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ABSTRACT: Although there has been significant interest in the nature of exciton spatial
coherence in conjugated polymers, it is usually not possible to control the extent of H- or J-
coupling between polymer chains because the polymers have a naturally preferred
morphology when spin-cast into films. In this work, we explore the nature of exciton spatial
coherence in conjugated polymer chains that have been straightened by encapsulation in the
channels of a macroscopically aligned mesoporous silica host. The small size of the pores
hinders the formation of polymer crystallites, allowing us to control the polymer chain
conformation without crystallinity. This provides a way for us to study the H- and J-coupling
on straight polymer chains that are not crystalline, something that cannot be done with
traditional film casting methods. We specifically prepare two different sets of host/guest
composites using both P3HT (poly(3-hexylthiophene)) and MEH-PPV (poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene]) chains as the guests. We then perform a series of polarized absorption and emission
experiments on the encapsulated polymer chains, which reveal that the composite samples each contain two distinct polymer
populations: a predominantly aligned population of straightened polymer chains and an isotropic population of coiled and generally
isolated polymer chains. The aligned population is more ordered than the isotropic population for both polymers, an effect that is
particularly pronounced for P3HT. We find that the same types of spectral changes observed when P3HT crystallizes are also
present in the straightened P3HT chains and that P3HT can still exhibit H-dominant aggregation, even without extended
crystallinity. In contrast, MEH-PPV exhibits enhanced J-character when the polymer backbone is aligned and straightened by the
pores, with an exciton coherence size that is larger than that observed in spin-cast polymer films. This study thus provides a more
fundamental understanding of the effects of backbone straightening on the aggregation behavior of both H- and J-type conjugated
polymers.

■ INTRODUCTION

Semiconducting polymers are a widely used class of materials
for many organic electronic applications, including light-
emitting diodes (LEDs) and photovoltaics (OPVs), because
of their low cost and solution processability.1−3 In addition,
their solubility in many common organic solvents and thus
ease of processing make it possible to easily manipulate their
morphology to improve device performance via simple
methods such as the choice of casting solvent, thermal
annealing, or solvent annealing.4−7 In these types of polymers,
small morphology changes can have large effects on the nature
of exciton formation, which in turn directly affects the
performance of OPVs and LEDs. Semiconducting polymer
excitons are particularly sensitive to the local morphology
because they are capable of delocalizing in multiple directions,
both along the polymer chain and across the π-stacks between
polymer chains.8,9 In highly ordered polymers, excitons can
maintain spatial coherence well in both directions.8 This

increased exciton spatial coherence is crucial for increased
charge separation and thus device performance in OPV
applications;10,11 changes in the exciton emission yield also
directly affect LED performance.
Because exciton formation is a crucial step in organic

electronic device performance, there is much interest in
studying the fundamentals of semiconducting polymer excitons
and the ways in which manipulating polymer morphology
affects excitons. Exciton coupling in small molecules has long
been understood via the model of H- and J-aggregates
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presented by Kasha and Hochstrasser.12,13 In this model, a
material that is described as an H-aggregate lies with its
chromophores side-by-side and a J-aggregate material has
chromophores that lie head-to-tail. Much of the groundwork
for understanding conjugated polymer excitons has been laid
out by Spano and co-workers, who have demonstrated that
excitations in semiconducting polymers can be understood via
a modified H- and J-aggregate model using the concept of HJ-
aggregate hybrids.8,14−17 In polymers, J-aggregation is analo-
gous to coupling along the chain while H-aggregation arises
from interactions in the π-stacking direction that allows for
interchain coupling. In reality, both types of coupling are
present in most conjugated polymers, and there are direct
interactions between the two.
One of Spano and co-workers’ key contributions is the

demonstration that the coupling between excitons and the
vibrations of the semiconducting polymer backbone creates
clear absorption and emission spectral signatures that
demonstrate whether H- or J-like aggregation behavior is
dominant in a given polymer.18,19 In polymers where J-
aggregate behavior dominates, the 0−0 peaks in both
absorbance and fluorescence are prominent, whereas in H-
aggregate-like polymers, the 0−0 peak is nominally disallowed,
so that the 0−1 peak is the main feature of the absorption and
emission spectra. Seeing these readily observed changes in the
spectra makes it straightforward to assess how changes in
morphology affect the nature of excitons in semiconducting
polymers.
One of the most common polymers that has been studied by

using this HJ-aggregate model is poly(3-hexylthiophene)
(P3HT). P3HT is ubiquitous in the field of semiconducting
polymers and has been used in a wide variety of devices
including OPVs and thermoelectrics;20−22 P3HT is particularly
appealing for study because of its relatively high degree of
crystallinity in films. Because of its strong interchain
interactions in the π-stacking region of the crystallites, P3HT
is a predominantly H-aggregate-like polymer, which is reflected
in its spectroscopy as the 0−1 vibrational peak dominates in
both the absorption and emission spectra.
In contrast, the HJ-aggregate model also can be used to

study materials like poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV),23,24 which because of its
branched side chains is poorly crystalline and thus shows more
J-aggregate-like behavior with enhanced 0−0 absorption and
emission peaks. For example, it has been shown experimentally
by Schwartz and co-workers that MEH-PPV films made by
using different processing conditions (e.g., casting the films
from different solvents) have different spectral line shapes with
different vibronic peak progressions; the changes in spectros-
copy could be used to explain changes in how these same films
performed as the active layers in polymer-based LEDs.25,26

