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Nanoscopic interchain aggregate domain formation in conjugated
polymer films studied by third harmonic generation near-field
scanning optical microscopy
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The electronic structure of conjugated polymer films is of current interest due to the wide range of
potential applications for such materials in optoelectronic devices. A central outstanding issue is the
significance of interchain electronic species in films of these materials. In this paper, we investigate
the nature of interchain species in films of poly@2-methoxy-5-~28-ethylhexyloxy!-1,4-phenylene
vinylene# ~MEH-PPV! both before and after thermal annealing. Our investigation employs a
combination of third harmonic generation~THG! and near-field scanning optical microscopy to
measure the wavelength and spatial dependence of the THG efficiency. These chemically selective
imaging measurements reveal new, low-energy absorption features in nanometer-scale spatially
distinct regions of annealed films that are only infrequently observed prior to annealing. This
suggests that the polymer strands in annealed MEH-PPV films pack together closely enough that
significant ground-state wave function overlap can occur: thermal annealing creates nanoscopic
aggregation domains. THG polarization studies indicate that polymer chain segments in these
domains have a preferred orientational alignment. The spatial correlation of these aligned
nanoscopic regions within the annealed films suggests that they form via a nucleation and growth
type mechanism. In combination with previous work, these data support the idea that the nature and
spatial distribution of interchain interactions in conjugated polymer films are complex; conjugated
polymer films likely contain an inhomogeneous spatial distribution of both ground- and
excited-state interchain species. ©2002 American Institute of Physics.
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I. INTRODUCTION

Conjugated polymers present many potential optoe
tronic applications, including use in devices such as lig
emitting diodes~LEDs!,1–4 photodiodes,5 photovoltaics,6 and
large-area displays.7,8 The optimization of such devices ha
been hindered, however, due to uncertainty regarding
electronic properties of the polymer strands when they
cast into films. Mounting evidence indicates that interch
species significantly influence the electronic properties
films of these materials.9–16 Not only can such interchain
species be detrimental to device efficiency due to their lo
emission quantum yields,13,17,18but they may also be impor
tant in device degradation due to their long excited-state l
times and position as the lowest-energy species in en
funneling processes.19 Thus, understanding both the deta
of the electronic interactions between conjugated polym
chromophores and the way chromophore interactions are
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tributed spatially throughout conjugated polymer films
critical if these materials are to be exploited to their ma
mum potential.

Despite their importance, interchain electronic species
conjugated polymers are difficult to study because the wa
which the conjugated chromophores interact depends se
tively on the how the conjugated polymer film wa
processed.9,10,20,21In conjugated polymer films produced b
spin-coating, for example, the rapid evaporation of the s
vent results in films in which the polymer chains are kine
cally frozen into a wide variety of conformations that may
may not foster interchain species. Thermal annealing o
conjugated polymer film, in contrast, allows the individu
polymer strands to explore configuration space and resul
chains that are packed in a more thermodynamically fav
able fashion, thus increasing the interactions between a
cent polymer chromophores.10,12,22–25In both as-cast and an
nealed conjugated polymer films, a balance between
steric repulsion of bulky side chains and maximization
p-electron delocalization also can result in domains of m
lecularly oriented polymer chromophores,26–31as well as in-
terchain delocalized ground and/or excited electro
states.10,12–14,32While several groups have observed subm
8 © 2002 American Institute of Physics
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6689J. Chem. Phys., Vol. 117, No. 14, 8 October 2002 Domain formation in conjugated polymer films
cron scale orientation domains in films of conjugated po
mers using near-field scanning optical microscopy~NSOM!
techniques,26,28,30,31,33–35relatively little has been learned re
garding the spatial distribution of interchain electronic sp
cies in these materials.

The primary spectral signature of interchain excit
states is the presence of a weak, redshifted photolumi
cence ~PL!, which has a radiative lifetime that is muc
longer than the emission from a single polym
chain.13,14,17,32,36–39Many experiments have also found ev
dence for intermolecular ground-state species, or ‘‘agg
gates,’’ which are characterized by the presence of a w
redshifted feature in the absorption spectrum of the polym
in addition to the weak redshifted interchain PL.26,27,40–43

Throughout this paper, we will take care to distinguish t
interchain electronic species that form when a conjuga
polymer chromophore is in its excited state, such
‘‘excimers’’14,16,18,37 or ‘‘polaron pairs,’’14,15,32,44–46 from
those interchain species that form when thep electrons are
delocalized between chromophores in the ground electr
state, such as aggregates.10,26,27,40–43We also make a point to
differentiate interchain electronic species from orientat
domains; even if polymer strands are aligned due to phys
or chemical interactions, this does not necessarily resu
overlap of ground-state wave functions between ch
mophores.

Third-harmonic generation~THG! is a powerful spectro-
scopic method for the study of ground-state electronic s
cies; it is a parametric process and therefore does not de
on the particular relaxation channels~either radiative or non-
radiative! of the excited state.47–49This sensitivity to ground-
state electronic properties allows us to use THG to dis
guish ground-state species such as aggregates, which m
may not be emissive, from excited-state interchain spec
such as excimers and polaron pairs, which are character
only by their PL. The combination of THG with NSOM a
lows a sample to be imaged in a manner similar to tha
linear absorption but without the high background levels
sociated with transmission spectroscopies.50,51The THG sig-
nal is proportional to the third-order polarizability,Pi

(3), in-
duced in a sample, as described by the equation47,48

Pi
(3)~3v!}x i jkl

(3) E~v j !E~vk!E~v l !, ~1!

wherex i jkl
(3) is a fourth-rank tensor that describes the coupl

of the three electric fields,E(v j ,k,l), to create the third-
harmonic polarization, andi , j , k, andl are electric field ori-
entations with respect to laboratory coordinates.x (3) consists
of both nonresonant and resonant terms

x total
(3) 5xNR

(3)1xR
(3) , ~2!

where the resonant term (xR
(3)) can be described more explic

itly as
Downloaded 27 Sep 2002 to 128.97.34.137. Redistribution subject to A
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x i jkl
(3) ~23v,v,v,v!

