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The nature of interchain electronic species in conjugated polymers has been the subject of much debate. In
this paper, we exploit a novel near-field scanning optical microscopy (NSOM)-based solvatochromism method
to spatially image the difference in dipole moment, and hence the difference in degree of charge separation,
between the ground and electronic excited states of the emissive interchain species in films of poly(2-methoxy-
5-(2-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-PPV). The method uses NSOM to collect emission from
near the surface of solid samples that are placed into contact with liquids of varying polarity. The solvatochromic
spectral shifts of the interfacial luminescence are measured as a function of solvent polarity; the results are
analyzed with an interfacial dielectric continuum model to determine the dipole moment of emissive excited
states. Experiments performed on films of the laser wlgas-4-dicyanomethylene-2-methyl{G-dimethyl-
aminostyryl-H-pyran (DCM) in poly(methyl methacrylate) (PMMA) demonstrate that our interfacial NSOM
solvatochromic method and analysis can successfully reproduce the known dipole change of DCM upon
photoexcitation. With the method calibrated, we then apply it to the interchain luminescence from the surface
of thermally annealed MEH-PPV films. The interfacial solvatochromic analysis reveals that the dominant
interchain species in annealed MEH-PPV films is “excimer-like”, exhibiting~da-7 D decrease in dipole
moment upon optical excitation. In a few highly localized regions of the film (ee2 Am in diameter),
however, the interchain excited state exhibits a larg@<{13 D) increase in dipole moment upon excitation,
indicative of minority interchain species with a large degree of charge separation, such as exciplexes or
polaron pairs. The large variation in excited-state dipole moments observed throughout the film is suggestive
of an entire family of interchain species, each characterized by a different degree of charge separation. The
fact that the large-dipole interchain species are found in spatially segregated domains implies that interchain
charge separation in conjugated polymer films is associated with the presence of defects. When the molecular
weight of the polymer is lowered, the large excited-state dipole regions increase in spatial extent, suggesting
that the defects that promote charge separation are intrinsic and may be associated with the chain ends.

I. Introduction 90%58 The presence of interchain electronic species has

Conjugated polymers have attracted great attention duringimportant impligation.s for thg performance of devices pased
the past decade due to their potential for use in optoelectronicon these materials: interchain species may be responsible for

devices! 2 Despite the myriad of applications and correspond- duénching a conjugated polymer’s luminescence but also may
ingly large number of photophysical studies on these materials, °& beneficial for promoting charge transpbrt: There is also
there remains controversy about the significance and nature ofd€bate concering the physical nature of interchain electronic
interchain electronic species in conjugated polymer films. SPecies, which are often referred to in the literature as
Estimates of the fraction of primary photoexcitations that result “€xcimers”?*14 “aggregrates®*>2% or “polaron pairs™>-82+-23

in interchain species range from essentially 2&r over The way that we distinguish among these labels is to use
“excimer” to denote a neutral excitation shared equally between

*To whom correspondence should be addressed. E-mail addressestwo or more chromophores in the electronic excited state and

Sﬁykally(l@uc(;ink4.berkeley.edu; benjamin@chemistry.ucsc.edu; SChwa”Z@“aggregate" to imply delocalization of the wave function over
chem.ucla.edu. . . . .
T Current address: Department of Chemistry, Columbia University, New Multiple chain segments in both the ground and excited states.

York, New York 10027. We reserve use of “polaron pair” for interchain excited states
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characterized by charge separation, such as states with arstate dipole momentsAge) from the spectral shift of the
electron residing on one chain segment that is Coulombically emission band maximun¥) as a function of the static dielectric
bound to a hole on a neighboring chain segment. We refer to constant ;) and refractive index n) of the surrounding
interchain excited states that undergo only partial charge environment through the LipperMataga equatiof?—35
separation as “exciplexes”.

In previous work, the UCLA group has argued that the B 2(Ap¢e)2
controversy concerning interchain species in conjugated poly- L 3
mers stems from the fact that the formation of interchain species hc
depends critically on the way the polymer chains pack in the
film.® The chain-packing morphology, in turn, is sensitive to
the history of how the film was prepared; important factors
include the way the polymer is dissolved into solutférihe
spin speed?® and the choice of solvent and concentration of

the polymer solution from which the film is cat® Because X _ . - :
polymer films. First and most important, any liquid applied to

different groups tend to prepare their films in different ways, it he film i Iv with ch h h f b
is not surprising that there has been such widespread disagree'E @ fim Interacts only with ¢hromophores near the surface, but

ment concerning the results of both photophysics and device]Ehe fl_uores%cegce frorrr]]the film |_sd(_1|om|_natﬁd L}yl the_ mu_ch Ia_:_ger
experiments. Part of the controversy also may result from the raction of chromophores residing in the film interior. To

fact that interchain (Fister) energy transport in conjugated selectively capture the solvatochromically shifted emission from
polymers is quite facil@® so single-chain excitations are able near the surface of the film, an imaging system with a very

to rapidly migrate to “defect” sites to produce interchain species. shallow dept?\lgfof:ald IS r(_aéqwred. Nt?ar'f'e:]d scan[ung S ptical
Given that there are an essentially infinite number of ways that microscopy ( ) provides exactly such a system because

the chains can pack, one might expect a conjugated polymerIt samplets' t|r|1e ey;lnzstztent f|elfd n trt'ﬁ near-gg?ge,swmch ddetﬁreases
film to contain a variety of interchain excited states, blurring exponentially wi IStance from the probe. Second, the

the distinction between the commonly applied interchain labels. range of liquids available to vary the polarity around the

fwhat is k ing th i hai chromophores is limited by the solubility of the sample: the
Most of what is known concerning the presence of interchain e 4qrements do little good if the solvent dissolves the polymer