This means that MEH-PPV provides a nice contrast to P3HT
for studying how intra- and interchain coupling affects the
properties of the excited states of conjugated polymers.
One common way that spectral signatures and the HJ

aggregate model have been applied, particularly to P3HT, is by
using the 0−0/0−1 absorbance peak intensity ratio as a proxy
for the degree of crystallinity in P3HT films.27−29 Spano has
shown that increased crystallinity of P3HT results in an
increase in the 0−0 vibronic peak intensity.30,31 This may
initially seem counterintuitive because P3HT has strong π-
stacking behavior and is traditionally known as an H-aggregate
polymer, but an increase in the 0−0 transition corresponds to

an increase in intrachain coupling and signifies more J-
aggregate-like behavior. The explanation for this behavior is
that even the amorphous parts of P3HT (and also MEH-
PPV)26,31 films have some interchain coupling, so the chain
straightening caused by increasing the crystallinity of the film
causes a greater increase in intrachain coupling than interchain
coupling. As evidenced by the presence of a π-stacking X-ray
diffraction peak even in materials like disordered regiorandom
P3HT,32 all conjugated polymers, even disordered ones, are
capable of some interchain coupling, but crystallinity is
generally required to increase intrachain coupling to produce
the corresponding J-aggregate-like absorbance features.
All of this brings up the question of the general relationship

among crystallinity, order, and aggregation behavior in
conjugated polymers. Are polymers like P3HT always H-
aggregate-like and polymers like MEH-PPV usually J-
aggregate-like? Does crystallinity drive an increase in H-
aggregation in addition to J-aggregation? Do P3HT and related
polymers’ propensity to π-stack drive their crystalline behavior?
These questions are difficult to answer because, until now,
there has not been a way to separate aggregation and
crystallinity in semiconducting polymers so that they can be
studied independently. There have been studies of P3HT
nanofibers that have shown that in some circumstances P3HT
can exhibit more J-aggregate behavior, but the exact micro-
structure of the P3HT chains in the nanofibers is unknown
and, in some cases, nanofiber formation is driven by
crystallization.33−36

In this paper, we present a novel method for separating
aggregation and crystallinity in ordered systems of conjugated
polymers. To do this, we have designed a host−guest system
based on an anisotropically aligned mesoporous silica
host,37−43 into which polymer guest chains can be infiltrated.37

This system forces polymer chains to be aligned and straight
but generally not crystallinedue to spatial confinement that
allows only 3−5 polymer chains to fit in each pore.37 Because
the optical transitions of semiconducting polymers are aligned
along the backbone of the polymer, we can selectively study
the spectroscopy of the most aligned and ordered chains by
polarizing the light parallel to the direction of the pores. Past
studies have demonstrated that it is possible to infiltrate
polymers into aligned mesoporous hosts and that the chain
conformation (straight or coiled) and aggregation (isolated or
aggregated) can be controlled by the pore size44 and can be
used to spatially control exciton migration.45 By use of
optimized pore sizes, it can be shown that the incorporated
polymer chains can have a high level of structural anisotropy,37

that exciton migration along the polymer backbone takes place
at a different rate than between polymer chains,46 and that
polymers within such porous films form graded-index wave-
guides that can produce highly polarized amplified stimulated
emission (ASE).47

The key benefit of this group of samples is that they allow
for the ability to study polymer chains that are forced to be
straight and close enough to other polymer chains to
experience coupling but which do not have their coupling
behavior dominated by crystallinity and the π-stacking
interactions that typically accompany polymer ordering.
Isolated straight chains can exhibit exciton migration along
the chain, but understanding the roles of intra- vs interchain
coupling is not possible without the presence of other polymer
chains. Most previous studies altered the coupling by allowing
the polymer chains to crystallize.8,9,11,12 However, this means
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that the H- and J-aggregate behavior in such samples is
dictated by the particular crystalline polymorph that is formed,
which would leave us unable to specifically study the effects of
simple chain straightening on exciton coupling and migration.
Instead, encapsulating of the polymers in the channels of the
aligned mesoporous silica hosts allows direct access to study
the effects of H- and J-aggregation on ordered polymer chains
without the presence of crystallinity. This means we can
separate the coupling effects caused by crystallinity from those
induced by just straightening the chain. These samples
therefore create a type of HJ-coupling than cannot be observed
in other types of polymer films. In addition, because the
polymer chains are straight and are macroscopically aligned
with the axis of the pores, we can used polarized light to
selectively study these highly ordered chains.
In this study, we compare the behavior of two different