' (
n,n8,n9Þg

^gu i un&
~3v2vng1 iGng!

3
^nu l un9&^n9ukun8&^n8u j ug&1permutations

~2v2vn9g1 iGn9g!~v2vn8g1 iGn8g!
~3!

and can increase THG signals by orders of magnitude w
the experimental frequenciesv, 2v, 3v ~or combinations of
them! approach the frequencies of molecular transitio
vng , vn8g , and vn9g in the sample. The transition dipol
matrix elementŝ gu i un& represent the coupling between th
ground stateg and an excited staten along thei coordinate.
G is a characteristic damping constant for the correspond
molecular transitions. We have recently shown that the co
bination of resonantly enhanced nonlinear optical proces
and NSOM is useful for subwavelength spatial resolut
imaging with chemical specificity.50–54For THG NSOM, the
fact that a third-order polarization can be generated in c
trosymmetric media provides sensitivity to the bulk of t
sample, in contrast to the surface selectivity that can be
gendered via second-order nonlinear optical processes,
as second-harmonic or sum frequency generation.47

Several groups have used THG~although not THG
NSOM! to investigate the electronic properties of conjuga
polymers. Saito and co-workers studied the THG of high
oriented Langmuir–Blodgett films of a dialkoxy-derivitize
poly~phenylene vinylene! ~PPV! and found a strong depen
dence of the THG efficiency on the incident las
polarization.55 The data from these experiments showed t
the THG signals were;15 times stronger when the inciden
laser polarization was parallel to the orientation of the po
mer backbone than when the laser polarization was perp
dicular to the polymer backbone direction. This result co
firms that the most important component of the third-ord
polarizability tensor that leads to the THG response isazzzz

(3)

~where z is the direction along the polymer backbone a
x i jkl

(3) is proportional toazzzz
(3) ), as others have previousl

assumed.56,57 In addition to the work by Saito and co
workers, both Mathyet al.58 and Yanget al.59 have shown
that three-photon resonant THG measurements on co
gated polymers closely reproduce the linear absorption s
tra of polymer samples; the only deviation noted was a sli
variation in intensity near the absorption maximum that w
attributed to resonance with vibronic states of the excit
These workers also found that at wavelengths for which
resonant enhancement is not changing rapidly,x (3) is propor-
tional to Ld

6, whereLd is the delocalization length of a one
dimensional polymer. We note that Ledoux and co-work
have shown in THG studies of long chain polyenes thatLd

does not continuously increase but instead is known
saturate.60

In this study, we use THG NSOM to investiga
both as-cast and thermally annealed films of poly@2-
methoxy-5-~28-ethylhexyloxy!-1,4-phenylene vinylene#
~MEH-PPV!, with the goal of quantifying the significanc
and spatial distribution of ground electronic state interch
species. As mentioned above, THG is sensitive to the ab
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tive properties of chromophores in a sample. This allows
to discriminate between aggregation in the ground state
the presence of interchain species such as excimers that
only in the excited state, even if both aggregates and e
mers produce a similar interchain emission. The expec
spectral signature of ground-state interchain species is
absorption spectrum that is shifted to the red of the sing
chain absorption, a result of the additional delocalization
thep-electrons between the polymer chains. This provide
clear spectral window in which to observe the prese
of conjugated polymer aggregates via THG. The lo
background nature of THG is critical to the success of th
measurements: aggregate absorption is usually too wea
be observed in transmission, and the fact that aggre
emission is strongly quenched in films13,14,32,61makes it dif-
ficult to observe the aggregate absorption using photolu
nescence excitation.10 In addition, the long excited-state life
time of interchain species@small value of G in Eq. ~3!#
should greatly increase the resonant enhancement prod
by any interchain species, providing strong signals even w
the possibility of small values of̂gu i un&.

In the results that follow, we present evidence that na
scopic, prolate-shaped~;6003200 nm on average! domains
of ground-state interchain species exist with high freque
in annealed films of MEH-PPV but are only rarely present
as-cast films. THG NSOM images produced on resona
with the single-chain absorption in annealed films result
stronger THG signals, but do not show any image contr
However, ‘‘aggregation’’ domains are observed in TH
NSOM images when the third-harmonic energy is tuned
the red of the lowest-energy single-chain absorption
quency. The aggregation domains exhibit increased THG
ficiency further to the red than film regions that do not a
pear to contain aggregate domains. We also find
aggregation domains are rare in as-cast~nonannealed! films;
the few domains that are observed, however, are assoc
with topographical bumps on the surface of the film. This
consistent with a picture that aggregates, which form inf
quently in solution, can survive spin casting and persist i
the film, a process also associated with the choice of cas
solvent.10,40 THG NSOM polarization studies reveal that th
nanoscopic aggregation domains show orientation and
may be associated with previously observed orientation
mains in MEH-PPV films.30,31An analysis of the spatial cor
relation between aggregation domains indicates that th
domains may form according to a nucleation and grow
mechanism during the thermal annealing process. All the
sults argue that conjugated polymer films have a process
history-dependent complexity to the presence and spatial
tribution of interchain species that must be understood
order to fully exploit these materials for applications.

