of dhity.
dependent formation of weakly emissive aggregates ofo minimize the effects of self-absorption, Pand the emis-
MEH-PPV in solution. Light scattering experiments showsion in PLB were collected from the front face of the sample
that the polymer takes a different conformation in differentfor MEH-PPV solutions with concentratiorns0.05% wi/v.
solvents, leading directly to differences in the photophysicsAt the highest concentrations, however, suppression of the
as measured by UV-visible absorption and fluorescenc®LE spectrum in the regions where the polymer most
spectroscopies. The emission quantum yield in solution alsstrongly absorbs indicated that self-absorption might be af-
depends strongly on the choice of solvent. Fluorescence efecting the measured emission action spectra. Thus, to avoid
citation spectra are found to vary with the choice of detectiordistortions due to self-absorption, the PLE spectra presented
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below in Fig. 4 are shown only where the optical density ofrepeating the measurement after rotating the probe polariza-
the sample is less than 0.5. The presence of the below-gamn by 90° with respect to the punipr). The anisotropy is
bands in Fig. 4 in the absence of self-absorption was verifiedefined a¥
using very thin(<10 um) cells constructed by compressing =1
a single drop of MEH-PPV solution between two microscope  r=——.
slides. The thin cells could not be used for quantitative work, I+2L
however, because the cell thickness could not be reprodudrhe absolute magnitude of the measured polarized signal
ibly controlled and because solvent evaporation during celthanges somewhat when changing polarization because
fabrication altered the solution concentration. many of the optics in the setup have polarization-dependent
Time-resolved SE and PA measurements were made usgeflectivities. Thus, in the results presented below, the scans
ing a regeneratively amplified Ti:Sapphire laser that proiwere scaled relative to one another to produce an anisotropy
duces~120 fs light pulses centered at 800 nm with 1 mJ ofof 0.4 at time zero. When scaled this way, the linear combi-
energy & a 1 kHz repetition ratéSpectra Physigs These nation [+21 of the polarized scans decayed identically
pulses pump a dual-pass optical parametric ampli@#A).  within the signal to noise of scans taken at the magic angle,
For stimulated emissiofSE) experiments, the OPA is set to verifying that our choice of scaling parameter is reasonable.
produce signal and idler beams at 1350 and 1960 nm, respethe anisotropy observed for excitation into the main exciton
tively. The 1350 nm signal beam colinearly propagates withabsorption band is also consistent with that reported in pre-
the residual 800 nm light into a type Il BBO crystal to pro- vious work!® In any event, as will be argued below, even if
duce femtosecond pulses at 500 nm for excitation of MEH+the absolute values of the anisotropy measured this way are
PPV by sum-frequency mixingSFM). The probe light at subject to systematic error, it should not affect conclusions
585 nm is generated by SFM the residual 800 nm light fromdrawn from comparing the relative change in anisotropy loss
the first SFM process with the 1960 nm idler beam in abetween different scans treated in the identical way.
second, type | BBO crystal. For photoinduced absorption
(PA) experiments, the OPA was tuned so that either the sigHl. RESULTS AND DISCUSSION
nal or idler beam had the correct wavelength for SFM with  \\/o have elected to focus our attention on MEH-PPV

the residual 800 nm light to produce femtosecond pulses 065 56 of both its widespread usage throughout the polymer
exciting MEH-PPV samples at the desired wavelengths Ofmmunity and, as discussed in the Introduction, the particu-
500, 575, or 592 nm, and the residual 800 nm light was usefl, sensitivity of its photophysics to the local environment.
directly as thg probg. All experiments on a particular poly-| jxe most PPV derivatives, the essentially nonpolar MEH-
mer solution, including those with different pump or probe ppy chains are readily soluble in aromatic solvents such as
wavelengths, were performed on the same day to MiNiMiZ&yjene or chlorobenzendCB), and are still somewhat

the effects of degradation. soluble in polar nonaromatic organic solvents like tetrahy-

For all the femtosecond experiments, a small part of thyrotyran (THF). To span the range of possible solution en-
probe light is split off to serve as a reference, and the remaingironments, we begin by examining the photophysics of
der is attenuated with neutral density filters so that prob,eH-ppV in CB, THF, and an equal volume mixture of the

pulse energy at the sample 550 nJ. A chopper mechani- 1,4 solvents, hereafter referred to as the “mixed” solvent.
cally modulates the pump beam at a frequency-@80 Hz,

