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Conjugated polymer aggregates in solution: Control of interchain
interactions

Thuc-Quyen Nguyen, Vinh Doan, and Benjamin J. Schwartza)
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California 90095-1569

~Received 22 September 1998; accepted 17 November 1998!

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 poly@2-methoxy-5-
~28-ethyl-hexyloxy!-1,4-phenylene vinylene]~MEH-PPV! chains can vary by a factor of 2 in
different solvents such as chlorobenzene~CB! 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 solution~both solvent and concentration! can be used to produce
MEH-PPV films with desired interchain interactions for particular device applications. ©1999
American Institute of Physics.@S0021-9606~99!50408-X#
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I. INTRODUCTION

Poly~para-phenylene vinylene! ~PPV! and its derivatives
are widely studied due to their semiconducting and lumin
cent properties. Within the class of PPVs, poly@2-methoxy-
5-~28-ethyl-hexyloxy!-1,4-phenylene vinylene# ~MEH-PPV!
exhibits characteristics that make it particularly favorable
device fabrication. In addition to preventing crystallizatio
of the polymer when cast into films, the asymmetric alko
side chains~see the inset to Fig. 1 for a chemical structu!
give MEH-PPV solubility in common organic solvents, a
lowing the use of processing techniques such as spin
drop casting.1,2 MEH-PPV also exhibits favorable charge in
jection properties in devices, with the valence band w
matched to the work function of indium–tin–oxide~ITO! or
poly~aniline! and the conduction band compatible with eas
deposited metals such as aluminum or calcium.3,4 Despite
these advantageous characteristics for device fabrication
a large number of photophysical studies, however, the na
of the excited states of PPVs, in general, and MEH-PPV
particular, remains controversial.

One controversy with important implications for devic
performance focuses on whether the initial photoexcitation
PPVs produces only a single species. Several groups
observed that for PPV derivatives in dilute solutions wh
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the polymer chains are presumably isolated, the stimula
emission~SE!, photoluminescence~PL!, and photoinduced
absorption~PA! decay dynamics are identical with a sing
characteristic relaxation time,5–9 typically ;300 ps. The
natural assignment is that all these transient features re
from a single excited state species, namely~intrachain! sin-
glet excitons. In films of PPV derivatives, however, the P
yield is quenched relative to that in solution, and seve
groups have found that the SE dynamics differ from those
both the PL and the PA.6,9,10 Rothberg and co-workers hav
also reported that the PL in films of MEH-PPV has a sma
long-lived tail.6,11 Moreover, these authors observed that t
transient absorption dynamics varied with excitation wa
length: the PA increasingly overwhelms SE as the excitat
wavelength is tuned to the blue.12 These observations le
Rothberg and co-workers to conclude that, in addition
excited intrachain excitons similar to those formed in so
tion, a new interchain electronic species is formed in
excited state in films. From their observations, these auth
estimate that up to 90% of the species formed upon exc
tion of films are interchain.7,12

In contrast, several groups have found evidence t
photoexcitation in conjugated polymers produces mainly
trachain singlet excitons.13–16 Greenhamet al. found a con-
sistent relationship between the radiative lifetime, PL qu
tum yield, and PL decay time for films of several PP
8 © 1999 American Institute of Physics
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derivatives, including MEH-PPV, leaving no room for si
nificant branching to an interchain species.17 Vacar, Dogariu,
and Heeger recently reexamined the excitation wavelen
dependence of the photophysics of MEH-PPV films a
found that the excited state properties were independen
the pump wavelength,18 providing no evidence for interchai
species. Other work examining the excited state photoph
ics in films of an oligomeric analog of MEH-PPV found th
the SE and PA dynamics agreed well at low excitation int
sities and disagreed only at high intensities, prompting
suggestion that interchain species are mediated by do
excited states on single chain segments that occur onl
high excitation densities.19

Though the formation of interchain excited states
MEH-PPV is still a subject of much discussion, there is cle
evidence for interchain species in other conjugated polym
Studies of ladder-type poly~para-phenylene! ~L-PPP!,20–22

poly~para-pyridyl vinylene! ~PPyV!,23,24 and polyfluorene
~PF!25 deriviatives show strong evidence for aggregate f
mation in films. The aggregates are characterized by delo
ization of the electronic wave function among two or mo
chains in both the ground and excited states. This leads to
appearance of a new absorption band in films of these m
rials that is red-shifted relative to that in solution;25 excita-
tion of this band produces a broad, featureless, and hig
Stokes shifted emission.20,23 Time-resolved measuremen
show that new band has a longer radiative lifetime than
intrachain excitation, as expected for a transition involvi
wave functions that are delocalized over several ch
segments.22,24 Finally, studies based on near-field scanni
optical microscopy~NSOM! show that aggregate species a
spatially localized and that their optical properties vary fro
location to location within the polymer film.24,26 All these
results suggest that conjugated polymer chains can aggre
to form electronic species with ground and excited st
properties distinct from that of an isolated polymer chain

In addition to interchain species composed of agg
gates, Samuel and co-workers have recently argued tha
formation of emissive interchain excimers plays an import
role in the photophysics of a cyano-substituted P

FIG. 1. Normalized absorption and PL spectra of MEH-PPV in dilute so
tions of: chlorobenzene~CB, dashed curves!; tetrahydrofuran~THF, dot–
dashed curves!, and a 1:1 mixture of CB:THF~mix, solid curves!. Inset:
Chemical structure of MEH-PPV.
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~CN-PPV!.27,28Their arguments are based on the fact that
emission band in the film is highly red-shifted, broader, a
loses vibronic structure compared to that in solution wh
the ground state absorption spectrum remains essentially
changed. This led these authors to attribute the obse
emission to interchain excimers, which have excitation de
calized between chains only in the excited state, instead
aggregates, which have a distinct delocalized ground s
This assignment is also supported by quantum yield and
time measurements, which suggest that the radiative lifet
of the emitting species in films is an order of magnitu
longer than that in solution, indicating that the film emissi
comes from an electronic entity distinct from the intracha
exciton.28 On making a detailed comparison between t
photophysics of MEH-PPV and CN-PPV,27 these authors
note that like CN-PPV,~1! MEH-PPV shows a red-shift o
its emission spectrum in the film compared to solution,
though the band does not broaden or lose vibronic struc
to the same degree as for CN-PPV; and~2! at low-excitation
intensities, the emission lifetime of MEH-PPV films
longer than that in solution. Based on these observatio
Samuelet al. suggest that MEH-PPV also forms intercha
excimers in its excited state in films, but that the degree
excimer formation is intermediate between that of CN-P
and unsubstituted PPV.27