II. EXPERIMENT

A commercial ~TMmicroscopes, Lumina! shear-force
feedback-mechanism-equipped NSOM system, which
been described previously,12,52,53,62,63was used for near-field
measurements of THG signals. Fiber optic probes w
chemically etched to a;50 nm diameter tip and were no
metal coated. We have previously demonstrated an op
Downloaded 27 Sep 2002 to 128.97.34.137. Redistribution subject to A
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spatial resolution of 108 nm using these uncoated fiber
similar nonlinear NSOM studies.51,63Optical and topographi-
cal data were obtained simultaneously for comparison. F
ward and reverse motions of the sample were used to
duce separate images of the sample as a check of im
reproducibility. Repeatable optical images were then av
aged together to reduce noise.

The light source for the experiments consisted of
home-built titanium:sapphire oscillator~800 nm, 480 mW, 30
fs, 88 MHz!, which was used to seed a commercial~Spectra-
Physics! chirped pulse amplifier~800 nm, 2.25 W, 80 fs, 1
kHz!. The output of the amplifier pumped a commerc
~Quantronix, Topaz! superfluorescence optical paramet
amplifier ~OPA! to generate tunable femtosecond pulses
the near-ir~1.16–2.7mm, 300 mJ at 1350 nm, 80 fs!. As
shown in Fig. 1, the signal and idler pulses emerging fr
the OPA were separated using a calcite Rochon prism. A
photodiode and boxcar integrator were used to monitor
intensity of the signal pulses for normalization. The idl
pulses were passed through a 1.5mm long-pass filter to re-
move any residual visible light. The intensity of the idl
pulses was attenuated using a stepped neutral density
and were subsequently focused onto the sample at 60° f
normal incidence to a;100 mm diameter spot withp polar-
ization ~except where noted! at the position where the prob
investigated the sample. As with our previous work on the
samples,12,64 special measures were taken to prevent pho
oxidative damage to the sample in these experiments.
optical measurements were performed under a nitrog
purged atmosphere and the incident average laser power
maintained at;700 mW for all laser frequencies. For th
NSOM images displayed below, each pixel represents
average of 46 laser shots, and the images are 2003200 pixel
arrays. Complete images required;30 min to collect, and no
image processing was performed except where explic
noted. THG spectral data points for fixed positions on
sample represent the average of 12 000 laser shots.

Dispersion of the optical signals collected by the NSO

FIG. 1. THG NSOM experimental setup. Optical parametric amplifi
~OPA!; steering mirrors~M1–4!; Rochon prism~RP!; filters ~F1–2!; Ge
photodiode~PD!. Signal and idler wavelengths produced in the OPA we
separated by the RP. Idler wavelengths~1.60–2.70mm! were used to pro-
duce the third harmonic while the signal wavelengths~1.16–1.60mm! were
monitored with the PD to normalize for shot to shot laser fluctuations. T
signals collected by the near-field probe were directed to filters and a
tomultiplier tube~PMT! detector that could be replaced with a 0.3 m mon
chrometer and back-illuminated, liquid-nitrogen-cooled CCD to check t
unwanted three-photon-induced PL was not a significant component o
THG signals.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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tip with a spectrograph and charge-coupled device~CCD!
camera indicate that three-photon PL could be produ
when the incident beam was on resonance, but that the
tive integrated intensity of this light is quite small~,2% of
the THG signal!.

MEH-PPV samples were prepared in the same man
as in our previous emission studies of these films.10,12,64The
polymer solutions and films were prepared in an inert2

atmosphere. MEH-PPV was dissolved in chlorobenzene
the dark for several hours to give 1%~w/v! solutions. The
polymer solutions were spin-cast onto acid-cleaned g
substrates and the resulting;200 nm thick films were heate
at 50 °C for several hours to evaporate any residual solv
Annealed films were produced by heating above the g
transition temperature of the polymer@;205 °C for our poly-
mer with molecular weight;13106 g/mol ~Ref. 10!# for
several hours in a nitrogen glovebox.

III. RESULTS AND DISCUSSION

A. Background: Spectral signature of interchain
species in conjugated polymers

Much of the work on interchain species in conjugat
polymers has focused on MEH-PPV.9–15,20,32,36,37,39,40,44,65–6

Single-molecule experiments have shown that the confor
tion and electronic properties of individual MEH-PPV chai
can be controlled by the processing conditions.19,61,67,68For
bulk MEH-PPV samples, it has been argued that memor
the polymer conformation and degree of aggregation in
lution is preserved through the spin-casting process and
sists in the film.10,12 This memory is manifested by topo
graphical bumps on the surface of spin-cast films that var
both size and frequency depending on the solvent and
centration of the solution from which the film was cast. F
thermore, PL NSOM experiments conducted on as-cast fi
show that the topographic bumps frequently exhibit a bro
redshifted PL spectra compared to topographically flat
gions of the film, indicating that the bumps correspond
regions containing a higher concentration of emissive in
chain species.12