conjugated polymers, P3HT and MEH-PPV, that have been
straightened and ordered by incorporation into our aligned
mesoporous silica hosts. After performing a careful polarized
spectroscopic analysis, we find that these host/guest materials
contain two distinct populations of polymer chains: one
population with straightened chains that are highly aligned
along the pore direction and a second population of chains
with an isotropic distribution that tend to be coiled and
isolated from each other. Previous studies on polymer films
have not been able to examine these two populations
individually, yet our novel system allows us to study the
ordered and isotropic regions individually. By comparing the
behaviors of these populations in our aligned mesopore system
for these two well-studied, yet very different polymers in terms
of their aggregation and crystallinity behavior, we can isolate
how the environment of a conjugated polymer affects its HJ-
coupling. We find that chain straightening is more important
for controlling along-the-chain coupling than crystallinity; in
other words, crystallinity can aid in straightening polymer
chains, but straightening the chains without crystallinity leads
to the same types of changes in the polymer’s spectroscopy.
We also see that interchain interactions can happen without
polymer crystallinity and that alignment in pores can either

increase or decrease the degree of energetic spatial disorder
depending on the natural environment of the polymer in a
spin-cast film. All of the findings can help us understand how
to design materials for future applications with desired degrees
of along-the-chain and between-chain interactions.

■ METHODS
We synthesized our aligned mesoporous silica films via a
surfactant-templating method that has been reported pre-
viously.38,39 In this method, the driving force for anisotropic
alignment is the interaction of the surfactant template with a
rub-aligned polyimide film. The result is an ordered porous
material with hexagonally arranged long, straight pores.38 All of
the pores lie in the plane of the film, and while the film is
polycrystalline, the pore axis of each domain lies in roughly the
same direction because of the aligning polyimide film.38 To
verify the anisotropy of our host films, we performed grazing-
incidence small-angle X-ray scattering (GISAXS). As demon-
strated in Figure 1, we can measure the scattering pattern with
the X-ray beam both parallel (Figure 1a) and perpendicular
(Figure 1b) to the axis of the pores. As expected, this rotation
does not affect the out-of-plane scattering (Figure 1a).
However, when looking at the in-plane scattering (Figure
1b), the intensity is greatly reduced when the X-rays are
incident on the sample perpendicular to the pore direction, as
expected for an aligned system. Integrating the relative peak
intensities, as shown in Figure 1c, yields an anisotropy ratio for
these films of 18:1, indicating that the pores are indeed highly
aligned. From the peak position at 0.088 Å−1, we can also
determine that the center-to-center distance between the pores
is ∼7 nm (Figure 1d). Importantly, it has been shown
previously that there are random holes in the walls of the
hexagonally arranged pores that allow guest molecules to be
diffused into the pores from the top, despite the fact that the
pore axis lies in the plane of the film.39

Once synthesized, semiconducting polymers can be
incorporated into the porous film by first adding a hydro-
phobic coating to the inner surface of the pores and then
soaking the porous film in a conjugated polymer solution.37

Figure 1. GISAXS of the aligned mesoporous silica host with the axis of the pores (a) parallel to the incoming X-ray beam and (b) perpendicular to
the direction of the beam. The integrated in-plane peak intensity (c) shows a high degree of anisotropy, with an 18:1 alignment ratio. (d) A
structure cartoon demonstrating the reason for in-plane anisotropy in the scattering of the (110) peak. Cartoon adapted from ref 38.
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The polymer solution is then slowly concentrated by
evaporation to drive the polymer chains into the pores. This
results in incorporated polymer chains that are straight and
macroscopically aligned within the pores.

■ RESULTS AND DISCUSSION
For polymer chains incorporated and aligned within the pores,
we can determine the degree of anisotropy simply by
comparing the intensity of the optical absorbance or emission
polarized parallel and perpendicular to the axis of the pores.
Figures 2a and 2b show that both P3HT and MEH-PPV have

large intensity differences between their parallel and
perpendicular emission, indicating that both polymers have
been aligned in the porous host films. Because the absorption
and emission dipoles of both P3HT and MEH-PPV are
roughly aligned with the backbone of the polymer,45,48 we can
conclude that the polymer chains absorbing and emitting light
parallel to the pores are aligned within the silica host. The
remaining polymer population, which absorbs and emits light
perpendicular to the pores, must be coiled and thus more
isotropically distributed within defects in the porous silica
films. This means that we can selectively study the emission of
the ordered straight and coiled amorphous polymer
chromophore populations by simply choosing the appropriate
excitation polarization.
Figure 3 shows the perpendicular and parallel absorbance

data normalized to better determine the effect of aligning and
confining the polymer chains on their aggregation behavior. In
general, the population of polymer chains that absorb light
parallel to the pore axis are the most ordered and thus will not
have their conjugation disrupted by bends in the chain. For