Rothberg and co-workers have recently revisited
photophysics of MEH-PPV films, and on the basis of t
temperature dependence of the long-lived PL tail have c
cluded that the interchain species are excimers,11 revising
their original assignment of spatially indirect excitons or i
terchain polaron pairs.6,7,12,29 Thermal activation of inter-
chain polaron pairs, which consist of a Coulombically bou
electron and hole on physically adjacent chain segme
would be expected to cause charge transfer between ch
to reform emissive intrachain excitons. Instead, the lo
lived PL tail, which has a spectrum distinctly red-shifte
from that of the intrachain exciton, is observed to increa
markedly upon cooling.11 These observations are readily e
plained if the interchain species is a weakly emissive ex
mer whose PL quantum yield is expected to drop as
temperature is increased due to an increase in the nonra
tive relaxation rate.11,30–32

The whole controversy over interchain excited states
polymers like MEH-PPV is especially important to consid
when fabricating devices; the formation of weakly emiss
interchain species would serve to significantly reduce the
ficiency of electroluminescent conjugated polymer devic
Several groups have proposed solutions to reduce interc
coupling in conjugated polymers such as the use of
tremely bulky side groups on the PPV backbone.33,34 This
type of approach has the disadvantage, however, of also
ducing the coupling needed to allow carriers to easily p
between chains; as a result, the improvement in lumin
cence efficiency in such materials is usually offset by poo
charge transport, as will be discussed further below. Th
understanding and ultimately controlling interchain spec
remains a key challenge to optimize the efficiency of P
polymers for use in electroluminescent devices.

In this paper, we present a new approach to controll
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the degree of interchain interactions in conjugated polym
modifying the chain packing in the film by altering the cha
morphology in the solution from which the film is cast.
the fabrication of conjugated polymer devices, polymers
often cast from solutions with very high concentrations,
the order of 1% weight/volume~w/v!. We will show that the
degree of interchain interaction and aggregation of ME
PPV is directly related to both the concentration of polym
in the solution and the choice of solvent. Moreover, prelim
nary evidence suggests that the ‘‘memory’’ of the soluti
phase conformation is retained through the spin-casting
cess, resulting in solution-phase control over the morphol
and photophysics of conjugated polymer films.

It is worth pointing out that the idea of interchain inte
actions of conjugated polymers in solution is not entire
new. For example, at concentrations significantly bel
those used in spin coating, the luminescence of poly~para-
phenylene-2,6-benzobisoxazole! is strongly quenched in so
lutions due to excimer formation.35 Moreover, Samuel and
co-workers have recently shown that excimers of CN-P
also form in solution, and that by varying the polarity of th
solvent, the degree of excimer formation chang
markedly.36 The amount of excimerlike emission was highe
in the poorest~most polar! solvents for CN-PPV, suggestin
that this polymer tends to assemble in configurations fav
able for excimer formation in these solvents. In this pap
we will show that the opposite is true for MEH-PPV: there
increased evidence for aggregate formation in nonpolar
vents and less so in poorer, more polar solvents.

As we will discuss below, some of the controversy th
exists in the literature can be reconciled by the idea that
conformation of polymer chains in solution can influence
morphology and hence the interchain photophysics in fi
cast from different solvents. For example, MEH-PPV film
prepared layer by layer using Langmuir–Blodgett techniq
show significant differences in their photophysics from sp
cast films.37 In addition, some work has found only photoin
duced absorption~PA! at all probe wavelengths and no sig
of stimulated emission~SE! or gain in MEH-PPV films cast
from CB.6,7 On the other hand, SE has been observed
MEH-PPV films cast from tetrahydrofuran~THF!, and,
moreover, no pump wavelength dependence is observed
films cast from this solvent.18 The presence of SE in film
cast from THF but not CB is also consistent with the fact t
gain narrowing of the emission has been observed to occu
MEH-PPV films cast from THF pumped at high intensit
but that no narrowing is observed from CB-cast films.38,39

We will show that these observations are consistent with
extent of aggregation of MEH-PPV in the precursor so
tions from which the films are cast.

In this paper, we present evidence of the concentrat
dependent formation of weakly emissive aggregates
MEH-PPV in solution. Light scattering experiments sho
that the polymer takes a different conformation in differe
solvents, leading directly to differences in the photophys
as measured by UV-visible absorption and fluoresce
spectroscopies. The emission quantum yield in solution a
depends strongly on the choice of solvent. Fluorescence
citation spectra are found to vary with the choice of detect
s:
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wavelength, and show a distinct low-energy absorption
sponsible for emission at red wavelengths. Moreover,
low-energy peak shifts dramatically both with the polym
concentration and choice of solvent, providing evidence
MEH-PPV aggregates in solution. Finally, femtoseco
pump and probe measurements show that different fract
of intrachain excitons and aggregates can be excited at
ferent wavelengths, and that the presence of aggregates
be probed by PA at 800 nm. Anisotropy measurements sh
that excitations on aggregates are much less mobile
their intrachain counterparts. All these results suggest
the method by which conjugated polymer films are cast
at least partly control the interchain photophysics and, u
mately, the behavior of such films in electroluminescent
vices.

II. EXPERIMENT

The MEH-PPV used in all the experiments perform
here came from a single batch synthesized following
standard literature procedure.1,2 The molecular weight of the
polymer was determined to be 535 000 g/mol by gel perm
ation chromatography~GPC!. Sample solutions in chlo-
robenzene, tetrahydrofuran or a 50:50~volume:volume! mix
of the two solvents were prepared by dissolving the app
priate amount of polymer into the measured solvent and s
ring for several hours. Solutions were stored in sealed v
in an inert atmosphere in the dark when not in use, a
freshly dissolved solutions were used whenever possible.
the experiments reported here were performed at room t
perature.