and the difference signal between the probe and referende UV-visible absorption and PL. Basic photophysics
photodiodes is detected by lock-in amplification. The pumg®t MEH-PPV in solution
and probe beams are focused colinearly in the sample to a The absorption and PL spectra of dilui@002% w/y
spot size of~200 um. The energy of the pump pulse and MEH-PPV solutions in THF, CB, and mixed solvent are
optical pathlength of the solutions were controlled to ensur&hown in Fig. 1. The absorption and PL spectra of MEH-
that the excitation density in the sample did not exceed®PV are not the same in the three solvents: the absorption
10 cm™3; thus, all the experiments reported here were bespectrum in CB is more red-shifted than that in THF, and the
low the excitation level where intensity-dependent effectamixed solvent, not surprisingly, falls in between.
such as exciton—exciton annihilation or amplified spontane- To explain the observed shifts by differential solvation
ous emission are expected to octhif?~**At these intensi-  of the ground and excited states would require that the polar
ties, typical signal sizes were on the order of 1% change isolvent THF stabilize the nonpolar ground state of MEH-
optical density. The time delay between the pump and prob@PV better than the quinoid-like excited state: an idea that
pulses is varied mechanically by a computer-controlled delagimply does not fit with the fact that THF is known to be a
stage with 0.5um resolution. poor solvent foriground stateMEH-PPV. The shifts can be
Wave plates and polarizers are used to orient the polaexplained, however, by considering that the conjugation
ization of the pump and probe beams with respect to eaclength of the polymer changes in the different solvents. It is
other. Unless otherwise specified, the relative polarizationwell known that the absorption band of oligomers shows a
was set at the magic angl&4.79 to prevent interference steady red-shift with an increasing conjugation lerf§th.
from dynamical processes that change the direction of th&tudies have also shown that in conjugated polymers, includ-
transition dipole of the species being prolfédinisotropy  ing MEH-PPV;}’ the excitation energy tends to migrate to
measurements were made by first setting the relative polatenger conjugation lengths before radiative relaxation, some-
izations of the pump and probe beams the séiend then times referred to as energy migration through the inhomoge-



4072 J. Chem. Phys., Vol. 110, No. 8, 22 February 1999 Nguyen, Doan, and Schwartz

neous density of statd&#° Thus, a shorter average conjuga- 100
tion length for MEH-PPV in THF compared to CB not only i
explains the blue-shifted absorption spectrum, but also the 80 + I\, Bis \S\@
blue-shifted emissiof? in THF there must simply be fewer % A AR |
long conjugated segments for the energy to migrate to fol- § 60 T g 5oC 0s 1 L3
lowing excitation. o 4 b oremsten @160m
The differences created by the local solvent environment g 40 T | Y \ ©-0CB
are also reflected in the PL quantum yield. We have mea- & j ," &\ 5—a MIX
sured the luminescence efficiency of MEH-PPV in dilute 20+ i / N, a-A THF
(<10 “% wi/v) solutions of each of the three solvents, and 0 ‘ n,i 1\1\\%}7 R
find quantum vyields of 0.390.01 in CB; 0.27Z0.01 in 5 10 15 20 25 30

THF; and 0.3%0.03 in the mixed solvent. The measured
efficiencies are relative to Rhodamine 101 as a stangesd
sumed quantum yield of unity* and the uncertainties are fig. 2. size distributionghydrodynamic radji from light scattering for
the standard deviation of three independent measurements snlutions of MEH-PPV in: CBcircles; THF (triangle$ and a 1:1 mix of
each solvent. The measured value in CB agrees well witl@BiTHdF (Squa][e?s Lines ;1305‘”‘30‘ the_datfg POi_nf- 'nsett; The Coﬂcemfaﬁon _
previous quantum yield measurements of 0.35 for MEH-PP theep;naiﬁ'}f;u?eaverage ydrodynamic radius; the symbols are the same as In
in CHCI, and in the related aromatic solvent toluéhal-
though another measurement has reported 0.pxiylene3
Because thg abso!ute quantum .yieflds reported here Weife mixed solvent. It is clear that the averdgg in CB is
me(_a\sured §|mply with @ commer.ual mstrgment and not WItl’hearly double that in THF and, as expected, the behavior in
an mtegratlr_lg sphere, they are Ilkgly subject to some degret%e mixed solvent is in between but closer to that of CB.
of systematic error. All three solutions, however, were pre- The inset of Fig. 2 shows the concentration dependence
pared and measured in the identical fashion, so that the relg; Ry for MEH-PPV in CB and THF. The slight decrease in
tive quantum yields of MEH-PPV in th_e_dn‘ferent _solvents averageR, observed with an increasing concentration is
should be accurate. Thus, the most striking result is that thﬁkely due to multiple scattering. This is because an indi-
:qnuzca:rllgtum efficiency of MEH-PPV in THF is only 70% that vidual molecule has to diffuse much less distance to cause a
' . . . _ change in the scattering signal when the light is multiply
The hypothesis of a shorter conjuggtlon Iength_ in THFscattered. As a result, the scattering correlation function de-
relative to CB also can be used to explain the relative quan(-:alyS more quickly, leading to a higher apparent diffusion
tum yields in the different solvents. MEH-PPV will tend to constant and thus ,a lower appar@t. In fact, as will be
bu?fOId 'tnh cB }o maXIméZ(:hfavozabliw—gllmttehrac_'lt_lar::sth argued below, the polymer chains tend to aggregate with
elween. € po ytmgrtan i € so Vt'enh,tl the ne th eincreasing concentration, so the apparent change in size with
polymer 1S expected 1o coll more Ughtly o minimize € ., -antration represents a convolution of both multiple scat-
”“”Fber of aromatic repeat unlts_ interacting with the_nonaroiering and aggregation effects. We have studied the concen-
matic ;olvent molecules. The tlghter_ polymer coil in THF tration dependence of the size distributions and extrapolated
would imply a greater number of torsional de_fects along th he averagd?y, values to zero concentratigRig. 2, inset to
backbone qnd, hence, a lower PL_quantum yle_ld as well as fAmove these effects. The result gives an average dilute so-
shorter conjugation length. The mixed solvent is expected 9 tion R for MEH-PPV in CB of 21.5 nm. while that in
behave somewhat more like CB than THF since the pone‘i’HF is gnly 12.5 nm ' ’
chains should be preferentially solvated by CB molecules. In These nun%bers.can be compared to previous work