species in conjugated polymer films comes from a combination ., anq preaks up the interchain species. Fortunately, conju-
of steady-state and time-resolved spectroscopic measurement%ated polymers such as MEH-PPV are highly insoluble in polar
The primary photophysical signature of interchain species is jiqids such as ethylene glycol and acetonitrile, providing at
the presence of a weak, red-shifted emission that is longer-livedg 55t some range of polarity for solvatochromic investigation.
than the single-chain exciton emission observed from dilute ginayy there is a potential complication that depends on the
conjugated polymer solutio#8? 141" This weak emission could  o,5e of diffusion of the liquid into the polymer film, often
result from either aggregates or excimers, both of which are (gterred to as “swelling” of the polymép:42 If the solvent
expected to be lower in energy than the single-chain exciton pgjecyles intercalate into the film, then not only could the
and have long radiative lifetimés;the red-shifted emission  interactions between chains be altered but also the emission
might also result from the thermally activated recombination ¢qjiected in the near-field regime could contain components
of polaron pair:®# In films of some conjugated polymers, o liquid/bulk interactions, as well as the desired liquid/surface
the presence of a weak absorption band that is red-shifted fromjeraction. This possibility can be investigated by using the
that of a single chain provides evidence that interchain Speciesiopographic information provided by NSOM to verify that no
(aggregates) also can form in the ground electronic $#t€:%° . sical changes take place at the surface of the conjugated
While all of these studies have provided some understanding polymer film upon exposure to the solvent.
regarding the dynamics of interchain species and their effects’ | this paper, we demonstrate that each of these potential
on luminescence quantum yields, there is still relatively little yifficulties can be overcome to successfully perform NSOM
known concerning the electronic nature of the intermolecular go|yatochromism experiments and characterize the interchain
gxmted state, aqd which of the various interchain labels, if any, species in conjugated polymer films. Extraction A, from
IS most appropriate. interfacial solvatochromic emission data collected via NSOM,
In this paper, we seek to elucidate the nature of interchain however, is complicated by the fact that the theory underlying
interactions in conjugated polymer films by exploiting solva- eq 1 assumes that the emitting dipole is solvated uniformly by
tochromism. Photoluminescence (PL) solvatochromism is a the environment. This assumption clearly fails for interfacial
powerful method for investigating the electronic properties of solvatochromism, because the emission is collected from
excited states by systematically changing the dielectric propertieschromophores that are solvated on one side by a high-polarity
of the surrounding environmefit3° For most chromophores,  liquid and on the other side by a solid host with vastly different
the ground- and excited-state dipoles are parallel, an assumptiordielectric properties. This means that eq 1 is likely to under-
that we will make throughout this work.For parallel dipole estimateAu. because only half of the medium surrounding the
moments, if the excited-state dipole is smaller than that of the dipole has the dielectric characteristics of the solvent. Thus, a
ground state, as expected for an excimer, then increasing thenew analysis method is required to extract accutatgvalues
polarity of the environment will stabilize the ground state more for NSOM-collected interfacial solvatochromic spectral shifts.
than the excited state, resulting in a blue shift of the emission.  Recently, Benjamin has developed a theory for the solvato-
Conversely, if the excited-state dipole is larger than that of the chromism of chromophores at the boundary of two different
ground state, as would be the case for an interchain polarondielectric medi& that is directly applicable to the problem of
pair, then increasing the polarity of the solvent will stabilize determiningAu. for the emissive interchain species in conju-
the excited state more than the ground state, producing a red-gated polymer films. In Benjamin’s theory, the interface is
shifted emission. Solvatochromic measurements can determinemodeled as a mathematically sharp plane separating two
quantitatively the difference between the ground- and excited- different dielectric media. Two equal-sized spherical cavities

1)

Es_l n’—1
2es+ 1 an*+2

whereh, ¢, ands are Planck’s constant, the speed of light, and
the semimajor axis of an ellipsoidal cavity containing the emitter,
respectively.

There are several reasons, however, why it is difficult to
determineAu. for the emissive interchain species in conjugated
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Figure 1. A schematic representation of the model (eq 2) used to
calculate the solvatochromic shift of a chromophore at the film/liquid
interface.
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Figure 2. Experimental setup for performing PL NSOM solvato-
(radiusa) separated by a distan&eare located just on the film chromism measurements: (W) half-wave plate; (L) 8-cm focal length
side of the interface, as shown in Figure 1, and the solute dipole P|afl‘)0'00f:jvex lens. The 0.3-m SPetho?fapg- 5_3r?'nmé10t0h f”dteg Fa)'f\}lqr
is represented as equal and opposite charges located at the cent used to acquire spectra were replaced with a red-extende
of egch cavity. Tr?e solvatoEEromic shhgt associated with a amamatsu R3896) and appropriate filters for SRPL imaging. The

. - . ) excitation laser was incident on the sample~&5° from normal.
change in the magnitude of this charge separation as a result of

an electronic excitation can be found analytically in this model shows that there are several types of emissive interchain species

and is given b§? in films of conjugated polymers. The data strongly suggest that
1 there is indeed a continuum of possible interchain excited states

— hey — —_ 0 — —0V| —= with differing extents of charge delocalization that depend

ABge =he=(Qe = Qo — 19 +(Q = Q) (Is a) sensitively on the local chain packing. Moreover, the fact that
m_ m high degrees of charge separation are found only in spatially
I (21 (% —4)1_ 1 2) localized regions indicates that charge-separated interchain

m 2¢p|@ R S RAC (8% + R4)H? species may be associated with intrinsic defects. Finally, we

find that the size of the solvatochromically red-shifted domains
increases in films of low molecular weight MEH-PPV, implying
that the spatial variation observed in dipole moments is intrinsic
and possibly related to the presence of chain ends.