Light scattering measurements were performed on a
crotrac Ultrafine Particle Analyzer~Leeds & Northrup!. The
instrument makes use of a 780 nm diode laser, well to the
of the MEH-PPV absorption band, and measures the sp
trum of frequency shifts of the scattered light. This allow
the velocity or diffusion constant distribution of the polym
molecules to be directly inferred with standard analysis40

Using literature values for the viscosities of the solvents
room temperature and assuming that the laws of hydro
namics are obeyed, the measured diffusion constants ca
converted to a size distribution. The instrument is capable
distinguishing particles as small as 3 nm at relatively h
particle concentrations.

UV-visible absorption spectra were recorded on a
8453 spectrophotometer using tungsten and deuterium la
as light sources. The photoluminescence~PL! and photolu-
minescence excitation~PLE! spectra were measured on
Fluorolog-3~Instrument S. A. & Co.! using a xenon lamp for
the excitation source. PL quantum yield measurements w
performed on this instrument using Rhodamine 101 in et
nol as a reference with an assumed quantum yield of unit41

To minimize the effects of self-absorption, PL~and the emis-
sion in PLE! were collected from the front face of the samp
for MEH-PPV solutions with concentrations>0.05% w/v.
At the highest concentrations, however, suppression of
PLE spectrum in the regions where the polymer m
strongly absorbs indicated that self-absorption might be
fecting the measured emission action spectra. Thus, to a
distortions due to self-absorption, the PLE spectra prese
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below in Fig. 4 are shown only where the optical density
the sample is less than 0.5. The presence of the below
bands in Fig. 4 in the absence of self-absorption was veri
using very thin~<10 mm! cells constructed by compressin
a single drop of MEH-PPV solution between two microsco
slides. The thin cells could not be used for quantitative wo
however, because the cell thickness could not be repro
ibly controlled and because solvent evaporation during
fabrication altered the solution concentration.

Time-resolved SE and PA measurements were made
ing a regeneratively amplified Ti:Sapphire laser that p
duces;120 fs light pulses centered at 800 nm with 1 mJ
energy at a 1 kHz repetition rate~Spectra Physics!. These
pulses pump a dual-pass optical parametric amplifier~OPA!.
For stimulated emission~SE! experiments, the OPA is set t
produce signal and idler beams at 1350 and 1960 nm, res
tively. The 1350 nm signal beam colinearly propagates w
the residual 800 nm light into a type II BBO crystal to pr
duce femtosecond pulses at 500 nm for excitation of ME
PPV by sum-frequency mixing~SFM!. The probe light at
585 nm is generated by SFM the residual 800 nm light fr
the first SFM process with the 1960 nm idler beam in
second, type I BBO crystal. For photoinduced absorpt
~PA! experiments, the OPA was tuned so that either the
nal or idler beam had the correct wavelength for SFM w
the residual 800 nm light to produce femtosecond pulses
exciting MEH-PPV samples at the desired wavelengths
500, 575, or 592 nm, and the residual 800 nm light was u
directly as the probe. All experiments on a particular po
mer solution, including those with different pump or pro
wavelengths, were performed on the same day to minim
the effects of degradation.

For all the femtosecond experiments, a small part of
probe light is split off to serve as a reference, and the rem
der is attenuated with neutral density filters so that pro
pulse energy at the sample is<50 nJ. A chopper mechani
cally modulates the pump beam at a frequency of;280 Hz,
and the difference signal between the probe and refere
photodiodes is detected by lock-in amplification. The pu
and probe beams are focused colinearly in the sample
spot size of;200 mm. The energy of the pump pulse an
optical pathlength of the solutions were controlled to ens
that the excitation density in the sample did not exce
1017cm23; thus, all the experiments reported here were
low the excitation level where intensity-dependent effe
such as exciton–exciton annihilation or amplified sponta
ous emission are expected to occur.14,42–44At these intensi-
ties, typical signal sizes were on the order of 1% change
optical density. The time delay between the pump and pr
pulses is varied mechanically by a computer-controlled de
stage with 0.5mm resolution.

Wave plates and polarizers are used to orient the po
ization of the pump and probe beams with respect to e
other. Unless otherwise specified, the relative polariza
was set at the magic angle~54.7°! to prevent interference
from dynamical processes that change the direction of
transition dipole of the species being probed.45 Anisotropy
measurements were made by first setting the relative po
izations of the pump and probe beams the same~i!, and then
f
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repeating the measurement after rotating the probe pola
tion by 90° with respect to the pump~'!. The anisotropyr is
defined as45

r 5
i2'

i12'
.

The absolute magnitude of the measured polarized sig
changes somewhat when changing polarization beca
many of the optics in the setup have polarization-depend
reflectivities. Thus, in the results presented below, the sc
were scaled relative to one another to produce an anisot
of 0.4 at time zero. When scaled this way, the linear com
nation i12' of the polarized scans decayed identica
within the signal to noise of scans taken at the magic an
verifying that our choice of scaling parameter is reasona
The anisotropy observed for excitation into the main exci
absorption band is also consistent with that reported in p
vious work.10 In any event, as will be argued below, even
the absolute values of the anisotropy measured this way
subject to systematic error, it should not affect conclusio
drawn from comparing the relative change in anisotropy l
between different scans treated in the identical way.

III. RESULTS AND DISCUSSION

We have elected to focus our attention on MEH-PP
because of both its widespread usage throughout the poly
community and, as discussed in the Introduction, the part
lar sensitivity of its photophysics to the local environme
Like most PPV derivatives, the essentially nonpolar ME
PPV chains are readily soluble in aromatic solvents such
xylene or chlorobenzene~CB!, and are still somewha
soluble in polar nonaromatic organic solvents like tetrah
drofuran~THF!. To span the range of possible solution e
vironments, we begin by examining the photophysics
MEH-PPV in CB, THF, and an equal volume mixture of th
two solvents, hereafter referred to as the ‘‘mixed’’ solven

A. UV-visible absorption and PL. Basic photophysics
of MEH-PPV in solution

The absorption and PL spectra of dilute~0.002% w/v!
MEH-PPV solutions in THF, CB, and mixed solvent a
shown in Fig. 1. The absorption and PL spectra of ME
PPV are not the same in the three solvents: the absorp
spectrum in CB is more red-shifted than that in THF, and
mixed solvent, not surprisingly, falls in between.