P3HT (Figure 3a), we can see that the more ordered chains
have an increased 0−0 absorption peak; this is very similar to
the way that increased crystallinity results in enhanced 0−0
peak absorption intensity in bulk P3HT films.49,50 Figure 3a
also shows that the P3HT 0−0 absorption peak is more
enhanced for the ordered chains in the aligned mesopores than
it is in isotropic bulk P3HT films. In our aligned host/guest
samples, it is important to note that the observation of the
enhanced 0−0 absorption cannot be due to increased polymer
crystallinity because there are at most 3−5 chains per pore, so
that there are simply not enough polymer chains to be truly
crystalline, and the spatial confinement of the pore likely
prevents the polymer chains from packing the way they would
in a bulk film. Thus, the enhanced 0−0 absorption must arise
from the straightening of the P3HT chains, as discussed further
below. We also observe that for P3HT in the aligned pores the
absorption parallel to the pore direction is shifted to lower
energy than that in the perpendicular direction, indicating that,
as expected, chains absorbing parallel to the pore axis have
increased exciton spatial coherence.
Figure 3b shows that in a similar fashion MEH-PPV polymer

chains that absorb light parallel to the axis of the pores also
have their absorption shifted to lower energy compared to the
chains that absorb perpendicular to the pore axis, again
consistent with the idea of enhanced exciton spatial coherence
for chains that are straightened by the pores. We also see that
there is slightly enhanced vibronic structure in the absorption
spectrum polarized parallel to the host pores relative to that
polarized perpendicular to the pores. However, compared to
P3HT, MEH-PPV has such poorly defined vibronic structure
in its absorption spectrum that there is little direct information
we can extract simply by visually examining the absorption.

Figure 2. Absorbance and photoluminescence of P3HT (a) and
MEH-PPV (b) aligned within mesoporous silica demonstrating the
host-induced polymer anisotropy. The solid curves show the spectra
when the light is polarized parallel to the pore direction, and the
dashed curves show the spectra when the light is polarized
perpendicular to the pore direction. The emission spectra are
collected by using the same polarization as the excitation light
(cross-polarized excitation/emission combinations are shown in
Figure S2).

Figure 3. Normalized polarized absorbance of (a) P3HT and (b)
MEH-PPV chains encapsulated in the aligned mesoporous silica host.
The solid colored curves show the absorption spectrum for light
polarized parallel to the pore direction, while the dashed curves show
the absorption spectrum for light polarized perpendicular to the pore
direction. This is the same data shown in Figure 2 but normalized for
ease of comparison. For comparison, the normalized absorption
spectrum for an isotropic spin-cast film is shown in black for each
polymer. For both host/guest films, the polymer chains that absorb
the perpendicularly polarized light do so at higher energy due to the
relative lack of exciton spatial coherence compared to the ordered and
aligned chains that absorb light polarized parallel to the pore
direction. The ratio of the 0−0 to 0−1 vibronic absorption features
also changes with the light polarization, particularly for P3HT.
Compared to the isotropic spin-cast film, the P3HT encapsulated film
has higher-intensity 0−0 and 0−1 vibronic features for the absorbance
spectrum collected with the light polarized parallel to the pore
direction.
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To learn more about the degree of order of the P3HT and
MEH-PPV chains in the aligned mesoporous silica hosts, we
modeled the polarized absorption spectra as shown in Figure 4.
Specifically, each encapsulated polymer sample was modeled as
having two populations: one composed of straightened
polymer chromophores that are aligned by the pores and
one consisting of isotropic polymer chromophores that reside
in the interstitial spaces in the hosts or which manage to coil
within the pores. The entirety of the absorption perpendicular
to the pore axis is attributed to this isotropic population, which
is expected to absorb equally strongly in the perpendicular and
parallel directions. The absorption of the population of
polymer chains aligned along the pore axis is then obtained
by subtracting the isotropic absorption component is from the
measured parallel-polarized absorption spectrum.
We then further decomposed the spectra of the aligned and

isotropic polymer populations in each sample into ordered and
disordered components using the HJ-aggregate model
developed by Spano et al.27,51 This model assumes that there
is an ordered, aggregated component to the absorption
spectrum of each population that has a well-defined vibronic
progression with relative peak intensities determined by how
spatially coherent the exciton can be in the aggregate. The
remaining absorption then results from the disordered,
amorphous part of that population. The details of the
Poissonian vibronic progression predicted for the ordered
chains by the model are given in the Supporting Information.
When we fit the model to each of the two different populations
(aligned and isotropic), we find that the aligned population in
the P3HT host/guest sample consists of approximately 60%
ordered chains and 40% disordered chains (Figure 4a). In
contrast, the isotropic P3HT population is only 30% ordered
and 70% disordered, as seen in Figure 4b.
Figure 4 also shows that the difference in ordering between

the aligned and the isotropic populations of the host-
encapsulated MEH-PPV is less pronounced than that seen
with P3HT. The fits to the HJ-aggregate model show that the

aligned MEH-PPV population is roughly 70% ordered (Figure
4c), while the isotropic MEH-PPV population still shows 60%
ordered character (Figure 4d). We note that the vibronic
structure in the MEH-PPV absorption spectrum is intrinsically
less pronounced than that in the P3HT absorption. This is why
we find high ordered fractions, even though the MEH-PPV
absorption spectra do not show sharply defined vibronic peaks.
To better understand the degree of ordering in the MEH-