In eq 2,ey and ¢ are the dielectric constants of the polymer
and the applied fluid (either air or liquid), respectively; the index
m= 0, s stands for the optical and static values of the dielectric
constant £ = n?); and Qy and Q. are the magnitudes of the . .
separated charges in thegground and excited states, respectivel;lll.' Experimental Section
In the next section, we show how our NSOM solvatochromic ~ MEH-PPV film samples{200 nm thick) were prepared by
method, in combination with eq 2, allows us to accurately spin-casting 1% (w/v) solutions of MEH-PPV in either chlo-
determineAu. for chromophores at the interface of polymer robenzene (CB) or tetrahydrofuran (THF) onto acid-cleaned
films. After describing our apparatus for performing NSOM glass substrates at room temperature under a nitrogen atmo-
solvatochromism experiments, we present measurements of thesphere. Under an inert atmosphere, the films were first heated
solvatochromically shifted interfacial emission spectra from a to 50 °C for several hours to remove any remaining solvent
laser dye embedded in PMMA. Upon analyzing the data with and then annealed at210 °C (above the glass transition
eq 2, we are able to successfully reproduce the literature valuetemperatur® for more than 8 h. No differences were observed
for the change in dipole moment of the dye, verifying the between annealed films cast from either CB or THF, consistent
accuracy of the method. With our demonstrated ability to make with the idea that the annealing process removes all memory
accurate interfacial solvatochromic measurements, we thenof the initial as-cast chain packirfg* The molecular weight of
return to the main focus of this work, the solvatochromic study the polymer used in the bulk of the experiments was determined
of the emissive interchain species in annealed films of poly(2- by gel permeation chromatography (using polystyrene as a
methoxy-5-(2-ethylhexyloxy)-1,4-phenylene vinylene) (MEH-  reference) to be 450 000 Da. For a few experiments where noted,
PPV). We chose to study annealed MEH-PPV films because a low molecular weight batch of 60 000-Da MEH-PPV was
they contain a much higher degree of interchain interactions used.
than as-cast filmg&44 The NSOM system (Thermomicroscopes, Lumina), which is
We find that even though the interfacial PL from annealed equipped with a noncontact-6—10 nm separation) tuning-
MEH-PPV films is spatially homogeneous in the absence of fork-based shear-force feedback mechanism that we employ for
applied solvent! the emission becomes spatially inhomoge- near-field spatially resolved photoluminescence (SRPL) mea-
neous in the presence of polar solvents. The data show that thesurements of annealed MEH-PPV films, has been described
majority of the detected interfacial emission from the annealed previously384> Chemically etched SiPnonmetal-coated fiber
film shifts to the blue with increasing solvent polarity, indicating optic probes were produced with~a75 nm diameter tip and
that most of the interchain species in the annealed film are were mounted so as to overhang the end of the tuning fork by
excimer-like in nature, with an excited state that is less-polar about 0.6 mm as described by Lee etf@ftable near-field
than the ground state. In a few spatially localized regions of feedback is facilitated with this overhanging probe design
the film, however, the emission shows a dramatic red shift with because in the solvatochromic measurements the tuning fork
increasing polarity of the applied solvent. This is the hallmark does not contact the liquid: only the fiber optic probe is
of an increase in dipole moment upon excitation, consistent with immersed, which helps to maintain the high Q-factor that is
a charge-separated interchain excited-state such as an exciplegssential for noncontact scanning. To prevent photooxidation
or polaron pair. Upon analyzing the observed spectral shifts of the sample, the entire NSOM system was sealed in a dry
using eq 2, we find a\u. of —4 to —7 D for the blue-shifted nitrogen purge box.
emission from the majority of the film, while the few regions Figure 2 shows a schematic of the experimental design. Near-
that show red-shifted emission are consistent witfuaof +9 field measurements were conducted in “collection mode”
to +13 D. Overall, the presence of solvatochromic emission geometry with the optical excitation incident upon the sample
shifts with different directions in different spatial regions clearly 60° from normal with vertical polarization at the position where
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the fiber probe collected the emission. To maintain a constant ) topog before EG b) topography w/EG
tip/field geometry, the NSOM probe remained static during all - : _

measurements; spatial motion was performed by scanning the §
sample stage in tha andy, as well as thez (feedback),
directions. A diode-pumped, frequency-doubled Nd\l&@ser
(Spectra-Physics) (4@W, 532 nm, CW) was used as the
excitation source. The laser beam was focused te400um
diameter spot on the sample at the position of the NSOM probe.
Optical signals were collected by the near-field probe and
directed via the fiber optic either to long pass filters and a red-
extended photomultiplier (Hamamatsu R3896) for SRPL imag- 3
ing or to a 532-nm holographic notch filter and a 0.3-m S =
spectrograph to generate SRPL spectra. In the spectrograph, the C) topog after EG
collected emission was dispersed with a 150-gr/mm grating and
was integrated for 15 s for MEH-PPV (25 s for DCM/PMMA)
with a nitrogen-cooled, back-illuminated CCD camera (Roper
Scientific). All of the images presented below are 20200
pixel arrays.

A. The NSOM Interfacial Solvatochromism Method. The
procedure for obtaining SRPL solvatochromism information was
straightforward. First, a few drops of the selected organic liquid
were placed on top of the film sample; then the NSOM probe g
was brought into near-field feedback. Second, the excitation laser eI s
power was adjusted to compensate for reflection losses at therigyre 3. Topographic investigation of swelling of annealed MEH-
interface between the different liquids and air so as to maintain PPV films by high-polarity liquids. Each image shows the same (10
constant excitation intensity on the sample at the buried liquid/ «m)? area of a film collected (a) before application of ethylene glycol
solid interface. Third, the laser alignment was adjusted to (EG). (b) with EG, and (c) after removal of EG from the film surface.
compensate for parallax due to the liquid, and finally the Panels ac are shown using the samecale with a maximum height

. - L of 19 nm. High-polarity liquids such as EG cause no detectable change
solvatochromically shifted emission spectra were collected. A ;| topography. Lower-polarity liquids, such as acetone, caused the

large number of SRPL spectra were collected from many regions sample to swell quite noticeably (panel d) (image collected on a different
of multiple film samples; the results for each type of sample (10 um)? area of the film). The scale of panel d represents a height
were similar to the representative spectra shown in the figureschange of~175 nm.

below. The high volatility of most of the liquids that we used

made stable near-field feedback over periods d® min (which ] ]

is required for imaging) difficult. A notable exception was surrounding the polymer chromophores near the fllrr_l's surfgce
ethylene glycol (EG), which has such a low vapor pressure at and not due to physical changes in bulk polymer chain packing,
room temperature that stable feedback was possible for manyWe also performed far-field confocal PL microscopy experi-
hours, despite the presence of the nitrogen purge. This is thements. These experiments were identical to those conducted in

reason that we chose to present images of film Samp|es underthe near-ﬁeld, with emission collected from the same annealed
EG or nitrogen gas in the results shown below. MEH-PPV films; data in the absence and presence of organic