To explain the observed shifts by differential solvatio
of the ground and excited states would require that the p
solvent THF stabilize the nonpolar ground state of ME
PPV better than the quinoid-like excited state: an idea t
simply does not fit with the fact that THF is known to be
poor solvent for~ground state! MEH-PPV. The shifts can be
explained, however, by considering that the conjugat
length of the polymer changes in the different solvents. I
well known that the absorption band of oligomers show
steady red-shift with an increasing conjugation length46

Studies have also shown that in conjugated polymers, inc
ing MEH-PPV,47 the excitation energy tends to migrate
longer conjugation lengths before radiative relaxation, som
times referred to as energy migration through the inhomo
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neous density of states.48,49 Thus, a shorter average conjug
tion length for MEH-PPV in THF compared to CB not on
explains the blue-shifted absorption spectrum, but also
blue-shifted emission:50 in THF there must simply be fewe
long conjugated segments for the energy to migrate to
lowing excitation.

The differences created by the local solvent environm
are also reflected in the PL quantum yield. We have m
sured the luminescence efficiency of MEH-PPV in dilut
(<1024% w/v) solutions of each of the three solvents, a
find quantum yields of 0.3960.01 in CB; 0.2760.01 in
THF; and 0.3760.03 in the mixed solvent. The measur
efficiencies are relative to Rhodamine 101 as a standard~as-
sumed quantum yield of unity!,41 and the uncertainties ar
the standard deviation of three independent measuremen
each solvent. The measured value in CB agrees well w
previous quantum yield measurements of 0.35 for MEH-P
in CHCl3 and in the related aromatic solvent toluene,51 al-
though another measurement has reported 0.20 inp-xylene.33

Because the absolute quantum yields reported here w
measured simply with a commercial instrument and not w
an integrating sphere, they are likely subject to some deg
of systematic error. All three solutions, however, were p
pared and measured in the identical fashion, so that the
tive quantum yields of MEH-PPV in the different solven
should be accurate. Thus, the most striking result is that
quantum efficiency of MEH-PPV in THF is only 70% tha
in CB.

The hypothesis of a shorter conjugation length in TH
relative to CB also can be used to explain the relative qu
tum yields in the different solvents. MEH-PPV will tend t
‘‘unfold’’ in CB to maximize favorablep–p interactions
between the polymer and the solvent, while the THF
polymer is expected to coil more tightly to minimize th
number of aromatic repeat units interacting with the nona
matic solvent molecules. The tighter polymer coil in TH
would imply a greater number of torsional defects along
backbone and, hence, a lower PL quantum yield as well
shorter conjugation length. The mixed solvent is expecte
behave somewhat more like CB than THF since the polym
chains should be preferentially solvated by CB molecules
the next section, we present physical evidence via light s
tering that MEH-PPV indeed has significantly different co
formations in different solvent environments.

B. Light scattering: The conformation of MEH-PPV in
solution

We have performed light scattering experiments
MEH-PPV in different solutions in order to explore the id
of changing polymer confirmation~and, hence, changin
conjugation length! as the nature of the solvent is varied. B
measuring the diffusion coefficient of the individual polym
chains and assuming the Stokes–Einstein relation, light s
tering gives the size~hydrodynamic radius,RH! distribution
for the polymer chains. As expected, the experiments sh
that the conformation of MEH-PPV chains in solution is a
tered by the solvent–polymer interaction. Figure 2 sho
typical light-scattering size distributions for the polym
chains in 0.5% w/v solutions of MEH-PPV in CB, THF, an
e
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the mixed solvent. It is clear that the averageRH in CB is
nearly double that in THF and, as expected, the behavio
the mixed solvent is in between but closer to that of CB.

The inset of Fig. 2 shows the concentration depende
of RH for MEH-PPV in CB and THF. The slight decrease
averageRH observed with an increasing concentration
likely due to multiple scattering. This is because an in
vidual molecule has to diffuse much less distance to cau
change in the scattering signal when the light is multip
scattered. As a result, the scattering correlation function
cays more quickly, leading to a higher apparent diffusi
constant and thus a lower apparentRH . In fact, as will be
argued below, the polymer chains tend to aggregate w
increasing concentration, so the apparent change in size
concentration represents a convolution of both multiple sc
tering and aggregation effects. We have studied the con
tration dependence of the size distributions and extrapola
the averageRH values to zero concentration~Fig. 2, inset! to
remove these effects. The result gives an average dilute
lution RH for MEH-PPV in CB of 21.5 nm, while that in
THF is only 12.5 nm.

These numbers can be compared to previous wo
which used both dynamic and angle-dependent light sca
ing to measure anRH of 35.9 nm for MEH-PPV in
p-xylene.33 The difference between our results and those
Ref. 33 are likely due to both different polymer molecul
weights ~the 611 kg/mol for the polymer used in Ref. 3
should result in a larger coil than the 535 kg/mol used he!,
and differences in the solvents used~nonpolarp-xylene is a
better solvent for MEH-PPV than the more polar CB!. It is
worth noting that obtaining absolute particle size measu
ments from nonmonodisperse samples is often tricky du
the mathematical deconvolution procedure involved in
tracting the diffusion constant from the frequency shifts
the scattered light. However, all the samples we studied
from the same synthetic batch of polymer and were trea
identically, so even if the results presented in Fig. 2 are s
ject to systematic error, it is still clear that the polymer co
formation is significantly restricted in THF compared to C
Overall, all the results argue that choice of solvent can

FIG. 2. Size distributions~hydrodynamic radii! from light scattering for
solutions of MEH-PPV in: CB~circles!; THF ~triangles! and a 1:1 mix of
CB:THF ~squares!. Lines connect the data points. Inset: The concentrat
dependence of average hydrodynamic radius; the symbols are the same
the main figure.
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used to systematically control the conformation of con
gated polymers.