The broad, redshifted emission from the topograp
bumps in as-cast MEH-PPV films is quite similar to t
emission from thermally annealed films, in which the ele
tronic structure of the entire film is comprised predominan
of interchain species. Thermally annealed films have
smooth topography on the nanometer scale, consistent
the idea that the more freely flowing chains in the polym
melt can pack into thermodynamically favorable lowe
energy structures.10 NSOM experiments have found negl
gible spatial variation in the PL of annealed films, indicati
that the distribution of emissive species is high
homogeneous12 ~although spatial variation in the PL is ob
served when high-polarity liquids are applied to the film s
face, indicating that different emissive excited-state int
chain species with a variety of dipole moments exist
thermally annealed MEH-PPV films!.64 The annealing pro-
cess also causes a change in the uv–visible absorp
spectrum:30 the red onset of the main low-energy absorpti
Downloaded 27 Sep 2002 to 128.97.34.137. Redistribution subject to A
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feature shifts further to the red upon annealing. The shift
the absorption to redder wavelengths is indicative of an ov
all increase in electron delocalization that can be realized
two different means. First, annealing may reduce the num
of kinks in single polymer chains, resulting in increas
p-electron delocalization alongindividual chains. Second
annealing may cause multiple polymer chains to pack tigh
together, allowing forinterchain p-electron delocalization.
The fact that the spectral signatures of interchain specie~a
weak redshifted absorption and even weaker redshifted e
sion! are so subtle is what makes them difficult to study, ev
if they are present in high concentrations in annealed co
gated polymer films. One of the goals of this study is to u
NSOM-based spectroscopic methods to image the sp
distribution of interchain species in annealed conjuga
polymer films.

Other groups also have employed NSOM to investig
the properties of conjugated polymer films. In work b
Blatchford et al.,26 ;200 nm diameter orientation domain
in films of poly ~ p-pyridyl vinylene! ~PPyV! were observed
using polarization modulation~PM! transmission and polar
ized PL NSOM, techniques that can provide insight into t
variation of average orientation of absorption and emiss
transition dipoles. No correlation was found between
presence of these domains and the film surface topogra
indicating that the orientation domains were present in
bulk of the film. Buratto and co-workers studied the ele
tronic properties of stretch-oriented PPV films using PL33

and photoconductivity34,69 NSOM. Credoet al.70 as well as
McNeill et al.71 have studied carrier mobility in MEH-PPV
films using photo-oxidation and electric-field-modulated P
NSOM, respectively. Teetsov and Vanden Bout used
NSOM to observe ordered domains in annealed thin films
9,9-dialkylpolyfluorenes28,29 that exhibited high polarization
ratios. Fann and co-workers also have employed PM NS
and have observed orientation domains in films of PPV31 and
MEH-PPV30 that were on the order of hundreds of nan
meters in spatial extent. We note again, however, that
observation of orientation domains in all of these stud
does not necessarily implicate the existence of domains
interchain aggregation. All of these results could be e
plained by the presence of domains of aligned, individ
polymer chains without the need to invoke the concept
interchain electronic structures in these regions. In particu
the transmission measurements in Refs. 30 and 31 were
ducted at wavelengths that are primarily absorbed by sin
chain species, leaving open the question of whether or
the aligned domains are comprised of interchain species.
weak, redshifted absorption features characteristic of in
chain species are difficult to observe in transmission, and
reduced PL quantum efficiency of aggregated domains
films makes them equally difficult to observe by emissio
This is why we chose to employ THG NSOM to investiga
the spatial distribution of interchain species in MEH-PP
films.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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B. Wavelength dependence of spatially resolved THG:
Aggregation domains in annealed MEH-PPV films

Reproducible THG NSOM images with incident las
frequencies 3v5570, 620, 650, 670, and 690 nm are sho
in Figs. 2~a!–2~e!, respectively, from a typical~8 mm)2 re-
gion of an MEH-PPV film spin-cast from chlorobenzen
The topography of this as-cast film, displayed in Fig. 2~f!,
shows small~;100 nm!, circular bumps that we have argue
previously to be due to the presence of entangled poly
chains in the solution from which the film is cast.10 Our
previous PL NSOM experiments showed that these feat
contain higher concentrations of emissive interchain spe
than the flat regions of the films.12 The THG signal levels for
the data in Fig. 2 are highest~;15 photons/shot! for the
bluest wavelength in the image series@Fig. 2~a!, 3v5570
nm#, and decrease~to ;4 photons/shot! as the incident lase
is tuned further to the red. No perceptible contrast is obse
able in any of the images, with the possible exception
some very faint features in Fig. 2~b! that do not appear to
correlate with the topographical features on the surface of
film.

Results from THG NSOM measurements performed o

FIG. 2. THG NSOM images of as-cast MEH-PPV films.~a!–~e! THG
NSOM images were produced at 3v5570, 620, 650, 670, and 690 nm
respectively, for the same~8 mm)2 area shown topographically in~f! for an
as-castMEH-PPV film. Contrast is not observable in any of the imag
including that in~a! in which the THG is resonant with the single-cha
MEH-PPV absorption spectrum@cf. Fig. 4~b!#.
Downloaded 27 Sep 2002 to 128.97.34.137. Redistribution subject to A
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thermally annealed MEH-PPV film are displayed in Fig
3~a!–3~e! using the same set of wavelengths as for Fig.
Each of these images was produced for the same~8 mm)2

area whose~featureless! topography is shown in Fig. 3~f!. No
contrast is observed in Fig. 3~a!, the bluest wavelength in
this image series (3v5570 nm!, despite the very strong
THG signal levels~;20 photons/shot!. Like the data pre-
sented in Fig. 2, the signal levels decrease as the las
sequentially tuned further to the red@Figs. 3~b!–3~d!#, in
which 3v5620, 650, and 670 nm, respectively!. In striking
dissimilarity with the data in Fig. 2, however, many sma
THG-efficient, prolate-shaped~aspect ratio of; 3:1, length:
width, width from 150 to 500 nm! features that have no
topographical counterpart become observable at these re
wavelengths. The features in Figs. 3~b! and 3~c! appear to be
nearly identical. The image contrast is reduced as the las
tuned further to the red in Fig. 3~d! (3v5670 nm!, while the
image in Fig. 3~e! (3v5690 nm! appears almost completel
featureless.