To confirm our assignment of the observed spectral shifts to /[uids are shown in Figure 4a,b, respectively. For these far-
solvatochromism, we measured SRPL spectra and film topog_f|eId experlments, the films are physmglly thinner than the
raphies under nitrogen gas for each region both before and afteZ-"€solution ¢-500 nm) of the confocal microscope. Thus, the
the application of each liquid. The acquired SRPL spectra and imaged PL is collected from the entire thickness of the film,
topographies were completely reproducible as a function of time, "€Sulting in a noninterfacial bulk measurement. When the high-
confirming the lack of photodamage and the absence of polymer Polarity liquids were applied on the polymer films, no significant
swelling during the course of the experiments. As shown, changes in PL were observed: the variations in the optical
respectively, in Figure 3ac for annealed MEH-PPV films, signals as a function of spatial position wet&% in amplitude.
topographical data acquired before application of EG, while EG This verifies that the spectral changes that we observed in the
was in contact with the film, and after removal of the high- near-field do not constitute a bulk phenomenon. Application of
polarity organic solvent do not reveal any detectable morphology lower polarity liquids (e.g., acetone) that altered the film
changes within the-precision of our noncontact NSOM-0.6 morphology by swelling resulted in confocal images that have
nm). The increased noise levels in Figure 3b, in which the liquid noticeable contrast(20%), as shown in Figure 4c.
is present on the film, reflect the somewhat decreased sensitivity It is worth noting that, if the observed red-shifting solvato-
of our noncontact feedback mechanism in the presence of thechromic domains in annealed MEH-PPV films discussed below
liquid. Despite the increased feedback noise, new topographicalwere the result of spatially varying swelling, the presence of
features are not observable in the image. For MEH-PPV film spatially varying swelling would still constitute a previously
samples, organic liquids with dielectric constants lower than undiscovered form of inhomogeneity in the chain packing of
that of propionitrile (e.g., acetone) caused the films to noticeably annealed conjugated polymer films. We believe that such a
swell, as shown in Figure 3d. Thus, we did not employ any difference in chain packing, however, would have been detect-
such liquids in the experiments on MEH-PPV films described able in the emission spectra even in the absence of applied
below. liquid. Both our previously reported SRPL studies in the absence

To verify that the observed spectral shifts in the SRPL of solvent4 and the data presented below show essentially
measurements are due to changes in the electronic environmenidentical SRPL spectra at all measured positions in the annealed

d) toog aftr acone
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Figure 5. Solvatochromic behavior of the SRPL spectra of the laser
dye DCM in PMMA for the film in contact withM) no solvent/N gas
and ) water. The DCM emission spectrum clearly shifts to lower
energy when the film is placed in contact with water. Input of the
measured peak positions from the two spectra into eq 2 closely
reproduces the literature value for the change in dipole moment between
the ground and excited states of DCM (see text). The inset shows the
chemical structure of DCM.

Figure 4. Far-field confocal photoluminescence measurements on

annealed MEH-PPV films in contact with (a) air, (b) EG, and (c) . . . . .

acetone. Excitation was provided by the 543-nm line of a-Ne laser, TégBJ;E 1. Static and Optical Dielectric Constants at 293
- = K?2%72for the Materials Used in This Study?

and emission was collected at wavelengths longer than 700 nm. Because

the~200-nm thick films are thinner than tizeesolution of the confocal material €S €©

microscope £500 nm), the emission is collected from the entire

thickness of the film and therefore constitutes a bulk measurement. \évt?\tyeltrene glycol (EG) 73?7.7 127(3;1

The variation of the optical signals 1% in panels a and b. A much propionitrile (PrCN) 28.9 1.866

larger optical signal level variation=R0%) is observed in panel c, 1:1 PrCN/MeCN 32.4 1.836

under the same conditions for which the topographical data in Figure methanol 32.7 1.764

3d show the film to be swollen with the solvent. The field of view in acetonitrile (MeCN) 35.9 1.806

each panel is (3@m)2 These far-field measurements demonstrate that PMMA 3.6 2.199

the domains observed in the NSOM studies of MEH-PPV films, such nitrogen gas 1.0 1.000

as those in Figure 7d, are observable due to the very shallow depth of

NSOM. aOptical dielectric constants were taken from the literature for a

wavelength of 589 nm.

films, verifying that the changes measured upon the application also characteristic of the experiments performed on annealed
of solvent are due to solvatochromism. MEH-PPV films, described below.

B. Demonstration of the Interfacial Solvatochromism The shift to lower energy of the near-field detected interfacial
Method: DCM in PMMA. To assess whether our NSOM  emission spectra collected from DCM/PMMA films when the
interfacial solvatochromism measurements, in combination with external medium is changed from air to water fits perfectly with
eq 2, are capable of accurately determinige, we have  the reasoning presented in the Introduction: water is more
performed a series of calibration experiments on films of a laser effective at stabilizing the large excited-state dipole of DCM
dye embedded in an inert polymer host. The chromophore thatthan the smaller ground-state dipole, leading to red-shifted
we have choserrans-4-dicyanomethylene-2-methyl{s-dim- emission. Using the measured peak positions of the interfacial
ethylaminostyryl-4H-pyran (DCM) (see Figure 5 for chemical emission ¢) and the known static and dielectric constants for
structure), has been well studied in noninterfacial solvatochromic aijr, water, and PMMA (listed in Table 1) in eq 2, we were able
measurements and has known dipole moments in the groundto reproduce the literature values for tha. of DCM for the
and charge-separated excited state of 6.1 and 26 D, respecechoice of cavity radiusg) (cf. Figure 1) of 4.15 A anR =
tively.#748Qur calibration samples consisted of 1:100 by weight 23,49
fims of DCM dispersed in 996 000-Da average molecular  \We note that our best fit value of 4.15 A for the radius of
weight poly(methyl methacrylate) (PMMA). The samples were the spherical cavitiesa) in eq 2 is almost exactly half the
produced by stirring a solution of DCM and PMMA in published value of the size of the emitter cavisy (sed for
dichloromethane for 30 min before drop-casting the mixture onto this dye in conjunction with eq 1 (8 A¥.48 This factor of 2
acid-cleaned substrates. Interfacial emission spectra acquiredlifference in cavity size between eq 1 and eq 2 makes sense in
(as described above) from the DCM/PMMA films placed in light of how each model is constructed: the dual sphere model
contact with both air and water are shown in Figure 5. The of eq 2 has the same effective spatial charge separation as the
SRPL spectra collected with the dye sample in contact with air single-sphere model of eq 1 when the radius of the single sphere
and water exhibit emission maxima at 587.1 and 597.6 nm, is twice that of the double sphere. The fact that the calculated
respectively. The integrated intensity of the emission spectra spatial extent of charge separation is so similar between the
collected under both air and water was identical to withitb; two models is reassuring, because the primary source of error
this lack of intensity change upon application of polar liquid is in the analysis of any solvatochromic data results from
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uncertainty in choosing the size of the emitting cavity in the
model®0 This is because there is no a priori method for assigning 0411 @A
the radii of the sphereg)used in eq 2 (or the size of the emitter
(s) in eq 1) based on the molecular geometry, even for simple
molecular chromophores. We expect that the choice of cavity
radius should be even more uncertain in complicated systems
such as conjugated polymer films, where the possibility of a
distribution of emitter sizes cannot be ruled out because of the
presence of both intra- and interchain emissive species. With
these caveats concerning the cavity size in mind, we turn in
the next section to the application of our interfacial solvato-
chromic method to the interchain emission from annealed MEH- S - P
PPV films. 0 T " T " T =

m N2 gas
| o EG
2 e, A MeCN

1504 /o 'y

PL Intensity (counts)