the next section, we present physical evidence via light scafynich used both dvnamic and anale-dependent light scatter-
tering that MEH-PPV indeed has significantly different con-ing to measure ZrRH of 35.9 gnm fc?r MEH-PgPV in

Radius (nm)

formations in different solvent environments. p-xylene® The difference between our results and those of
) ) ) ) Ref. 33 are likely due to both different polymer molecular

B. L|ght scattering: The conformation of MEH-PPV in weights (the 611 kg/mol for the polymer used in Ref. 33

solution should result in a larger coil than the 535 kg/mol used here

We have performed light scattering experiments onand differences in the solvents us@tnpolarp-xylene is a
MEH-PPV in different solutions in order to explore the idea better solvent for MEH-PPV than the more polar CB is
of changing polymer confirmatiofand, hence, changing worth noting that obtaining absolute particle size measure-
conjugation lengthas the nature of the solvent is varied. By ments from nonmonodisperse samples is often tricky due to
measuring the diffusion coefficient of the individual polymer the mathematical deconvolution procedure involved in ex-
chains and assuming the Stokes—Einstein relation, light scatracting the diffusion constant from the frequency shifts in
tering gives the sizé¢hydrodynamic radiusRRy) distribution  the scattered light. However, all the samples we studied are
for the polymer chains. As expected, the experiments shorom the same synthetic batch of polymer and were treated
that the conformation of MEH-PPV chains in solution is al- identically, so even if the results presented in Fig. 2 are sub-
tered by the solvent—polymer interaction. Figure 2 showgect to systematic error, it is still clear that the polymer con-
typical light-scattering size distributions for the polymer formation is significantly restricted in THF compared to CB.
chains in 0.5% w/v solutions of MEH-PPV in CB, THF, and Overall, all the results argue that choice of solvent can be
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FIG. 3. Photoluminescence excitation spectra of MEH-PPV in a dilute THF
FIG. 4. The red onset of the 660 nm photoluminescence excitation for

solution for emission at 552 nrta solid curve; 660 nm (triangles. The
UV-visible absorption spectrum of the same solution is also shown for refsplutions of MEH-PPV in THF with different concentrations/v): 0.05%

erence(dashed curve The curves have been arbitrarily scaled for a best (dot—dashed curye0.1% (solid curve; 0.15% (long dashed curye 1.5%
(dots. The short-dashed curve shows the 552 nm PLE spectwinich

comparison.
mirrors the UV-visible absorptigrof the 1.5% solution for comparison.

used to systematically control the conformation of conju-
and increasing relative intensity of the 660 nm PLE band

gated polymers.
(Fig. 4) suggest that both the size and number of aggregates
C. Photoluminescence excitation: Evidence for grow with increasing concentration. As the MEH-PPV con-
aggregates centration is raised, aggregation provides more chain seg-
ments in contact over which the wave function can be delo-