C. Photoluminescence excitation: Evidence for
aggregates

The effect of the solvent environment, and hence con
mation of a polymer on its photophysics, can also be exa
ined by photoluminescence excitation~PLE!: scanning the
excitation wavelength and collecting the amount of lumin
cence that results at a single chosen wavelength. For d
MEH-PPV dissolved in CB, THF, and the mixed solvent, t
PLE spectra that result from collecting emission near
band maximum at 552 nm resemble the standard absorp
spectrum~Fig. 3!. Like other groups, we observe some d
ferences in the PLE and UV-visible spectra, most notabl
decrease in the PLE relative to the absorption spectrum
blue wavelengths.10,11,33The differences, however, are sligh
making it difficult to argue their significance given that su
differences may be sample dependent.11,13,17

In Fig. 4, the below-gap PLE spectra of MEH-PPV s
lutions in THF at different concentrations are shown for d
tection at the red edge of the emission band~660 nm!. As the
concentration increases, a new excitation band appears t
red of the normal polymer absorption spectrum. This belo
gap excitation feature increases in magnitude and red-s
relative to the main absorption band with increasing conc
tration. This suggests that a large fraction of the emissio
660 nm is caused by a new species that has the bulk o
absorption spectrum to the red of the normal MEH-PPV
sorption band. The observation of a new band that both
sorbs and emits to the red of the polymer is similar to wha
observed in L-PPP,20–22PPyV,23,24 and PF25 polymers, mak-
ing it reasonable to assign the new feature in MEH-PPV
aggregates.

This assignment of the band observed in 660 nm PLE
aggregates is further confirmed by studying the concentra
dependence. At very low concentrations~0.002% w/v!, the
660 nm PLE is essentially identical to the 552 nm PL
suggesting no significant aggregation~Fig. 3!. The red-shift

FIG. 3. Photoluminescence excitation spectra of MEH-PPV in a dilute T
solution for emission at 552 nm~a solid curve!; 660 nm ~triangles!. The
UV-visible absorption spectrum of the same solution is also shown for
erence~dashed curve!. The curves have been arbitrarily scaled for a b
comparison.
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and increasing relative intensity of the 660 nm PLE ba
~Fig. 4! suggest that both the size and number of aggreg
grow with increasing concentration. As the MEH-PPV co
centration is raised, aggregation provides more chain s
ments in contact over which the wave function can be de
calized, leading to both a redder ground state absorption
an increase in the total number of species that produce e
sion out in the red at 660 nm.

Figure 4 suggests that red emission from the aggreg
species can be enhanced by preferentially exciting at the
nm PLE band maxima, an idea we will also return to wh
discussing the femtosecond pump-probe results in Sec. I
The results of selective-excitation PL experiment are sho
in Fig. 5, which compares the PL of MEH-PPV in a 1.5
w/v THF solution, excited at both 500 nm~the peak of main
intrachain exciton absorption! and 592 nm~well into the ag-
gregate band!. The spike seen in the 592 nm excited scan
due to residual excitation light scattering into the PL colle
tion monochromator of the fluorimeter. Excitation into th

F

f-
t

FIG. 4. The red onset of the 660 nm photoluminescence excitation
solutions of MEH-PPV in THF with different concentrations~w/v!: 0.05%
~dot–dashed curve!; 0.1% ~solid curve!; 0.15% ~long dashed curve!; 1.5%
~dots!. The short-dashed curve shows the 552 nm PLE spectrum~which
mirrors the UV-visible absorption! of the 1.5% solution for comparison.

FIG. 5. Photoluminescence spectra of 1.5% w/v solutions of MEH-PPV
THF excited at 500 nm~dashed curve!; 592 nm~solid curve!. The spectra
have been scaled to the same amplitude near 605 nm. Inset: The diffe
of the two spectra presented in the main figure.
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aggregate band clearly increases the amount of PL in the
tail. The inset to Fig. 5 shows the results of scaling the t
PL spectra for the best match at the 0→1 vibronic transition
near 605 nm and then subtracting. The result is a bro
featureless band with a red tail that bears a striking res
blance to the aggregate emission seen in films of both o
polymers20,23 and MEH-PPV.11

To the best of our knowledge, Figs. 4 and 5 provide
first direct evidence for aggregate formation for MEH-PP
in solution. Unlike the previous studies that found aggrega
in films in other polymers,20–25 in MEH-PPV solutions there
is no distinct ground state absorption band nor obviou
red-shifted emission to immediately point to aggreg
formation.50 The aggregate bands in solution show up
PLE, however, due to the fact that collection at red wa
lengths is a more sensitive, aggregate-specific, z
background technique compared to UV-visible absorption
is also possible that the extent of wave function delocali
tion is different in solutions and films, leading to signifi
cantly lower oscillator strengths for the aggregate absorp
and emission in solution.

Figure 6 provides evidence that the formation of ME
PPV aggregates in solution can be controlled by the cho
of solvent as well as the concentration. The aggregate e
tation band shows a lower red-shift with increasing conc
tration in THF than in CB. From the light scattering resu
discussed above, we know that the polymer conformatio
more open in CB than THF, providing both a higher numb
of longer conjugation length segments and increased ac
to those segments for promoting aggregation as the con
tration is increased. This result also implies that the agg
gate species are predominantly formed from conjugated
ments on different chains; if aggregates were formed b
single chain folded back on itself, we would expect agg
gate formation to be more facile in confining solvents li
THF.

The fact that better solvents promote aggregation
MEH-PPV stands in contrast to previous work on CN-PP
which found that interchain excimers form more readily

FIG. 6. The wavelength at which the 660 nm photoluminescence excita
spectra~Fig. 4! first rises to 60 000 counts as a function of concentration
MEH-PPV solutions of: CB ~circles!; THF ~triangles!; 1:1 CB:THF
~squares!. Lines connect the data points and are drawn to guide the ey
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poor solvents.36 We suggest that the difference is due to t
unique nature of the strongly electronegative cyano gro
and symmetric substitution in CN-PPV that are known
cause strong interactions between chains in the film
likely promote efficient intrachain folding in solutions of un
favorable solvents. Clearly, the formation of interchain sp
cies in solutions of conjugated polymers depends on an
terplay of factors including the nature of substituents on
polymer backbone as well as concentration and choice
solvent.