PPV host/guest samples, we compare the fits to the absorption
spectrum of MEH-PPV encapsulated in the aligned silica pores
to that of the spin-cast MEH-PPV bulk film shown in Figure
3b. We find that the fraction of ordered chains in the bulk spin-
cast film is similar to that of the aligned population in the
pores, although the vibronic peaks are broader and blue-shifted
in the spin-cast film (Figure S1b, 70% ordered for the spin-cast
film and 70% for the aligned polymers in the porous host). In
contrast, Figure S1a shows that for P3HT encapsulation in the
aligned porous silica host results in an enhanced ordered
fraction relative that in a bulk spin-cast P3HT film (50%
ordered for the spin-cast film versus 60% for the aligned
polymers in the porous host).
These observations indicate that straightening J-aggregate-

dominant MEH-PPV chains by encapsulation does not affect
the fraction of polymer chain segments that are ordered, while
straightening H-aggregate-dominant P3HT has a large effect
on the degree of ordering. This conclusion is reinforced by the
fact that the absorption of neat P3HT films seen in Figure S1a
is red-shifted relative to the aligned P3HT population in the
pores, while the opposite is observed for MEH-PPV in Figure
S1b. Apparently, aligning and confining the backbone of MEH-
PPV aid in exciton spatial coherence, while aligning and
confining the backbone of P3HT limit exciton spatial
coherence. This is because in J-aggregate-dominant MEH-
PPV the chains in bulk films have reduced exciton spatial
coherence, presumably because the branched side chains
interfere with exciton coherence between neighboring chains.
Straightening these chains in pores thus enhances the along-

Figure 4. Separation of the absorption of conjugated polymer guests (a, b: P3HT; c, d: MEH-PPV) in the aligned mesoporous silica hosts into
aligned and isotropic populations. The entire perpendicularly polarized absorption is presumed to come from the isotropic population (solid curves
in panels b and d). The absorption spectrum of the aligned population is then determined by subtracting the isotropic absorption from the parallel-
polarized absorption to produce the solid curves in panels a and c. These absorption spectra are then fit to the HJ-aggregate model31 to determine
the fraction of the absorption in each case that results from ordered aggregated chains (dashed curves in each panel) and disordered amorphous
chains (dotted curves in each panel).
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the-chain coupling, increasing the overall degree of order. In
contrast, H-aggregate-dominant P3HT chains have ordered
excitons that are spatially coherent both along and between the
chains in bulk films. The increased ordering that takes place by
straightening the chains in the aligned silica hosts is
overcompensated by the loss of some 2-D spatial coherence
because the chains in the pores are isolated.
With this understanding from the polarized absorption

spectra of how aligning polymer chains without crystallinity
affects the degree of order, we turn next to Figure 5, which

compares the polarized photoluminescence (PL) from the
host/guest samples to those from spin-cast bulk films. As with
Figure 2, Figure 5 explores the emission of polymer chains that
both absorb and emit light parallel to the pore axis to those
that both absorb and emit perpendicular to the pore axis
(cross-polarizations are also possible and will be discussed
later). Figure 5a shows that the relative heights of the 0−0 and
0−1 PL peaks of P3HT bulk spin-coated films and the aligned
polymer chains in the silica pores are quite similar, indicating
that there is little change in the aggregation behavior of P3HT
in these two environments. Moreover, the fact that the 0−1

emission peak has the highest intensity in the aligned pores
indicates that P3HT can have H-aggregate-dominant behavior
even when extended crystallinity is not possible: the non-
crystalline pore environment still allows for some degree of 2-
D exciton spatial coherence. In contrast, the least ordered
chains, which absorb and emit light perpendicular to the pore
axis, show a decrease in the PL 0−1/0−0 peak ratio, showing
that the polymer in this environment is hindered in its ability
to have excitons remain spatially coherent between chains.
Similar to what we saw for the absorption spectra, Figure 5a

shows that the most ordered P3HT chains within the pores
have an emission spectrum that is shifted to higher energy
relative to pure P3HT films. Although part of this shift may
come from a change in the dielectric environment of the chains
when they are surrounded by silica, we attribute the bulk of
this shift to increased quantum confinement of the exciton.
P3HT excitons in crystalline films tend to maintain spatial
coherence in two directions, but the small diameter of the
pores allows for so few chains to interact that less interchain
exciton spatial coherence is possible in the pores than in a bulk
film.
Interestingly, the MEH-PPV PL data in Figure 5b shows the

opposite trends to those observed for P3HT in almost every
way. Most notably, the most aligned polymer chains, those that
absorb and emit parallel to the pore axis, have an increased PL
0−0 peak intensity relative to bulk films. This increase suggests
that even though MEH-PPV is traditionally a J-aggregate-
dominant polymer, the exciton coherence length in bulk films
is relatively short and thus can be increased by forcing the
polymer chains to be straight over a longer length scale. In
addition, we can see even within this confined environment,
where the chains are forced to be physically close to each other
due to alignment, MEH-PPV chains within the pores cannot
be induced to show strong interchain interaction or π-stacking
(i.e., more H-aggregate-like behavior). This idea is consistent
with previous studies that used temperature to induce order
and chain straightening for MEH-PPV: even when cooled to
10 K, bulk MEH-PPV films continued to show properties
similar to those of single chains, with relatively little interchain
interaction.14,23 Finally, the most ordered MEH-PPV chains
within the pores have an emission spectrum that is shifted to
lower energy relative to pure MEH-PPV films. Although this
may be partly a dielectric effect, it indicates that the
straightening of the chains along the pores results in reduced
quantum confinement for MEH-PPV in pores, despite the very
small pores size, in direct contrast to the behavior observed for
P3HT.
To better understand how confinement affects the along-