The ?ffect ?f the solvent ﬁnviror?m_ent, and hlencs conforzalized, leading to both a redder ground state absorption and
mation of a polymer on its photophysics, can also be exams, i, rease in the total number of species that produce emis-
ined by photoluminescence excitati¢RLE): scanning the sion out in the red at 660 nm
excitation wavelength and collecting the amount of lumines- Figure 4 suggests that red emission from the aggregate
cence that results at a single chosen wavelength. For dilutg,q g can be enhanced by preferentially exciting at the 660
MEH-PPV dissolved in CB, THF, and the mixed solvent, the . p| F hand maxima, an idea we will also return to when
PLE spectra that result from collecting emission near theyiqossing the femtosecond pump-probe results in Sec. 111 D.
band maximum at 552 nm resemble the standard absorptiofy,e regyits of selective-excitation PL experiment are shown
spectrum(Fig. 3). Like other groups, we observe some dif- in Fig. 5, which compares the PL of MEH-PPV in a 1.5%

ferences in the PLE and UV-visible spectra, :

bIue_wa\_/elgn_gthéf."11'33The differgncg_s, howev_er, are slight, gregate band The spike seen in the 592 nm excited scan is
maklng it difficult to argue their S|gn|f|ca£170e given that SUChdue to residual excitation light scattering into the PL collec-
differences may be sample dependerit: tion monochromator of the fluorimeter. Excitation into the
In Fig. 4, the below-gap PLE spectra of MEH-PPV so-

lutions in THF at different concentrations are shown for de-
tection at the red edge of the emission b&@0 nm). As the X
concentration increases, a new excitation band appears to the 1.2+ k
red of the normal polymer absorption spectrum. This below-
gap excitation feature increases in magnitude and red-shifts
relative to the main absorption band with increasing concen-
tration. This suggests that a large fraction of the emission at
660 nm is caused by a new species that has the bulk of its
absorption spectrum to the red of the normal MEH-PPV ab-
sorption band. The observation of a new band that both ab-
sorbs and emits to the red of the polymer is similar to what is
observed in L-PPE-22ppyVZ324and PE® polymers, mak- )

ing it reasonable to assign the new feature in MEH-PPV to 0 1t f

aggregates. 500 550 600 650 700 750

This assignment of the band observed in 660 nm PLE to Wavelength (nm)

aggregates is further confirmed by Stqdying the Concemmtiolr:]IG 5. Photoluminescence spectra of 1.5% w/v solutions of MEH-PPV in

dependence. At very 'OY" colncenFratlo(ﬁBOOZ% wh, the THI£ e;«:ited at 500 nn@dasheg curve 59é nm(solid curvg. The spectra

660 nm PLE is essentially identical to the 552 nm PLE,paye been scaled to the same amplitude near 605 nm. Inset: The difference

suggesting no significant aggregatitfig. 3). The red-shift  of the two spectra presented in the main figure.
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- - FIG. 7. Ultrafast pump-probe transients on 0.15% @vand 1.5% w/v(b)
aggregat_e band clt_aarly increases the amount of I_DL in the "€Biutions of MEH-PPV in THF: 585 nm SE following 500 nm excitation
tail. The inset to Fig. 5 shows the results of scaling the twQsquares 800 nm PA following 500 nm excitatiofcrossel 800 nm PA
PL spectra for the best match at the»Q vibronic transition  following excitation at 575 nnf0.15% solutioh or 592 nm(1.5% solution
near 605 nm and then subtracting. The result is a broadcircles). The scans were arbitrarily scaled to the same magnitude at zero
feat | band with d tail that b triki delay for a better comparison. The thin solid linegti [not shown in(a)

ealureless band with a re . a! a ears _a striking resenm,, clarity] are exponential fits to the data with parameters summarized in
blance to the aggregate emission seen in films of both otherapie |.
polymer€®2?®and MEH-PP\!

To the best of our knowledge, Figs. 4 and 5 provide the 6 ) )
first direct evidence for aggregate formation for MEH-PPY POOr solvents” We suggest that the difference is due to the

in solution. Unlike the previous studies that found aggregate§nique nature of the strongly electronegative cyano groups
in films in other polymer€®-2%in MEH-PPV solutions there and symmetric substitution in CN-PPV that are known to
is no distinct ground state absorption band nor obvioushF2USe strong interactions between chains in the film and
red-shifted emission to immediately point to aggregatellkely promote efficient intrachain folding in solutions of un-
formation®® The aggregate bands in solution show up infavorable solvents. Clearly, the formation of interchain spe-
PLE, however, due to the fact that collection at red wave<ies in solutions of conjugated polymers depends on an in-
lengths is a more sensitive, aggregate-specific zerderplay of factors including the nature of substituents on the
background technique compared to UV-visible absorption. [PClymer backbone as well as concentration and choice of
is also possible that the extent of wave function delocalizaSolVent.

tion is different in solutions and films, leading to signifi-

cantly lower oscillator strengths for the aggregate absorptiol- Feémtosecond pump-probe spectroscopy:
and emission in solution. Excitons, aggregates, and conformation-dependent