D. Femtosecond pump-probe spectroscopy:
Excitons, aggregates, and conformation-dependent
lifetimes

To further understand the behavior of MEH-PPV and
aggregates in solution, we have undertaken a series of f
tosecond pump-probe experiments; typical results of th
experiments~illustrated for MEH-PPV in THF solutions o
two concentrations! are shown in Fig. 7, and the paramete
for single or biexponential fits to these data are summari
in Table I.

The simplest of these experiments excites MEH-PPV
the center of its~intrachain! exciton absorption band at 50
nm and probes the change in sample absorbance at 585
as a function of the delay time. The 585 nm probe light
found to increase in intensity after passing through the
cited sample; this negative change in absorbance is du
stimulated emission. By monitoring the decay of the stim
lated emission signal with delay time~and assuming tha
other excited species do not absorb at the 585 nm pr
wavelength!, the lifetime of the emissive species can be me

n
r

FIG. 7. Ultrafast pump-probe transients on 0.15% w/v~a! and 1.5% w/v~b!
solutions of MEH-PPV in THF: 585 nm SE following 500 nm excitatio
~squares!; 800 nm PA following 500 nm excitation~crosses!; 800 nm PA
following excitation at 575 nm~0.15% solution! or 592 nm~1.5% solution!
~circles!. The scans were arbitrarily scaled to the same magnitude at
delay for a better comparison. The thin solid lines in~b! @not shown in~a!
for clarity# are exponential fits to the data with parameters summarize
Table I.
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sured directly. Our initial measurements of this type star
with dilute solutions of MEH-PPV in CB. We find the deca
of the 585 nm SE signal fits well to a single exponential w
a 301 ps lifetime, in excellent agreement with previous st
ies that measured;300 ps excited state lifetimes in aromat
solutions by time correlated single photon counting,5,47,51

stimulated fluorescence depletion,6 or stimulated emission.10

We note that previous work has also examined solutions o
at low ~,0.5% w/v! concentrations.

The excited state dynamics of MEH-PPV in THF sol
tions, however, have a somewhat different behavior. Fig
7~a! presents the 500 nm pump/585 nm probe excited s
decay for a 0.15% w/v solution of MEH-PPV in TH
~squares!. The SE signal decays single exponentially with
201 ps lifetime. The measured decrease in lifetime betw
CB and THF solutions scales perfectly with the PL quant
yield measurements presented in Sec. III A; both meas
ments are consistent with a single radiative lifetime of;0.8
ns, in reasonable agreement with previous estimates.17,47The
shorter SE lifetime in THF fits well with the concept of mo
tightly packed chains in THF compared to CB solutions. E
citons migrating along the chain in the restricted conform
tion in THF likely sample an increased number of defe
sites leading to quenching of the luminescence.

In addition to a solvent dependence for the PL quant
yield and lifetime, we also have evidence for concentrat
quenching, presumably the result of aggregate formation
discussed above. The squares in Fig. 7~b! show the SE decay
in a 1.5% w/v solution of MEH-PPV in THF; here the sol
line is a single exponential fit with a 170 ps time consta
The ;15% decrease in lifetime from~201–170 ps! upon
increasing concentration~from 0.15% to 1.5%! suggests tha
even in THF solutions, which show a lower degree of agg
gate formation compared to CB solutions~Fig. 6!, when the
concentration becomes comparable to that used in spin
ing, aggregates comprise a significant fraction of the to
number of excitations.

A direct probe of the role of aggregates in the excit
state photophysics of MEH-PPV in solution is provided
experiments monitoring photoinduced absorption. Beca
intrachain excitons are known to have a strong PA in
near IR, in the absence of aggregates the kinetics meas
for 800 nm PA should be identical to those measured for
nm SE. However, the 800 nm PA in MEH-PPV solutio
following excitation at 500 nm shows two distinct tim

TABLE I. Fit parameters for the pump-probe transients presented in Fi
for solutions of MEH-PPV in THF:a1e2t11a2e2t2 ~see the text for de-
tails!.

Concentration
~%w/v!

lpump/lprobe

~nm! a1 t1 ~ps! a2 t2 ~ps!

0.15 500/585~SE! 1.000 20164
1.5 500/585~SE! 1.000 17063
0.15 500/800~PA! 0.468 27365 0.532 19964
1.5 500/800~PA! 0.596 33063 0.404 11861
0.15 575/800~PA! 1.000 27366
1.5 592/800~PA! 1.000 33063
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scales: the expected decay that matches the exciton lifet
as measured by SE at 585 nm, and a slower relaxation, w
we assign as resulting from the decay of excited state ag
gates~Fig. 7, crosses; Table I!. In the 0.15% w/v THF solu-
tion, the slower 273 ps decay comprises a significant frac
of the observed 800 nm PA signal. Upon increasing the c
centration to 1.5% w/v, the relative amplitude of the slow
aggregate component increases and the decay time als
creases slightly to 330 ps. The increased amplitude is c
sistent with a larger number of aggregates at the higher c
centration, while the increased lifetime suggests
formation of larger aggregates with more delocalized wa
functions ~and therefore longer radiative lifetimes!, consis-
tent with the PLE results discussed above. Without know
their relative excited-state absorption cross sections, it is
ficult to determine exactly what fraction of the excited sta
species are intrachain excitons or aggregates. Since it is
likely that the delocalized aggregate wave function ha
significantly higher excited state absorption cross sec
than the intrachain exciton, Fig. 7 suggests that aggreg
make up roughly tens of percents of the excited state po
lation at high concentrations. The fact that aggregates c
prise a significant fraction of the excited state species for
nm excitation implies that either the aggregates have a
nificant absorption under the main exciton absorption ba
~which was not evident in the PLE due to self-absorption!, or
that directly excited excitons can efficiently migrate to t
sites of aggregation~in effect forming excimers!.