the-chain versus the between-the-chain interactions, we
analyzed the PL spectra to quantify the degree of H-
aggregation for P3HT (Figure 6a,b) and MEH-PPV (Figure
6c,d) in the different environments. Similar to how we
analyzed the absorption data above, we identified two distinct
populations of polymer chains contributing to the polymer PL
spectra in the silica host. Specifically, we assumed one largely
HJ-aggregated polymer population that is aligned with the pore
axis (dashed lines, Figure 6) and an isotropic population
(dotted lines, Figure 6). Based on the theory of HJ-aggregates
from Spano and co-workers, the PL spectra of each of these
components can be modeled as a series of evenly spaced
Gaussians weighted by a factor of frequency cubed, as detailed
in the Supporting Information.52 The model for the emission is
different from the absorption because only the 0−0 emission

Figure 5. Normalized polarized photoluminescence from (a) P3HT
and (b) MEH-PPV in different environments: bulk spin-cast films
(black curves), chains aligned along the direction of the pores in the
silica host (solid colored curves), and chains with isotropic emission
in the silica host (dashed colored curves). The change in PL 0−0/0−
1 ratios shows that the degree of HJ aggregation for each polymer
varies with the different environments.
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band is strongly affected by the degree of aggregation. In the
emission model, the PL 0−1 to 0−0 intensity ratio is used to
extract the exciton coherence number, which is a measure of
the number of chromophores over which an exciton can
remain wavelike, while the PL 0−1 to 0−2 intensity ratio is
more sensitive to intrachain or J-like coupling. In this way, the
HJ nature of the exciton for polymer chains that are
straightened but not crystallized can also be examined by
using the PL data.
We begin by considering the isotropic emission component

of both polymers. For MEH-PPV, the low PL 0−0/0−1 peak
ratio of the isotropic population (dotted curves in Figures
6c,d) indicates more H-like behavior than is typically seen in
poorly crystalline polymers like MEH-PPV. We do not believe
that this reflects an increase in π-stacking or interchain
coupling, but instead we attribute this to disruption of the
conjugation along the backbone and therefore a loss of the
end-on chromophore J-aggregate coupling. In contrast, the PL
0−0/0−1 peak intensity ratio for the isotropic population of
P3HT in the silica host (dotted curves in Figures 6a,b) is larger
than that of the aligned polymer population in the pores
(dashed curves in Figures 6a,b). This suggests that in a
dominantly H-like polymer like P3HT the larger disorder of
the isotropic P3HT population in the pores does affect the π-
stacking and therefore reduces the H-like chromophore
coupling.
Next, we examine the population of polymer chains that are

aligned with the axis of the pores. For the aligned population of
P3HT chromophores, the dashed curves in Figures 6a and 6b
show that the PL 0−1 peak is dominant, indicating that some
π-stacking behavior is maintained, although significantly less
than in bulk films (cf. Figure 5a). In contrast, MEH-PPV
polymer chains that are aligned, as seen in the dashed curves in
Figures 6c and 6d, show J-aggregate-like behavior with a
dominant PL 0−0 peak, which reinforces our conclusion that
causing MEH-PPV chains to be highly aligned and
straightened does not result in an increase in π-stacking or
H-like coupling.
We can expand our analysis of the PL to compare the

exciton coherence numbers53,54 of the different polymer
populations in the aligned mesoporous silica hosts. For the
aligned population of MEH-PPV, the ratio of the PL 0−1 to

0−0 peak intensities yields a coherence size of 1.35
chromophore units, while the isotropic population has a
coherence number of ∼1, implying that the isotropic fraction
has truly isolated chromophores. We find that spin-coated
MEH-PPV films (Figure S3c,d) have an exciton coherence
number of 1.15 chromophore units, indicating that although
H-aggregation is not apparently induced by spatial confine-
ment, straightening of the polymer chains still causes the
exciton coherence number to increase. Unfortunately, in H-
dominant aggregates such as P3HT, although the PL 0−0 to
PL 0−1 ratio is sensitive to the exciton coherence number, the
ratio also depends strongly on destructive interference between
polymer chains in the π-stacks; this prevents extraction of
coherence number values from the PL 0−0 to PL 0−1 ratio for
P3HT.
We can also compare the PL data in Figure 6, where the

excitation and emission light are polarized in the same
direction, to the case where the excitation and emission
polarizations are crossed, shown in Figure S2. Unlike the
emission probed with the same polarization as the excitation
light, which probes the different polymer populations, the PL
measured with crossed polarizers should predominantly report
on excitons that have undergone energy transfer between
populations. For P3HT, the PL spectrum with the excitation
and emission polarizations parallel to the pore direction
consists 95% of emission from the aligned population (Figure
6a), with only a small amount from the isotropic population,
but all three of the other polarization combinations show
roughly equal amounts of emission from the two populations
(Figure 6b and Figure S2a,b). This suggests that these three
polarization combinations are dominated by emission from the
isotropic population and that the isotropic population can
undergo energy transfer to the aligned population.45 This
makes sense given that the isotropic population has coiled
polymer chains with higher-energy excitons than the straight
chains in the aligned population.45