Figure 6 provides evidence that the formation of MEH- lifetimes

PPV aggregates in solution can be controlled by the choice To further understand the behavior of MEH-PPV and its
of solvent as well as the concentration. The aggregate excaggregates in solution, we have undertaken a series of fem-
tation band shows a lower red-shift with increasing concentosecond pump-probe experiments; typical results of these
tration in THF than in CB. From the light scattering results experimentdillustrated for MEH-PPV in THF solutions of
discussed above, we know that the polymer conformation i$wo concentrationsare shown in Fig. 7, and the parameters
more open in CB than THF, providing both a higher numberfor single or biexponential fits to these data are summarized
of longer conjugation length segments and increased access Table I.
to those segments for promoting aggregation as the concen- The simplest of these experiments excites MEH-PPV in
tration is increased. This result also implies that the aggrethe center of itgintrachain) exciton absorption band at 500
gate species are predominantly formed from conjugated segim and probes the change in sample absorbance at 585 nm
ments on different chains; if aggregates were formed by as a function of the delay time. The 585 nm probe light is
single chain folded back on itself, we would expect aggrefound to increase in intensity after passing through the ex-
gate formation to be more facile in confining solvents likecited sample; this negative change in absorbance is due to
THF. stimulated emission. By monitoring the decay of the stimu-
The fact that better solvents promote aggregation idated emission signal with delay tim@nd assuming that
MEH-PPV stands in contrast to previous work on CN-PPV,other excited species do not absorb at the 585 nm probe
which found that interchain excimers form more readily inwavelength, the lifetime of the emissive species can be mea-
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TABLE 1. Fit parameters for the pump-probe transients presented in Fig. Scales: the expected decay that matches the exciton lifetime,
for solutions of MEH-PPV in THFa,e™ "t1+a,e” "2 (see the text for de- as measured by SE at 585 nm, and a slower relaxation, which

tails). we assign as resulting from the decay of excited state aggre-
Concentration X pymp/\ prabe gates(Fig. 7, crosses; Table.lIn the 0.15% w/v THF solu-
(Yowiv) (nm) a, 1 (p9 a, 2 (P9 tion, the slower 273 ps decay comprises a significant fraction

015 500/585SE)  1.000 2014 of the qbserved 800 nm PA signf':\l. Upon.increasing the con-
15 500/585SE)  1.000 170-3 centration to 1.5% wi/v, the relative amplitude of the slower
0.15 500/800PA) 0.468 2735 0.532 19%4 aggregate component increases and the decay time also in-
15 500/800PA) 0596  33G-3  0.404 11&1 creases slightly to 330 ps. The increased amplitude is con-
0.15 575/800PA) - 1.000 2736 sistent with a larger number of aggregates at the higher con-
15 592/800(PA) 1.000  33@:3

centration, while the increased lifetime suggests the
formation of larger aggregates with more delocalized wave
functions (and therefore longer radiative lifetimesonsis-

tent with the PLE results discussed above. Without knowing

sured directly. Our initial measurements of this type startedheir relative excited-state absorption cross sections, it is dif-
with dilute solutions of MEH-PPV in CB. We find the decay ficult to determine exactly what fraction of the excited state
of the 585 nm SE signal fits well to a single exponential withSPECies are intrachain excitons or aggregates. Since it is un-
a 301 ps lifetime, in excellent agreement with previous studlkely that the delocalized aggregate wave function has a
ies that measured300 ps excited state lifetimes in aromatic Significantly higher excited state absorption cross section
solutions by time correlated single photon counfifg>! than the intrachain exciton, Fig. 7 suggests that aggregates
stimulated fluorescence depletidoy stimulated emissioff. ~ Make up roughly tens of percents of the excited state popu-
We note that previous work has also examined solutions onl§ation at high concentrations. The fact that aggregates com-
at low (<0.5% wh) concentrations. prise a significant fraction of the excited state species for 500

The excited state dynamics of MEH-PPV in THF solu- "M excitation implies that either the aggregates have a sig-
tions, however, have a somewhat different behavior. Figur@ificant absorption under the main exciton absorption band
7(a) presents the 500 nm pump/585 nm probe excited statdVhich was not evident in the PLE due to self-absorption
decay for a 0.15% w/v solution of MEH-PPV in THF that directly excited excitons can efficiently migrate to the
(squares The SE signal decays single exponentially with asites of aggregatiofin effect forming excimens
201 ps lifetime. The measured decrease in lifetime between One of the chief observations supporting the presence of
CB and THF solutions scales perfectly with the PL quantuminterchain species in films has been a pump wavelength de-
yield measurements presented in Sec. Ill A; both measurd?endence to the PA dynamics. The idea is that excitation at
ments are consistent with a single radiative lifetime~d@f.8  different energies results in a different fraction of interchain
ns, in reasonable agreement with previous estimdt¥dhe  species, leading to different kinetics of the BAFor MEH-
shorter SE lifetime in THF fits well with the concept of more PPV solutions, the PLE results shown above suggest that
tightly packed chains in THF compared to CB solutions. Ex-aggregates can be preferentially excited to the red of the
citons migrating along the chain in the restricted conforma-main exciton absorption. Thus, to verify our assignment of
tion in THF likely sample an increased number of defectthe long PA decay component as arising from aggregate
sites leading to quenching of the luminescence. states, we performed 800 nm transient absorption experi-