I1l. Solvatochromism of Interchain Emission from
Annealed MEH-PPV Films

In recent collaborative work the UCLA and Berkeley
groups studied the emission from films of MEH-PPV using
NSOM. In agreement with the results of oth&f8:55 we
demonstrated that the optical properties of conjugated polymer
films are spatially inhomogeneous on nanometer length scales.
We also found a correlation between topographic features on
the surface of the films and the presence of more tightly packed
polymer chains, as characterized by a red shift of the SRPL
spectrum and a decreased photooxidation rate. When the MEH- 0
PPV films were thermally annealed (i.e., heated above the
polymer glass transition temperature for several hours), however, C
the film topography became smooth on the nanometer scale and
there was no evidence for inhomogeneity in either the lumi-
nescence properties or the photodamage rate. The flatter
topography of the annealed films results from the increased
mobility of the polymer strands above the glass transition
temperature, allowing the polymer chains to flow into a
smoother, more even morphology. The loss of inhomogeneity
also results from the increased chain mobility in the polymer
melt; the annealed chains favor packing into thermodynamically
low-energy states, decreasing the number of chromophores with
h|gh-en§rgy twisted or kinked structures. This pqcklng of the 600 700 800 900
chains into low-energy structures also greatly increases the Wavelength (nm)
concentration of interchain species, as evidenced by a large red- g
shift of the luminescence spectrum and a decrease of the PLFigure 6. Solvatochromic behavior of the SRPL spectra of annealed
quantum yielc:44 MEH-PPV films under different solvents#ij no solvent/N gas; )

: ) . . _ethylene glycol; &) acetonitrile. Part a shows a region for which the
Our selection of annealed MEH-PPV films for this solvato SRPL blue shifts with polar liquids, typical of 95% of monitored

chromism study provides two major advantages. First, the yegions; part b shows the SRPL for one of th8% of the regions for

majority of the emission from annealed films is interchain, which the SRPL red shifts with increasing liquid polarity. Spectra

facilitating solvatochromic determination of the change in dipole collected from different spatial positions with no solvent on the film

associated with production of the interchain species. Second,surface were indistinguishable. Part ¢ shows a representative fit of an

the topography of annealed MEH-PPV films is essentially SRPL spectrum to the sum of four Gaussian bands (three bands could

featureless, providing a convenient reference for the detection "ot accurately reproduce the observed spectra). The chemical structure
- L . .~ of MEH-PPV is shown in the inset.

of swelling or other unwanted variations in the local chain

packing.

A. Spatially-Varying Solvatochromism in Annealed MEH- emission spectrum is observed to shift slightly to the blue
PPV Films. Figure 6a,b presents representative SRPL spectra(relative to that under nitrogen gas) upon the application of polar
from an annealed MEH-PPV film that were collected at two liquids. Figure 6b clearly displays the opposite trend, with the
different fixed positions a few micrometers apart in various SRPL spectrum from this region shifting significantly to the
solvent environments. The filled squares/heavy solid curves red when the high-polarity liquids were applied. This spatially
display the spectra taken under nitrogen with no solvent present.varying solvatochromic behavior is completely reversible upon
Consistent with our previous repdftthe spectra from the two  removal of the applied solvent and indicates that a previously
different regions are identical, indicating that the PL of the undiscovered form of inhomogeneity persists in films of MEH-
annealed film is spatially homogeneous. The open circles/light PPV, even after the annealing process.
gray curves show the SRPL spectrum from the same two regions  After sampling many regions of multiple films, we found that
with the film under ethylene glycol, while the solid triangles/ the blue solvatochromic shift observed in Figure 6a is repre-
light solid curves show the SRPL from the two regions under sentative of the majority of the emissior:95% of the sampled
acetonitrile (MeCN). For the region studied in Figure 6a, the regions show this blue-shifting solvatochromic behavior. The
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TABLE 2: Average Dipole Moment Change upon Excitation
a) SRPL spectra, EG ) Topograpghy — Calculated from the Interfacial Continuum Model (Eq 2) for

2004 /1 Both Solvatochromically Blue-Shifting (e.g., Figure 6a) and
. M Solvatochromically Red-Shifting Regions (e.g., Figure 6b) of
g } ;11, Annealed MEH-PPV Films
§ ! % avgAue (D) for avgAue (D) for
> | P band center  blue-shifting regions red-shifting regions
E J (nm) 6 =4 =5 € =14 =5
/7 q 577 2.0 2.2 —2.4 -2.8
T , 633 —6.4 —-7.3 8.7 10.0
! /1 - 692 —7.6 —-8.7 115 13.2
0 600 700 800 . 738 —4.3 —5.0 13.2 15.2
Wavelength (nm) i =
Height (nm) o I 10 1—-2 um in diameter. The bright region in Figure 7d shows one

) __ 70 nm, No ) SRPL 2TOOnm,EG of the larger domains that we observed witk2um diameter;

a more representative sample of regions that exhibit the red
solvatochromic shift is shown below in Figure 9a. The majority
of the areas investigated, however, show no such contrast and
display only the slight blue-shifting solvatochromism. We
emphasize that the features observed in these images do not
result from effects such as differential quenching of emission
by the applied liquid, because the overall integrated PL intensity
(from 535 to 900 nm) is identical withi=1% for the entire
scanned region.

i - The blue shift with increasing liquid polarity seen in Figure
oo [1.00 Rel.PLIntensity oS ]0.30 6a indicates that the electronic ground state of most of the
chromophores in annealed MEH-PPV films possesses a larger