For MEH-PPV, the behavior of the emission under cross-
polarizations is somewhat different. With the excitation
polarization perpendicular to the pore direction, the emission
spectra (Figure S2d) show roughly equal amounts of the
aligned and isotropic populations, similar to P3HT. For
samples with the excitation polarization parallel to the pores

Figure 6. Normalized photoluminescence (solid curves) for P3HT (a, b) and MEH-PPV (c, d) in the aligned silica host that both absorb and emit
parallel (a, c) and perpendicular (b, d) to the pore axis. These data are also shown in Figure 2 in un-normalized form. The thin gray curves show fits
to the PL spectra assuming two polymer populations that emit according to the model of Spano and co-workers;52 the dashed curves show the
aligned component while the dotted curves show the isotropically emitting component. For both polymers, the differences in spectral shape of the
two components directly reflect changes in the along-the-chain (J-like) vs between-the-chain (H-like) coupling.
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(Figure 6c and Figure S2c), however, emission from the
aligned population is strongly dominant in the parallel excited
and parallel polarized emission spectrum (Figure 6c), but the
perpendicularly polarized emission spectrum is almost entirely
dominated by the isotropic population (Figure S2c). This is
because for the MEH-PPV chains in the aligned porous silica
host energy transfer facilitated by π-stacking is less facile, so the
only way to get perpendicularly polarized emission following
parallel-polarized excitation is to have truly isolated (and thus
isotropic) chains with transition dipoles that are oriented
neither parallel nor perpendicular to the pores.
Finally, we can combine the information from the model fits

of the PL and absorption spectra to obtain an estimate of the
spatial correlation of the energetic site disorder of the aligned
and isotropic polymer populations. In the HJ-aggregate model,
the energetic spatial correlation parameter, β,55 is defined by
eq S6, and the way we calculated it is described in more detail
in the Supporting Information. The value of β tends toward 0
when there is no spatial correlation in site energies and thus
high disorder and tends toward 1 when the spatial correlation
is infinite and disorder is low. The isotropic populations of
both MEH-PPV and P3HT in the porous silica hosts have
spatial correlation parameters of 0.75 and 0.68, respectively.
This is a relatively low long-range spatial correlation, consistent
with the idea that these are isolated chromophores, as expected
for coiled polymer chains inside defects in the porous hosts.
The value is particularly low for P3HT, where π-stacking is
frustrated in the isotropic population. The aligned populations
of both MEH-PPV and P3HT, on the other hand, have higher
spatial correlation parameters of 0.84 and 0.94, respectively.
This means that both polymers have less energetic site disorder
when the chains are highly aligned parallel to the axis of the
pores. This increase in spatial correlation for the aligned
population is particularly pronounced for P3HT due to the
recovery of more homogeneous π-stacking. As expected, MEH-
PPV shows a lower spatial correlation of energetic site disorder
in the aligned population, consistent with the idea that regular
π-stacking does not occur in this polymer, even for straight
chain polymers.

■ CONCLUSIONS
By comparing populations of P3HT and MEH-PPV, which
typically have opposite aggregation behavior, in our system of
aligned mesoporous silica, we can better understand the ways
in which order without crystallinity changes the exciton spatial
coherence in these two prototypical polymers. Encapsulation
into mesoporous silica straightens and aligns a significant
fraction of the polymer chains in the composite, and by
polarizing the excitation light parallel to the pore axis, we can
selectively study this aligned but not crystalline population,
something that has not been previously possible via traditional
film-casting methods. There is also an isotropic population
present that can absorb and emit light perpendicular to the
pore axis, which we have concluded consists of highly
disordered chains comprised mostly of isolated, nonaggregated
chromophores.
By isolating the absorption and emission spectra from each

of these populations, we can start to understand exactly what
physical conformations of the polymer chains result in H- and
J-aggregation-like spectral features. For P3HT, we see that the
0−0 shoulder, often observed in the absorption spectrum of
highly crystalline spin-coated films, arises not directly from
crystallinity but instead from the straightening of the polymer

backbone that leads to increased along-the-chain exciton
spatial coherence. In other words, crystallinity can be used to
straighten the polymer backbone, but it is straightening of the
backbone itself that produces the change in vibronic structure
in the spectroscopy of this material, not other features of the
crystalline environment. We also see that despite the increased
J-like coupling, the aligned population of P3HT in pores is still
H-aggregate dominated, so that H-aggregation can occur
without crystallization as long as it is promoted by straight,
parallel polymer chains. For the predominantly J-aggregated
MEH-PPV, however, straightening the polymer backbone does
not promote interchain π-stacking or H-like interactions.
Instead, the dominant effect of alignment for MEH-PPV is to
further increase the J-like coupling by straightening the
polymer chains. This increased J-type coupling also increases
the exciton coherence size compared to both isotropic
polymers in pores and spin-coated films.
Overall, we find that straightening the polymer chains by

encapsulation in an aligned mesoporous silica host does not
always lead to increased exciton spatial coherence. For J-
aggregate polymers like MEH-PPV, we see an increase in
exciton spatial coherence for the aligned population because
this system is dominated by along-the-chain coupling. Aligning
H-aggregate polymers like P3HT, however, actually reduces
exciton spatial coherence due to finite-size effects in the pores,
leading to shifts in the absorption and PL spectra. The results
for both polymers help demonstrate the importance of π-
stacking behavioreven without crystallinityin facilitating
2-D exciton spatial coherence, particularly in H-aggregate
dominant polymers.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05844.