One of the chief observations supporting the presenc
interchain species in films has been a pump wavelength
pendence to the PA dynamics. The idea is that excitatio
different energies results in a different fraction of intercha
species, leading to different kinetics of the PA.12 For MEH-
PPV solutions, the PLE results shown above suggest
aggregates can be preferentially excited to the red of
main exciton absorption. Thus, to verify our assignment
the long PA decay component as arising from aggreg
states, we performed 800 nm transient absorption exp
ments pumping directly into the aggregate absorption ba
~575 nm for the 0.15% solution and 592 nm for the 1.5
solution! of MEH-PPV in THF, shown as the circles in Fig
7. Red excitation into the aggregate band clearly results
longer PA decay~Fig. 7, circles! than excitation further to
the blue into the exciton band~Fig. 7, crosses!. The observed
kinetics fit well to single exponentials, with lifetimes of 27
ps~0.15% solution! and 330 ps~1.5% solution!, respectively,
consistent with the idea that nearly all the species excite
these wavelengths are aggregates. Even more striking is
fact that at all concentrations, the observed kinetics ma
perfectly with the long decay component that resulted fr
500 nm excitation~i.e., the long time tails of the two PA
scans are parallel on the log plot of Fig. 7!, suggesting that
the decay is due to the same aggregate species in both c

As mentioned in the Introduction, Vacar, Dogariu, a
Heeger recently have reported no pump wavelength dep
dence for the excited state dynamics in MEH-PP
solutions.18 In particular, they focused on;0.1% w/v solu-
tions of MEH-PPV in THF and chose 545 nm as one of th
excitation wavelengths. Figures 4 and 5 suggest that 545

7
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light can access the aggregate band absorption for M
PPV in THF at this concentration. Figure 7~a!, however, im-
plies that at low concentrations, the evidence for long-liv
aggregates in PA does not appear until times>300 ps. None
of the data reported in Ref. 18 shows times longer than
ps. The data shown in Fig. 7~a! agree well with the limited
time range that is presented in Ref. 18; thus, this previ
study may simply not have excited the dilute sample su
ciently to the red nor explored to long enough delay times
observe the subtle difference in PA due to aggregates in
lution. Overall, Fig. 7 shows that with proper choice of e
citation wavelength, solvent and concentration, control o
the lifetimes of excitons, and aggregates, as well as t
relative population, is possible.

Since the aggregate states are localized in space to
gions where multiple chain segments are physically adjac
time-resolved anisotropy can be used to provide further
dence that the long-lived species are aggregates. En
transfer causes excitons to migrate along or between poly
chain segments which may have different orientations,
sulting in a loss of anisotropy following the initia
excitation.10,52,53Because they are tied to a particular regi
in space, it is unlikely that there will be any significant m
tion of aggregate states, leading to the expectation o
slower loss of anisotropy for aggregates.

With the correct choice of pump and probe wavelengt
the anisotropy dynamics can be measured independentl
both intrachain excitons and aggregates. Since the aggre
species emit further to the red than the intrachain excito
585 nm SE can be used to probe exclusively excitons. C
versely, excitation at 592 nm is well beyond the exciton a
sorption band, so the resulting PA probes predominantly
gregates. Figure 8 presents anisotropy decays for eac
these cases in 1.5% w/v MEH-PPV in THF. The solid cur
shows the anisotropy decay of the 800 nm aggregate
produced by selectively pumping the aggregate band, w
the dashed curve shows the anisotropy of the exciton
probed at 585 nm. The anisotropy decay of the intrach
exciton is qualitatively consistent with that reported for 8
nm PA following 390 nm excitation in previous work.10 The
results in Fig. 8 show that the PA anisotropy decays slo

FIG. 8. Femtosecond transient anisotropy for 1.5% w/v solutions of ME
PPV in THF: 585 nm SE produced by 500 nm excitation~dashed curve!;
800 nm PA produced by 592 nm excitation~solid curve!.
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than that of the SE, consistent with aggregate species tha
less mobile than excitons.

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

Unlike the results presented in Fig. 4, PLE studies
MEH-PPV films cast from THF11 or other solvents54 show
little evidence for a band to the red of the main intracha
exciton absorption band. This could be due to a lack of
gregate species in films, or, more likely, results from quen
ing of the weak aggregate emission due to the increa
number of pathways available for nonradiative relaxation
the solid state. The situation is further complicated by
fact that energy transfer is facile in conjugated polym
films.49 Even if aggregation in the solid state is insufficient
result in a distinct ground state species, as argued above
solutions, migration of intrachain excitations could result
trapping at low-energy aggregate sites, essentially resul
in excimer formation21,30 ~this process appears not to be im
portant, however, for excimers of CN-PPV in solution36!.
We note that whether they are produced by direct excita
or exciton migration, the branching ratio between any el
tronic species that are shared between several chain segm
and intrachain excitons should be wavelength dependent.
the aggregate case, the aggregate absorption cross se
will vary with wavelength in a different fashion than that o
the intrachain exciton, resulting in different relative numbe
of each for excitation at different wavelengths. For the ex
mer case, excitation at different wavelengths produces e
tons of different mobility, altering the probability of diffu
sion to a site that facilitates sharing of the excitation ene
between neighboring chains. In this section, we argue
aggregates in conjugated polymer solutions persist thro
the casting process, resulting in fundamental changes in
photophysical and electroluminescent behavior of conjuga
polymers in the solid state.