,

FIG. 3. THG NSOM images of annealed MEH-PPV films.~a!–~e! THG
NSOM images were produced at 3v5570, 620, 650, 670, and 690 nm
respectively, for the same~8 mm)2 area shown topographically in~f! for a
thermally annealedMEH-PPV film. In ~a!, when 3v is resonant with single-
chain species, higher THG signal levels are observed compared to th
cast films studied in Fig. 2. While there is no contrast at 3v5570, contrast
is observed in~b!–~d!, a result we assign to resonance enhancement fro
redshifted transition associated with spatially inhomogeneous aggreg
domains. Contrast is not observable when 3v becomes lower in energy than
the lowest allowed transition frequency of the aggregates, as seen in~e!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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The high signal levels and lack of observable contras
the THG NSOM images of both as-cast and annealed fi
when the third harmonic is tuned to 570 nm, as in Figs. 2~a!
and 3~a!, suggest resonance enhancement by a species
uniformly comprises the entire film. It is well known from
photoluminescence excitation and absorption measurem
that 570 nm is a wavelength that is coincident with t
onset of the electronic resonance of single MEH-P
chromophores.40 Thus, the lack of THG contrast at thi
wavelength results because the entire film contains poly
chains that have an electronic resonance at this energy, i
pendent of whether or not the chains are associated
interchain species.

Unlike the images collected at 3v5570 nm, there is
strong contrast in the THG NSOM images of annealed film
@Figs. 3~b!–3~d! (3v5620, 650, and 670 nm, respectivel#
that is lacking in the corresponding images of as-cast film
Fig. 2. This reveals that a significant alteration of the el
tronic structure and film homogeneity results from anneali
The sizes of the observed domains, which are larger than
optical spatial resolution of;100 nm,51 indicates that an-
nealing results inlocalizedchanges in the electronic struc
ture of the polymer chains. Moreover, the fact that contras
observed only in images in which the third harmonic is tun
to the red edge of the absorption spectrum suggests th
resonance enhancement contrast mechanism is operativ
bright regions in the image must contain species that hav
electronic absorption at these red wavelengths, while no s
species are present in the dark regions on the image. The
of contrast in Fig. 3~e! (3v5690 nm! is also consistent with
a resonant enhancement mechanism as the source of co
in Figs. 3~b!–3~d!, because nonresonant effects would n
exhibit such wavelength dependence. The fact that ligh
selectively absorbed between 620 and 670 nm in the br
regions indicates that there must be domains with increa
ground-statep-electron delocalization, as typical sing
polymer chains do not absorb at wavelengths this red.

As mentioned above, there are two possible ways
annealing could lead to increased ground-state electron d
calization: by increasing the conjugation length ofsingle
conjugated polymer chains, or by the formation ofground-
state interchainelectronic species. An increase of electr
delocalization in single-chain species, however, is unlikely
be the source of contrast in Figs. 3~b!–3~d! because the ex
tent of delocalization along the polymer backbone is kno
to saturate well before a single chain could absorb this fa
the red.60 Moreover, if single-chain delocalization were th
predominant effect upon annealing, we would have expec
the thermal removal of kinks and other defects to result i
homogeneous spatial distribution of chains with differi
conjugation lengths, rather than in distinct and isolated
gions with increased conjugation. Finally, we know from o
previous PL NSOM studies12,64 that emissive interchain spe
cies are present in high concentrations in annealed M
PPV films. It is worth pointing out, however, that our prev
ous studies could not ascertain whether or not the interc
emission resulted from ground-state aggregates. The
shifted emission could have been generated by emis
excited-state interchain species or by interchain states p
Downloaded 27 Sep 2002 to 128.97.34.137. Redistribution subject to A
n
s

hat

nts

er
e-

th

,

in
-
.
ur

is
d
t a
the
an
ch
ss

rast
t
is
ht
ed

at
lo-

o

n
to

d
a

-
r

-

in
d-
ve
u-

lated via energy transfer from the excitation of nearby sing
chain chromophores;72,73 the data here show that at lea
some of this emission arises from ground-state aggregat

We can obtain more insight into the electronic structu
of the red-absorbing species revealed in Figs. 3~b!–3~d! by
studying the wavelength dependence of the THG efficien
Figure 4~a! presents the spatially resolved wavelength dep
dence of the THG in the range of 3v5533 to 750 nm (v
51.60 to 2.25mm! for three characteristic MEH-PPV film
regions: a typical region from an as-cast film, one of t
THG-bright regions from an annealed film@cf. Fig. 3~b!#,
and one of the THG-dark regions from an annealed film74

The shapes of the spectra from 3v5533 to 600 nm for all
three regions are similar, although the THG responses f
the annealed film regions are approximately three tim