Figure 7. NSOM images of the solvatochromically red-shifted domains ; ; ; ;

in annealed MEH-PPV films. Part a compares the SRPL under ethlyene,?lpﬁli mom?:t"th?rc]jithellr fnxcgeitsiﬁte;'tﬁor trhe r?é(mtte? St,?hte
glycol (EG) from different spatial regions; the solid curve is the same 0 .ade a smallé N pole OI_ (Ia X an the ground state, | ?
as that in Figure 6a; the dashed curve is the same as that in Figure 6b€XCIted state must have very little charge separation, typical o

The integrated PL intensities (integrated from 535 to 900 nm) for all What is expected for an excimer or weakly charge-separated
regions under all of the applied liquids were identical44%, but exciplex®® The few regions such as those in Figure 6b (and
there is~40% less total integrated intensity at wavelengt#)0 nm highlighted in Figure 7d) that exhibit red shifts are indicative
from regions that show the solvatochromic red shift. Part b shows the ¢ aycited states with increased charge separation relative to

topography of a typical (1@m)? region. Parts ¢ (no solvent) and d s : . . .
(E%)gshgwyscannizg SRFSLQiLma{gesgover the Samé region as g)art b Whenthe ground state. This is what is expected for interchain species

only the >700-nm emission was collected. The contrast in part d Such as highly asymmetrical exciplexes or polaron pairs.
delineates the spatial extent of one of the larger red-shifting solvato- B. Continuum Electrostatic Modeling of MEH-PPV In-
chromic regions. No contrast was observed for images in which the terfacial Solvatochromism.We can use data such as that shown
entire PL was collected (not shown; cf. ref 44). in Figure 6, along with eq 2, to estimate quantitatively the
change in dipole moment upon excitation in the different spatial
solvatochromic red shift observed in Figure 6b is much less régions of annealed MEH-PPV films. To characterize the
typical and is observed from5% of the film's area. Figure 7a ~ SPectral data and determinewe fit the observed SRPL spectra
replots the spectra shown in Figure 6a,b for the two different 1 the sum of four Gaussian bands, as shown in Figure 6c, which
regions of the annealed MEH-PPV film under EG on an absolute With no applied solvent have peaks at 577, 633, 692, and 738
PL intensity scale. This direct comparison shows that one NM (and fwhm of 14.3, 25.5, 40.2, and 70.1 nm, respectively).
manifestation of the spatial solvatochromic inhomogeneity is a Our choice to fit the spectra with independent Gaussians was

large difference in integrated emission intensity to the red of Made in part to allow for the possibility that the observed
~700 nm. In other words, there is &40% reduction in emission from the annealed films could contain both intra- and

integrated intensity from the blue-shifting region studied in Ntérchain components that might have independent solvato-

Figure 6a relative to the red-shifting region shown in Figure chromlc_ shifts. Other than a_IIowmg for t_hls possmlllty, our fit

6b, despite the fact that the total integrated PL from each region 0 four independent Gaussians is not intended to imply any

is the same to within 1%. This makes it possible to spatially SPecific physical model for the emissién.

image the regions of the film that exhibit the solvatochromic ~ To determine the difference in charge separation between the

red shift by scanning the NSOM tip and using an optical filter ground and excited states, we employ a valueycf 3.61 for

to detect only wavelengths longer than 700 nm. the optical dielectric constant of MEH-PPV, as determined from
The results of this type of imaging experiment are shown in measurements of the index of refraction of MEH-PPV at 632

Figure 7b-d, which displays the topography (Figure 7b), the nm5758Because the static dielectric constant of the polymer is

=700 nm SRPL under nitrogen (Figure 7c¢), and #ig00 nm unknown but must be greater than the value of the optical
SRPL under EG (Figure 7d), all for the same (if)? region. dielectric constant, we have performed the analysis using values
The topography is nearly featureless and very flat, anc: @0 of both 4 and 5 fore;. The static and optical dielectric

nm SRPL scanned under nitrogen gas shows no perceptibleconstants of the applied liquids needed to solve eq 2\far
contrast, in agreement with our previous SRPL results on are presented in Table 1. Using all of these parameters, we
annealed MEH-PPV filmé&! When EG is present on the film’s  solved eq 2 numerically, and the results are collected in Table
surface, however, the 700 nm SRPL shows strong contrast, 2, which shows the change in dipole for our two choices of the
revealing roughly circular spatially localized regions that are polymer’s static dielectric constant and an assumed vall of
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TABLE 3: Calculated Changes in Dipole Moment for Blue-

and Red-Shifting Regions of Annealed MEH-PPV Films for 1.04 u far-field
Two Different Cavity Separations with R = 2a a )
—_ o near-field
avgAue (D) for avgAue (D) for =
blue-shifting regions, red-shifting regions, 8
S __ S _
band center G=4 =4 -é’
(nm) R=5 R=8 R=5 R=8 n
C 0.54
577 2.0 4.1 —2.4 —-4.9 .9
633 —6.4 —-12.9 8.7 17.6 c
692 —7.6 —15.4 11.5 23.3 -
738 -4.3 -8.75 13.2 26.6 a
TABLE 4: Measured Shifts of the Near-Field Detected PL
for Annealed MEH-PPV Films under Nitrogen Relative to 0.0 T . T " T
the Far-Field Detected PL (cf. Figure 8a}
neal’-field far'ﬂeld predicted Shlﬂ
band center band center measured
(nm) (hm)  shift(cm?) =4 (cm?) =5 (cm?)
577 580 —89.6 —-32 —50.5
633 624 228 325 556
692 670 475 458 790
738 724 262 147 261

2 The band shifts of the far-field PL spectrum were also predicted
from eq 1 (which is equivalent to eq 2 in the absence of the interface)
using the calculated values &fu. generated from the near-field
solvatochromic measurements (Table 2) and an MERV static
dielectric constant"; of either 4 or 5. The closest match between the
measured and calculated band shifts (cf. Figure 8b) results from the