Experimental procedures, data analysis procedures, and
additional polarized spectroscopic measurements on
both host/guest systems and spin-coated polymer films
(PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Sarah H. Tolbert − Department of Chemistry and
Biochemistry, University of California, Los Angeles, Los
Angeles, California 90095-1569, United States; California
NanoSystems Institute, University of Californias, Los Angeles,
Los Angeles, California 90095-7227, United States;
Department of Materials Science and Engineering, University
of California, Los Angeles, Los Angeles, California 90095-
1595, United States; orcid.org/0000-0001-9969-1582;
Email: tolbert@chem.ucla.edu

Benjamin J. Schwartz − Department of Chemistry and
Biochemistry, University of California, Los Angeles, Los
Angeles, California 90095-1569, United States; California
NanoSystems Institute, University of Californias, Los Angeles,
Los Angeles, California 90095-7227, United States;
orcid.org/0000-0003-3257-9152; Email: schwartz@

chem.ucla.edu

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.1c05844
J. Phys. Chem. C XXXX, XXX, XXX−XXX

H

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05844/suppl_file/jp1c05844_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05844/suppl_file/jp1c05844_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05844/suppl_file/jp1c05844_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05844/suppl_file/jp1c05844_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c05844?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c05844/suppl_file/jp1c05844_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+H.+Tolbert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9969-1582
mailto:tolbert@chem.ucla.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Benjamin+J.+Schwartz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3257-9152
https://orcid.org/0000-0003-3257-9152
mailto:schwartz@chem.ucla.edu
mailto:schwartz@chem.ucla.edu
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c05844?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Authors
K. J. Winchell − Department of Chemistry and Biochemistry,
University of California, Los Angeles, Los Angeles, California
90095-1569, United States

Matthew G. Voss − Department of Chemistry and
Biochemistry, University of California, Los Angeles, Los
Angeles, California 90095-1569, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jpcc.1c05844

Author Contributions
K.J.W. and M.G.V. contributed equally to this work.

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

This work was supported by the National Science Foundation
under Grant CHE-2003755. This paper includes work
supported by a National Science Foundation Graduate
Research Fellowship under Grant DGE-1650604. Any opinion,
findings, and conclusions or recommendations expressed in
this material are those of the authors and do not necessarily
reflect the views of the National Science Foundation. Use of
the Stanford Synchrotron Radiation Lightsource, SLAC
National Accelerator Laboratory, is supported by the U.S.
Department of Energy, Office of Science, Office of Basic
Energy Sciences, under Contract DE-AC02-76SF00515. The
authors gratefully acknowledge Dr. Hiro Miyata at Canon, Inc.,
for providing the rub-aligned polyimide substrates.

■ REFERENCES
(1) Moliton, A.; Hiorns, R. C. Review of Electronic and Optical
Properties of Semiconducting π-Conjugated Polymers: Applications
in Optoelectronics. Polym. Int. 2004, 53 (10), 1397−1412.
(2) Braun, D. Semiconducting Polymer LEDs. Mater. Today 2002, 5
(6), 32−39.
(3) Wang, Y. J.; Yu, G. Conjugated Polymers: From Synthesis,
Transport Properties, to Device Applications. J. Polym. Sci., Part B:
Polym. Phys. 2019, 57 (23), 1557−1558.
(4) Arias, A. C.; MacKenzie, J. D.; McCulloch, I.; Rivnay, J.; Salleo,
A. Materials and Applications for Large Area Electronics: Solution-
Based Approaches. Chem. Rev. 2010, 110 (1), 3−24.
(5) Luzio, A.; Criante, L.; D’Innocenzo, V.; Caironi, M. Control of
Charge Transport in a Semiconducting Copolymer by Solvent-
Induced Long-Range Order. Sci. Rep. 2013, 3, 1−6.
(6) Aloui, W.; Adhikari, T.; Nunzi, J. M.; Bouazizi, A.; Khirouni, K.
Effect of Thermal Annealing on the Electrical Properties of
P3HT:PC70BM Nanocomposites. Mater. Sci. Semicond. Process.
2015, 39, 575−581.
(7) Wu, Y.; Schneider, S.; Walter, C.; Chowdhury, A. H.; Bahrami,
B.; Wu, H. C.; Qiao, Q.; Toney, M. F.; Bao, Z. Fine-Tuning
Semiconducting Polymer Self-Aggregation and Crystallinity Enables
Optimal Morphology and High-Performance Printed All-Polymer
Solar Cells. J. Am. Chem. Soc. 2020, 142, 392−406.
(8) Spano, F. C.; Silva, C. H- and J-Aggregate Behavior in Polymeric
Semiconductors. Annu. Rev. Phys. Chem. 2014, 65, 477−500.
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