FIG. 4. Spatially resolved THG NSOM spectra.~a! Spectrally resolved
THG efficiency measurements for three different regions of an anne
MEH-PPV film: diamonds show the spectrum from one of the bright regio
in Figs. 3~b!–3~d!; squares denote the spectrum for one of the dark regi
in Figs. 3~b!–3~d!, while triangles show the THG spectrum for a typic
region of an as-cast film~Fig. 2!. The spectrum collected from the brigh
region shows enhancement at lower energy that is not observed in the T
dark regions of annealed films or in as-cast films~inset!, suggestive of
aggregate absorption.~b! Linear absorption spectra for annealed~squares!
and as-cast~triangles! MEH-PPV films; the absorption onset shifts to the re
upon annealing.
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stronger than that from the as-cast film. In all three spa
regions studied, the THG efficiency to the blue of 3v5560
nm, which is resonant with the main single-chain absorpt
band in each film, is decreased because the generated lig
partially absorbed before detection~the films have very high
optical densities at such wavelengths!. The relative increase
in THG efficiency for the annealed versus the as-cast film
these blue wavelengths may reflect an increase in the ave
conjugation length of single-chain chromophores upon
nealing, as is also suggested by the absorption spectra sh
in Fig. 4~b!. The similarity of the THG efficiency for the two
annealed film regions in this wavelength range also expla
the lack of contrast observed in Fig. 3~a! (3v5570 nm!. As
expected based on the high contrast seen in Figs. 3~b!–3~d!,
the efficiency of the THG-bright features in the annea
films shows a large enhancement in the region of 3v5610
to 670 nm relative to the other two regions. This re
enhanced THG verifies that the bright domains of Fi
3~b!–3~d! represent distinct electronic species characteri
by increased electron delocalization that occurs upon ann
ing. Based upon the red-enhanced THG and mesoscopic
of these features, we assign these regions to domain
ground-electronic-state interchain species: aggregation
mains.

C. THG polarization dependence: The orientation
of aggregation domains

One question raised by the existence of aggregation
mains is whether or not the chains in such domains show
preferential alignment. This can be investigated by exam
ing how the THG signal depends on the polarization of
incident laser. Results of THG NSOM studies conducted
3v5620 nm using bothp ands incident laser polarizations
are shown in Fig. 5 for the same~10 mm)2 area of an an-
nealed MEH-PPV film@the topography is not shown but
featureless, similar to Fig. 3~f!#. A similar number of high
THG efficiency domains appear for both incident laser p
larizations, and the bright domains seen with each polar
tion have a similar size, shape, and THG efficiency. In
analysis presented below@using the digitally filtered and
combined images shown in Figs. 5~c! and 5~d!#, we find that
the domains observed withp ands are predominantly located
in nonoverlapping spatial regions of the film: there are
many regions that produce strong THG for both incident
larizations. This result provides evidence that the aggrega
domains observed in annealed MEH-PPV films consist
aligned polymer chains~orientation domains! that maximize
p-electron overlap between the aromatic backbones.

The high polarization sensitivity of THG observed b
Saito and co-workers55 implies that there may be additiona
aggregation domains that we do not observe because
might be aligned with their main polarizability axis parall
to the propagation direction of the incident laser. Such
mains would produce much less third harmonic than th
that have a significant component of their main polarizabi
axis in the direction of the incident laser polarization. Sp
cast films of MEH-PPV have been shown to be birefring
because of a preference for chains to orient in the plan
the film, while the chain orientation in directions parallel
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the film is expected to be isotropic.75 Similar measurements
have not been performed for annealed films; thus, we m
consider the possibility that partial or total rerandomizati
of this preferred in-plane orientation may occur during t
annealing process, leading to domains with the chain ba
bones oriented normal to the plane of the film.

Now that we are aware of the existence of addition

FIG. 5. ~Color! Orientation of and correlation between aggregation d
mains. THG NSOM images produced at 3v5620 nm with~a! p @similar to
Fig. 3~b!# and~b! s incident laser polarization, both for the same topograp
cally featureless~10 mm)2 area of an annealed MEH-PPV film. These im
ages were combined using a digital filtering scheme comparing pixel va
to a threshold chosen to result in~c! 10% and~d! 20% total area coverage
for each of the polarizations~see text for details!. Pixels above threshold for
p ands polarizations are shown in red and blue, respectively, while pix
above the threshold value for both polarizations are shown in white. Pi
below threshold are shown in black. Two-dimensional radial distribut
function calculations for the images in~c! and~d! are shown as the square
and circles in~e!, respectively. The RDFs clearly show a mathematical c
relation between domains of increased THG efficiency.
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aggregation domains that were not readily visible in
fixed-polarization scans of Fig. 3, we can use the informat
in Fig. 5 to learn more about the spatial distribution of a
gregates in annealed films of MEH-PPV. To make use of
data in Fig. 5, we employed the following image process
scheme. The images were first digitally filtered by compa
son of the value of each individual pixel to a threshold lev
Pixels above the threshold value were assigned a value
if more than three of their nearest-neighbor pixels were a
above threshold~this criterion was used to account for th
finite instrument spatial resolution!. Pixels that did not mee
this nearest-neighbor criterion or that were below the thre
old were assigned a zero value. Next, the resulting digit
filtered images were combined using thresholds set to re
in either 10% or 20% of the image areas being above thre
old for each of the respective incident laser polarizations
shown in Figs. 5~c! and 5~d!, respectively. Two-dimensiona
radial distribution functions76 ~RDFs! calculated from the fil-
tered and combined images are shown in Fig. 5~e!. RDFs
calculated using this same scheme without the descr
nearest-neighbor criterion were not significantly differe
from those presented in Fig. 5~e!.