H S — . " T T T T T ¥ 1
choice ofe; = 4 andR =5 A. 600 700 800 900

= 2a =5 A. Table 2 shows that the calculated magnitude of Wavelength (nm)
the change in dipole increases byl5% aSe; is increased Figure 8. Prediction of the far-field PL spectrum from interfacial
from 4 to 5. The calculated values fow. increase by a factor ~ solvatochromic data. Part a shows the PL collected eitligrir( the

of 2 when the radius of the emitter is increased filems 2a = far-field or (O) in the near-field from annealed MEH-PPYV films. The
5toR = 2a=8 A as can be seen in Table 3 dipole moment changes generated with eq 2&d 4 (Table 2) were

. | . heck of fthei facial used to predict the spectral band positions of the far-field PL spectrum
As an internal consistency check of our use of the interfacial  assyming that the medium surrounding the dipole had the dielectric
solvatochromism theory for annealed MEH-PPV films, we used characteristics of the annealed MEH-PPV on both sides of the interface

the calculated changes in dipole moment generated with eq 2(Table 4). Part b shows that the sum (dotted curve) of four individual
(Table 2, blue-shifting region witR=2a =5 A andel = 4 Gaussians (dashed curves) with band centers fixed at the predicted
D) to predict the spectral emission shift,for the special case values closely reproduces the far-field PL spectrum (solid curve). In

. . : i . comparing the calculated to measured bulk PL spectrum, the widths
that the medium on both sides of the interface was MEH-PPV: of the four Gaussians were fixed at the same values as those presented

in other words, we ‘removed” the interface by assuming i, section 111 B, while the amplitudes of each band were allowed to
identical dielectric properties on both sides of the dividing plane. vary as fitting parameters. Much of the dotted (calculated) trace is
This procedure allows us to use either eq 1 or eq 2 to computeobscured by the solid (experimental) trace.

the spectral position of the PL fdiulk annealed films given

the change in dipole and the PL spectra measured at the differentlescription for both the interfacial and bulk solvatochromism
polymer/liquid interfaces. The results of this calculation are of annealed MEH-PPV.

summarized in Table 4 and Figure 8, which compares the Taple 2 also shows that in both the red- and blue-shifting
interfacial (near-field) and bulk (far-field) PL collected from  regions of the annealed film the solvatochromic shift of the three
the same annealed MEH-PPV film. The calculated solvatochro- reddest Gaussian bands are nearly identical, while that of the
mic spectral shift for the bulk PL is in excellent agreement with p|yest Gaussian band at 577 nm is different. The spectral
the observed far-field PL spectrum (Figure 8b); in other words, position of the 577-nm peak suggests that it results from
the sameAue can explain all of the measured interfacial intrachain exciton emission rather than from an interchain
solvatochromic shifts and the observed difference between thespecies. The lack of significant solvatochromism for this band
interfacial and bulk PL spectra. The agreement is remarkably syggests either that there is little dipole change associated with
good given that the calculation does not account for the small the creation of an exciton or that the majority of the collected
fraction of red-shifting regions present throughout the bulk of exciton emission comes from regions below the surface of the
the film. We also note that the agreement between the two setsfjim that are not interacting with the solvent. Whatever the
of observations is much better for the choicecht= 4 (rather reason, the different sign and magnitude of the measured spectral
than e: = 5) andR = 5 A (rather tharR = 8 A), suggesting shift and calculated dipole change for this bluest band support
that these are the best values for accurately describing theour view that it results primarily from intrachain exciton
dielectric properties of MEH-PPV. Thus, the fact that the same emission, while the three redder bands reflect the solvato-
set of calculated dipole changes can explain the results of twochromism associated with the emission of interchain electronic
independent experiments leads us to believe that eq 2 (with thespecies. Because each of the three interchain emission bands is
e; = 4 parameters in Table 2) provides an internally consistent observed to shift by a slightly different amount, we take the

PL Intensity (au)
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spread in the observed shifts as a rough measure of thewhere the interfacial emission shows the solvatochromic red
uncertainty in our calculated value Bfue. shift, the fact that the excited state has a large dipole moment
In addition to the uncertainties inherent in measuring the (~9—13 D larger than that of the ground state) suggests strong
individual band shifts, another difficulty in calculating the excited-state charge separation. Because typical interchain
precise magnitude of the change in dipole upon excitation is distances in conjugated polymer films are4 A6 this
that the static dielectric constants of the liquids used in the study magnitude ofAu. suggests nearly complete separation of unit
are all of similar magnitude. This makes the determination of charges between adjacent chains if the radius of the erRitter
the change in dipole quite sensitive to the measured value of= 5 A, consistent with assignment to interchain polaron gairs.
the spectral shift in air. Thus, it would be highly desirable to This same dipole moment could be achieved for larger choices
conduct the experiment with a liquid of significantly different of the radius of the emitter if only fractional charges were
dielectric constant to improve the accuracy of the fit. As separated, which still would be suggestive of interchain species
mentioned above, however, solvents with lower dielectric comprised of highly charge-asymmetric exciplexes.

constants than those chosen in Table 1 cause swelling of we conclude our discussion by speculating on the reasons
annealed MEH-PPV films, as shown in Figures 3d and 4c. Not that the solvatochromic shifts in annealed MEH-PPV films are
only are we missing low-polarity solvents, but the high-polarity - spatially inhomogeneous. It is well-known from photoconduc-
solvents that we were able to employ are, for the most part, ity and other measurements that the presence of defects such
capable of hydrogen bonding. Recent experiments have shown, g carbonyl grousé in conjugated polymer films can lead to
that site-specific interactions of the solvent with the interfacial ,reased separation of charge. Moreover, Lee et al. have
chromophore can result in larger spectral shifts than are yemgnstrated that chain ends can dramatically increase inter-
predicted by _dlelectrlc continuum theories, particularly when .oin electronic interactions in annealed polymer fiffhén

the solvent is capable of hydrogen bondffigThus, the addition, recent work studying the emission from single

pof’s'lt"i't)é Ofl specgflc mterfa:ml?l t;]nte_ractlotns t?"te’:”g tr:je molecules of PPV derivatives also suggests that chain defects
caicu af vafues ?e wqrranNTDur ner ;n;{es |gaf|on. n eet ,d such as cis bonds or tetrahedrally coordinated backbone carbon
pilrarr::r:r.icloé.npegormégg m mezlr?;?l'iall(l)Sngr' (t:%w%%atlhee'r atoms can alter the way polymer chains fold and hence change
gel)c/)calizeld ﬂu ellegctro%i alrJe bein dlevelo edlpbl severall the degree of interchain interactiof?s°If any species such as