In addition to a solvent dependence for the PL quantuninents pumping directly into the aggregate absorption bands
yield and lifetime, we also have evidence for concentration(575 nm for the 0.15% solution and 592 nm for the 1.5%
quenching, presumably the result of aggregate formation, agolution of MEH-PPV in THF, shown as the circles in Fig.
discussed above. The squares in Figp) Bhow the SE decay 7. Red excitation into the aggregate band clearly results in a
in a 1.5% w/v solution of MEH-PPV in THF; here the solid longer PA decay(Fig. 7, circle$ than excitation further to
line is a single exponential fit with a 170 ps time constantthe blue into the exciton bar(#ig. 7, crosses The observed
The ~15% decrease in lifetime fron®201-170 ps upon  kinetics fit well to single exponentials, with lifetimes of 273
increasing concentratioffrom 0.15% to 1.5%suggests that ps(0.15% solution and 330 pg1.5% solution, respectively,
even in THF solutions, which show a lower degree of aggreconsistent with the idea that nearly all the species excited at
gate formation compared to CB solutioffSg. 6), when the these wavelengths are aggregates. Even more striking is the
concentration becomes comparable to that used in spin cagtct that at all concentrations, the observed kinetics match
ing, aggregates comprise a significant fraction of the totaperfectly with the long decay component that resulted from
number of excitations. 500 nm excitation(i.e., the long time tails of the two PA

A direct probe of the role of aggregates in the excitedscans are parallel on the log plot of Fig, 8uggesting that
state photophysics of MEH-PPV in solution is provided bythe decay is due to the same aggregate species in both cases.
experiments monitoring photoinduced absorption. Because As mentioned in the Introduction, Vacar, Dogariu, and
intrachain excitons are known to have a strong PA in theHeeger recently have reported no pump wavelength depen-
near IR, in the absence of aggregates the kinetics measuréénce for the excited state dynamics in MEH-PPV
for 800 nm PA should be identical to those measured for 585olutions® In particular, they focused or0.1% wi/v solu-
nm SE. However, the 800 nm PA in MEH-PPV solutions tions of MEH-PPV in THF and chose 545 nm as one of their
following excitation at 500 nm shows two distinct time excitation wavelengths. Figures 4 and 5 suggest that 545 nm
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than that of the SE, consistent with aggregate species that are
less mobile than excitons.

E. Solution phase aggregates: Implications for
interchain interactions in films

<@ e

[\ W

o0 +=
] |

Unlike the results presented in Fig. 4, PLE studies on
o MEH-PPV films cast from THE or other solvenf$ show
022+ . 500/585 SE e little evidence for a band to the red of the main intrachain

— 5092/800 PA ¥ exciton absorptlc_)n _band. This cou.ld be due to a lack of ag-
0.16 : : , gregate species in films, or, more I|l§ely, results from_ quench-
0 50 100 150 200 ing of the weak aggregate emission due to the increased
number of pathways available for nonradiative relaxation in
the solid state. The situation is further complicated by the
FIG. 8. Femtosecond transient anisotropy for 1.5% wiv solutions of MEH-faCt that energy transfer is facile in conjugated polymer
PPV in THF: 585 nm SE produced by 500 nm excitatidashed curje  films.#® Even if aggregation in the solid state is insufficient to
800 nm PA produced by 592 nm excitati¢golid curve. result in a distinct ground state species, as argued above for
solutions, migration of intrachain excitations could result in
trapping at low-energy aggregate sites, essentially resulting
light can access the aggregate band absorption for MEHn excimer formatioA° (this process appears not to be im-
PPV in THF at this concentration. Figuréal, however, im-  portant, however, for excimers of CN-PPV in solufitn
plies that at low concentrations, the evidence for long-livedWe note that whether they are produced by direct excitation
aggregates in PA does not appear until tiree300 ps. None or exciton migration, the branching ratio between any elec-
of the data reported in Ref. 18 shows times longer than 30@onic species that are shared between several chain segments
ps. The data shown in Fig(& agree well with the limited and intrachain excitons should be wavelength dependent. For
time range that is presented in Ref. 18; thus, this previouthe aggregate case, the aggregate absorption cross section
study may simply not have excited the dilute sample suffi-will vary with wavelength in a different fashion than that of
ciently to the red nor explored to long enough delay times tahe intrachain exciton, resulting in different relative numbers
observe the subtle difference in PA due to aggregates in s@f each for excitation at different wavelengths. For the exci-
lution. Overall, Fig. 7 shows that with proper choice of ex- mer case, excitation at different wavelengths produces exci-
citation wavelength, solvent and concentration, control ovetons of different mobility, altering the probability of diffu-
the lifetimes of excitons, and aggregates, as well as theision to a site that facilitates sharing of the excitation energy
relative population, is possible. between neighboring chains. In this section, we argue that