The purpose of this RDF analysis is to provide a qu
titative measure of the interdomain structure that arises
films of MEH-PPV upon thermal annealing. Because this
novel method of NSOM data interpretation, we have be
careful to consider the pitfalls that might result from such
analysis. One concern involves applying a two-dimensio
~2D! analysis to images that constitute a 2D projection
species that may exist at different 3D depths into the 200
thick films. However, even if the aggregation domains w
actually 2D objects~rather than 3D objects! and were stag-
gered at the top and bottom of the film thickness in an al
nating pattern, the effect would only be to blur the RDF
short distances. This effect should be less significant than
blurring of the RDF that results from the circular averagi
over the prolate shape of the domains in this case. A sec
concern is that NSOM measurements are thought to hav
exponential dependence of the coupling of the optical sign
into the near-field probe with sample–tip distance.77–79 The
THG signal levels for most of the aggregation domains
observe, however, appear to be similar. This implies that
distances over which most of the domains are separated
the tip are similar. The THG NSOM images show that t
in-plane domain dimensions are;6003200 nm on average
which is significant with respect to the film thickness~;200
nm!. Hence, it is likely that the aggregation domains span
entire thickness of the films, making a 2D analysis ev
more reasonable in this case.

With these caveats in mind, the 2D RDFs shown in F
5~e! show three interesting features: a strong correlation
bright pixels with other bright pixels at short distanc
~<400 nm!, a second correlation distance near 750 nm,
loss of correlation at distances longer than;1.5 mm. Such
RDFs are characteristic of the structure of amorph
liquids.76 The short-distance correlation reflects the circula
averaged diameter~;380 nm! of the prolate-shaped aggre
gation domains. A smaller, broader peak appears near
nm, indicating that there is an increased likelihood of dom
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formation at this distance from another domain. At distan
longer than;1.5 mm, the domains exhibit lack of correla
tion: theg(r ) converges to 1. Between these two correlati
peaks, the correlation function does not dip below 1, wh
is due to averaging circularly over the prolate shape of
domains.

Our interpretation of the features in the RDFs is th
aggregate domains are limited in size by increasing st
frustration as the mesoscopic domains grow to;380 nm
~again, circularly averaged over the prolate domain sha!.
The asymmetric, branched solubilizing side groups of ME
PPV were designed to prevent crystallization, making it
creasingly difficult to pack the chains in an aligned fashi
with increasing domain size. This frustration likely results
reduced overlap of the ground-state wave functions when
domains become too large, although we cannot rule out
possibility that the aggregation domains could be subset
still larger orientation domains, as putatively observed w
PM NSOM.30

We close this section by noting that the combineds and
p incident polarization images shown in Figs. 5~c! and 5~d!
resulted in 18% and 36% of the respective image areas b
above threshold. Using either of the digital filters, we fi
that there is,10% overlap between the bright regions o
served with different incident laser polarizations. This lack
a significant overlap between the images produced with
ferent incident polarization confirms that a single polarizab
ity component dominates the third-order response from
aggregated regions. This polarizability could result eith
from the azzzz

(3) component of the third-order susceptibilit
~oriented along the polymer backbone! for individual poly-
mer chains, or possibly from a large interchain polarizabil
that would be perpendicular toazzzz

(3) . We are considering
further experiments to elucidate the directional nature of
interchain polarizability responsible for the observed TH
contrast.

D. Aggregation domains in as-cast films: Aggregation
in solution

While the data in Figs. 2 and 3 imply that thermal a
nealing is necessary to produce ground-state interchain
cies in conjugated polymers, there is THG NSOM eviden
that a limited number of aggregation domains form in as-c
MEH-PPV films. Figure 6 demonstrates that one of the
pographical bumps on the surface of a MEH-PPV film c
from chlorobenzene shows increased THG efficiency wh
imaged at 3v5620 nm. We emphasize that this result is n
typical for as-cast films; we see such aggregation signat
in as-cast films only infrequently.

The observation of aggregation domains in as-cast fil
though rare, is significant because it verifies that aggreg
can form in solution~without the increased thermal activa
tion provided by annealing! and are able to survive the cas
ing process to produce as-cast conjugated polymer films
are spatially inhomogeneous. We have already argued f
PL NSOM studies that the interchain species that form
solution survive the spin-casting process to produce to
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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graphical bumps on the surface of MEH-PPV films that
characterized by a red-shifted interchain emission.12 The fact
that the THG signatures of aggregation are only infreque
correlated with morphological bumps in as-cast films in
cates that the interchain species studied in our previous
NSOM work are predominantly excited-state-only interch
species, such as excimers or polaron pairs. This result
implications for the way in which MEH-PPV chains pack
films. We expect that overlap of ground-state wave functio
will occur only when conjugated polymer chains approa
each other very closely, whereas excited-state wave fu
tions, which extend further from the polymer backbone,
likely to overlap at larger backbone separations. Thus,
observations suggest that because it is difficult to pack a
cent chromophores closely together, ground-state wave f
tion delocalization is not a significant component of the el
tronic structure of as-cast MEH-PPV films. Ground-sta
delocalization does become important, however, wh
the chains can pack more closely together upon ther
annealing.