62 g9 a P oy carbonyl groups, chain ends, cis bonds, or tetrahedral sites are
researcher® %2 so a better understanding of specific interac- . : .
. . . present in our MEH-PPV films, the annealing process would
tions that could be employed in our solvatochromic MEH-PPV .

allow those defects to freely flow in the polymer melt. Because

studies should be feasible soon. S . :
licati ¢ hai L . q the entropy of mixing polymer segments with defects into the
p c|: Impch:Eanns _(?]r IrlllteLc an Sp_ecl:les n C_on_Juga_te h rest of the polymer film is very low, it is likely that the defects
olymers. Even with all the potential uncertainties in the g, phase segregate into spatially inhomogeneous regions,

32?'3/3'5{’ thet_oglz)pos_lte signs of thti stptictral shifts (?tl_)slervked d'npresumably the places where we observe the solvatochromic
inerent spatial regions suggest that there are multip'e Kinds oy gpigt Taken together, this line of reasoning suggests that

ggegzisé\:]eir']n;f:;g‘ dsﬁzﬂ?gg\/\'}?”%zegg; (::Feg{k?:?ji?f];ccur;ggze neutral excimer-like species are the norm for interchain excita-

Sep . . . P . tions in conjugated polymer films but that occasional charge-

inherent in the choice of the geometric and dielectric parameters . ) : . e
separated interchain species can be produced if the excitation

defining the model, the calculated values & from eq 2 N
(listed in Table 2) make reasonable physical sense. Table ,oceurs on a segment near an intrinsic defect such as a carbonyl
) group or a chain end.

shows that a small fraction of the interchain species exhibit a ) . .
large increase 0f9—13 D in dipole moment upon excitatiéa, As a first step toward exploring what types of defects might
while the majority of interchain species show a modest dipole be' responsible for the product|or] of the solvatochromically red-
decrease of-4—7 D. While these calculated changes in dipole Shifted charge-separated domains, we have performed NSOM
moment may seem quite large (the separation of a fundamentalnterfacial solvatochromism experiments on annealed MEH-PPV
unit of charge ovel A correspondsata 4 Ddipole moment), films with a lower molecular weight. These experiments allow
their magnitude is consistent with changes in dipole measuredUs to explore the effects of chain ends on the interchain emission,
for MEH-PPV films using electroabsorption (Stark) spectros- because the low molecular weight§0 kDa) films have~8
copy® Our calculations of large values afu. from eq 2 are times the density of chain ends as the high molecular weight
also consistent with recent molecular dynamics (MD) simula- films (~450 kDa) studied above. Figure 9 compares images
tions of simple chromophores at interfaéésEven if the constructed by collecting PL through the 700-nm long-pass filter
magnitude of the calculated dipole changes is in error by a factor from annealed MEH-PPV films with different molecular weights
of 2 or more, the fact that different spatial regions of the film under EG. Panel a shows the typical solvatochromically red-
show shifts with opposite sign is strongly indicative of the shifted domains observed for our high molecular weight films,
presence of multiple classes of emissive interchain species. (produced in the same manner as Figure 7d above), while panel
For the interfacial emission collected from most regions of b shows the results for a the same measurement conducted on
annealed MEH-PPV films, the solvatochromic blue shift sug- & low molecular weight annealed MEH-PPV film. The figure
gests that the typical interchain excited state is predominantly makes it clear that the red-shifting domains increase in size as
neutral in character. Given that the magnitude of the ground- the molecular weight of the film is decreased: the typical red-
state dipole for MEH-PPV chains is expected to be around the shifted domains in the low molecular weight films ar@—6
same size as the calculated valueAp§in Table 2, this implies ~ u«m in diameter. This larger size can be interpreted in one of
that the interchain excited state must have a dipole moment thattwo ways: either the chain ends themselves contribute to the
approaches zero, as expected by symmetry: an excited statexistence of the solvatochromically red-shifting domains, or the
with a very small dipole moment is expected for interchain fact that the chains have a lower molecular weight allows more
species that are neutraly delocalized over multiple chain facile phase segregation of other defects to form the red-shifting
segments, such as excimers or aggregates. In the few regionslomains. Either way, the data in Figure 9 strongly support our
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b) low MW to study polymers from different batches that also have been

- : processed in different ways, it is not surprising that there have
been so many different conclusions about the existence and
nature of interchain electronic species in conjugated polymer
films.

We close this paper by comparing our solvatochromic results
to recent work in which we measured the spatial variation of
third harmonic generation (THG) efficiency as a function of
wavelength in the same annealed MEH-PPV fiffhis our THG
measurements, we observed numerous sm&bQ nm diam-

: eter) domains that are characterized by a red shift in the third-
1A S - ' harmonic resonance relative to that observed from isolated
Rel. PLIntensity 0.65 I ]1.00 MEH-PPV chains. This red-shifted resonance is indicative of
Figure 9. Solvatochromism of (a) high~450 kDa) and (b) low an absorption feature that is shifted to lower energies than that
molecular weight £60 kDa) annealed films. NSOM images were Of a single chain, most likely the signature of a weakly absorbing
produced with the films in contact with EG collecting emission interchain species. The spatial extent and frequency with which
Wavele_ngth$700_nm (as in Figur(_a 7d) to show the SO'VatOChromica"y these THG features occur, however, are quite different from
red-shifted domains (seen as bright features). The domains observedy,,se gpserved in the present solvatochromic study. As discussed
in low molecular weight MEH-PPV films are larger in diameter than . . . .
those observed in high molecular weight films. The field of view for in more detail elseWhe@’the two teChmqueS_’ solvatochromism
each image is (1Gm)2. and THG NSOM, constitute two very different means for
probing a conjugated polymer sample. THG NSOM experiments
probe the bulk of the films and are most sensitive to ground-
conclusion that the defects that catalyze interchain chargestate sample properties such as absorption and polarizability,

separation are intrinsic. whereas NSOM solvatochromism measures the local environ-
ment surrounding emissive excited-state species near the surface
IV. Conclusions of the films. Thus, the two novel techniques provide comple-

mentary information about the complex processes underlying

In this paper, we have shown that it is possible to measure the formation and behavior of interchain electronic species in
the solvatochromism of solid film samples by using NSOM to  ¢opjugated polymers.

selectively collect only the emission from the interface in contact
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