Since the aggregate states are localized in space to raggregates in conjugated polymer solutions persist through
gions where multiple chain segments are physically adjacenthe casting process, resulting in fundamental changes in the
time-resolved anisotropy can be used to provide further eviphotophysical and electroluminescent behavior of conjugated
dence that the long-lived species are aggregates. Energyolymers in the solid state.
transfer causes excitons to migrate along or between polymer The most compelling reason that solution-phase aggre-
chain segments which may have different orientations, regates of conjugated polymers are important in the solid state
sulting in a loss of anisotropy following the initial is that most conjugated polymer films are cast from highly
excitation}®®253Because they are tied to a particular regionconcentrated solutions: the same concentratienk% wi/v)
in space, it is unlikely that there will be any significant mo- at which aggregate formation was shown above to play an
tion of aggregate states, leading to the expectation of @nportant role. Evidence that the chain packing in conju-
slower loss of anisotropy for aggregates. gated polymer films is controlled by the choice of polymer

With the correct choice of pump and probe wavelengthsgconcentration in solution has already been provided by x-ray
the anisotropy dynamics can be measured independently faliffraction studies of polyaniline film® Moreover, MEH-
both intrachain excitons and aggregates. Since the aggregad®®V films drop cast from CB and THF have been observed
species emit further to the red than the intrachain excitonsgn recent work to have different local structures, showing
585 nm SE can be used to probe exclusively excitons. Corthat the choice of solvent affects film morpholoyDiffer-
versely, excitation at 592 nm is well beyond the exciton ab-ing photophysics in films cast from different solvents, such
sorption band, so the resulting PA probes predominantly agas the presence of SE and line-narrowing in films of MEH-
gregates. Figure 8 presents anisotropy decays for each &PV cast from THF but not in films cast from CB, was
these cases in 1.5% w/v MEH-PPV in THF. The solid curvepointed out in the Introduction and will be discussed further
shows the anisotropy decay of the 800 nm aggregate PAelow. Finally, recent theoretical argumefits2and experi-
produced by selectively pumping the aggregate band, whilenental work”-?® suggest that excimer formation is indeed
the dashed curve shows the anisotropy of the exciton SkEnportant in films of conjugated polymers and in MEH-PPV,
probed at 585 nm. The anisotropy decay of the intrachairin particular'!
exciton is qualitatively consistent with that reported for 850  As argued above, MEH-PPV chains in CB solution take
nm PA following 390 nm excitation in previous wotk The  an open, extended conformati¢Rig. 2) which, relative to
results in Fig. 8 show that the PA anisotropy decays slowellHF solutions, tends to promote the formation of aggregates

Anisotropy

Time (ps)
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in highly concentrated solutior{€ig. 6). Upon spin casting, THF)*® and are also known to make good light-emitting de-
the slow evaporation of the relatively high-boiling CB tendsvices. We are presently studying the photophysical proper-
to preserve these interchain species: there is plenty of timges of MEH-PPV films cast from solutions of different con-
for favorable interchain interactions to dominate the solid-centrations as well as from solvent mixtures in the search for
state structure while the solvent evaporates. Thus, we camays to optimize the use of this material for particular
expect that MEH-PPV chains in films cast from CB tend toapplications*

remain aggregated. Figure 7 demonstrates that aggregate

states give rise to a PA, if this absorption extends to the blue

of 800 nm into the emission region, the presence of aggreV- CONCLUSIONS

gates will lower or possibly overwhelm the net cross section |, summary, we have shown that the conformation of