The most compelling reason that solution-phase agg
gates of conjugated polymers are important in the solid s
is that most conjugated polymer films are cast from hig
concentrated solutions: the same concentrations~;1% w/v!
at which aggregate formation was shown above to play
important role. Evidence that the chain packing in con
gated polymer films is controlled by the choice of polym
concentration in solution has already been provided by x-
diffraction studies of polyaniline films.55 Moreover, MEH-
PPV films drop cast from CB and THF have been obser
in recent work to have different local structures, showi
that the choice of solvent affects film morphology.56 Differ-
ing photophysics in films cast from different solvents, su
as the presence of SE and line-narrowing in films of ME
PPV cast from THF but not in films cast from CB, wa
pointed out in the Introduction and will be discussed furth
below. Finally, recent theoretical arguments30–32and experi-
mental work27,28 suggest that excimer formation is indee
important in films of conjugated polymers and in MEH-PP
in particular.11

As argued above, MEH-PPV chains in CB solution ta
an open, extended conformation~Fig. 2! which, relative to
THF solutions, tends to promote the formation of aggrega

-
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in highly concentrated solutions~Fig. 6!. Upon spin casting,
the slow evaporation of the relatively high-boiling CB ten
to preserve these interchain species: there is plenty of
for favorable interchain interactions to dominate the so
state structure while the solvent evaporates. Thus, we
expect that MEH-PPV chains in films cast from CB tend
remain aggregated. Figure 7 demonstrates that aggre
states give rise to a PA; if this absorption extends to the b
of 800 nm into the emission region, the presence of agg
gates will lower or possibly overwhelm the net cross sect
for SE, and thus the possibility for line narrowing in su
films. This reasoning is consistent with the complete lack
SE6,7 and line narrowing38 observed in CB-cast films o
MEH-PPV.

MEH-PPV chains in THF solution, on the other han
take a compact conformation~Fig. 2! and thus, relative to
CB, tend to resist forming aggregates in highly concentra
solutions~Fig. 6!. Upon spin casting, rapid evaporation
the volatile THF solvent tends to favor retention of t
tightly coiled chains: there is simply too little time fo
chain–chain or substrate–chain interactions to cause
polymer to extend its conformation before the solvent h
evaporated. Thus, we can expect that the MEH-PPV ch
in films cast from THF are still tightly coiled, and that rela
tive to films cast from CB, interchain aggregation is reduc
A lower number of aggregates in THF-cast films is cons
tent with pump wavelength-independent photophysics
early times,18 as discussed above. Moreover, reduced ag
gation allows SE from intrachain excitons to more effe
tively compete with the PA from interchain species, cons
tent with the presence of SE18 and line narrowing38 in THF
~but not CB6,8! cast films of MEH-PPV.

In addition to photophysics, the preservation of agg
gates from solutions to films of conjugated polymers also
important implications for the operation of electrolumine
cent devices. The quenching of emission of intrachain e
tons and the formation of aggregated traps is clearly de
mental to obtaining high luminescence efficiencies fro
light-emitting devices. In addition, the morphology of conj
gated polymers in films can have a significant effect
charge transport.55 For example, strong interchain intera
tions likely favor charge transport and thus could be ben
cial for conjugated polymers in photovoltaic devices. Sinc
is unlikely that a single chain spans the two electrodes i
polymer-based device, reducing interchain interactions
casting films of MEH-PPV from THF rather than CB is e
pected to lead to poorer interchain charge transport and
reduced carrier mobility. This idea is verified by the fact th
LEDs produced from CB-cast films of MEH-PPV are know
to have a lower turn-on voltage and higher working curr
than devices produced from THF-cast films.57

Overall, the luminescent and charge transport proper
of MEH-PPV films can be controlled by both the concent
tion and choice of solvent in the precursor solution. By ca
ful choice of the casting conditions, it may be possible
optimize interchain interactions for both device performan
and luminescence yield. For example, MEH-PPV films c
from p-xylene show line narrowing at high excitation inte
sities ~although with a higher threshold than films cast fro
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THF!38 and are also known to make good light-emitting d
vices. We are presently studying the photophysical prop
ties of MEH-PPV films cast from solutions of different con
centrations as well as from solvent mixtures in the search
ways to optimize the use of this material for particul
applications.54

IV. CONCLUSIONS

In summary, we have shown that the conformation
MEH-PPV varies greatly in different solvents. MEH-PP
chains in CB solution are much more extended and o
than in THF solutions, as evidenced by~1! the size distribu-
tions measured directly by light scattering;~2! the red-shift
of the UV-visible absorption and PL spectra in CB solutio
relative to THF; and~3! the drop in luminescence quantu
yield and exciton lifetime in THF solutions relative to CB
Moreover, the photophysics of MEH-PPV in solution a
also seen to vary with concentration. PLE spectra for
emission wavelengths show a new band to the red of
intrachain exciton absorption, which is attributed to agg
gates. The presence of aggregates is confirmed by a red-
and rise in the intensity of this band along with a correspo
ing decrease in quantum yield upon increasing polymer c
centration. The degree of aggregate formation is seen to
solvent dependent, with the open conformation of MEH-P
in CB solutions allowing more efficient interchain coagul
tion than the tighter coil, which is prevalent in THF solu
tions, a result opposite that of previous studies on CN-P
Photoexcitation at different wavelengths results in a differ
fraction of excited intrachain excitons and interchain agg
gate species, as confirmed by both CW and time-resol
spectroscopies. The presence of excited-state aggregate
be monitored directly with 800 nm transient absorption, a
the inability of the aggregate wave function to migrate v
energy transfer results in a slower anisotropy decay than
observed for intrachain excitons.

Preliminary evidence suggests that ‘‘memory’’ of th
solution-phase conformation of MEH-PPV is retain
through the casting process, so that the method by wh
polymers are cast results in control over the interchain in
actions in the film. Thus, many of the conflicts in the liter
ture concerning the photophysics of conjugated polymers
the result of studying samples that were cast from differ
solutions and therefore have different degrees of interch
coupling. The photophysics of MEH-PPV films cast fro
different solvents, for example, have markedly different ph
tophysical properties, such as the ability for films cast fro
THF to undergo stimulated emission and line narrowi
while films cast from CB cannot. The charge transport pro
erties of MEH-PPV films cast from THF, however, are n
ticeably inferior to those of CB-cast films. With carefu
study, it should be possible to choose the solution~both sol-
vent and concentration! that produces a film with the inter
chain interactions desired for a particular device applicati

Note added in proof. We recently became aware of th
related work of Gelinck, Staring, Warman, and co-worke
@Synth. Met. 84, 595 ~1997!; J. Phys. Chem.100, 5455
~1996!# who found aggregation effects in a broke
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conjugated alhoxy-substituted PPV derivative using mic
wave conductivity.
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