IV. CONCLUSIONS

Using THG NSOM, we have observed many~18–36 %
by area! small ~;6003;200 nm! domains with increased
ground-statep-electron delocalization in thermally anneale
films of MEH-PPV. These aggregation domains were o
served when the third harmonic was tuned to waveleng
redder than the onset of absorption of single MEH-P
chains. Increased ground-state delocalization in these
mains was characterized by measuring the THG efficienc
different film regions as a function of wavelengt
Polarization-dependent THG NSOM images revealed
the domains consist of oriented polymer chains that mus
packed tightly in order to account for the observed degre
ground-state wave function delocalization. The doma
form in abundance upon thermal annealing, but we do in
quently observe aggregation domains in as-cast MEH-P

FIG. 6. Aggregate domains in as-cast films.~a! THG NSOM image pro-
duced at 3v5620 nm for a~5 mm)2 area of an as-cast film shown topo
graphically in~b!. High THG signal levels are observed at a position th
corresponds to a topographical bump in the lower center of the area stu
Increased THG signal levels extend beyond the location of the topogra
feature, which we attribute to the interchain species extending further
the film. We observe such THG features only rarely in as-cast films, s
gesting that interchain PL observed in previous studies~Ref. 12! is due
mostly to excited-state-only interchain species such as excimers rather
to ground-state aggregates.
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films that are associated with topographical bumps on
film surface. All of these results verify that ground-state a
gregation is highly dependent on the details~such as choice
of casting solvent or annealing! of the processing of polyme
solutions into films.

We speculated that the mesoscopic scale of the aggr
tion domains could result from a nucleation and grow
mechanism during the thermal annealing process. When
proximal polymer chain segments become sufficien
straight, they can pack together very closely and form
interchain species; the straightened polymer segments
thus become more likely to stay straight rather than to fl
tuate. As other polymer chains fluctuate through conform
tional space, adjacent instantaneously straight segments
tend to pack together with the interchain ‘‘seed’’ that is n
significantly fluctuating in shape. This process will contin
to make the interchain moiety grow in size until steric stra
and defects in the packing of the individual polymer cha
reduce the thermodynamic driving force for aggregation a
halt the growth of the domain.

We close by comparing the above results to recent w
in which we have detected solvatochromic domains in
nealed films of MEH-PPV using PL NSOM.64 In this solva-
tochromic study, liquids of high polarity were placed in co
tact with the surfaces of annealed MEH-PPV films a
spatially resolved PL spectra were acquired. While the
collected from the films was homogeneous in the absenc
applied liquids, we found solvatochromic domains charac
ized by a redshifted PL when the liquid was in contact w
the film. The solvatochromic domains were both subst
tially larger ~;1 mm diameter! and rarer in occurrence~cov-
ering <5% of the total film area! than the aggregation do
mains observed here using THG NSOM. We note that
experimental techniques used in these two studies probe
ferent electronic properties of the films as well as sam
different depths of field. THG NSOM is a probe of the a
sorptive sample properties whereas PL solvatochrom
measures emissive sample properties; thus the PL ex
ments cannot discriminate against the possibility of trans
of the initial excitation from one type of species to anoth
due to energy funneling processes. Rothberg and co-wor
have pointed out that MEH-PPV aggregates have very
emission quantum yields at room temperature, which in
cates that the features observed in this THG work are
likely to be the same as those in the emission solva
chromism measurements.13 To verify this, we have con-
ducted extensive PL NSOM imaging studies~using cw exci-
tation at 532 nm! of annealed MEH-PPV films and have n
observed optical contrast or features like those presente
Figs. 3~b!–3~d!. The depth of field of our solvatochromi
NSOM experiments, conducted in oblique collection mo
is also quite different from the present THG study. The s
vatochromically shifted emission is collected only fro
those chromophores localized within a few nanometers
the surface for three reasons:~1! the exponentially decreas
ing coupling of optical signals to the tip with distance fro
the tip,77–82 ~2! the high optical density of the film at th
excitation wavelength~532 nm!, which produces a selectiv
excitation of the surface chromophores, and~3! the fact that
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only chromophores near the surface are sensitive to the p
ence of the highly polar liquid. The present THG NSO
experiments, in contrast, exhibit a much larger depth of fie
This is because~1! the sample is transparent at the wav
length of the incident laser; and~2! resonance enhanceme
of THG signals can increase signal levels by orders
magnitude47 such that for nonlinear sources a larger de
into the sample may be observable despite the expone
coupling of optical signals to the tip. Thus, we believe th
these two different NSOM measurements probe distin
though coexisting species in annealed films of MEH-PPV

Collectively, our results suggest that the ground-st
electronic properties of conjugated polymer films beco
highly inhomogeneous upon annealing. As-cast films con
topographical features that are associated primarily w
weakly emissive, excited-state interchain species and o
sionally with weakly absorptive ground-state interchain s
cies; the degree of interchain species formation depends
sitively on the way the film was processed from solutio
Annealed MEH-PPV films have an even more comp
structure, containing large orientation domains that are a
associated with ground-state aggregation, and several t
of domains of emissive excited-state interchain species
can be detected via solvatochromism NSOM. Given the
portance of interchain species in charge transport, in lu
nescence efficiency~including energy funneling!, and poten-
tially in device degradation, it is clear that a more detai
knowledge of how conjugated polymer chains interact is
sential to make the best use of these materials in optoe
tronic devices.
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