for SE, and thus the possibility for line narrowing in such pEH-PPV varies greatly in different solvents. MEH-PPV
films. This reasoning is consistent with the complete lack ofn3ins in CB solution are much more extended and open
SE*” and line narrowind’ observed in CB-cast films of hap in THE solutions, as evidenced iy the size distribu-
MEHR-PPV. o ] tions measured directly by light scattering@) the red-shift
MEH-PPV chains in THF solution, on the other hand, of the UV-visible absorption and PL spectra in CB solutions
take a compact conformatioffrig. 2) and thus, relative 0 rg|ative to THF; and3) the drop in luminescence quantum
CB, tend to resist forming aggregates in highly concentratedie|q and exciton lifetime in THF solutions relative to CB.
solutions(Fig. 6). Upon spin casting, rapid evaporation of \joregver, the photophysics of MEH-PPV in solution are
the volatile THF solvent tends to favor retention of the 5150 seen to vary with concentration. PLE spectra for red
tightly coiled chains: there is simply too little time for emjission wavelengths show a new band to the red of the
chain—chain or substrate—chain interactions to cause th@rachain exciton absorption, which is attributed to aggre-
polymer to extend its conformation before the solvent hagjates. The presence of aggregates is confirmed by a red-shift
evaporated. Thus, we can expect that the MEH-PPV chaingn( rise in the intensity of this band along with a correspond-
in films cast from THF are still t|ght|y COiled, and that rela- |ng decrease in quantum y|e|d upon increasing po'ymer con-
tive to films cast from CB, interchain aggregation is reducedcentration. The degree of aggregate formation is seen to be
A lower number of aggregates in THF-cast films is consissolvent dependent, with the open conformation of MEH-PPV
tent with pump wavelength-independent photophysics afy CB solutions allowing more efficient interchain coagula-
early times,® as discussed above. Moreover, reduced aggresion than the tighter coil, which is prevalent in THF solu-
gation allows SE from intrachain excitons to more effec-tions, a result opposite that of previous studies on CN-PPV.
tively compete with the PA from interchain species, consisPhotoexcitation at different wavelengths results in a different
tent with the presence of $Eand line narrowind in THF  fraction of excited intrachain excitons and interchain aggre-
(but not CE*9) cast films of MEH-PPV. gate species, as confirmed by both CW and time-resolved
In addition to photophysics, the preservation of aggre-spectroscopies. The presence of excited-state aggregates can
gates from solutions to films of conjugated polymers also hage monitored directly with 800 nm transient absorption, and
important implications for the operation of electrolumines-the inability of the aggregate wave function to migrate via
cent devices. The quenching of emission of intrachain excienergy transfer results in a slower anisotropy decay than that
tons and the formation of aggregated traps is clearly detriobserved for intrachain excitons.
mental to obtaining high luminescence efficiencies from  Preliminary evidence suggests that “memory” of the
light-emitting devices. In addition, the morphology of conju- solution-phase conformation of MEH-PPV is retained
gated polymers in films can have a significant effect onthrough the casting process, so that the method by which
charge transport For example, strong interchain interac- polymers are cast results in control over the interchain inter-
tions likely favor charge transport and thus could be benefiactions in the film. Thus, many of the conflicts in the litera-
cial for conjugated polymers in photovoltaic devices. Since itture concerning the photophysics of conjugated polymers are
is unlikely that a single chain spans the two electrodes in ahe result of studying samples that were cast from different
polymer-based device, reducing interchain interactions byolutions and therefore have different degrees of interchain
casting films of MEH-PPV from THF rather than CB is ex- coupling. The photophysics of MEH-PPV films cast from
pected to lead to poorer interchain charge transport and thugifferent solvents, for example, have markedly different pho-
reduced carrier mobility. This idea is verified by the fact thattophysical properties, such as the ability for films cast from
LEDs produced from CB-cast films of MEH-PPV are known THF to undergo stimulated emission and line narrowing
to have a lower turn-on voltage and higher working currentwhile films cast from CB cannot. The charge transport prop-
than devices produced from THF-cast filids. erties of MEH-PPV films cast from THF, however, are no-
Overall, the luminescent and charge transport propertieceably inferior to those of CB-cast films. With careful
of MEH-PPV films can be controlled by both the concentra-study, it should be possible to choose the solutimsth sol-
tion and choice of solvent in the precursor solution. By carevent and concentratigrthat produces a film with the inter-
ful choice of the casting conditions, it may be possible tochain interactions desired for a particular device application.
optimize interchain interactions for both device performance  Note added in proofWe recently became aware of the
and luminescence yield. For example, MEH-PPV films castelated work of Gelinck, Staring, Warman, and co-workers
from p-xylene show line narrowing at high excitation inten- [Synth. Met. 84, 595 (1997; J. Phys. Chem100 5455
sities (although with a higher threshold than films cast from(1996] who found aggregation effects in a broken-
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conjugated alhoxy-substituted PPV derivative using micro#J. w. Blatchford, S. W. Jessen, L.-B. Lat al, Phys. Rev. B54, 9180

wave conductivity. (1996. _
243, W. Blatchford, T. L. Gustafson, A. J. Epstanal, Phys. Rev. B54,
R3683(1996.
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